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Abstract

Arthropoda, the largest and most diverse phylum in the animal kingdom, encompasses
numerous venomous lineages that have independently evolved complex biochemical arsenals
over hundreds of millions of years. Venom in arthropods is a multifunctional adaptive trait
serving predatory, defensive, and reproductive roles, with compositions varying profoundly
across taxonomic groups in response to distinct ecological pressures and evolutionary
histories. This comparative review systematically examines the venom composition and
functional significance of five major venomous arthropod orders: Scorpiones, Araneae,
Hymenoptera (bees, wasps, and ants), Chilopoda, and Ixodida. The biochemical architecture
of arthropod venoms is analyzed at three levels — high-molecular-weight proteins and
enzymes, mid-molecular-weight peptide toxins, and low-molecular-weight organic compounds
— revealing both conserved molecular scaffolds and lineage-specific innovations. Functional
roles including prey immobilization, predator deterrence, intraspecific competition, host
feeding facilitation, and territory defense are discussed in the context of each taxon's ecology
and behavior. The convergent and divergent evolution of venom components across distantly
related arthropod lineages is highlighted, with particular emphasis on the independent
evolution of ion-channel-targeting neurotoxins in scorpions and spiders. Medical significance,
global envenomation burden, and the expanding pharmaceutical relevance of arthropod
venom-derived bioactive compounds are also reviewed. Collectively, this analysis
underscores the extraordinary biochemical diversity of arthropod venoms and their immense
potential for both ecological understanding and biomedical innovation.

Keywords: Arthropod venom, toxinology, comparative biochemistry, neurotoxins, cytotoxins,
melittin, scorpion toxins, spider venomics, Hymenoptera, envenomation, biomedical
applications

l. Introduction

Venoms are complex biochemical mixtures that have evolved independently across the
tree of life in at least 102 animal lineages, representing one of the most striking examples of
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convergent evolution in biology. Within the phylum Arthropoda — which accounts for over 80%
of all known animal species and has inhabited the Earth for more than 530 million years —
venom has emerged as a pivotal ecological adaptation in multiple distantly related groups,
from scorpions and spiders to bees, ants, wasps, centipedes, and ticks [1]. The evolutionary
success and taxonomic diversity of venomous arthropods make them a uniquely powerful
system for studying the biochemical, ecological, and evolutionary underpinnings of venom
function.

Arthropod venoms are far more than simple poisons. They are sophisticated
pharmacological cocktails containing hundreds to thousands of bioactive compounds —
including enzymes, peptide toxins, biogenic amines, and alkaloids — each exerting specific
physiological effects on target organisms. The molecular diversity of these venoms reflects
millions of years of co-evolutionary arms races between predators and prey, parasites and
hosts, and competing colonies of social insects. Understanding this diversity is essential not
only for elucidating fundamental principles of ecological interaction and evolutionary biology,
but also for appreciating the substantial medical burden imposed by arthropod envenomation,
which affects an estimated 1.8 million people annually with over 50,000 fatalities [2].

Beyond their ecological and medical significance, arthropod venoms have emerged as
a rich source of pharmacologically active compounds with genuine therapeutic potential.
Peptides originally evolved to disrupt ion channels in prey nervous systems are now being
investigated as lead compounds for treating neurological disorders, cancers, cardiovascular
diseases, and infectious conditions. The convergence of modern proteomics, transcriptomics,
and high-throughput bioactivity screening has dramatically accelerated the pace of discovery
in this field, revealing the full extent of arthropod venom diversity for the first time [3].

This review is organized to provide a comprehensive, comparative account of arthropod
venom biology, structured as follows:

* Section Il describes the anatomical diversity of venom delivery systems across
arthropod taxa.

* Section lll analyzes the biochemical composition of venoms at the protein, peptide,
and small-molecule levels.

» Section IV examines the functional roles of specific venom components in ecological
context.

+ Section V presents a detailed taxon-by-taxon comparative analysis covering
scorpions, spiders, Hymenoptera, centipedes, and ticks.

* Section VI discusses the ecological significance of venom in shaping predator-prey
dynamics and community structure.

» Section VII reviews the medical importance of arthropod venomation and the
biomedical applications of venom-derived compounds.

Il. Venom Apparatus and Delivery Mechanisms

The delivery of venom to a target organism requires a specialized anatomical apparatus
that can penetrate physical barriers — integument, cuticle, or skin — and deposit venom at
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sufficient depth to ensure biological effect. Across arthropod lineages, a remarkable diversity
of venom delivery structures has evolved, generally from the modification of existing
anatomical features such as appendages, glands, or reproductive organs, reflecting the
independence of each venomous lineage's evolutionary origin. The structure of these delivery
systems directly determines the route, speed, and precision of envenomation. Table I
provides a comparative overview of venom apparatus types across major arthropod groups.

Venom Delivery Venom Gland Iniection Site
Apparatus Mode Type .
Scorpiones Telson Sting Paired tubular Dorsal puncture
(metasoma) glands
Araneae Chelicerae Bite/injection  Paired Integument
(fangs) cephalothoracic puncture
glands
Apidae (Bees)  Modified Sting Acid + alkaline Skin injection
ovipositor glands
Vespidae Modified Sting Venom reservoir Skin injection
(Wasps) ovipositor (multiple) + gland
Chilopoda Forcipules Bite/pinch Paired venom Superficial
(modified glands puncture
legs)
Ixodida (Ticks) = Hypostome + Passive Salivary glands Skin via saliva
chelicerae secretion

TABLE Il: Comparative Overview of Venom Delivery Mechanisms Across
Arthropod Taxa

A. Sting-Based Delivery (Scorpions and Hymenoptera)

Sting-based venom delivery is among the most familiar and morphologically specialized
mechanisms in arthropods, independently evolved in scorpions from the telson and in
Hymenoptera from the modified ovipositor. Despite their independent origins, both systems
share the functional hallmarks of an effective delivery apparatus: a hollow, hardened
puncturing structure connected by a duct to one or more venom-producing glands equipped
with musculature enabling active injection.

In scorpions, the venom apparatus is located in the final segment of the metasoma —
the telson — which terminates in a curved, needle-like aculeus. The vesicle within the telson
houses paired venom glands whose muscular walls contract to forcibly expel venom through
the aculeus upon prey contact or threat. The scorpion can modulate the volume of venom
injected, a capacity known as venom metering, allowing conservation of this metabolically
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costly secretion. In Hymenoptera, the stinger represents a highly modified version of the
ovipositor, retaining its tubular structure but losing its egg-laying function in worker castes.
Honeybees possess a barbed stinger that remains embedded in vertebrate skin upon stinging,
resulting in autotomy and the death of the worker, while wasps and many other Hymenoptera
can sting repeatedly owing to their smooth, lancet-shaped stingers.

B. Fang-Based Delivery (Spiders and Centipedes)

Spiders and centipedes both deliver venom through oral appendages modified into
fangs, although the anatomical origin of these structures differs fundamentally between the
two groups. In both cases, however, the delivery system enables precise, rapid envenomation
during prey capture or defensive biting, with venom gland placement in the cephalothorax
allowing substantial gland volume without compromising mobility.

In spiders, venom is produced in paired glands located within the prosoma and delivered
through the hollow chelicerae, each terminating in a fang that pierces prey integument during
biting. The size and orientation of chelicerae vary considerably among spider families,
influencing prey specificity and venom injection depth. In centipedes (Chilopoda), the first pair
of trunk appendages has been evolutionarily modified into venom claws called forcipules,
which curve forward beneath the head and grip prey while the sharp tips inject venom from
paired glands running through the forcipule segments. Unlike spider chelicerae, centipede
forcipules can exert considerable mechanical crushing force in addition to chemical
envenomation.

C. Salivary Delivery in Ticks (Ixodida)

Ticks represent a fundamentally different paradigm of venom delivery in which
pharmacologically active compounds are introduced into the host passively via saliva during
prolonged blood feeding rather than through rapid mechanical injection. This mode reflects
the tick's life history as an obligate ectoparasite, where the primary challenge is not prey
immobilization but rather the facilitation of sustained attachment and feeding on an
immunologically competent, behaviorally alert host.

Tick saliva is secreted by paired salivary glands and introduced into host tissue through
a complex mouthpart assembly comprising the hypostome — a barbed anchor structure —
and chelicerae that lacerate dermal tissue to create a feeding pool. The cocktail of
pharmacologically active compounds in tick saliva suppresses the host's immune response,
prevents blood coagulation, induces local anesthesia at the bite site to delay detection, and
promotes vasodilation to enhance blood flow to the feeding site. Some tick species additionally
produce paralysis-inducing neurotoxins through their salivary glands, causing tick paralysis in
heavily infested hosts through a mechanism distinct from the active injection employed by
other venomous arthropods.

lll. Biochemical Composition of Arthropod Venoms

The biochemical complexity of arthropod venoms is extraordinary, with individual
species sometimes producing over one thousand distinct compounds within a single venom
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secretion. Despite this diversity, arthropod venom components can be systematically
categorized into three broad molecular weight classes — high-molecular-weight proteins and
enzymes, mid-molecular-weight peptide toxins, and low-molecular-weight organic compounds
— each contributing distinct functional properties to the overall envenomation syndrome.
Table | provides a comparative summary of major venom components across the arthropod
groups reviewed in this paper.

Arthropod Proteins & : : Low-MW Primary
Peptide Toxins .
Group Enzymes Compounds Function
Scorpions Phospholipase A2, Chlorotoxin, Serotonin, Predator
(Scorpiones) Hyaluronidase, Charybdotoxin, Histamine, deterrence,
Metalloprotease Agitoxin Dopamine prey
immobilizatio
n
Spiders Sphingomyelinase = Omega- Putrescine, Prey capture,
(Araneae) D, Hyaluronidase,  agatoxin, Spermidine, pre-digestion,
Serine protease Latrotoxin, Cadaverine defense
Acylpolyamine
Bees & Phospholipase A2  Melittin, Serotonin, Colony
Wasps & B, Apamin, Norepinephrin  defense, prey
(Hymenoptera Hyaluronidase, Mastoparan, e, paralysis
) Acid phosphatase =~ Wasp kinin Acetylcholine (wasps)
Ants Phospholipase, Solenopsin, Formic acid, Defense,
(Formicidae) Protease, Ponericin, Alkaloids prey
Poneratoxin Pseudomyrmeci incapacitatio
n n,
competition
Centipedes Phospholipase A2, Scolopendrin, Serotonin, Prey
(Chilopoda) Metalloprotease, Spooky toxin, Histamine, subjugation,
Serine protease RCF-1 Quinone rapid
immobilizatio
n
Ticks Cement proteins, Ixolaris, Prostaglandins  Host
(Ixodida) Immunomodulator  Disaggregin, , Kinin attachment,
s, Anticoagulants Tick toxin inhibitors feeding
facilitation

TABLE I: Major Venom Components Across Principal Venomous Arthropod

Groups
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A. High-Molecular-Weight Proteins and Enzymes

Enzymatic proteins typically constitute the largest proportion by mass of many arthropod
venoms and serve both direct toxic and auxiliary facilitative roles. Rather than acting as
standalone toxins, enzymes frequently function by degrading host tissue to facilitate the
spread and absorption of co-injected smaller toxins, and by disrupting physiological barriers
that would otherwise limit venom penetration. The suite of enzymes present in a venom
reflects the evolutionary history of the producing lineage and the typical prey or threat types
encountered.

Phospholipase A2 (PLA2) is the most broadly distributed enzyme across venomous
arthropods, present in scorpions, spiders, bees, wasps, centipedes, and others. PLA2
catalyzes the hydrolysis of phospholipids at the sn-2 position, releasing arachidonic acid and
lysophospholipids that trigger inflammatory cascades, disrupt cell membranes, and potentiate
the activity of co-injected toxins. In bee venom specifically, PLA2 in combination with melittin
exerts synergistic membrane-lytic activity far exceeding either component alone.
Hyaluronidase, another widespread venom enzyme, degrades hyaluronic acid in the
extracellular matrix, reducing tissue viscosity and dramatically enhancing the diffusion of
venom components through host tissues — earning it the designation of 'spreading factor.'
Metalloproteases and serine proteases contribute to dermonecrosis in spider venoms such as
those of Loxosceles species, and to systemic haemotoxicity in several centipede species by
degrading fibrinogen and disrupting coagulation cascades.

B. Peptide Toxins

Peptide toxins represent the pharmacologically most sophisticated component class in
arthropod venoms. These short to medium-length polypeptides — typically 20 to 80 amino
acid residues — are maintained in their biologically active conformation by disulfide bonds and
exert highly specific, potent effects on ion channels, receptors, and signaling molecules in
target nervous and muscular tissue. The extraordinary diversity of peptide toxins, with
individual arthropod species sometimes encoding hundreds of distinct toxin peptides, reflects
the molecular mechanisms of venom gene evolution including gene duplication, positive
selection, and recombination.

Scorpion peptide toxins are among the most comprehensively studied in toxinology. The
alpha- and beta-scorpion toxins act on voltage-gated sodium channels (NaV) by modifying the
kinetics of channel activation and inactivation, causing prolonged membrane depolarization
and repetitive neuronal firing that manifests as the pain, autonomic excitation, and paralysis
characteristic of severe scorpionism. Potassium channel-blocking toxins such as
charybdotoxin and agitoxin modulate neuronal excitability through a complementary
mechanism and have become invaluable pharmacological tools for dissecting ion channel
function. Spider venoms contain a parallel but independently evolved repertoire of peptide
toxins targeting calcium channels (omega-agatoxins from funnel web spiders), sodium
channels, and ligand-gated channels. Latrotoxins from widow spiders act at the presynaptic
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terminal to cause massive neurotransmitter release, producing the distinctive clinical
syndrome of latrodectism. In Hymenoptera, melittin and mastoparan are amphipathic alpha-
helical peptides that insert into lipid bilayers and disrupt membrane integrity, while apamin
selectively blocks small-conductance calcium-activated potassium channels (SK channels), a
specificity that underlies its potential as a neuroprotective therapeutic.

C. Low-Molecular-Weight Organic Compounds

The low-molecular-weight fraction of arthropod venoms encompasses a chemically
diverse range of biogenic amines, polyamines, organic acids, alkaloids, and other small
molecules that contribute to the immediate pain, inflammation, and physiological disruption of
envenomation. While individually these compounds may exert modest biological effects, their
concentrations in injected venom and their synergistic interactions with protein and peptide
components amplify the overall envenomation syndrome considerably.

Biogenic amines — including serotonin, histamine, dopamine, and norepinephrine —
are present in the venoms of scorpions, spiders, bees, and centipedes, contributing to pain
induction, vasodilation, increased vascular permeability, and activation of mast cells.
Serotonin in bee venom is a principal mediator of the acute pain experienced upon stinging.
Polyamines such as putrescine, spermidine, and spermine derivatives form a particularly
interesting category: acylpolyamine toxins found in spider venoms act as antagonists at
glutamate receptors and nicotinic acetylcholine receptors in insect prey nervous systems,
providing potent, rapid prey paralysis. Fire ants (Solenopsis invicta) produce solenopsin
alkaloids — 2,6-disubstituted piperidines — that constitute the majority of their venom by
mass, conferring potent haemolytic, antimicrobial, and neuroactive properties while also acting
as ceramide analogues with anti-angiogenic activity of considerable pharmacological interest.

IV. Functional Roles of Venom in Arthropods

Venom in arthropods is not a monofunctional secretion but rather a multipurpose
biochemical toolkit whose components serve a range of ecological functions that may shift in
importance depending on the behavioral context of the envenomating event. The same venom
delivered to a prey item during predation, to a vertebrate predator in defense, or to a competitor
during intraspecific conflict may engage fundamentally different components and elicit distinct
physiological responses in the respective targets. Understanding the functional architecture of
arthropod venoms therefore requires contextualizing their biochemistry within the ecology and
behavioral biology of the producing species.

A. Predation and Prey Immobilization

The most ancient and widespread function of arthropod venom is the capture and
immobilization of prey, enabling arthropods to subdue organisms that may be larger, faster,
or more dangerous than themselves. Prey immobilization venoms act primarily on the nervous
and muscular systems of the target, inducing paralysis with sufficient speed and completeness
to prevent the prey from escaping or injuring the predator. The specificity of prey-directed
toxins — many of which show far greater potency against invertebrate nervous systems than
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vertebrate ones — reflects the co-evolutionary history of predator-prey relationships within
ecological communities.

Scorpion and spider venoms demonstrate particularly elegant adaptations for prey
immobilization. The neurotoxic peptides of scorpions are highly active against the voltage-
gated ion channels of insects and other arthropod prey, causing rapid, complete paralysis
within seconds to minutes of envenomation. Spider venoms, particularly those of funnel web
and armed spiders, contain acylpolyamine toxins that block glutamatergic synaptic
transmission in insect neuromuscular junctions with high efficiency and specificity, enabling
rapid cessation of prey movement. Parasitoid wasps achieve prey immobilization through a
different mechanism: their venoms target the immune system and central nervous system of
host insects, inducing a specific hypokinetic state that prevents host movement while
maintaining vital organ function to preserve the host as a living food source for wasp larvae.

B. Defense Against Predators

Defensive venom functions are particularly prominent in arthropods that lack the speed
or physical armor to escape vertebrate predators through other means. In social Hymenoptera
such as honeybees, defensive envenomation serves the colony rather than the individual, with
alarm pheromones coordinating mass stinging responses against perceived threats. The pain-
inducing components of defensive venoms — biogenic amines, membrane-disrupting
peptides, and inflammatory enzymes — are optimized for their effect on vertebrate nociceptors
rather than arthropod nervous systems, reflecting the identity of the principal predator category
against which defense has been selected.

Schmidt's Sting Pain Index, which ranks the defensive stings of Hymenoptera on a
subjective pain scale from 1 to 4, reflects the remarkable diversity in defensive venom
effectiveness even within a single arthropod order. The bullet ant (Paraponera clavata)
occupies the highest position on this scale, with its venom containing poneratoxin — a peptide
that blocks voltage-gated sodium channel inactivation in vertebrate pain fibers — producing
prolonged, intense pain that effectively deters repeated predator attacks. Centipede defensive
bites similarly produce intense local pain and tissue damage through cytolytic enzymes and
serotonin, discouraging predation despite the relatively low systemic toxicity of their venoms
to large vertebrates.

C. Intraspecific Roles: Competition and Social Regulation

Beyond interspecific predation and defense, venom plays significant roles in intraspecific
interactions among arthropods, particularly in species with complex social structures or
territorial behaviors. These intraspecific functions are often overlooked in venom research but
represent an important selective pressure shaping venom composition in certain lineages.

In ant species, venom is used in territorial conflicts between colonies, with workers of
some species deploying chemical weapons — including formic acid sprays and contact-active
alkaloids — against rival colony members competing for foraging resources. Queen-worker
and worker-worker conflicts in some ant species involve agonistic envenomation that
regulates reproductive hierarchies. In parasitoid wasps, venoms suppress the immune
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defenses of host insects, enabling successful parasitization by preventing encapsulation of
wasp eggs by host hemocytes. This represents a functional crossover between offensive,
defensive, and reproductive uses of venom that illustrates the evolutionary plasticity of venom
systems.

D. Feeding Facilitation in Ectoparasites

Ticks and other ectoparasitic arthropods have evolved a distinct category of venom
functionality centered on facilitating prolonged, undetected feeding on immunologically active
vertebrate hosts. Unlike predatory venoms that must rapidly incapacitate prey, ectoparasite
salivary compounds must work subtly and continuously over hours to days, suppressing local
and systemic host responses without causing detectable tissue damage that would trigger
host grooming or behavioral avoidance.

The salivary pharmacopoeia of hard ticks (Ixodidae) is accordingly dominated by
immunomodulatory proteins that suppress dendritic cell activation, inhibit T-cell and B-cell
proliferation, and antagonize complement activation at the feeding site. Anticoagulant
compounds prevent blood clotting in the feeding pool, while vasodilatory prostaglandins
maintain blood flow to the bite site. Anesthetic compounds reduce pain and itch perception,
allowing the tick to feed undetected for days. This multifaceted venom strategy reflects the
unique evolutionary demands of obligate ectoparasitism and exemplifies how dramatically
venom function can diverge even within the broader arthropod context.

V. Comparative Analysis Across Major Arthropod Groups

A detailed taxon-by-taxon analysis reveals how broadly shared biochemical principles
— the targeting of ion channels, the use of spreading enzymes, the production of pain-inducing
amines — are realized through entirely distinct molecular solutions in each arthropod lineage.
This pattern of convergent functional evolution with divergent molecular mechanism is one of
the most striking features of arthropod venom biology and underscores the power of natural
selection to repeatedly arrive at similar adaptive solutions through different biochemical
pathways.

A. Scorpions (Order Scorpiones)

Scorpions represent one of the oldest venomous lineages among terrestrial arthropods,
with fossil records extending to the Silurian Period approximately 430 million years ago. Their
venom apparatus is among the most architecturally refined in the arthropod world, and their
venoms are among the most intensively studied, yielding a catalogue of thousands of
characterized toxin sequences across approximately 2,500 described species. The medical
significance of scorpion envenomation — responsible for an estimated 1.2 million stings and
up to 3,250 deaths annually — has historically driven much of this research effort [4].

Scorpion venoms are dominated by cysteine-rich peptide toxins that act on voltage-
gated ion channels. The ICK (inhibitor cystine knot) structural motif, in which three disulfide
bonds create a rigid cage protecting a pharmacophore loop, is the most common structural
scaffold in scorpion toxins and represents a remarkable evolutionary solution to the challenge
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of producing stable, resistant bioactive peptides. Alpha-toxins bind to NaV channels and inhibit
fast inactivation, prolonging action potentials and causing repetitive neuronal firing. Beta-
toxins shift the voltage dependence of NaV channel activation toward more negative
potentials, lowering the threshold for action potential generation. Potassium channel-targeting
toxins (KTx) block the channel pore and have become indispensable research tools for
characterizing KV channel diversity in the nervous system. The relatively modest enzymatic
component of scorpion venoms — compared to spider and centipede venoms — reflects the
predominance of rapid neurotoxic prey paralysis over tissue pre-digestion as the primary
functional strategy.

B. Spiders (Order Araneae)

With approximately 48,000 described species, spiders constitute the largest order of
arachnids and collectively represent an enormous diversity of venom chemistries adapted to
extraordinarily varied prey and ecological niches. Despite this diversity, spider venoms share
certain organizational principles: they are typically complex mixtures of enzymatic proteins,
disulfide-rich peptide toxins, and linear peptides or small molecules, delivered through a bite
that ranges from barely perceptible in many species to intensely painful in medically significant
taxa. The advent of venomics — the combined application of transcriptomic and proteomic
approaches to venom characterization — has revealed that individual spider species may
express over 1,000 distinct venom peptides, the majority of which remain pharmacologically
uncharacterized [5].

The medically significant spiders broadly fall into two functional categories based on
venom mechanism: neurotoxic spiders and cytotoxic/dermonecrotic spiders. The widow
spiders (Latrodectus spp.) exemplify the neurotoxic category, with venoms dominated by high-
molecular-weight latrotoxins — in particular alpha-latrotoxin — that insert into presynaptic
membranes and trigger massive, non-regulated neurotransmitter exocytosis, producing the
clinical syndrome of latrodectism characterized by severe, spreading pain, muscle cramps,
diaphoresis, and autonomic disturbance. By contrast, violin spiders (Loxosceles spp.) produce
cytotoxic venoms in which sphingomyelinase D is the principal toxin, catalyzing the generation
of ceramide-1-phosphate from membrane sphingomyelin. This reaction triggers a
complement-dependent inflammatory cascade that produces the characteristic dermonecrotic
lesion (necrotic arachnidism) and, in severe cases, systemic haemolysis and renal failure.

C. Bees, Wasps, and Ants (Order Hymenoptera)

The order Hymenoptera represents the most ecologically and socially complex
venomous arthropod group, encompassing the eusocial bees and wasps, whose venoms
have co-evolved with the development of colonial defense behaviors, as well as the solitary
and social ants whose venoms serve predatory, defensive, and competitive functions
simultaneously. Hymenoptera collectively account for the greatest number of human
envenomation events of any arthropod order, primarily through the ubiquity of honeybees and
the explosive spread of invasive fire ant species across global temperate and tropical regions

[6].
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Honeybee venom is among the most thoroughly characterized of all arthropod venoms.
It contains the linear amphipathic peptide melittin as its principal component by mass
(approximately 50% of dry venom weight), which disrupts phospholipid bilayer integrity
through membrane insertion, triggering cell lysis, pain receptor activation, and inflammatory
signaling. PLA2 acts synergistically with melittin, generating lysophospholipids that amplify
membrane disruption. Apamin, a compact 18-residue peptide cross-linked by two disulfide
bonds, is the first toxin demonstrated to cross the blood-brain barrier and blocks SK-type
potassium channels in neurons with exceptional selectivity. Wasp venoms differ from bee
venom in containing kinins — short vasoactive peptides homologous to bradykinin — and
mastoparan, a tetradecapeptide that activates heterotrimeric G-proteins and mast cell
degranulation. Ant venoms show the greatest biochemical diversity within Hymenoptera,
ranging from the predominantly formic acid-based venom of Formica species to the alkaloid-
rich fire ant venom to the proteinaceous neurotoxic venom of bullet ants.

D. Centipedes (Class Chilopoda)

Centipedes are among the most ancient venomous arthropods and, despite their
fearsome reputation, remain among the least thoroughly studied in venom biochemistry
relative to other venomous arthropod orders. All members of the class Chilopoda are
venomous predators, delivering their venom through forcipules evolved from the first pair of
trunk legs, and they occupy important roles as apex invertebrate predators in many terrestrial
ecosystems. The medically significant genus Scolopendra contains the largest centipede
species, some reaching 30 cm in length and capable of subduing lizards, frogs, bats, and
small rodents [7].

Centipede venoms are rich in proteins and enzymes, with PLA2, serine proteases, and
metalloproteases serving as major enzymatic components that cause local tissue damage,
inflammation, and haemolysis. The peptide toxin fraction includes scolopendrin peptides that
disrupt ion channel function in prey nervous tissue, and RCF-1, a potassium channel-blocking
toxin with structural similarity to scorpion KTx peptides — a striking example of convergent
molecular evolution between distantly related arthropod lineages. The low-molecular-weight
fraction contributes to the immediate pain of centipede bites through serotonin and histamine,
while quinone compounds provide antimicrobial activity within the venom. Unlike scorpion and
spider venoms, centipede venoms appear to rely less on high-specificity receptor targeting
and more on broad cytolytic activity combined with moderate neurotoxicity, reflecting the
generalist predatory ecology of most chilopod species.

E. Ticks (Order Ixodida)

Ticks occupy a unique position in the landscape of venomous arthropods: they are
obligate haematophagous ectoparasites whose 'venom' — more accurately described as a
pharmacologically active salivary secretion — has evolved entirely in the service of feeding
facilitation rather than predation or defense. Nevertheless, tick salivary compounds meet the
functional definition of venom in their capacity to alter the physiology of a target organism
through the injection of bioactive compounds, and their medical importance — both through
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direct toxic effects and as vectors of a wide range of bacterial, viral, and protozoan pathogens
— justifies their inclusion in any comprehensive review of arthropod venom biology [8].

The salivary proteome of hard ticks (family Ixodidae) is of exceptional complexity, with
proteomic studies identifying over 3,000 proteins in the saliva of some species. The
immunomodulatory component is particularly sophisticated, with tick saliva containing multiple
classes of immunosuppressive proteins including Salp15, which binds the T-cell co-receptor
CD4 and inhibits T-cell activation, and CXCL8-binding proteins that prevent neutrophil
recruitment to the bite site. Anticoagulant proteins targeting multiple steps in the coagulation
cascade — including ixolaris (a FXa inhibitor), disagregin (a GPlIb/llla antagonist), and Ixodes
Ricinus Contact Phase Inhibitor (IRACI) — prevent clot formation at the feeding site. Tick
paralysis, caused by a specific neurotoxic protein secreted by engorged female ticks of certain
species, provides a dramatic illustration of how ectoparasite salivary pharmacology can
extend into direct neurological interference.

VI. Ecological Significance of Arthropod Venoms

Arthropod venoms exert ecological effects that extend far beyond the immediate dyad
of the envenomating arthropod and its target, shaping community structure, predator-prey
dynamics, and ecosystem processes at multiple scales. The ecological roles of venom are
inextricably linked to the life history, foraging behavior, and social organization of the
producing species, and understanding these roles is essential for a complete appreciation of
why the extraordinary molecular diversity of arthropod venoms has been maintained and
elaborated through evolutionary time.

A. Trophic Regulation and Prey Selectivity

Venomous arthropods frequently function as keystone predators or important regulatory
forces in invertebrate communities, with their venom selectivity influencing which prey taxa
they can effectively exploit. The specificity of peptide toxins for particular ion channel subtypes
found in certain insect orders but not others contributes to the prey selectivity of venomous
spiders and scorpions, creating patterns of predator-prey specialization that shape community
trophic dynamics. Parasitoid wasps, which use their venoms to incapacitate specific host
insect species, are among the most important biological control agents in agricultural and
forest ecosystems, regulating herbivore populations that would otherwise cause significant
plant damage [9].

B. Evolutionary Arms Races and Co-evolution

The molecular evolution of arthropod venom toxins is driven in part by co-evolutionary
arms races with prey and predator species that evolve resistance mechanisms. Target-site
resistance — mutations in ion channel sequences that reduce toxin binding affinity — has
been documented in prey insect species exposed to spider and scorpion toxins, and the
corresponding accelerated evolution of venom toxins in response to resistance represents a
molecular-level manifestation of the classic predator-prey arms race. This dynamic is a major
driver of the extraordinary diversity of ion channel-targeting toxins observed across venomous
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arthropod lineages, as positive selection continuously generates new toxin variants that
overcome evolving resistance in prey populations.

VII. Medical Importance and Therapeutic Applications

Arthropod envenomation represents a significant but often underappreciated global
public health challenge, particularly in tropical and subtropical regions where venomous
species diversity is highest and access to medical care most limited. Simultaneously, the same
bioactive compounds responsible for this medical burden are being recognized as a uniquely
rich source of pharmacological lead compounds with genuine therapeutic potential across
multiple disease categories. Table Ill summarizes the medical significance of major venomous
arthropods, while Table IV highlights compounds currently under biomedical investigation.

. Global Key Clinical . .
Species Venom Type ST Effects Mortality Risk
Androctonus Neurotoxic ~1.2 million  Respiratory High
australis paralysis, cardiac (untreated)
arrhythmia,
convulsions
Loxosceles Cytotoxic / ~7,000 Dermonecrosis, Low—Moderate
reclusa Necrotising (USA) haemolysis, renal
failure
Latrodectus Neurotoxic ~15,000 Latrodectism: Low (adults)
mactans (global) severe pain,
diaphoresis,

hypertension

Apis mellifera Haemotoxic / >1 million Anaphylaxis, Moderate
Allergenic haemolysis, (allergic)
multi-organ
failure (mass
sting)

Solenopsis Alkaloid / ~14 million  Pustule Low—Moderate
invicta Allergenic (USA) formation,

anaphylaxis,

secondary

infection
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Global Key Clinical

Species Venom Type Caseslyr Effects Mortality Risk
Scolopendra Cytotoxic / ~1,000 Local necrosis, Rare
subspinipes Haemolytic (reported)  cardiovascular

collapse,

neurotoxicity

TABLE Ill: Medically Important Arthropod Venoms — Clinical Features and
Global Impact

A. Global Envenomation Burden

Arthropod envenomation constitutes a neglected tropical disease of substantial global
importance. The World Health Organization estimates that scorpion stings alone affect
approximately 1.2 million people annually, with an estimated 3,250 deaths, the majority
occurring in children under 15 years of age in North Africa, the Middle East, Mexico, and Brazil
where highly toxic Androctonus, Leiurus, and Centruroides species predominate.
Hymenoptera stings cause approximately 50 to 100 deaths per year in the United States alone
from anaphylactic reactions, with comparable rates in Europe and Australia; mass
envenomation by Africanized honeybees has resulted in deaths from systemic toxicity at sting
loads exceeding 500 to 1,000 stings. Tick-borne illness, vectored through the salivary
transmission of pathogens during feeding, causes hundreds of thousands of cases of Lyme
disease, spotted fever rickettsiosis, anaplasmosis, and tick-borne encephalitis annually across
North America, Europe, and Asia [10].

B. Biomedical and Pharmacological Applications

The same pharmacological potency and specificity that makes arthropod venom
components dangerous has been recognized as a distinctive opportunity for drug discovery
and development. The central logic is compelling: millions of years of natural selection have
produced peptides and small molecules exquisitely optimized to interact with specific
molecular targets — ion channels, receptors, enzymes — in the nervous, cardiovascular, and
immune systems. Many of these same targets are implicated in human diseases, and venom-
derived compounds thus represent pre-screened, naturally validated leads for pharmaceutical
development. Table IV summarizes the major venom-derived compounds under biomedical
investigation and their therapeutic applications.

Therapeutic

Compound Source ’ Bioactivity

Application Dev. Stage
Chlorotoxin Leiurus Glioma cell Brain tumour Clinical trials
quinquestriatus = binding imaging, drug
delivery
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Therapeutic

Source ’ Bioactivity

Compound ATt Dev. Stage
Melittin Apis mellifera Membrane Cancer Preclinical
disruption, anti- therapy, HIV
inflammatory treatment
Apamin Apis mellifera SK channel Parkinson's Research
blocker, disease, MS phase
neuroprotective research
Ixolaris Ixodes Anticoagulant Thrombosis, Preclinical
scapularis (FXa inhibitor)  anti-tumour
potential
Mastoparan Vespula lewisii ~ Mast cell Drug delivery, Research
degranulation, antimicrobial phase
antimicrobial peptide
template
Solenopsin A Solenopsis Ceramide Obesity, Preclinical
invicta analogue, anti- = tumour
angiogenic angiogenesis
inhibition
PhTx-3 Phoneutria TRPV1 Erectile Clinical trials
(GsMtx-4) nigriventer antagonist, dysfunction,
erectile cardiac
function protection

TABLE IV: Biomedically Relevant Compounds Derived from Arthropod Venoms
and Their Therapeutic Potential

Chlorotoxin, a 36-residue peptide from the Israeli deathstalker scorpion (Leiurus
quinquestriatus), binds with high specificity to glioma cells expressing the MMP-2/chloride
channel complex, a property exploited in the development of Tumor Paint — a fluorescent
chlorotoxin conjugate used to illuminate brain tumour margins during surgical resection and
currently in clinical trials. Melittin from honeybee venom has been investigated extensively for
its ability to disrupt the lipid envelope of HIV virions and to induce apoptosis in cancer cell
lines, with nanoparticle-encapsulated formulations explored to achieve systemic delivery while
sparing healthy tissue. Apamin's ability to cross the blood-brain barrier and selectively
modulate SK channel activity has prompted investigation of its derivatives in Parkinson's
disease and multiple sclerosis models, where SK channel dysregulation contributes to disease
pathology. Ixolaris from the deer tick (Ixodes scapularis) inhibits the extrinsic pathway of blood
coagulation through selective factor Xa inhibition and has demonstrated anti-tumour activity

28



www.thevoiceofcreativeresearch.com

The Vaice of Creative Research

(ISSN: 2582-5526)

Vol. 2 & Issue 1 (2020)

in mouse xenograft models, reflecting the emerging recognition that coagulation pathway
inhibitors may limit tumour angiogenesis and metastasis [11].

VIIl. Conclusion

This comparative review has surveyed the venom composition and functional biology of
five major venomous arthropod orders — scorpions, spiders, Hymenoptera, centipedes, and
ticks — revealing a picture of extraordinary biochemical diversity united by common functional
themes. Across all groups examined, arthropod venoms are complex, multi-component
mixtures in which proteins, peptide toxins, and low-molecular-weight compounds interact
synergistically to produce effects on prey, predators, hosts, or competitors that transcend what
any single component could achieve alone. The evolution of venom in each lineage has been
shaped by the specific ecological pressures of that lineage's natural history: rapid neurotoxic
paralysis in scorpions and spiders, pain-based defense in social Hymenoptera, alkaloid-based
chemical warfare in ants, broad cytolytic predatory action in centipedes, and immune
manipulation in ticks.

Perhaps the most striking theme to emerge from this comparative analysis is the
prevalence of convergent evolution at the functional level alongside divergent evolution at the
molecular level. lon channel-targeting neurotoxins have evolved independently in scorpions,
spiders, and centipedes, yet in each case through distinct peptide scaffolds and distinct
mechanisms of channel modulation. Spreading enzymes such as hyaluronidase and
phospholipase A2 appear across multiple unrelated lineages, reflecting the universal utility of
tissue-penetration facilitation for venom function regardless of the specific toxic payload being
delivered. This convergence-within-divergence pattern highlights how powerful and
reproducible natural selection's solutions to ecological challenges can be, even when
operating through entirely different molecular substrates.

The biomedical implications of arthropod venom diversity are increasingly apparent and
will only deepen as proteomic, transcriptomic, and functional screening technologies continue
to reduce the cost and increase the throughput of venom characterization. Compounds such
as chlorotoxin, melittin, apamin, ixolaris, and solenopsin illustrate that the pharmacological
richness of arthropod venoms extends across oncology, neurology, cardiology, and infectious
disease — a breadth that reflects the diversity of the molecular targets these venoms have
been selected to engage. Future research integrating synthetic biology approaches for toxin
production, computational modelling for toxin-target interaction prediction, and advanced
delivery technologies for therapeutic administration will be essential to translating the
biomedical promise of arthropod venom-derived compounds into clinical reality.

In summary, arthropod venoms stand as a testament to the biochemical ingenuity of
evolution and a largely untapped reservoir of molecular diversity with profound implications for
both our understanding of ecological systems and the future of pharmacological drug
discovery. A deeper, more systematic investment in the comparative toxinology of arthropods
— encompassing the vast majority of venomous species whose venoms remain completely
uncharacterized — represents one of the most compelling frontiers in contemporary zoology
and biomedical science.
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