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Exposure to sublethal doses of insecticide and their
effects on insects at cellular and physiological levels
Alexandre Bantz, Jérémy Camon, Josy-Anne Froger,
Delphine Goven and Valérie Raymond
Insecticides were used as pest management tools for a long
time. The appearance of resistant insects has led the scientific
community to rethink their use and to study the mechanisms
underlying the resistance in order to circumvent it. However, we
know now that sublethal doses of insecticide induce many
effects which should be taken into account for pest control. In
this review, we summarized current knowledge on mechanisms
used by insects to deal with exposure to sublethal dose of
insecticides. Physiological and cellular changes could
contribute to the adaptation of the insect to its environment
making the challenge of managing pests difficult.
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compounds with similar chemical structure or with the
same mode of action. The levels of resistance or crossresistance depend on the mechanisms involved. To circumvent this problem, agrochemical industries try to
develop new chemicals to replace the ineffective insecticides. However, we know now that not only the use of
lethal insecticide concentration but also sublethal exposure can induce physiological changes favouring the
development of resistant or adapted insects. Following
a field application of insecticides, insects may be exposed
to different doses. Also, insecticides degrade over time or
can volatilize with wind. Consequently, the concentration
of products initially used to kill pests and disease vectors
decreases until it becomes sublethal [5,6]. The degradation of this initial product can also generate metabolites
exhibiting biological activity. The effect of low residual
doses of these compounds that can affect both targeted
species but also beneficial insects became a major concern
[7]. Indeed, exposure to low dose of insecticide can
induce different effects on insects. This brief review
provides an insight into the knowledge essential to understand how exposure to sublethal dose of insecticide
modifies the insects at physiological and cellular levels.
The behavioural studies as well as the transcriptomic and
genomic studies have helped to increase our knowledge
on the changes induced by sublethal exposure to insecticides (Figure 1).
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Exposure to sublethal dose of insecticides: a
good opportunity for the pests and disease
vectors to stay alive
Introduction
Insecticides are pesticides which mainly act on neuronal
ion channels and receptors [1,2]. Their use was considered as the main pest management strategy over a long
period. Indeed, the insecticides block physiological functions through their actions directly on molecular targets or
indirectly on detoxification enzymes. However, one major
problem linked to their widespread use is the emergence
of resistance to insecticides. The mechanisms of resistance such as behavioural avoidance, thickening of the
cuticle, increased activity of detoxification enzymes or
mutation of the insecticide targets have been well studied
[1,3,4]. Pests and disease vectors which undergo strong
insecticide selection pressure, develop resistance to the
used compounds and often proceed cross-resistance to
www.sciencedirect.com

Insecticides are initially used to control pest insects.
However, studies demonstrated that exposure to low dose
of insecticides can benefit several insects. Thus, the
effect of insecticides is biphasic. This phenomenon is
known as hormesis. According to Cutler and Guedes [8],
hormesis is defined as ‘a biphasic dose-response, characterized by high-dose inhibition and low-dose stimulation
during or following exposure to a toxicant’. Study of
insecticide-induced hormesis demonstrated that low
doses of insecticide stimulate biological processes in order
to increase insect survival and reproduction [9–12].
Indeed, sublethal dose of sulfoxaflor, a sulfoximine insecticide which is an agonist of nicotinic acetylcholine
receptors, shortened the developmental time of the small
brown planthopper, Laodelphax striatellus and increased
their fecundity [10]. In the cotton leafworm Spodoptera
littoralis, males exposed to sublethal dose of deltamethrin,
Current Opinion in Insect Science 2018, 30:73–78
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Figure 1

Physiological modifications
Residual insecticide
(Sublethal dose)

Cellular modifications

Learning / memory
disruption

Transcriptional changes
Gene expression
changes

Epigenetic modifications
microRNAs

Detoxification enzymes
induction

DNA methylation
mRNA
splicing

Sexual behaviour and
reproduction modification

Environmental
adaptation

Histone modification

somatic cell

Transgenerational
epigenetic inheritance

Heritable molecular
information

Insecticide target
changes

germinal cell
Current Opinion in Insect Science

General scheme summarizing adaptation mechanisms of insect through different physiological and cellular modifications in response to sublethal
dose of insecticides.
Exposure to low dose of insecticides affects life history traits such as physiological functions ( , , ) that are due to cellular alterations by gene
expression modifications ( , ). These mechanisms can be passed to offspring.

an insecticide acting on voltage-gated sodium channels,
shown a higher rate of reproductive success compared to
untreated males. This positive effect on male sexual
behaviour is linked specifically to a change of pheromonal
detection [11]. All these data shown that insects adapt
their physiology to be able to cope with sublethal exposure to insecticides in order to keep their population
growth.
However, these sublethal exposures can also cause
adverse effects. Sublethal concentrations of cyantraniliprole, a novel insecticide targeting ryanodine receptors,
decreased growth speed and population reproduction of
Agrotis ipsilon [13]. It was also shown that a sublethal dose
of imidacloprid, which belong to the neonicotinoid class
of insecticides, is cytotoxic for the honeybee brain and
Current Opinion in Insect Science 2018, 30:73–78

causes damage to the honeybee midgut [14]. This sublethal exposure also has an impact on foraging ability of
bumblebees [15]. To understand the observed effect at
cellular levels, further studies have been done on the
mushroom body cells called Kenyon cells which are
involved in learning and memory in insects. Thus, exposure to sublethal doses of insecticides reduced microglomerular density of mushroom bodies [16] and induced
Kenyon cell alterations [14,17]. In these conditions, imidacloprid caused abnormal neural connectivity and damaged the development of mushroom bodies [16]. These
effects could explain learning and memory disruption
elicited by neonicotinoids [18–20].
In addition to stimulating different life history traits [9–
12,21], exposure to a sublethal dose of insecticides could
www.sciencedirect.com
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induce production of enzymes that detoxify insecticides
and this effect could participate in the development of
insecticide tolerance or resistance in pest insects. There
are several detoxification mechanisms in insects such as
Cytochrome P450 monooxygenases, glutathione S-transferases (GST) and esterases. Biochemical and proteomic
analysis demonstrated that the exposure to sublethal dose
of insecticides modifies protein level and activity [22] and
by consequent physiology and behaviour of insects. It was
shown that the positive effect on male S. littoralis sexual
behaviour is linked to three detoxification proteins such
as GST or antennal esterase which were overexpressed in
these conditions [11]. The fecundity increase of the gnat,
Bradysia odoriphaga, induced by a sublethal dose of
chlorfenapyr was also correlated to the rise of GST
activity [12]. However, sublethal doses of insecticides
do not always have a positive effect on physiology and
behaviour of insects. Thus, contrasting effects of sublethal doses have been reported in the literature. Nevertheless, the question is how this opposite effect can be
explained. Can it be only related to detoxification
enzymes? Genomic, transcriptomic and proteomic analysis could help to fill this gap in our knowledge.

Changes of gene expression after exposure to
sublethal dose of insecticides: is it the key
event which makes the physiological
difference?
The use of chemical insecticides on an increasing scale
has led to the widespread development of resistance.
Organisms have to adapt in order to face the toxicity of
xenobiotics and to minimize negative effects on their life
traits and fitness. A large amount of studies demonstrated
that one of the main physiological response of insects was
to up regulated the expression of genes coding for detoxification enzymes after lethal as well as sublethal exposure [11,23,24,25,26]. Among the other strategies used
by the insects, many cellular and molecular factors such as
insecticide-induced target point mutation, subunit combination or involvement of auxiliary subunits, can modify
the insecticide efficacy [27]. Exposure to a sublethal dose
of insecticide doesn’t seem to induce target point mutation [28] but leads to altered gene expression. For
insecticides acting mainly on neuronal ion channels
and receptors, changes in transcript levels of these targets
could be expected in this condition. So far, the main
studied target of insecticide is the nicotinic acetylcholine
receptors (nAChRs). Transcriptomic studies shown that
expression of genes coding for nAChR subunits was
modified after a sublethal exposure to neonicotinoids
[24,25,29,30,31]. Moreover, changes of nAChR subunit
expressions were correlated to a decrease of imidacloprid
sensitivity on the cockroach Periplaneta americana neurones [32]. Cockroach dorsal unpaired median neurones
expressed several nAChRs. Among them, two nAChR
subtypes called nAChR1 and nAChR2 differ in their
sensitivity to imidacloprid [32,33]. Exposure to a
www.sciencedirect.com

sublethal dose of imidacloprid decreased the sensitivity
of nAChR1 to imidacloprid without affecting subunit
combination whereas this treatment modified the expression of the subunit involved in nAChR2 structure in order
to optimize its function [32]. Thus, insects such as
cockroaches could be able to trigger adaptive mechanisms
by reducing the participation of imidacloprid-sensitive
nAChRs and by optimizing functional properties of
nAChRs which are insensitive to this insecticide. Interestingly, it was reported in Locusta migratoria that transcripts of proteins interacting with nAChRs were differentially regulated when the locusts were exposed to
sublethal dose of imidacloprid [24]. Among these interactive proteins, transcript of RIC-3, ubiquilin-1 and
PICK1, which potentially regulated the expression and
the function of nAChRs, were overexpressed [24].
Thus, expression modifications of insecticide targets as
well as these of interactive proteins should be considered
in the strategy of insect adaptation. However, it was also
reported that sublethal exposure to neonicotinoids or
spinosyns, both targeting nAChRs [1], could alter the
expression of genes coding for other receptors. For
instance, exposure to a sublethal dose of thiamethoxam
or spinosad modify respectively the expression of NMDA
glutamate receptor subunit in Apis mellifera [30] and the
expression of GABA receptors subunits in Plutella xylostella [34]. These data suggest that intracellular signalling
pathways could be involved when insects are exposed to
sublethal dose of insecticides. Transcriptomic analysis
demonstrated that, according to the insecticide used
and the studied insect, more than 300 genes were differentially expressed [24,30,31]. Interestingly, expression
of intracellular factor transcripts, well-known to modulate
insecticide sensitivity such as kinases and phosphatases
[27], were changed [24,31]. Thus, exposure to sublethal dose of insecticide can modify the insect physiological responses using changes of various intracellular factors. However, it is important to note that these factors
involved in sublethal response can be different from those
elicited by a lethal dose [24]. To improve pest management programs, it is necessary to know if these modifications induced by sublethal doses of insecticides can be
maintained over generations.

Can modifications induced by low doses of
insecticide be transgenerationally inherited?
It is acknowledged now that an adaptation to a new
environment can occur through both genetic and epigenetic means across all organisms [35,36]. The rapidity of
this adaptation suggests that mechanisms different from
mutation can be involved [37]. Even if researches have
been shown that cells are able to raise their mutagenesis
level onto DNA [36], the probability to obtain the
expected mutation remains too long. Therefore, the
involvement of post-transcriptional and epigenetic regulations, which modify gene expression without changing
the underlying DNA sequence, can be suggested.
Current Opinion in Insect Science 2018, 30:73–78
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However, our concern is to determine if these phenomena can occur after an exposure to sublethal dose of
insecticides. Transcriptomic studies, described above,
showed a multitude of modulated genes in that condition.
Several epigenetic mechanisms such as DNA methylations [38], histone modifications and heritable noncoding
RNAs could allow activation or inhibition of genes
[39,40]. It is known that the presence of DNA methylations near to the promoter region of genes is associated
with gene silencing and loss of methylation induces rise of
transcription whereas histone acetylations make accessible the genes for their expression [41]. The post-transcriptional regulation is a direct regulation on mRNAs by
mRNA silencing. Recently, small noncoding RNAs,
named microRNAs (miRNAs), have been shown to be
involved in the regulation of mRNA translation by blocking or cleaving the mRNA [42].
All these types of regulation have also been found in insects
[43]. Moreover, it has been demonstrated that such changes
in gene expression can be transmitted to the offspring
[36,44,45]. This transmission called the transgenerational
epigenetic inheritance (TEI) describes the transmission of
alternative functional states through multiple generations in
the presence of the same genomic DNA sequence [46].
Studies demonstrated that stress and memory can be transmitted by TEI [47–49]. TEI has been also reported in insects
[50] and it has been demonstrated that the epigenetic
inheritance influences offspring caste fate [51]. In organisms,
adult acquired transcriptomic alteration in somatic cells and
this alteration is spermatogenically inherited across generations suggesting that all life experiences could be transmitted through DNA methylations [45].
In insects, few studies have been done on epigenetics and
inheritance involved in adaptive mechanisms after sublethal exposure to pesticides [37]. Most of the data came
from studies using lethal dose of insecticide leading to the
development of resistant insects. For instance, when the
diamondback moth, P. xylostella larvae resistant to the
pyrethroid, deltamethrin, were fed with miRNA called
miR-2b-3p to rise its level into the cells, treated moth
became more sensitive to deltamethrin. Indeed, the
miRNA may suppress transcript levels of genes coding
for detoxification enzymes [43]. Other two studies demonstrated that inhibiting histone deacetylation in A. mellifera or activating DNA methylation in Aedes albopictus,
both increased resistance to imidacloprid used at LC50
[52,53]. Similar results were obtained using sublethal
doses of insecticides. Treatment with the neonicotinoid
clothianidin at sublethal dose accelerated the development of F1 generation of Bemisia tabaci but reduced its
survival and fecundity [54]. Low dose of the neonicotinoid cycloxaprid decreased adult longevity and fecundity
of Aphis gossypii. Indeed, transgenerational effects in
offspring were to reduce adult fecundity and net
Current Opinion in Insect Science 2018, 30:73–78

reproductive rate [55]. Study on aphids, Myzus persicae,
shown that exposure to sublethal dose of imidacloprid
reduced their sensitivity to this insecticide across four
generations without affecting sensitivity to spirotetramat,
another insecticide acting as lipid biosynthesis inhibitor.
This result suggests a specific adaptation to one molecule
which is not in line with a non-specific chemical resistance. Moreover, no mutation was found in all five subunits which compose nAChR targeted by neonicotinoids
[28]. This work demonstrated that changes induced by
exposure to sublethal dose of insecticides were not linked
to mutation but to epigenetic mechanisms. Thus, the
mechanism offering the fastest way of adaptation and the
transgenerational inheritance is the direct modulation of
gene expression via epigenetics. Moreover, the transgenerational studies suggest that species, which have
shorter reproductive cycles and higher reproductive rate,
may promote epigenetics to trigger insecticide adaptation. In fact, faster the offspring with inherited information from parents appear, the better the next offspring of
this species will adapt and then survive.

Conclusions
Exposure to sublethal dose of insecticides induced physiological modifications that could be linked to changes in gene
expression levels via epigenetic mechanisms. The advantage of these mechanisms is that they are faster than genetic
mutation adaptations. Moreover, epigenetic modifications
can be transmitted to the offspring, offering not only faster
adaptation but also a persistent adaptation across the next
generations. Today, researches are still incomplete and some
points have to be resolved. After exposure to sublethal dose
of pesticides, mutations occurred in fungi and weed species
whereas this is not seen in insects [28]. Further studies are
needed to determine under which conditions mutations can
occur. Moreover, several studies have demonstrated the role
of detoxification and the immune system in insecticide
resistance [25,29,56,57]. Further studies should be done to
determine if the immune system can play an important role
in transgenerational adaptations to insecticides. In summary,
different aspects of the adaptive mechanisms must be
explored in order to improve pest control.
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