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ABSTRACT

Synthetic insecticides have been a prime and indispensable tool of plant protection all over the
world. Farmers relay exclusively on extensive and indiscriminate use of various synthetic insecticidal
formulations for safeguarding their crops from insect pest infestations. Such widespread use of persistent
and toxic synthetic insecticides results into different ecological consequences such as environmental
pollution, health hazards and pest resistance to pesticides. Although it seems not feasible to halt or avoid
their usage in agricultural production systems, one of the major tactics to mitigate the pesticidal harmful
effects of synthetic insecticides, particularly the resistance development in insect pests, is rotating their
applications with unlike modes of action or target sites. This document presents a comprehensive review
of the modes of action and target sites of different contemporary insecticidal groups and their examples
with an objective to concisely gather the information relevant to the modes of action of various available
synthetic insecticidal groups. This review document will facilitate farmers and plant protection advisors to
have wise selection from the available synthetical insecticides exhibiting differential modes of action and
targeting sites, thereby would help farmers to mitigate or delay the insecticidal resistance development
and enhancing the efficiency of chemical control of insect pests.
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Use of synthetic insecticides has a long history. Since
ages, people have been using different compounds or
elements against different insect pests. The pest control
revolution began in the 1970s with the discovery of
insecticides based on metal precursors, including arsenic,
mercury, lead and copper. However, the application of
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pesticides as synthetic substances began in the middle of
the 20" century (Soares ef al., 2019). Dichlorodiphenyl-
trichloroethane (DDT) was the first synthetic organic
insecticide discovered in 1939 by a Swiss chemist Paul
Muller (Ore et al., 2023; Rafique et al., 2023). Due to its
remarkable efficacy against all insect species, even at low
concentrations, this discovery acquired broad acceptance.
However, as DDT remains in soils for months or even for
years or decades without reducing its toxicity, its effects on
the environment and human health were more noticeable
as usage increased (Agboola ef al., 2022; Khan et al.,
2023; Ahmad et al., 2024). As a result, DDT was outlawed
for use in households and agriculture, which prompted
the development of additional synthetic pesticides such as
carbamates, organophosphates and pyrethroids (Ahamad
et al., 2023).

Prevailing synthetic insecticides, as illustrated
in Figure 1, can be categorized into various groups
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based on their chemical nature and modes of action
such as conventional synthetic insecticides including
organochlorines, organophosphates, carbamates,
pyrethroids, neonicotinoids and novel or non-conventional
synthetic insecticides including nereistoxins, sulfoxamines,
avermectins, spinosyns, diamides, oxadizines, thioureas,
ketoenoles, pyrroles, phenylpyrazoles, insect growth
regulators including juvenile mimics, ecdysone agonists
and chitin synthesis inhibitors (Marican and Duran-
Lara, 2018; Araujo et al., 2023; Madesh et al., 2024).
Contemporary issues being manifested by the extensive
use of the synthetic insecticides include human health
hazards, environmental contaminations and pest resistance
to pesticides. One of the ways forward for farmers and
agricultural stakeholders to mitigate these ecological
consequences of synthetic insecticides is to use them as
rationally and appropriately as possible. Along with the
use of insecticidal mixtures and mosaics, rotational use
of these synthetic insecticides with differential modes of
action have been one of the prime and valuable strategies
to manage insecticide-resistance (Madgwick and Kanitz,
2024).

MODES OF ACTION OF SYNTHETIC
INSECTICIDAL GROUPS

Organophosphates

Organophosphate pesticides are esters derived from
phosphoric acid (Ye ef al., 2023; Ung and Li, 2023). In
organophosphates, two oxygen atoms and a phosphorus
atom typically bond together to produce a carbonyl
group. The ability of organophosphates to inhibit
acetylcholinesterase (AChE) activity depends on this
carbon-oxygen double bond. Organophosphate pesticides
include parathion, malathion, and chlorpyrifos (Tafreshi et
al., 2020; Araujo et al., 2023). Chlorpyrifos is extensively
employed globally as an organophosphate insecticide in
various sectors, including public health, agriculture, and
residential applications, owing to its efficacy against
a diverse array of pests (Wolejko et al., 2022; Tudi et
al., 2023). Moreover, chlorpyrifos has the potential to
bioaccumulate in the food chain and biomagnify in non-
target organisms, posing a risk to human health as well (Ray
and Shaju, 2023). Triazophos is another phosphorothioate
with excellent insecticidal, acaricidal and nematicidal
properties. It is being applied against a wide range of insect
pests including fruit flies, mealybugs, lepidopterous pests,
defoliating beetles, nematodes and rhizophagous insect
pests of agricultural and horticultural crops (Guru, 2018).
One of the effective and widely used organophosphate
insecticide is profenophos being widely used against
lepidopteran pests, thrips and mealybugs on fruits and

vegetables and on many agricultural crops including
cotton (Sahayaraj and Hassan, 2023; Raj et al., 2024).
Organophosphates are basically neurotoxics because these
insecticides inhibit AchE, an enzyme that hydrolyzes
acetylcholine which basically is a neurotransmitter at
neuromuscular junctions and at synaptic clefts (Gupta,
2020; Aroniadou-Anderjaska et al., 2023). It primarily
works by irreversibly binding to AChE and inhibits the
hydrolysis of acetylcholine, which can lead to an over-
excitation of cholinergic neurotransmission that may be
fatal (Naughton and Terry, 2018; Richardson et al., 2020).

Carbamates

Carbamate pesticides comprise of various kinds
of pesticidal molecules and being applied as fungicides,
insecticides and herbicides e.g. carbaryl, carbendazim,
aminocarb, carbofuran, mancozeb, thiodicarb etc.
(Athiappan et al., 2022; Voris et al., 2024). The first
carbamate marketed as insecticide was carbaryl, a white
crystalline solid that remained in use more frequently than
all other carbamates combined (Mora-Gutiérrez et al.,
2021). Some of the frequently used carbamate pesticides
include aminocarb, carbofuran, and carbaryl (Mdeni et
al., 2022). In terms of carbamate insecticides, this family
includes more than fifty chemicals that are used primarily
as insecticides but additionally as fungicides, herbicides,
and nematicides (Araujo et al., 2023). Carbamates are
described as a group of insecticides that share structural and
mechanistic similarities with organophosphate pesticides.
Chemically, carbamates are N-methyl carbamates that
are derived from amino formic acid (Malhotra et al.,
2021). They function by inhibiting the activity of AChE,
similar to organophosphate pesticides. A distinguishing
feature between carbamates and organophosphates is that
the former bind to AChE reversibly, while the other one
phosphorylates AChE irreversibly (Silberman and Taylor,
2018).

Pyrethroids

Pyrethroids are synthetic analogs of the naturally
occurring pyrethrins found in the flower Chrysanthemum
cinerariaefolium that exhibit a natural insect repellent
effect (Ensley, 2018; Khan et al., 2018). Pyrethroids
have been used to replace very toxic and highly resistant
organochlorine and  organophosphorus  pesticides
(Gajendiran and Abraham, 2018; Singh et al., 2022).
Based on their toxicity and physical properties, pyrethroids
are grouped into two types. Class I includes permethrin,
phenothrin, allethrin, bifenthrin, tefluthrin, tetramethrin
and resmethrin and these contain cyclopropane carboxylic
ester as their basic structural unit. While class I pyrethroids
include  cypermethrin,  fenpropathrin,  cyfluthrin,
fenvalerate, cyhalothrin, deltamethrin, flumethrin,
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Fig. 1. Diagrammatic illustration of modes of action and target sites of different groups of synthetic insecticides (Adapted and

modified from Shamjana and Grace, 2021).

flucythrinate, fluvalinate and tralomethrin (Aznar-
Alemany and Eljarrat, 2020; Ahamad and Kumar, 2023).
The US Environmental Protection Agency (EPA) has
declared several pyrethroid insecticides as potentially
carcinogenic to humans (Cardona and Rudel, 2020; Ortiz
et al., 2024). Pyrethroids alter the insects normal nerve
functioning by changing the kinetics of voltage sensitive
sodium channels (VSSCs) at axonic membranes, causing a
temporary increase in sodium ion permeability across the
nerve membrane and affecting the nerve’s action potential.
As a result of these changes, insects experience hyper-
excitability leading to a knockdown effect (Brockmann,
2023; Niklas ez al., 2023).

Neonicotinoids
Neonicotinoids is a well-known synthetic insecticidal
group being broadly used to protect agricultural crops

against a variety of sucking insect pests as well as in
home and garden commodities. These insecticides exhibit
a systemic mode of action as these get absorbed and
translocate withing all plant parts (Srivastava et al., 2020;
Ara and Haque, 2021; Guedes et al., 2023). Neonicotinoids
successfully control phloem-feeding insect pests including
leaf and planthoppers, whiteflies, thrips and aphids, and
as well as chewing insect pests including defoliating
beetles and lepidopterous beetles. These insecticides are
chemically related to nicotine. Imidacloprid was the first
neonicotinoid introduced by Hachikusan, Japan in 1993.
Currently, there are two N-cyanoamidines (acetamiprid
and thiacloprid), four N-nitroguanidines (imidacloprid,
thiamethoxam, clothianidin, and dinotefuran) and one
nitromethylene (nitenpyram) neonicotinoids present
in the market (Bass and Field, 2018; Motaung, 2020).
Nicotinic acetylcholine receptor (nAChR) is a receptor
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polypeptides that respond to the acetylcholine and play
a crucial role in nerve signaling (Papke and Lindstrom,
2020). Neonicotinoid insecticides exhibit a highly target
specificit against nAChRs of different insect pests and
show a relatively low mammalian toxicity (Bass and
Field, 2018). Neonicotinoids act as nAChR agonists and
bind themselves to nAChRs at the post-synaptic neuron
in the insect nervous system and slower down the nerve
transmission at lower concentrations, while their higher
concentrations result into nAChR blockage, hinder the
nerve transmission resulting into paralysis and death of
the exposed insects (Costas-Ferreira and Faro, 2021).
Neonicotinoids are water-soluble and can be absorbed by
plants and dispersed throughout tissues. These systemic
qualities allow them to be applied to seeds before planting,
providing crop protection without the need for repeated
spraying (Alsafran et al., 2022; Bass and Field, 2018).
Nevertheless, neonicotinoids exert negative impact on
insect pollinators. Their residues in pollen and nectar can
harm honeybee navigation, individual survival, bumblebee
colony establishment, and queen bee production (Martinez
et al., 2022; Zhang et al., 2023).

Nereistoxin

Nereistoxin (NTX), a neurotoxic extracted from
annelid worm Lumbriconereis heteropoda, acts as an
antagonist of the nicotinic acetylcholine receptor (nAChR)
(Kem et al., 2022; Bele et al., 2024). Insects, especially
lepidopteran larvae such as those of the rice stem boring
insects, are comparatively poisonous to NTX. As a result,
some NTX analogs, such as cartap, have been used as
insecticides. Padan® has been a famous and effective
cartap hydrochloride insecticide which was marketed by
FMC company. In insects, the central nervous system is
the primary site for expression for the many nAChRs.
NTX functions as an antagonist at insect nAChRs and
decreases electrical signaling within the insect central
nervous system (Richards et al., 2022; Kem et al,
2022). Being a systemic insecticidal molecule, cartap
is effectively used against sugarcane, rice and maize
borers (Kumar et al., 2021). Because of their excellent
efficacy for controlling pests, neurotoxic insecticides were
frequently used as foliar sprays throughout fruit trees,
different phases of development, including the flowering
period (Bhuvaneswari ef al., 2022).

Sulfoxamines

The relatively new insecticidal chemical sulfoxaflor
targets pest insects that feed on sap (Wang et al., 2022).
Because of its unique chemistry, sulfoxaflor differs
significantly from other insecticides in terms of how
it interacts with its target site and how susceptible it

is to metabolic enzymes linked to pesticide resistance
(Jeschke et al., 2019; Watson et al., 2021). Sulfoxalfor
acts on insect nAChRs (Mezei et al., 2022). IRAC has
categorized sulfoxaflor as a Group 4 insecticide due to its
nAChR effective modulator/agonist (nAChR competitive
modulators) (IRAC, 2024; Watson et al., 2021). The
very first sulfoxamine-class insecticide to be introduced
commercially is sulfoxaflor (Atta et al., 2021). These
insecticides work identically to neonicotinoids in that
these exhibit a nAChRs agonist behavior in insect nervous
systems, opening cation channels (Fig. 1), and they show
low mammalian toxicity (Cens et al., 2022; Devender and
Yang, 2019).

Avermectins

Avermectins are a class of pharmaceuticals with
several medicinal uses. Their anthelmintic and insecticidal
properties make them acommon choice for treating parasitic
worms and pests as pesticides (Bhardwaj et al., 2020;
Malik et al., 2022). Avermectins are naturally occurring
substances that are produced during the fermentation
process of Streptomyces avermitilis, an actinomycete that
is isolated from soil. Insecticidal derivatives of avermectins
primarily include ivermectin, abamectin and emamectin
benzoate (Radwan et al., 2024). Abamectin belongs to
a macrocyclic lactone compound and is a combination
of B, and B, avermectins (Cerna-Chavez et al., 2024).
It acts as a neurotoxic effector of y-aminobutyric
acid (GABA) neurotransmitter and is effectively applied
against a wide range of insect and mite pests (Song et al.
2021). Avermectin B, is used to regulate insects such as
mites and cockroaches. Another important avermectin is
emamectin benzoate which is basically a semisynthetic
bio-insecticidal molecule derived from a naturally
occurring avermectin compound and contains B, and B,
avermectins as active ingredients. It is being used against a
wide range of lepidopteran pests on many agricultural and
horticultural crop plants (Yasin et al., 2020). Emamectin
benzoate is also a synaptic poison acts as chloride channel
activator, impairing the muscle contraction and resulting
in the feeding cessation and ultimately causes the death
(Srivastava et al., 2020). Avermectin generally acts by
increasing the glutamate effects on the gated chloride
channel, specifically in invertebrates, thus suppressing
the flow of electrical nerves in their neurons and muscles
(Subbanna, 2020). This makes space for more chloride
ions to enter the cells, which triggers hyperpolarization
and eventually paralyses the invertebrates’ neuromuscular
systems. Mammals do not have the glutamate-gated
chloride channel; thus, the levels that cause this damage
are not toxic to them (Srivastava et al., 2020).
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Spinosyns

Ubiquitous soil bacteria Saccharopolyspora spinosa
produce spinosyns, a class of insecticidal secondary
compounds, through aerobic fermentation (Sayed et
al., 2020). Two spinosyn-based insecticidal compounds
have been developed so far i.e., spinetoram (Delegate™,
Radiant™) and spinosad (Success™, Tracer™). Because
of their broad insecticidal spectrum and minimal impact
on the environment, spinosyns can be used in integrated
pest management tactics (Sparks et al., 2021). Spinosyns
operate as neurotransmitter ligand-gated ion channels by
acting as allosteric agonists of nAChRs on target insects
(Ihara, 2022). The nervous system of insects is affected by
spinosyns, which further activate motor neurons (Nguyen
et al., 2021). These insecticides induce unconscious
rapid muscle contractions, and eventually result into the
body paralysis and death of the insect upon ingestion or
contact. Their antagonistic action on the GABA receptor
and agonistic, allosteric binding to the nAChRs are the
foundation for their insecticidal effects (Ramachanderan
and Schaefer, 2020). The latter’s effect is well-known,
although it is far less understood than the impact on the
chemical receptor (Guleria ef al., 2024).

Diamides

Diamide insecticides are known for their effective
targeting of pests, rapid action, and favorable toxicological
characteristics (Du and Fu, 2023). These attributes have
played a significant role in their success as a class of
insecticides in the commercial market (Richardson et
al., 2020). Diamide insecticides, like chlorantraniliprole
and flubendiamide, are a novel class of insecticides that
primarily activate the insect ryanodine receptor (RyR)
by a novel mechanism of action (Samurkas et al., 2022).
These insecticides induce selective activation of the
ryanodine receptor (RyR) in the endoplasmic reticulum
of insects’ muscle cells (Han and Kim, 2024). These
specialized channels play a crucial role in facilitating the
rapid release of intracellular Ca*", a process essential for
muscle contraction (Toprak et al., 2021). Flubendiamide
is distinguished by its commendable biological and
ecological characteristics (Yang and Choi, 2024), along
with a favorable toxicological profile (Rocha et al., 2023).
According to the MoA classification scheme of IRAC
(Insecticide Resistance Action Committee), flubendiamide
was categorized as the first insecticide belonging to the
new group 28 (ryanodine receptor modulator) class
(Toprak et al.,2021). This is an highly effective insecticidal
molecule against diamond back moth (P. xylostella),
particularly when applied against its larvae (Du and Hu,
2023). Similarly, chlorantraniliprole is comparatively less
dangerous to non-target fauna including insect predators

and parasitoids, and does not show cross-resistance when
applied along with existing insecticides (Gul et al., 2023).
The first anthranilic diamide is chlorantraniliprole, which
is quite beneficial for controlling insects in the order
Lepidoptera, similar to flubendiamide (El-Sheikh and
Ashour, 2022).

Oxadiazines

The only insecticide included in oxadiazine group
is indoxacarb, which was originally discovered by E.I
DuPont Co. and used to protect agricultural production
(McCann and Johnston, 1992). This insecticide exhibits
low toxicity to mammals and presents a diminished risk
of pesticide overuse. It effectively manages an array of
insect pests belonging to the Homoptera, Lepidoptera
and Coleoptera orders (Wang et al., 2023). It inhibits
numerous insect species, such as the diamondback moth,
cabbage looper, beet armyworm, fall armyworm, corn
earworm, tomato pinworm, southern armyworm, tomato
fruitworm and imported cabbageworm (Chand, 2023).
Indoxacarb exhibits both larvicidal and ovicidal properties.
In its larvicidal role, its effectiveness is achieved through
absorption and/or ingestion by the insect. The significance
of the entry pathway depends on the specific species and
crop conditions (Bhuvaneswari et al., 2022). Indoxacarb
acts as a pro-insecticide and undergoes metabolic
transformation facilitated by esterase and amidase enzymes
(Moustafa et al., 2023). This metabolic process generates
an active metabolite N-decarbomethoxylated, which binds
with the VSSC at axonic membrane of neurons inhibiting
their function and impeding the movement of sodium
ions into nerve cells. Consequently, this leads to insect
paralysis and eventual death (Raisch and Raunser, 2023).
Cessation of feeding promptly occurs upon the intake or
absorption of indoxacarb, despite the fact that exposed
insect might take many days to succumb (Wakil et al.,
2023). Numerous sap-feeding insects exhibit the ability
to absorb and bioactivate indoxacarb, whether through
dermal or oral intake. However, this process occurs at
a considerably slower pace compared to Lepidoptera
(Pfeiffer et al., 2022).

Thiourea

Diafenthiuron proves to be a potent thiourea-
based insecticide and acaricide, exhibiting notable
efficacy through stomach, contact, and systemic toxicity
mechanisms (Bhuvaneswari et al., 2022). Its insecticidal
action effectively manages pests concealed within
the plant canopy or beneath leaf surfaces because of
its translaminar action (O’Hara, 2022). Its volatile
properties make it suitable for application in dense
cropping systems (Chauhan et al., 2021). It acts as a
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pro-insecticide, transforming into a more potent form
known as carbodiimide upon entering the insect body or
exposure to sunlight (Bhuvaneswari et al., 2022). The
biocidal effectiveness of thiourea insecticides arises from
the presence of carbodiimide (McInnes et al., 2023). This
active component specifically acts on insect mitochondria,
interferes with the ATP synthesis in mitochondria by
interacting with ATPase and by disrupting the oxidative
phosphorylation process. As a result, it disrupts the insect
respiratory system (Su et al., 2023). Diafenthiuron exhibits
low toxicity in mammals (Ponkarpagam et al., 2023).
Nevertheless, it poses a significant threat to non-target
organisms such as aquatic life, silkworms, and honeybees
(Basak et al., 2021).

Ketoenoles

These are a novel class of insecticides and include
two major insecticidal molecules i.e., spirotetramat and
spiromesifen. The latter is a spirocyclic tetronic acid’s
derivative and acts as a non-systemic acaricide and
insecticide (Jeschke, 2021; Yu et al., 2022). It is being
effectively used as foliar applications against whiteflies
and mites particularly against 7efranychus mites in a wide
range of cropping systems including cotton, vegetables and
horticultural crops (Abubakar et al., 2022). This insecticide
penetrates the bodies of arthropods either through contact
or ingestion and hinders the biosynthesis of lipids and fatty
acids in mites and insects. As a consequence, it disrupts
the growth of eggs and immature stages and diminishes
the reproductive capacity of adult females (Hamida et al.,
2021). Spirotetramat is a derivative of spirocyclictetramic
acid, functions as an inhibitor of lipid biosynthesis
and demonstrates notable efficacy against various
developmental stages of phloem-feeding insect pests,
including whiteflies, aphids, mealybugs, scales and psyllids
(Hu et al., 2022). Its impact on reducing the fecundity and
fertility of adult female insects significantly contributes to
population control (Abbas et al., 2022). This compound
exhibits full systemic properties, particularly notable for
its unique translocation abilities (Liu et al., 2023). Upon
foliar application and absorption, spirotetramat disperses
throughout the plant’s vascular system, moving both
upwards through the xylem and downwards through the
phloem (Martin et al., 2022). This two-way systemic action,
also termed ambimobile, enables effective management of
hidden pests such as root aphids while also safeguarding
newly emerging shoots or leaves post-application. These
distinctive features underscore the potential of spirotetramat
in pest management strategies (Mani, 2022).

Pyrroles
Pyrroles is group of synthetic insecticides with a

broad-spectrum contact and stomach toxicity (Ganesh et
al., 2024). These insecticides behave as pro-insecticides
and within insect body are activated by the cytochrome
P450 monooxygenases enzymes into their more active
metabolites (Hekal et al., 2024). Pyrroles trigger and
isolate oxidative phosphorylation in mitochondria. These
pesticides affect the proton gradient across mitochondrial
membranes, reducing their ability to make ATP (Huang et
al.,2023). This disrupts respiratory routes, causes the death
of cells, and eventually leads to insect death (Karunaratne
et al., 2022). Because of their novel approach, pyrroles
(e.g., chlorfenapyr) have been approved in more than
19 countries for the treatment of numerous insect and
mite problems (Cheng et al., 2024). Direct application
of the chemical on the walls of infected flats turned out
in a 61% drop in bed insect counts in just three days
(Ranabhat, 2020). Cyanopyrrole and chlorfenapyr have
broad-spectrum biocidal activity (Comstock et al., 2024)
against various insect species, including Lepidoptera,
Coleoptera, Thysanoptera and Acarina (Bhuvaneswari et
al., 2022). Chlorfenapyr is a non-repellent chemical with
long residual activity against Cimex lectularius, as shown
in laboratory experiments (Ranabhat, 2020).

Phenylpyrazoles

Ethiprol and fipronil are the two major phenylpyrazole
insecticides although the latter being frequently used.
Fipronil shows considerable mortality of insect pests
belonging to Thysanoptera, Lepidoptera, Coleoptera,
Hemiptera, Diptera and Isoptera, particularly against
termites and rice borers (Ghoneim and Hamadah, 2024).
Fipronil is effective against a number of insects that have
evolved resistance to most insecticides, including those
acting on the gamma-aminobutyric acid receptor, and is
considerably more harmful to insects than to mammals
(Ozoe, 2021). Fipronil at a low concentration offers
long-term protection against important orthopterous and
lepidopterous pests on crops as well as coleopterous
larvae in soil (Visveswaran, 2021). Fipronil mainly
targets the GABA receptors in the insect’s central nervous
system, where it serves as a non-competitive blocker. Its
antagonist activity generates hyperexcitation of the central
nervous system by suppressing the inhibitory action of
GABA neurotransmitter (Song et al., 2021). Fipronil has
been demonstrated in cockroach neurons to effectively
inhibit glutamate-activated chloride channels (Raisch
and Raunser, 2023). Fipronil has the unique advantage of
being one of the most selective insecticides which block
the GABA-gated chloride channels, with a more favorable
safety factor among mammals and insects (Bhatt et al.,
2023). Fipronil is hazardous to insects that feed on plants
due to its systemic dispersion across all plant tissues
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(Carbonell-Rozas et al., 2021). This protects plants from
herbivorous insects that feed on sap, as well as plant
viruses transmitted by insects (Zaller, 2020).

Juvenile hormone agonists or analogs (JHAs)

Insect growth regulators (IGRs) are relatively safe for
the humans and environment and are crucial in [PM systems
because of their insect-specific functions (Gad et al.,
2021). JHAs have been developed as effective insecticides
that result in the inhibition of various developmental
processes and affect metamorphosis, embryogenesis,
reproduction and larval development (Hu et al., 2020).
JHA-based insecticides are frequently distributed in
various formulations to manage a wide range of pests,
including mosquitos, flies, fleas and mites (Parthasarathy
and Palli, 2021). JHAs exhibit minimal toxicity towards
birds, fish and mammals due to their distinct biochemical
composition compared to vertebrate hormones (Knigge
et al., 2021). Most important active ingredients in this
synthetic insecticidal group are pyriproxyfen, hydroprene,
fenoxycarb, methoprene and kinoprene (Munjal et al.,
2023). These substances exhibit toxicity towards insects
by mimicking the juvenile hormone (JH), a crucial
regulator of insect development, growth, and maturation.
Elevated levels of JH in the hemolymph of immature
insects hinder their transition to adulthood. Throughout
development, the concentration of JH decreases as a result
of enzymatic degradation (Karakoti et al., 2024). JHAs
contribute in retaining JH levels high within the insect
body at the time when it should not be present naturally
(Noriega and Nouzova, 2020). The condition has a major
effect on insect reproduction and survival, changing
reproductive physiology and interrupting development
(Sharma et al., 2020). JHAs frequently cause death or
sterility (Parthasarathy and Palli, 2021). For example, after
being exposed to JHA-based baits, fire ant queens ceased
producing eggs (Ren et al., 2023). Hydroprene functions
as a juvenile hormone analogue (JHA), replicating the
effects of naturally produced Juvenile Hormones (Sierras
and Schal, 2020). The use of hydroprene during the larval
phase impedes typical growth and development, resulting
in larvae being unable to emerge as mature adults or
producing abnormal, sterile adults (Munjal et al., 2023).
Fenoxycarb was the first phenoxy JHA discovered to be
successful (Grenier and Grenier, 1993). Fenoxycarb is a
non-neurotoxic carbamate, which disrupts the hormonal
control, causing interruptions in insect metamorphosis,
growth, and development (Hu et al., 2020).

Ecdysone agonists
A class of insecticides known as ecdysone agonists
mimics the actions of 20-hydroxyecdysone (20E), the

hormone that insects release when they molt (Munjal et
al., 2023). The creation of a nonsteroidal ecdysone agonist,
N-tert-butyl-N, N'-dibenzoylhydrazine (RH-5849) (Hsu
and Aller, 1991), sparked the emergence of a novel insect
growth regulator (IGR) centered on ecdysteroid function.
This compound possesses the diacylhydrazine (DAH)
core structure (Yokoi et al., 2022), and five DAH analogs-
including tebufenozide were subsequently created as
pesticides for use in agriculture (Khanna ez al., 2023).
Ecdysone agonists disrupt stages of development by
linking with the complex’s EcR component and constantly
activating the 20E signaling cycle, which eventually kills
insects (Ekoka et al., 2021). This dibenzoylhydrazine
possesses insecticide properties in along with molting
hormone action (Hamaidia et al., 2021). After the structural
modification of RH-5849, two novel insecticides targeted
particularly at lepidopterans tebufenozide (RH-5992) and
methoxyfenozide (RH-2485) were brought into the market.
Later, a chlorinated derivative, halofenozide (RH-0345),
was released as an insecticide targeting mainly Coleoptera
and specific Lepidoptera (Dhadialla et al., 1998; Gad et
al., 2021).

Chitin synthesis inhibitors

Compounds possessing unrelated mechanisms of
action, such as insect growth regulators (IGRs), are
recognized as promising alternatives for mitigating
the challenge posed by field populations exhibiting
resistance to conventional insecticides (Mohan et al.,
2024). Approximately 100 billion metric tons of chitin
are synthesized annually by living things, making it the
second most prevalent natural polysaccharide on Earth
after cellulose (Iber et al., 2022). Chitin plays a crucial
part in the growth, development, and reproduction of
these organisms (Zhang et al., 2021). It is an essential
part of fungal cell walls and the exoskeletons of insects
and crustaceans (Jones et al., 2020). Chitin synthesis
inhibitors encompass a chemically diverse group of
compounds. These inhibitors include oxazolines,
pyrimidine-nucleoside peptides, thiazolidines, tetrazines,
benzoylureas, thiophthalimides and thiadiazines, as well
as certain fluoro- and chromophores (Yu et al., 2023).
Pyrimidine-nucleoside peptides are known to interfere
with the enzyme’s nucleotide binding site(s) at the
catalytic sites (Ranganathan et al., 2022). Diflubenzuron
(DFB) was the first IGR to be applied commercially as
a chitin synthesis inhibitor (CSI), initially for controlling
flies, which were essential for veterinarians and crop pests
(Graf, 1993). Similarly, an inhibitor of chitin synthesis,
novaluron acts through both ingestion and contact (Masetti
etal.,2023).
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CONCLUSION AND RECOMMENDATIONS

Synthetic insecticides are inevitable and crucial part
of plant protection sector throughout the world. Farmers
rely exclusively on the application of a wide range of
synthetic insecticides combating insect pests’ infestations
on their crops. Redundant and extensive use of synthetic
insecticides with akin mode of action or attacking the
same target site within the body of target insect pests is one
of the major causes of pesticide resistance development
among insect pests. Rotation and shuffling of pesticides
with distinct modes of action is the most valuable tool
to mitigate insecticides resistance development. Farmers
and plant protection advisors should know this essential
information so that they can opt or recommend wisely
the most appropriate insecticidal molecules from the
prevailing synthetic insecticidal products.
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