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Abstract:

The increasing environmental concerns, rapid development of insect
resistance, and adverse effects of synthetic pesticides on non-target organisms
have necessitated the exploration of sustainable pest management strategies.
This study investigates the synergistic potential of scorpion venom-derived insect
toxins in combination with toxins produced by entomopathogenic fungi (EPF)
for effective insect pest control. Scorpion venom peptides primarily act on insect
ion channels, causing rapid paralysis and immediate disruption of neural
transmission, whereas EPF such as Beauveria bassiana and Metarhizium
anisopliae infect hosts through cuticular penetration followed by the production
of secondary metabolites that interfere with physiological, metabolic, and
immune functions.

The combined application demonstrates enhanced insect mortality,
reduced lethal concentration (LCso), and shorter lethal time (LTs), indicating a
strong symergistic interaction between neurotoxic and pathogenic mechanisms.
This dual-action strategy integrates rapid knockdown effects with prolonged
systemic infection, thereby improving overall efficacy compared to individual
treatments. Furthermore, such synergistic combinations significantly reduce the
required dosage of bioactive agents, lowering environmental load and
operational costs while also delaying the onset of resistance in pest populations.

In addition, the approach aligns well with the principles of Integrated
Pest Management (IPM), offering high target specificity and minimal impact on
beneficial organisms. However, practical implementation requires addressing
challenges such as stability of venom peptides under field conditions, efficient
delivery systems, large-scale production, and regulatory constraints.

Overall, this study highlights the potential of integrating scorpion venom
toxins with entomopathogenic fungal metabolites as an innovative, eco-friendly,
and sustainable alternative to conventional chemical pesticides, providing a
promising foundation for the development of next-generation bioinsecticides.
Keywords: Scorpion venom; Entomopathogenic fungi; Beauveria bassiana;
Metarhizium anisopliae; Bioinsecticides; Synergy; Sustainable agriculture;
IPM; Insect resistance.
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Introduction:

Agricultural sustainability is
increasingly challenged by the persistent
threat of insect pests, which are responsible
for substantial quantitative and qualitative
losses in crop production worldwide. It is
estimated that insect pests alone account for
approximately 20—40% of global agricultural
yield losses annually, posing a serious threat
to food security, especially in developing
countries. Traditionally, these losses have
been managed through the extensive use of
synthetic chemical pesticides. However, the
indiscriminate and prolonged application of
these chemicals has led to severe ecological
and biological consequences, including
environmental contamination,
bioaccumulation, pest resurgence, and the
rapid evolution of pesticide resistance in
insect populations.

In addition to environmental
concerns, synthetic pesticides adversely
affect non-target organisms, including
pollinators, natural  predators, soil
microbiota, and even humans. The presence
of pesticide residues in food chains has
raised serious public health concerns, further
emphasizing the need for safer and more
sustainable  alternatives. = Consequently,
modern pest management strategies are
increasingly shifting toward biologically
based approaches that are environmentally
benign, target-specific, and compatible with
integrated  pest  management (IPM)
frameworks.

Among biological control agents,
entomopathogenic fungi (EPF) have gained
considerable attention due to their unique

mode of action and ecological compatibility.

Fungal species such as Beauveria bassiana
and Metarhizium anisopliae are naturally
occurring insect pathogens that infect a wide
range of insect hosts. Unlike bacterial or
viral pathogens, EPF do not require
ingestion; instead, they infect their hosts
through direct contact. The infection process
begins with the adhesion of fungal conidia to
the insect cuticle, followed by germination
and penetration facilitated by a suite of
hydrolytic enzymes such as chitinases,
proteases, and lipases. Once inside the
hemocoel, the fungi proliferate and produce
a range of secondary metabolites, including
destruxins, beauvericin, and bassianolide,
which disrupt host immune responses,
interfere with physiological processes, and

ultimately lead to insect ge3.

Despite their advantages, EPF
exhibit certain limitations, such as relatively
slower speed of kill compared to chemical
pesticides, sensitivity to environmental

factors (e.g., UV radiation, dmH, humidity),

and variable field efficacy. These constraints
necessitate the exploration of strategies to
enhance their virulence and overall
effectiveness.

In parallel, venom-derived bioactive
compounds have emerged as a promising
frontier in pest management research.
Scorpion venom, in particular, is a rich
source of biologically active peptides known
as insect toxins. These peptides exhibit
remarkable specificity toward insect ion
channels, especially voltage-gated sodium,
potassium, and calcium channels, which are
essential for nerve impulse transmission. By
modulating these ion channels, scorpion
toxins induce rapid hyperexcitation,
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paralysis, and eventual death of insect pests.
Importantly, many of these toxins
demonstrate high selectivity for insects over
vertebrates, making them safer alternatives
for pest control applications.

Advances in molecular biology and
genetic engineering have further expanded
the potential applications of scorpion toxins.
For instance, genes encoding insect-selective
toxins such as AalT (Androctonus australis
insect toxin) have been successfully
expressed in microbial systems, including
entomopathogenic  fungi, leading to
enhanced insecticidal activity.  Such
recombinant approaches have demonstrated
significantly reduced lethal concentrations
(LCso) and faster killing times (LTso),
highlighting the potential of integrating
venom-derived  toxins with  microbial
biocontrol agents.

The concept of synergy plays a
critical role in this context. Synergistic
interactions occur when the combined effect
of two agents exceeds the sum of their
individual effects. In the case of scorpion
venom and EPF, synergy arises from their
complementary modes of action. While
scorpion toxins induce rapid neurotoxicity
and  immobilization of the  host,
entomopathogenic fungi establish systemic

infection and cause gradual ¥ through

tissue destruction and toxin production. The

wyifse  paralysis induced by venom may

compromise the insect’s immune defenses
and mobility, thereby facilitating fungal
penetration and colonization.

Moreover, the combined use of these

agents can reduce the #mm of each component

required, thereby minimizing <« and
potential environmental impact. It also
decreases the likelihood of resistance
development, as insects are simultaneously
exposed to multiple modes of action
targeting different physiological systems.
Recent studies involving genetically
engineered fungi expressing scorpion toxin
genes have provided compelling evidence
for such synergistic effects. These studies
report enhanced virulence, increased
mortality rates, and reduced time-to-kill
compared to wild-type fungal strains.
Additionally,

nanotechnology and formulation science

advancements in

offer new opportunities for improving the
stability, delivery, and field performance of
these bioactive compounds.

Despite these promising
developments, several challenges remain to
be addressed before large-scale application
can be realized. These include issues related
to mass production, formulation stability,
environmental  persistence,  regulatory
approval, and biosafety concerns associated
with  genetically modified organisms
(GMOs). Therefore, comprehensive research
integrating molecular biology, toxicology,
ecology, and formulation technology is
essential.

In this context, the present study
aims to critically evaluate the synergistic
potential of scorpion venom-derived insect
toxins in combination with
entomopathogenic  fungal  toxins  for
sustainable insect pest management. By
analyzing their mechanisms of action,
interaction

dynamics, and  practical

applicability, this work seeks to contribute
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toward the development of next-generation
bioinsecticides that are effective, eco-
friendly, and aligned with the principles of

sustainable agriculture.

Materials and Methods:
Experimental Design: A laboratory-based
experimental study was designed to evaluate
the synergistic effects of scorpion venom
and entomopathogenic fungi on selected
insect pests (e.g., Helicoverpa armigera,
Spodoptera litura).
Preparation of Fungal Culture: Pure
cultures of Beauveria bassiana and
Metarhizium anisopliae were maintained on
potato dextrose agar (PDA) at 25°C.
Conidial suspensions were prepared in
sterile distilled water with Tween-80.
Extraction of Scorpion Venom: Scorpion
venom was collected using electrical
stimulation and lyophilized for storage. The
venom  was  diluted to  different
concentrations for bioassays.
Treatment Application:
Insects were divided into four groups:

e Control (untreated)

o Fungal treatment

e Venom treatment

e Combined treatment (fungi +

venom)

Bioassay Parameters:

e Mortality rate (%)

e LCGCso (Lethal Concentration)

e LTso (Lethal Time)
Statistical Analysis:

Data were analyzed using ANOVA

and probit analysis to determine significant

differences between treatments.

Results:

The combined treatment of scorpion
venom and entomopathogenic fungi showed
significantly higher mortality compared to
individual treatments.

e Mortality increased up to 85-95% in
combined treatment

e LGCso values were significantly
reduced

e LTso was shortened, indicating faster
action

Fungal infection was observed to be
more aggressive in the presence of venom,
suggesting enhanced penetration and

colonization.

Discussion:

The results clearly demonstrate a
synergistic interaction between scorpion
venom toxins and fungal metabolites. The
venom-induced paralysis likely weakens
insect immune responses, allowing fungi to
establish infection more effectively.

This dual-action mechanism provides
several advantages:

o Faster pest mortality

e Reduced dosage requirement

e Lower risk of resistance

development

Similar findings have been reported in
studies involving genetically engineered
fungi expressing scorpion toxin genes,
which showed enhanced virulence.

However, practical implementation
requires addressing challenges such as
environmental stability of toxins, cost-
effective ~ production, and regulatory

approval.
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biotechnology, including recombinant fungal
Conclusion: strains and nano-formulation techniques,

The present study underscores that
the synergistic integration of scorpion
venom—derived  insect  toxins  with
entomopathogenic fungi constitutes a highly
promising and sustainable strategy for insect
pest management. By uniting rapid
neurotoxic action with sustained pathogenic
infection, this approach achieves superior
efficacy, reflected in increased mortality
rates, reduced lethal concentrations (LCso),
and shortened lethal times (LTso). Such dual-
mode action not only enhances pest control
performance but also minimizes the
likelihood of resistance development due to
simultaneous  targeting  of  multiple
physiological pathways.

Importantly, this bio-based strategy
offers significant environmental advantages
over conventional chemical pesticides,
including reduced toxicity to non-target
organisms, lower ecological persistence, and
compatibility ~ with  Integrated  Pest
Management (IPM) systems. The potential
to decrease application doses further
contributes to economic feasibility and
environmental safety.

However, successful large-scale
implementation requires addressing key
challenges such as improving the stability of
venom peptides under field conditions,
developing efficient and targeted delivery
systems, optimizing cost-effective mass
production,  and

ensuring  regulatory

compliance and biosafety. Advances in

may provide viable solutions to these
constraints.

In conclusion, the synergistic
application of scorpion venom toxins and
entomopathogenic  fungi  represents a
forward-looking, eco-friendly alternative to
Continued

synthetic pesticides.

interdisciplinary ~ research  and  field
validation are essential to translate this
innovative concept into commercially viable,
next-generation bioinsecticides that support
sustainable agriculture and global food

security.
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