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Widespread insecticide use has led to the evolution of resistance in numerous insect pests. Sublethal
exposures play a significant, yet often underestimated, role in driving adaptive responses by
inducing a wide range of physiological and behavioral alterations. This review integrates current
insights into how sublethal and low-dose insecticide exposures induce epigenetic modifications in
insects and examines the functional implications of these changes. Emerging evidence suggests that
such exposures induce a spectrum of epigenetic alterations, including shifts in DNA methylation
patterns; for example, foundational work in Myzus persicae Sulzer demonstrated that demethylating
an amplified esterase gene was directly linked to lost insecticide resistance. Exposures also trigger
various post-translational histone modifications, as seen in pollinators like Apis mellifera Linnaeus
(Hymenoptera: Apidae), where histone acetylation changes following neonicotinoid exposure
modulate the expression of critical detoxification and immune genes. Moreover, insecticides
influence the regulatory activity of non-coding RNAs (ncRNAs), with specific microRNAs shown
to repress the translation of key metabolic resistance genes. These molecular changes serve as a
dynamic regulatory layer modulating the expression of genes involved in detoxification pathways,
target site sensitivity, and broader stress resilience, thereby contributing to hormesis and the
emergence of insecticide tolerance. Furthermore, these insecticide-induced epigenetic imprints can
be heritable, providing a potent mechanism for transgenerational inheritance and highlighting the
potential for epigenetic priming to accelerate resistance within pest populations. A deeper
understanding of these non-Mendelian inheritance processes is thus indispensable for developing
sustainable insecticide resistance management (IRM) strategies and for optimizing ecological risk
assessments that more accurately reflect the subtle yet consequential effects on both target and non-
target insect species.
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Introduction

Pesticide use has become a crucial component in
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Both acutely lethal and sublethal pesticide

modern agriculture for protecting crops and minimizing
food production losses (Araujo et al., 2023). Insect pests
can destroy up to 45% of annual food production due to
infestation, making pesticide application essential for food
security (Barathi et al., 2024; Schmitz et al., 2022).
Globally, nearly 2 million tonnes of pesticides are
consumed annually, with insecticides constituting
approximately 29.5% of this total, and this consumption is
predicted to increase (Sharma et al., 2019; Statista, 2024a,
2024b). However, the intensive and widespread
application of insecticides has led to a significant global
problem: the evolution of insecticide resistance (Xiao et al.,
2024). Since 1914, for example, repetitive insecticide use
has resulted in at least 630 insect pest species developing
resistance to 336 different insecticides (Margus et al.,
2024).

concentrations contribute to the evolution of resistance
(Guedes et al., 2017). While lethal doses (e.g., LDso) cause
acute toxicity (Bartling et al., 2024), more common are the
sublethal exposures that can arise from environmental
degradation or misapplication of insecticides (Guedes et
al., 2017). Such exposures, though not immediately fatal,
can induce a range of physiological changes (e.g.,
neurological disruptions, hormonal and reproductive
alterations, reduced fitness) and behavioral effects that
may favor resistance development (Bantz et al., 2018).
Moreover, sublethal exposures extend beyond target
pests to significantly affect beneficial insects. For example,
in A. mellifera, sublethal insecticide exposure can reduce
queen fecundity, compromise immune function, and
disrupt navigation and cognitive abilities (Olivares-Castro
et al., 2021). Insect responses to low doses of chemical
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stressors can also be complex, sometimes resulting in

hormesis: a biphasic response involving low-dose
stimulation and high-dose inhibition (Brevik et al., 2018).
Emerging evidence suggests physiological and

behavioral changes from sublethal insecticide exposure
may be mediated by epigenetic modifications; heritable or
plastic changes in gene expression that occur without
altering the DNA sequence (Bogan & Yi, 2024; Gong et
al., 2023). At the molecular level, these include DNA
methylation, histone modifications, and the regulatory
activities of non-coding RNAs (ncRNAs) and RNA
modifications (Duncan et al., 2022; Geens et al., 2024).
These epigenetic marks can provide a dynamic regulatory
layer, potentially facilitating adaptation to insecticide
stress (Brevik et al., 2021). Compelling examples, such as
the link between DNA methylation and the overexpression
of resistance-conferring esterase genes in M. persicae,
show how epigenetic mechanisms can significantly
influence insecticide efficacy and resistance evolution
(Field et al., 1989). Thus, sublethal insecticide exposure
not only influences immediate pest performance but may
also stimulate epigenetic modifications that contribute to
longer-term adaptive responses, including the evolution of
resistance.

Despite significant advancements, critical knowledge
gaps persist. The detailed molecular pathways linking
specific insecticides to epigenetic changes and precise
phenotypic outcomes are often unclear. Similarly, the
mechanisms of transgenerational inheritance, the stability
of inherited marks, and the interplay between different
epigenetic layers remain poorly understood (Mogilicherla
& Roy, 2023). The role of epitranscriptomics in insecticide
response is also a largely unexplored frontier (Jiao & Palli,
2024). Furthermore, more research is needed on a broader
diversity of insect species and insecticide chemistries
(Connolly, 2013).

Therefore, this review integrates the current
understanding of how sublethal insecticide exposure
influences epigenetic mechanisms in insects. It examines
sublethal exposure and hormesis, the key epigenetic
mechanisms altered by insecticide stress, and the broader
implications for transgenerational inheritance, resistance
evolution, and future research.

Sublethal and Low-Dose Insecticide Exposure: A
Conceptual Framework

Defining the Dose Context: Sublethal Versus Low Dose

Effective pest management and ecological risk
assessment require a comprehensive understanding of
insecticide exposures beyond acute lethality. Although
resistance evolution from lethal selection pressure is well
recognized (Sun & Sun, 1994), the effects of sublethal or
low-dose insecticide exposure represent a significant, often
overlooked, aspect of insecticide impact (Greenop et al.,
2020). Low-dose exposures can trigger a spectrum of
responses, from physiological stress and behavioral
changes to demographic shifts (M. de Franga et al., 2016;
Meunier et al., 2020; Mougabure-Cueto et al., 2024;
Miiller, 2018). These responses also include complex dose-
dependent effects like hormesis (Bantz et al., 2018), and
potentially contribute to resistance development (Ayyanath
et al., 2015) or adversely affect non-target organisms

(Serrao et al., 2022). This section provides such a
framework by defining key toxicological terms, examining
environmental exposure routes, and outlining the
complexities of assessing their ecological implications.

Environmental Pathways of Sublethal Exposure
Insects are exposed to sublethal insecticides through
various pathways. Direct application, such as spraying,
often results in off-target insecticide drift, leading to low-
dose exposure in non-target organisms (Cutler, 2013;
Cutler et al., 2022; Jiang et al., 2024; Young et al., 2020).
Exposure is also influenced by the environmental
persistence and degradation of these chemicals. Both
abiotic factors (e.g., temperature, UV radiation) and biotic
factors (e.g., plant and microbial metabolism) reduce initial
concentrations to sublethal levels in soil, water, and on
plant surfaces (Bantz et al., 2018; Mougabure-Cueto et al.,
2024; Miiller, 2018; Pal et al., 2024). Additional pathways
include the uptake of systemic insecticides by plants and
contamination of water bodies through surface runoff
(Cutler, 2013; Jiang et al., 2024; Sanchez-Bayo, 2021) (see
Figure 2). The diagram illustrates how direct application of
insecticides can lead to sublethal concentrations in the
environment through processes such as atmospheric drift,
surface runoff, and chemical degradation over time. These
low-dose exposures affect not only the target pests but also
have cascading consequences for non-target organisms,
including beneficial insects (e.g., pollinators, predators)
and aquatic life, leading to a range of physiological and
behavioral impacts.

Sublethal Exposure Impairs Insect Fitness and
Behavior

Accurately characterizing insecticide effects requires
precise terminology beyond simple lethality. Traditionally,
acute toxicity is quantified using metrics like the LDso or
LCso, which estimate the dose causing 50% mortality
(Desneux et al., 2007). While useful for comparing acute
toxicity, these metrics provide limited insight into effects
on survivors or at lower exposure levels, often overlooking
individual and environmental variability (Miiller, 2018).
Consequently, a sublethal effect is defined as any
biological, demographic, or behavioral alteration in an
organism that survives insecticide exposure (Jankowska et
al., 2023; M. de Franga et al., 2016; Young et al., 2020).

These effects manifest as changes in physiology,
behavior, or reproduction (M. de Franga et al., 2016). By
definition, a sublethal dose does not induce significant
acute mortality (Desneux et al., 2007; Miiller, 2018). The
term "low dose" is often used interchangeably but can also
refer to concentrations that cause stimulatory hormetic
responses (Ayyanath et al., 2015; Bantz et al., 2018). In this
review, "low dose" will encompass the full spectrum below
the LCso including both inhibitory sublethal and stimulatory
hormetic effects (Jiang et al., 2024) (see Figure 1). The curve
depicts the spectrum of biological responses to increasing
insecticide concentrations. The low-dose or hormetic zone is
characterized by a stimulatory or beneficial effect. As the
concentration increases into the sublethal zone, inhibitory
effects on fitness and physiology begin to appear, without
causing significant acute mortality. The lethal zone represents
concentrations at and above the LC50, where acute mortality
is the primary outcome.
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Figure 1. A conceptual dose-response curve illustrating the
toxicological zones of insecticide exposure.

Additional key metrics include the NOAEL (No
Observed Adverse Effect Level), the highest concentration
with no observed adverse effects (Dorato & Engelhardt,
2005), and the ECy (Effective Concentration for x%),
which quantifies the concentration causing a specified non-
lethal effect in x% of the population (Tanaka et al., 2018).
The hormetic dose response is characterized by a low-dose
zone of stimulatory responses, contrasting with the
inhibitory effects observed at higher sublethal
concentrations (Gong et al., 2015).

Exposure to low or sublethal insecticide doses can impact
population dynamics (W. Li et al., 2025) by inducing non-
lethal effects in the exposed FO generation, such as detrimental
impacts on fitness parameters (W. Li et al., 2025; M. de
Franga et al., 2016; Mougabure-Cueto et al., 2024).

For instance, sublethal lambda-cyhalothrin reduced
male lifespan and female fecundity in Bathycoelia distincta
Distant (Pal et al., 2024) while dinotefuran reduced
fecundity in the planthopper Nilaparvata lugens Stal (Bao
et al., 2009) Similarly, chlorantraniliprole delayed
development and reduced fecundity in Plutella xylostella
Linnaeus (Guo et al., 2013), and afidopyropen reduced
longevity and fecundity in Aphis gossypii Glover (Ma et
al., 2022). These impacts can lead to significant declines in
key population growth parameters (e.g., 7, Ro, 1),
demonstrating demographic-level consequences (Ma et al.,
2022).

Sublethal exposure also frequently alters insect behavior.
Changes in locomotor activity, a critical fitness trait, are often
observed (Bahrndorff et al., 2012); for example, sublethal
imidacloprid affected locomotor activity and courtship in
Drosophila melanogaster Meigen (Young et al., 2020), while
pyrethroids altered locomotion in the predatory beetle
Platynus assimilis Paykull (Tooming et al., 2014). Other shifts
include altered grooming in Periplaneta americana Linnaeus
(Jankowska et al., 2023), modified maternal care in European
earwigs (Meunier et al., 2020), and disrupted orientation in
parasitoids like Aphidius ervi Haliday, which can impair host-
finding (Desneux et al., 2004). Sometimes, such changes may
represent an escape response (Pal et al., 2024).

Physiologically, sublethal exposure can induce stress
adaptations, such as the induction of detoxification
enzymes, e.g., P450s, GSTs, CarEs (Bass & Field, 2011;
W. Li et al., 2025; Moustafa et al., 2024; Wang, Liu, et al.,
2022). Low doses can modify enzyme and protein profiles,
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Figure 2. Environmental pathways and initial impacts of
sublethal insecticide exposure in an agroecosystem.

correlating with physiological and behavioral changes, and
even ultra-low doses can trigger responses like altered
respiration and antioxidant activity (Bantz et al., 2018;
Jankowska et al., 2023).

Finally, the relationship between dose and effect is not
always a simple inhibition. Some exposures may lead to
stimulatory effects like accelerated development, though
fitness consequences require careful interpretation (Pal et
al., 2024). Exposure history can also matter, as low-dose
pre-exposure can sensitize insects to later, higher doses
(Jankowska et al., 2023). These diverse FO generation
effects underscore the complexity of sublethal toxicology
(Desneux et al., 2004).

Challenges Relevant
Exposures

Assessing sublethal exposures under ecologically
realistic conditions presents significant challenges. A
primary challenge is determining the actual insecticide
concentrations  insects encounter in the natural
environment, as these levels vary spatially and temporally.
Residues are distributed unevenly across landscapes and
microhabitats and decline rapidly post-application due to
degradation and runoff (Cutler, 2013; Mougabure-Cueto et
al., 2024; Miiller, 2018). Standard laboratory-derived
toxicity metrics (LCx, ECx, NOAEL) have limited
applicability for predicting field conditions. In natural
ecosystems, insects face fluctuating insecticide
concentrations and multiple concurrent stressors (e.g.,
temperature extremes, limited food, other chemicals) that
can influence susceptibility in ways not captured by single-
compound lab tests (Guedes et al., 2017; Stark & Banks,
2003).

Furthermore, the impact of sublethal exposure is
influenced by both insecticide formulation and the
organism's biological characteristics (See Figure 8). Insect
behavior, life stage, and prior exposure history can
modulate individual susceptibility to sublethal doses
(Desneux et al., 2007; Jankowska et al., 2023; Pal et al.,
2024). Consequently, defining consistent sublethal
thresholds is challenging, as the concentration required to
elicit a specific nonlethal effect varies across species,
populations, and environments. These challenges highlight
the need for integrated approaches that combine laboratory
studies with ecologically relevant exposure scenarios.
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Hormesis: A Biphasic Response to Low-Dose Exposure

Hormesis: A Biphasic Dose-Response

Hormesis is a biological biphasic dose-response
characterized by low-dose stimulation and high-dose
inhibition, a concept of increasing interest in
ecotoxicology. This view challenges the traditional
monophasic principle that "only the dose determines the
poison" (Cutler et al., 2022; Guedes et al., 2022; Wan et
al., 2024). Hormesis is often considered an adaptive
response resulting from an overcompensation to a low-
dose stressor that disrupts homeostasis (Calabrese, 2001;
Wan et al., 2024). Its underlying mechanisms are complex,
involving processes such as increased stress resistance,
enhanced detoxification, and improved metabolic function
(Agathokleous, 2018; Calabrese et al., 2007; Calabrese &
Mattson, 2011). While hormetic responses are typically
observed below the no-observable adverse effect level
(NOAEL), stimulatory effects in insects may also occur at
higher sublethal doses (Rix & Cutler, 2022).

Hormetic Effects on Insect Fitness and Behavior

Low insecticide doses can stimulate various fitness-
related traits in insects via hormesis. In terms of
reproduction and development, low doses of acetamiprid
and imidacloprid increased female longevity and fecundity
in M. persicae (Sial et al., 2018), while deltamethrin
increased the net reproductive rate in a resistant strain of
the maize weevil Sitophilus zeamais Motschulsky (N. M.
P. et al., 2010). Similarly, low-dose dieldrin increased
longevity in D. melanogaster (Cutler, 2013), and
chlorantraniliprole increased parasitism and emergence
rates in the beneficial parasitoid Trichogramma japonicum
Ashmead (Wang, Tian, et al., 2022). In Cyrtorhinus
lividipennis Reuter, sublethal imidacloprid enhanced
reproductive output by increasing juvenile hormone titers
(J. Zhu et al., 2020).

Insect behavior can also be affected. For example,
sublethal chlorpyrifos enhanced host-searching behavior in
the  parasitoid Leptopilina  heterotoma  Thomson
(Rafalimanana et al., 2002), and both chlorpyrifos and
deltamethrin increased its responsiveness to host cues
(Delpuech et al., 2005). Complex, non-monotonic responses
have also been observed; in Agrotis ipsilon Hufnagel males, a
very low dose of clothianidin reduced response to sex
pheromones, whereas a higher sublethal dose enhanced it
(Rabhi et al., 2014). Other examples include dose-dependent
modulation of locomotor activity in honeybees (4. mellifera)
(El Hassani et al., 2008), enhanced learning and memory in
honeybees exposed to a combination of coumaphos and
imidacloprid (Williamson et al., 2013), and altered sex
pheromone behavior in Ostrinia furnacalis Guenée (Wei &
Du, 2004) . In some cases, the response is temporal, such as
the short-term hyperactivity followed by long-term
hypoactivity observed in the beetle Platynus assimilis after
alpha-cypermethrin exposure (Tooming et al., 2014).

Hormesis and the Development of Insecticide
Resistance

Hormesis and other low-dose insecticide effects have
significant implications for resistance evolution. By
increasing pest population size, stimulatory effects on
reproduction or survival enlarge the pool for selecting

resistance mutations. Moreover, the physiological
mechanisms underlying these responses, such as enhanced
detoxification, can directly increase tolerance. For
example, low-dose exposure can upregulate detoxification
genes (e.g., CYPs, GSTs) in mosquitoes and tobacco
cutworms (Spodoptera litura Fabricius), increasing their
tolerance to higher pesticide concentrations (Liu et al.,
2019; Lu et al., 2019; Rix & Cutler, 2022). Similarly,
sublethal deltamethrin exposure increased the activity of
detoxification enzymes in Spodoptera littoralis Boisduval
(Lalouette et al., 2016). This "priming" effect, where low-
dose exposure enhances biochemical detoxification, can
accelerate the onset of resistance by allowing insects to
respond more effectively to subsequent, higher doses.
Understanding these complex links is crucial for
optimizing insecticide dosages in IPM to achieve control
while minimizing the risk of accelerating resistance.

Hormesis and Epigenetic Regulation: A Hypothesized
Link

The adaptive nature of hormetic and other low-dose
responses raises questions about their underlying
molecular mechanisms. It is hypothesized that these
responses are mediated by epigenetic modifications (e.g.,
DNA methylation, histone modifications, ncRNA activity)
induced by insecticide stress. Such epigenetic changes
could provide a mechanism for fine-tuning the expression
of genes related to stress response and detoxification,
consistent ~ with  non-monotonic  dose-responses.
Understanding this potential epigenetic basis is critical
because it bridges immediate physiological responses with
the possibility of stable, heritable adaptive changes, a topic
explored in subsequent sections.

Epigenetic Mechanisms of Insecticide Action and
Adaptation

Beyond genetic sequence alterations, epigenetic
modifications provide a dynamic layer of gene regulation
that allows organisms to respond to environmental
challenges like insecticide exposure (Jaenisch & Bird,
2003). Epigenetics encompasses molecular mechanisms
such as DNA methylation, histone modifications, and non-
coding RNAs (ncRNAs), which facilitate adaptive
phenotypic adjustments to stress. These mechanisms can
be broadly classified into pre-transcriptional (DNA
methylation, histone modification) and post-transcriptional
(ncRNAs, RNA modifications) processes that act
interdependently to regulate gene expression (Kumar et al.,
2017; Mogilicherla & Roy, 2023; Yao et al., 2024) (see
Figure 3). Gene expression is regulated at multiple levels
without altering the DNA sequence. (A) Pre-transcriptional
modifications include DNA methylation and post-
translational modifications of histone proteins. Histone
acetylation, mediated by histone acetyltransferases
(HATS), typically leads to open chromatin and active
transcription, while repressive marks like H3K27me3,
deposited by Polycomb Repressive Complex 2 (PRC2),
lead to condensed chromatin and gene silencing. (B) Post-
transcriptional regulation is mediated by non-coding
RNAs, such as microRNAs (miRNAs), which bind to
target messenger RNAs (mRNAs) and promote their
degradation or inhibit translation.
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Figure 3. An overview of the principal epigenetic
mechanisms regulating gene expression in insects.

This section reviews the evidence for how sublethal
insecticide exposure alters these pathways and the resulting
functional consequences.

DNA Methylation: Insecticide-Induced Alterations
and Consequences

DNA methylation is a fundamental epigenetic mechanism
that alters transcriptional activity by adding a methyl group to
cytosine residues (Glastad et al., 2019; Poli et al., 2020). In
insects, it is often concentrated within gene bodies and is
involved in development, phenotypic plasticity, and adaptive
responses to environmental stimuli (Kucharski et al., 2008;
Mogilicherla & Roy, 2023; Poli et al., 2020).

Sublethal insecticide exposure can induce both global
and gene-specific methylation changes, though responses
are species-dependent (Brevik et al., 2021). For example,
sublethal imidacloprid led to heritable global
hypomethylation and altered methylation of resistance-
associated genes (e.g., P450s) in Leptinotarsa
decemlineata Say (Brevik et al., 2021). Neonicotinoid
exposure in A. mellifera is linked to impaired fecundity,
immunity, and learning (Olivares-Castro et al., 2021),
while parental exposure of Aedes albopictus Skuse to
epigenetic modulators induced heritable methylation
changes associated with reduced F1 sensitivity to
imidacloprid (Oppold et al., 2015). Conversely, similar
exposure in Bombus terrestris Linnaeus showed no
detectable methylation changes despite significant gene
expression changes (Bebane et al., 2019). Foundational
work in M. persicae demonstrated a direct link where
demethylation of an esterase gene reduced its transcription
and was associated with lost insecticide resistance (Field et

al., 1989). Functionally, insecticide-induced DNA
methylation changes, particularly hypomethylation, often
increase the transcription of detoxification enzymes like
P450s and esterases (Brevik et al., 2021; Mogilicherla &
Roy, 2023). These alterations can contribute to insecticide
resistance through heritable gene expression changes and
may also generate adaptive genetic variability by altering
the methylation of transposable elements (Brevik et al.,
2021) (see Table 1 for examples).

Histone Modifications: Mechanisms and Insecticide-
Induced Alterations

In eukaryotes, DNA is packaged into chromatin, where
post-translational modifications (PTMs) of histone
proteins create a complex regulatory "histone code"
(Olivares-Castro et al., 2021). These modifications, such as
acetylation, are integral to regulating insect development,
environmental adaptation, and complex behaviors
(Mukherjee et al., 2012; Reynolds et al., 2016; Simola et
al., 2016).

Sublethal insecticide exposure can alter these histone
modification landscapes. In A. mellifera, for example,
sublethal neonicotinoids alter histone acetylation, and
treatment with an HDAC inhibitor improved imidacloprid
resistance by stimulating immune and detoxification genes
(Mogilicherla & Roy, 2023; Olivares-Castro et al., 2021).
A broad agrochemical screen on D.melanogaster larvae
induced widespread protein phosphorylation changes at
sublethal levels, correlating with altered behavior and
reduced survivability (Gandara et al., 2024). Furthermore,
knockdown of HDACS3 in Helicoverpa armigera Hiibner
dysregulated key physiological genes, suggesting that
insecticides disrupting this enzyme could have significant
effects (Mogilicherla & Roy, 2023) (see Table 2 for
examples and see Figure 4). These insecticide-induced
alterations impact the expression of genes related to stress
response, detoxification, and immunity, potentially
mediating protective responses or contributing to acquired
tolerance.

RNA-Mediated  Regulation:  ncRNAs, = RNA
Modifications, and Insecticide Response
Non-coding RNAs (ncRNAs) and direct RNA

modifications (epitranscriptomics) provide crucial layers
of post-transcriptional regulation in insects. Prominent
ncRNAs like microRNAs (miRNAs) and long non-coding
RNAs (IncRNAs) are involved in development, immunity,
and stress responses, while RNA modifications like N6-
methyladenosine (m6A) also regulate key processes such
as development and phenotypic plasticity (Glastad et al.,
2019; Jiao & Palli, 2023; Villagra & Frias-Lasserre, 2020).

Sublethal insecticide exposure frequently alters ncRNA
expression, impacting resistance. MiRNAs can fine-tune
metabolic detoxification by targeting enzymes like CYPs
or modulate target-site sensitivity by targeting receptors
like VGSC and RyR (Xiao et al., 2024). LncRNAs and
circular RNAs (circRNAs) also contribute to resistance,
often by acting as miRNA "sponges" in competing
endogenous RNA (ceRNA) networks (Xiao et al., 2024)
(see Table 3 for examples). While direct evidence linking
insecticide exposure to specific m6A alterations is still
emerging, its known role in stress responses suggests
plausible involvement (Jiao & Palli, 2023).
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Table 1. Representative studies of insecticide-induced DNA methylation changes in insects.
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Pest/Bene ﬁ’ cial) Concentration/Dose) (DNA Methylation) Method(s) Implication(s)
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beetle) (Coleoptera, |Sublethal . Y Y changes (F2 generation)
Pest) resistance genes
(P450s) & TEs
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(Peach-potato aphid) [(experimental methylation froman  Experimental changes associated with & R(% 2023)
(Hemiptera, Pest) demethylation) esterase gene loss of insecticide Y
resistance
Table 2. Examples of insecticide-induced histone modifications and their functional implications.
Insect Species | Insecticide/Agroche Histone . Transgenerat
(Order, mical (Class, Modification Key Method(s) ObSIzVTi;?::E;;)nal ional Effect Reference(s)
Pest/Beneficial) | Concentration/Dose) Change P Noted?
Do Impaired memory
Changes in histone .
. . HDAC);
Apis mellifera . acetylation & o . (res ore.d by ) .
(Honeybee) Neonicotinoids (e.g., deacetvlation: Inhibitor studies, altered immune & (Olivares-
(H rneyno tera Imidacloprid), So diuri/l but r,ate Gene expression detoxification gene Yes Castro et al.,
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Table 3. The role of non-coding RNAs (ncRNAs) in mediating insecticide resistance.

ncRNA Specific  Insect Species Insecticid Key Method Target Gene (s) or Mechanism  Functional Reference
Type ncRNA (Order, Pest/ ¢ (Class) ) Pathway (s) Affected & of Action  Consequence )
Identifier Beneficial) Direction of Change
Culex pipiens Deltameth Expression Targets CYP6AGI1 mRNA Increased
miRNA  |miR-278-3p pa lleni) P rin profiling, (P450); miR-278-3p low degradation/ metabolic (Lei et
p l(jDi te}a Pest) (Pyrethroi Target expression leads to translational resistance al., 2015)
ptera, d) validation =~ CYP6AGII upregulation repression
Spodoptera o\ Aogrfﬁ“/ AN Ty rgets CYP6K2 (P450); mRNA ﬁg{:ﬁ;’i
. . frugiperda - gomir miR-190-5p degradation/ . (Zhang et
miRNA  |miR-190-5p aniliprole injection, . . resistance;
(Lepldoptera L . downregulation leads to translational al., 2022)
(Diamide) Luciferase . . altered
Pest) CYPG6K?2 upregulation  repression o
assay sensitivity
Permethri Expression Targets Voliage-gated _mRNA Reduced
Aedes aegypti 1 rofilin sodium channel (VGSC); degradation/ mortality (Kubik et
miRNA  |miR-33 aes aegyp _ POWANS, - ip-33 upregulation graca (target-site
(Diptera, Pest) (Pyrethroi Functional translational . al., 2021)
d) assays leads to VGSC Tepression resmtange
downregulation modulation)
Plutella Chlorantr Expression Target Ryanodine mRNA ?el;:tei(\i/it
miRNA miR-7a & xylostella aniliprole profiling,  Receptor (RyR); miRNA degradation/ (tar et-sife X.Liet
miR-8519  (Lepidoptera, (DiarP; ide) Target upregulation suppresses translational resiftance al., 2015)
Pest) validation ~ RyR expression repression .
modulation)
. . Likely Increased
Bactrocera Malathion RNA|, Elrc113<171(7)w4nh;ililect targets; regulatory resistance; (Meng et
IncRNA  |Inc377.4  dorsalis (Organop Expression ex ress'ion §ssociate d (e.g., ceRNA, downregulatio al 20%1)
(Diptera, Pest) hosphate) profiling (pressi transcriptiona n increases ?
with resistance o
1) susceptibility
Acts as ceRNA for miR-
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352 ’ d) Luciferase  circRNA upregulation  sponge) resistance
assay leads to CYP4G15
upregulation
Acts as ceRNA for miR-
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Figure 4. Model of histone acetylation balance disruption by sublethal insecticide exposure.
Under normal conditions, the activities of histone acetyltransferases (HATs) and histone deacetylases (HDACs) are balanced, maintaining normal
gene expression. Sublethal insecticide exposure can create an imbalanced state, potentially inhibiting HATs or promoting HDACs. This can lead to
the deacetylation and silencing of critical genes (e.g., those involved in neuronal function, leading to impaired memory) while simultaneously
permitting the expression or upregulation of adaptive genes (e.g., detoxification pathways), contributing to increased tolerance.
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Figure 5. Models of RNA-mediated regulation of insecticide resistance.

Non-coding RNAs (ncRNAs) fine-tune the expression of genes involved in insecticide resistance. (A) Direct regulation, where an upregulated
miRNA targets and suppresses the mRNA of a receptor protein (e.g., a voltage-gated sodium channel), reducing target site sensitivity. Conversely, a
downregulated miRNA fails to suppress a detoxification enzyme mRNA (e.g., a P450), leading to its overexpression and enhanced metabolic
resistance. (B) Indirect regulation via a competing endogenous RNA (ceRNA) network, where a long non-coding RNA (IncRNA) or circular RNA
(circRNA) acts as a "sponge," binding to and sequestering a specific miRNA, thereby preventing it from suppressing its target detoxification enzyme
mRNA and resulting in increased resistance.

It is hypothesized that these RNA-based mechanisms
critically modulate insect responses to insecticides by
targeting key mRNAs, thereby influencing tolerance and
resistance evolution (Gao, 2021; Xiao et al., 2024) (see
Figure 5).

The evidence presented indicates that sublethal
insecticide exposure induces wide-ranging epigenetic
alterations; including DNA  methylation, histone
modifications, and RNA-based regulation; that modulate
gene expression critical for chemical stress adaptation.
These mechanisms do not operate in isolation but are likely
to interact in complex signaling pathways, forming an
integrated regulatory system that influences cellular
responses to insecticides (Allis & Jenuwein, 2016). This
interaction could enhance the specificity and resilience of
cellular responses, highlighting the importance of
considering these integrated epigenetic dynamics in insect
toxicology.
resistance

Transgenerational and

management

implications

Beyond the immediate effects on exposed individuals,
it is crucial to consider the longer-term impacts of these
epigenetic changes. This section will therefore examine
their potential for transgenerational inheritance, their role
in insecticide resistance evolution, and the broader
implications for pest management and resistance
management strategies.

Transgenerational Epigenetic Inheritance

A central question in epigenetic toxicology is whether
insecticide-induced epigenetic modifications can be
transmitted to subsequent, unexposed generations. Such

transgenerational epigenetic inheritance (TGEI) would
have profound implications for long-term adaptation,
resistance, persistence, and the ecological impacts of
pesticides (Castano Sanz et al., 2022; Mogilicherla & Roy,
2023). True TGEI, observed in F2 or later generations,
must be distinguished from intergenerational effects
resulting from direct exposure of the F1 gametes or embryo
(see Figure 6). An environmental exposure (e.g., to an
insecticide) in the parent (FO) generation can have effects
on subsequent generations through two distinct pathways.
An intergenerational effect occurs when the F1 offspring is
affected due to direct exposure of the germ cells (sperm or
egg) or the developing embryo within the FO parent. A true
transgenerational effect is observed when the phenotype or
epigenetic mark persists into the F2 generation (or
beyond), which has had no direct contact with the initial
environmental stressor, implying inheritance through the
germline.

Accumulating evidence from several insect systems
indicates that some insecticide-induced epigenetic marks
and phenotypes can be heritable. Transgenerational
hormesis, for example, has been documented in A4.
gossypii, where parental acetamiprid exposure increased
F1 fecundity and longevity (Ullah et al., 2019). In L.
decemlineata, parental insecticide exposure primed F1
detoxification mechanisms, potentially accelerating
resistance (Margus et al., 2024). Beyond hormesis,
imidacloprid-induced global hypomethylation in L.
decemlineata persisted to the F2 generation (Brevik et al.,
2021). Similarly, heritable DNA methylation changes were
observed in A. albopictus (Oppold et al., 2015), and
heritable histone acetylation changes have been reported in
honeybees (Olivares-Castro et al., 2021).
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Figure 8. Cascading ecological effects of sublethal

insecticide exposure.

Sublethal insecticide exposure initiates epigenetic and physiological
changes that extend beyond the individual. In pest species, these changes
can alter fitness and behavior, while in beneficial insects, they can
impair critical functions like pollination and predation. These individual-
level impacts ripple through the ecosystem, affecting insect predators
and altering community dynamics, highlighting the broad ecological
significance of sublethal effects.

For TGEI to occur, epigenetic information must escape
germline reprogramming. Potential mechanisms include
the incomplete erasure of DNA methylation or histone
modifications in gametes, or the transmission of small
ncRNAs that guide epigenetic modifications in the embryo
(Castano Sanz et al., 2022; Mogilicherla & Roy, 2023).
However, rigorously = demonstrating  TGEI s
experimentally challenging, requiring multi-generational
studies that can rule out low-level exposure and distinguish
epigenetic inheritance from parental effects or cryptic
genetic variation.

Implications for Insecticide Resistance Management
(IRM)

Heritable epigenetic changes induced by sublethal
insecticide exposure have significant implications for
resistance evolution and management (Mogilicherla &
Roy, 2023). Epigenetic plasticity allows insects to rapidly

adjust their phenotype to insecticide stress; if these plastic
changes are heritable, they can be selected for and
significantly accelerate resistance evolution. This process
can act as a “stepping stone” toward the fixation of genetic
resistance mutations or maintain a resistant phenotype
without continuous high-dose selection (Brevik et al.,
2021; Castano Sanz et al., 2022) (see Figure 7). The
evolution of high-level insecticide resistance through the
selection of genetic mutations alone is often a gradual,
multi-generational process (top path). However, initial
sublethal insecticide exposure can induce adaptive
epigenetic changes (“epigenetic priming”), such as the
upregulation of detoxification genes. This priming rapidly
increases the tolerance of individuals in the population.
This initial, epigenetically-driven resistant state can then
be stabilized and enhanced by the subsequent selection and
fixation of genetic mutations, creating a faster trajectory
toward high resistance (bottom path).

Consequently, insecticide resistance management (IRM)
strategies must be expanded to include these non-Mendelian
mechanisms. While current IRM strategies focus on
managing resistance allele frequencies from high-dose
selection, they often overlook the effects of widespread
sublethal exposures. Management tactics, including dose
selection and insecticide rotation, could be influenced by
epigenetic “memory” from previous exposures or by low
doses priming populations for resistance. Moreover,
integrating these considerations into integrated pest
management (IPM) is crucial for conserving beneficial
insects, which also suffer detrimental epigenetic effects from
sublethal exposure (Bartling et al., 2024).

Key Knowledge Gaps and Future Research Directions

Despite significant advancements, critical knowledge
gaps persist. The detailed molecular pathways linking
specific insecticides to epigenetic changes and precise
phenotypic outcomes are often unclear. Similarly, the
mechanisms of transgenerational inheritance, the stability
of inherited marks, and the interplay between different
epigenetic layers remain poorly understood (Mogilicherla
& Roy, 2023). The role of epitranscriptomics in insecticide
response is also a largely unexplored frontier (Jiao & Palli,
2024). Furthermore, more research is needed on a broader
diversity of insect species and insecticide chemistries
(Connolly, 2013).

Future research should focus on addressing these gaps
through integrated approaches. Multi-omics studies are
crucial for a systems-level understanding, while functional
validation with gene-editing tools like CRISPR-Cas9 can
definitively link epigenetic changes to phenotypes such as
insecticide tolerance. There is also a strong need for long-
term, multi-generational studies under field-realistic
scenarios to assess ecological relevance, alongside the
development of epigenetic biomarkers for monitoring field
populations. Finally, comparative epigenomic studies
across diverse taxa will be invaluable for identifying
conserved versus species-specific adaptive pathways.

Conclusion

This review synthesizes how sublethal insecticide
exposures can induce diverse epigenetic modifications
with significant consequences for insect physiology,
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behavior, and adaptation. Evidence shows that DNA
methylation, histone modification, and non-coding RNAs
contribute not only to immediate phenotypic plasticity but
also to heritable changes with ecological and pest
management implications. These epigenetic changes
influence population dynamics, shape evolutionary
trajectories, and affect beneficial species and potentially
accelerate the development of insecticide resistance.
Understanding these sublethal and heritable outcomes is
essential for improving pest management strategies,
strengthening  risk  assessment frameworks, and
safeguarding non-target organisms. Continued research
into the molecular mechanism and transgenerational
potential of insecticide-induced epigenetic responses will
be essential for designing more sustainable and resilient
approaches in the face of rapidly evolving insect
populations and increasingly complex agricultural
ecosystems.

Future Research Directions

Building on the conclusions above, future research
should focus on addressing these gaps through integrated
approaches. Multi-omics studies are crucial for a systems-
level understanding, while functional validation with gene-
editing tools like CRISPR-Cas9 can definitively link
epigenetic changes to phenotypes such as insecticide
tolerance. There is also a strong need for long-term, multi-
generational studies under field-realistic scenarios to
assess ecological relevance, alongside the development of
epigenetic biomarkers for monitoring field populations.
Finally, comparative epigenomic studies across diverse
taxa will be invaluable for identifying conserved versus
species-specific adaptive pathways.
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