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Cross-protection interactions in insect pests:
Implications for pest management in a
changing climate
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Abstract

Agricultural insect pests display an exceptional ability to adapt quickly to natural and anthropogenic stressors. Emerging evi-
dence suggests that frequent and varied sources of stress play an important role in driving protective physiological responses;
therefore, intensively managed agroecosystems combined with climatic shifts might be an ideal crucible for stress adaptation.
Cross-protection, where responses to one stressor offers protection against another type of stressor, has been well documented
in many insect species, yet the molecular and epigenetic underpinnings that drive overlapping protective responses in insect
pests remain unclear. In this perspective, we discuss cross-protection mechanisms and provide an argument for its potential
role in increasing tolerance to a wide range of natural and anthropogenic stressors in agricultural insect pests. By drawing from
existing literature on single and multiple stressor studies, we outline the processes that facilitate cross-protective interactions,
including epigenetic modifications, which are understudied in insect stress responses. Finally, we discuss the implications of
cross-protection for insect pest management, focusing on the consequences of cross-protection between insecticides and ele-
vated temperatures associated with climate change. Given the multiple ways that insect pests are intensively managed in
agroecosystems, we suggest that examining the role of multiple stressors can be important in understanding the wide adapt-
ability of agricultural insect pests.
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1 INTRODUCTION Environmental stress directly shapes phenotypic responses in
insect pests, altering physiological, morphological and behavioral

traits that allow insects to cope with highly variable
conditions.">* As such, intensively managed agroecosystems
combined with extreme environmental fluctuations may be an
ideal crucible to drive the pace of adaptive stress responses in
insect pests.'> Moreover, given that insect populations are pro-
jected to grow in response to rising temperatures, heavier use of
agricultural chemicals will likely increase the possibility for
stressor interactions.'®™'® Ultimately, expanding our knowledge
on the interactive effects of stress will improve our ability to pre-
dict changes in population size and devise strategies to sustain-
ably manage insect pests under changing climatic
conditions.'®22

Agricultural insect pests directly threaten global food security by
reducing annual crop production by 18-20% .' To mitigate the
impact of insect pests on agricultural production, a wide range
of cultural, chemical and biologically based control measures are
used to manage insect pests.>* Despite these control measures,
insect pests are able to persist in agroecosystems, largely due to
their ability to rapidly respond to natural and anthropogenic
stressors.* Here, we define a stressor as a change in the environ-
ment (abiotic or biotic) that exerts a reduction in an organism's fit-
ness and survival.>® For insects, common forms of stress in
agroecosystems arise from exposure to high temperatures,
insecticides, herbicides, drought and environmental pollutants
(Fig. 1(A)).”"" While the ability of insect pests to persist in inten-
sively managed agroecosystems depends on their capacity to tol-
erate multiple stressors, relatively little is known about the extent
to which exposure to one form of stress can influence a pest's abil- * Correspondence to: EM Bueno, Department of Plant and Soil Science University
ity to tolerate subsequent stress. Given that environmental stress of Vermont, Burlington, VT 05405, USA, E-mail: embueno@uvm.edu

has long been considered a selective force in evolutionary biol-
ogy, understanding how certain stressors interact to enhance or
inhibit insect pest survival and performance will help improve
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Figure 1. Examples of multiple stressors in agroecosystems and potential mechanisms for cross-protection in insect pests. (A) Insect pests face multiple
and diverse sources of stress in agroecosystems ranging from exposure heat waves, drought conditions, indirect contact with herbicides, and insecticide
applications. (B) Cross-protection between stressors may arise from an overlap in biochemical enzymes and the expression of stress inducible genes.
(Q) Initial stress may prolong the transcription of stress genes; long enough to confer protection against a secondary stressor. (D) Epigenetic modifications,
such as DNA methylation and histone modifications, may activate the same methylated CpG sites or histone marks (i.e. acetyl groups), turning on/off the

expression of genes associated with cross-protection.

Two processes that allow insects to thrive in highly dynamic
environments are cross-tolerance and cross-talk, when exposure
to one stressor enhances tolerance toward another stressor.?>
While the phenotypic outcome of cross-tolerance and cross-talk
are essentially the same (enhanced stress tolerance following

initial stress), the mechanisms underlying each process differ.
Under cross-tolerance, individual stressors activate independent
signaling pathways, resulting in shared physiological responses
that provide overlapping protection.”® Whereas in cross-talk, indi-
vidual stressors activate shared signaling pathways that elicit
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distinct physiological responses that provide protection against
each stressor.> Despite these differences, cross-tolerance and
cross-talk are difficult to distinguish from each other using empir-
ical data. Hence, to account for both processes from here on, we
use the term cross-protection (as used by Rodgers et al)*° to
describe stressor interactions and mechanisms associated with
enhanced stress tolerance due to prior stress exposure.

Although information surrounding the mechanistic basis of
cross-protection in insects is currently limited, previous studies
have characterized shared protective responses that are induced
following exposure to initial and secondary stress (Fig. 1(B)).2°>2
These changes encompass a wide range of defensive strategies
such as increases in antioxidants, metabolites, up-regulation of
molecular chaperones and detoxification enzymes, all of which
help maintain the integrity and function of cellular processes
important for survival.?? For example, in the malt fly, Chymo-
myza costata, enhanced freeze tolerance following exposure to
drought stress was linked to the accumulation of proline, gluta-
mine, and trehalose; three sugar metabolites with cryoprotective
properties known to stabilize the function of macromolecules.”®
In addition to biochemical responses, shared responses may also
arise from changes in transcriptional regulation or through
epigenetic modifications, molecular changes that regulate the
expression of genes without altering the DNA sequence, poten-
tially serving as another driving force behind cross-protection
(Fig. 1(D)).>*%°

In this perspective, we review the evidence on cross-
protection mechanisms and provide an argument for its role in
increasing tolerance to a range of natural and anthropogenic
stressors. We conducted a literature search on stressor interac-
tions to uncover trends in the use of stressor pairs and com-
monly used measures of physiological effects. Next, we
illustrate what is currently known and expand on the idea of
how transcriptional and epigenetic changes may act to promote
cross-protection in insect pests. While we mainly focus on
stressor interactions related to cross-protection, we note that
not all stressor interactions result in enhanced tolerance.
Stressor interactions may potentially induce cross-susceptibility,
where exposure to one stressor increases susceptibility toward a
different stressor.?*?* Additionally, we discuss the importance of
multi-stressor frameworks that integrate phenotypic and geno-
mic approaches to identify cross-protection mechanisms in
insect pests. We then describe cases of cross-protection
between insecticides and elevated temperatures and discuss
its implications on pest management in a changing climate.
Lastly, we explain the value of using a multi-stressor framework
for quantifying stressor interactions and its corresponding
effects on insect performance.

2 CROSS-PROTECTION: AN AVENUE FOR
TOLERANCE TO MULTIPLE STRESSORS IN
AGROECOSYSTEMS

Protective responses like cross-protection are advantageous as it
allows organisms to survive in environments where multiple
stressors co-occur in space and time.>>~?> Despite the propensity
for insect pests to rapidly respond to stressful conditions, research
on cross-protection in insect pests remains limited. To evaluate
the frequency of cross-protection studies in insect pests, we
searched Web of Science using a combination of keywords that
are commonly associated with interactions among stressors,
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such as ‘cross-tolerance’, ‘cross-talk’, ‘cross-resistance’, ‘cross-
protection’, ‘hormesis’, ‘pre-treatment’, ‘preconditioning’, ‘pre-
exposure’, ‘priming’, ‘stress’, ‘stressor’, ‘interaction’, ‘insect’ and
‘insect pest’. We focused on experiments that used distinct initial
and secondary stressors as treatments, while excluding studies
that examined stressors of similar nature. Given the vast amount
of literature on insect stress responses, we acknowledge that
any resulting trends from our search is limited by our choice of
keywords used to identify instances of cross-protection interac-
tions in insect pests. Nonetheless, our search generated 76 studies
encompassing 130 experiments assessing cross-protection
between two or more stressors across a total of 56 insect species,
including 52 agricultural pests (crop and stored grain) and four
vector-borne mosquito species.

Based on our search, 58% (76 out of 130) reported experiments
found evidence of cross-protection (Supporting Information
Table S1). In addition, our search revealed trends in stressor
choice, particularly among naturally occurring and anthropogenic
forms of stress. Here, natural stressors are defined as stressors that
occur in the environment in the absence of direct human influ-
ence (i.e. elevated temperatures), as opposed to anthropogenic
stressors that are strictly man-made. Among natural stressors,
48% of the experiments used elevated temperatures, desiccation
and starvation as the initial treatment. Though limited to our
choice of keywords, the focus on natural stressors likely reflects
a growing interest in understanding how elevated temperatures
coupled with dry conditions and periods of food scarcity promote
protective responses against other forms of stress in agroecosys-
tems, an issue that is expected to intensify with climate change.'®

Experiments exclusively using pairs of anthropogenic stressors
(25 out of 130; 19%) were less represented than experiments
solely using natural stressors (53 out of 130; 41%). When exam-
ined in any order of combination, the number of experiments
using natural and anthropogenic stressors were roughly similar,
with 22 natural versus anthropogenic and 29 anthropogenic ver-
sus natural stressor combinations. Among anthropogenic
stressors, insecticides, herbicides, and heavy metal pollutants con-
stituted 31% (40 out of 130) of all experimental initial treatments.
Such trends in usage may reflect growing efforts to investigate
non-target impacts of agrochemicals (herbicides and fungicides)
on insect pest performance and overlapping responses involved
in cross-protection. For instance, pre-exposure to herbicides has
been shown to improve survival towards insecticides in the cot-
ton bollworm (Helicoverpa armigera) and the tobacco cutworm
(Spodoptera litura) via the up-regulation of detoxification
genes.®*° Similarly, exposure to fungicides have been shown to
prime Colorado potato beetles (Leptinotarsa decemlineata)
against insecticides through shared activation of detoxification
enzymes.*'*?

Most experiments (10 out of 12) in which elevated temperatures
were used as an initial stressor, resulted in increased tolerance
towards insecticides (Fig. 2). These results have been observed
in a variety of insect pests, such as the serpentine leaf miner (Lir-
iomyza trifol), diamond back moth (Plutella xylostella), wheat
aphid (Sitobion avenae), and brown planthopper (Nilaparvata
lugens).*** In the serpentine leaf miner, elevated temperatures
improved survival against subsequent exposure to the insecticide
(abamectin). However, when the order of the treatments was
reversed (abamectin followed by heat), a reduction in survival
was found, indicating that cross-protection between heat and
insecticides may depend on the order in which stressors occur
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Figure 2. Number of cross-protection experiments among different forms of stress in insect pests. The size of the count scale represents the number of
experiments gathered from individual publications, including those that performed more than one experiment.

in nature*® Indeed, heightened susceptibility to insecticides
when preceded by heat stress has been reported in other insects,
presenting a common pattern in responses according to stressor
order.”®#*° Though not entirely understood, differential
responses based on stressor order may reflect a lack of shared
mechanisms (cross-tolerance) or the activation of common signal-
ing pathways (cross-talk), resulting in no cross-protective
responses. Due the complexity of stressor interactions, the
sequence of exposure should always be taken into consideration
when generalizing the effects of stressor pairs on insect
performance.

We found through the literature search that a wide use of phys-
iological metrics are used to identify cross-protection, including
acute measures of tolerance towards secondary stress and long-
term effects on insect performance. Acute measures of stress tol-
erance, such as mortality rates, recovery time and thermal limits
(i.e. CTmin/CTmax) Were commonly used to quantify immediate
responses to initial and secondary stressors (Table S1). Though
not as frequent, long-term metrics such as developmental rates,
fecundity, mating ability and total lifespan were also used to
quantify less immediate impacts on insect performance
(Table S1). While both metrics serve as indicators of the physiolog-
ical state of individuals following stress, long-term metrics are
important for assessing recovery and impacts on fitness, and thus
should be incorporated into experimental designs whenever
possible.

Although numerous studies have identified cross-protection in
insect pests (Table S1), it is unclear whether cross-protection
phenotypes are heritable.**>3 Nonetheless, emerging work on
transgenerational stress effects in insects have uncovered bene-
ficial outcomes for offspring generations, including increases in
fecundity, population growth rates and tolerance to subsequent
stressors.*>>*>8 As a result, transgenerational stress effects may
provide a way for insects to respond rapidly to fluctuating envi-
ronmental conditions. However, more work is needed to estab-
lish the heritability of cross-protection before it can be
considered a significant driving force of adaptive responses in
insect pests.

3 WHAT DO WE KNOW ABOUT
MECHANISMS UNDERLYING CROSS-
PROTECTION IN INSECTS?

The mechanisms that facilitate cross-protection in insects are not
entirely known. Yet, a variety of approaches have been used to
investigate cross-protection at distinct levels of organization,
including biochemical and molecular responses at the gene and
transcriptional level.>® The use of such approaches has provided
insight into the processes that enhance tolerance toward second-
ary stressors in insect pests. In this section, we discuss the current
knowledge around mechanisms associated with cross-protection,
drawing examples from our literature search and studies in
insects and other taxa. We also consider the advantage of using
comparative transcriptomics to identify the function of genes
associated with cross-protection, providing examples of studies
that have implemented similar approaches. Lastly, we explain
the gap in knowledge surrounding epigenetic modifications as a
potential basis for cross-protection outcomes.

3.1 Mechanisms associated with stress preconditioning

via hormesis

Cross-protection may arise due to stress preconditioning, when
exposure to an initial stress induces a response that is maintained
long enough to protect an organism from subsequent stress. In
insects, stress preconditioning studies have demonstrated how
prior exposure to stress can prepare insects for often more intense
bouts of stress.?”%2 These studies represent a large body of litera-
ture on stress acclimation, rapid thermal hardening, and hormesis,
which have been previously reviewed.®?®® Specifically, hormesis,
which is defined by a biphasic response curve that describes stim-
ulatory effects on performance at low doses and inhibitory effects
at high doses, has been frequently described in insect pests.5*®°
For example, in green peach aphids (Myzus persicae), pre-
exposure to sublethal doses of imidacloprid resulted in increased
survival under starvation stress.>* Given that low doses of stress
have been shown to increase tolerance to other forms of stress,
presumably via shared protective responses, cross-protection
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can be considered a special case of hormesis.%* For this section,
we focus on examples of hormesis that describe the influence of
sublethal stress on tolerance to subsequent stressors.

3.1.1 Biochemical responses to multiple stressors
Biochemical responses such as the induction of antioxidant
enzymes and cryoprotectant biomolecules, are important physio-
logical indicators of general stress responses, and have been
examined in relation to cross-protection in insect pests.>® Stressful
conditions that trigger oxidative stress cause the accumulation of
reactive oxygen species (ROS), which damage cellular structures
and impair signaling pathways that ultimately lead to apopto-
5is.598 As a counter defense, insect cells launch a suite of protec-
tive responses, including the elevation of antioxidant enzymes
that scavenge ROS and reduce cellular damage.5¢® Rises in anti-
oxidant enzymes resulting from initial stress exposure appear to
mediate tolerance toward subsequent stressors. For example, in
the Caribbean fruit fly (Anastrepha suspensa), pre-exposure to
anoxic conditions increased antioxidant levels (superoxide dismu-
tase and glutathione peroxidase), which in turn reduced oxidative
damage under subsequent radiation exposure, improving toler-
ance and male mating performance.”’ Likewise, pre-exposure to
hypoxic conditions in the cowpea bruchid (Callosobruchus macu-
latus) enhanced irradiation tolerance by reducing ROS levels.®
Decreases in ROS corresponded with low levels of citrate
synthase, which is indicative of mitochondrial activity, suggesting
that hypoxia facilitates irradiation tolerance by hindering mito-
chondrial respiration resulting in low ROS levels.®® Other bio-
chemical compounds involved in cross-protection include the
production of sugar alcohols, trehalose and proline, which serve
as sources of metabolic energy in response to heat and starvation
and protect biomolecules from freeze damage following expo-
sure to low temperatures.?8297°

Genes associated with xenobiotic detoxification play a signifi-
cant role in mediating tolerance to chemical stressors. In insects,
detoxification genes, such as cytochrome P450s monooxy-
genases (CYPs), glutathione-S-transferases (GSTs) and esterases
(ESTs), breakdown xenobiotic compounds and become overex-
pressed following exposure to insecticides, herbicides and plant
defense compounds.”'”? Therefore, it is not surprising that expo-
sure to chemicals that activate the same detoxification enzymes,
tend to give way to cross-protection. For example, in the cotton
bollworm (H. armigera), exposure to quercetin, a flavonoid-based
repellent, resulted in the up-regulation of cytochrome P450s
detoxification genes, which was correlated with higher tolerance
to the pyrethroid insecticide, lambda-cyhalothrin.”® These find-
ings, along with others listed in Table S1, highlight the consistent
role of detoxification enzymes in promoting cross-protection
between chemical stressors.

3.1.2  Heat shock protein responses to multiple stressors

In insects, heat shock proteins (HSPs) help prevent the accumula-
tion of misfolded proteins in response to a range of stressors
including high and low temperatures, insecticides and hypoxic
conditions.”* This versatile role makes HSPs a good indicator of
stress tolerance, and as a result, have been largely implicated in
facilitating hermetic responses to subsequent stress. For instance,
in the brown plant hopper (N. lugens), pre-exposure to mild doses
of triazophos up-regulated the expression of Hsp70, resulting in
increased tolerance to elevated temperature, as indicated by
higher in survival rates and increases in lethal mean time to 50%
mortality (LTse) at 40 °C.*° It may be possible that the up-regulation
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of Hsp genes, and perhaps other protective biochemical activity,
remain expressed long after initial exposure to sublethal stress,
which may explain how stress priming occurs in insects. Neverthe-
less, additional studies are needed to evaluate how long protective
responses last after initial stress and whether prolonged expression
exerts long-term costs on fitness.

3.2 Transcriptional responses to multiple stressors

Shared transcriptional responses, where the same genes are acti-
vated in response to different stressors, is believed to be another
process underlying cross-protection. As such, RNA sequencing
(RNA-seq) approaches have been used to identify shared genetic
responses that are associated with cross-protection and cross-
susceptible phenotypes in insects.'®'"*? For example, single
and combined exposure to abamectin and heat stress induced
the transcription of 138 shared genes in Liriomyza trifolii.'" Indi-
viduals exposed to both heat and abamectin increased expres-
sion of stress genes including Hsp70, catalase (Cat) and Cyp
P450s, providing a potential mechanistic explanation for the
observed cross-protection in Liriomyza trifolii.'" In Leptinotarsa
decemlineata, treatment with either chlorothalonil (fungicide) or
imidacloprid up-regulated the expression of similar genes
involved with metabolic detoxification and cellular defenses such
as carboxylesterases, UDP-glucuronosyltransferases, cytochrome
P450s and Hsp70, implicating the possibility for cross-protection
between both agrochemicals.*?

While the induction of shared transcriptional responses is one
way in which cross-protection may arise, other transcriptional
processes may also be at play. For example, prolonged expression
of constitutively expressed genes, can prepare organisms for sub-
sequent stress exposure, reducing the requirement of induced
responses to stress, a type of priming known as transcriptional
frontloading.”>”® While the concept of transcriptional frontload-
ing has only been described in marine invertebrate studies, it
serves as a relevant example of transcriptome-wide responses
that go beyond identifying shared genes in response to multiple
stressors, thus improving our understanding of cross-protection
mechanisms in insects (Fig. 1(C)). For example, frontloading in
heat-acclimated marine intertidal amphipod, Echinogammarus
marinus, displayed enhanced performance under hypoxic condi-
tions, as demonstrated by a lower metabolic response.”®’” Fur-
thermore, overall gene expression patterns in heat acclimated
individuals changed minimally compared to individuals accli-
mated to cold conditions, suggesting that frontloading may drive
cross-protection against hypoxia through the altered expression
of constitutively expressed genes.”%”” More studies are needed
to determine whether transcriptional priming processes like fron-
tloading mediate cross-protection in insect pests.

3.2.1 Comparative transcriptomics and functional genomics

can lend insight into cross-protection mechanisms

Comparative approaches using transcriptomic tools such as RNA-
seq enable us to quantify changes in gene expression levels in
response to stressful conditions. Such approaches have been pre-
viously used to reveal processes underlying responses to single
stressors, such as pathogen-induced immune priming in bumble-
bees, Bombyx mori, heat stress tolerance in the less mulberry
snout moth, Glyphodes pyloalis, and responses to plant secondary
compounds in the soybean aphid, Aphis glycines.”””’° Despite its
wide use in single stressor studies, the use of comparative tran-
scriptomics within the insect pest cross-protection literature
remains limited. Applying omics approaches to multiple stressor
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studies will not only help characterize shared protective
responses but open opportunities to better understand the phys-
iological, genetic and metabolic basis for cross-protection and
cross-susceptibility between stressors. For example, Jiang et al.
applied a multi-omics approach to understand how exposure to
cadmium (Cd) influences spongy moth (Lymantria dispar) suscep-
tibility to the fungus, Beauveria bassiana.'® In this study, transcrip-
tomic and proteomic tools were used to quantify responses to
Beauveria bassiana infections under low and high doses of Cd,
which generated differentially expressed genes and proteins that
were enriched for immune response pathways and metabolic
detoxification mechanisms.'® Gene and protein level responses
to combined stress were also found to be highly correlated to
each other, providing a comprehensive and detailed view of the
molecular pathways involved in cross-susceptibility.'°

As genomic sequencing becomes cheaper, access to annotated
genomes is becoming increasingly available to insect researchers.
In turn, functional tools such as RNA interference (RNAi) and
CRISPR-Cas9, which allow one to silence or knockout the expres-
sion of a gene of interest technologies, are becoming common
techniques in non-model insect studies.®*®' For example, RNAi
gene silencing has been successfully implemented to test the
function of detoxification genes involved in insecticide resistance
in wide range of insect pests.®2# Therefore, these tools provide
an advantageous opportunity to uncover the function of genes
involved in cross-protection. For instance, the genes, Hsp70 and
Argk (arginine kinase), which activate protective responses
against cellular stress, have been shown to mediate cross-
protection between insecticides and high temperature in the
brown planthopper, N. lugens.*® By silencing the expression of
Hsp70 and Argk in planthoppers pre-exposed to triazophos,
Ge et al. demonstrated a significant reduction in LTs, at 40 °C
when compared to untreated individuals [not treated with
double-stranded RNA (dsRNA)], suggesting that these genes play
a key role in enhancing tolerance to both stressors.* Ultimately,
incorporating functional genomic tools in cross-protection stud-
ies can provide a clearer understanding of genes involved in driv-
ing defensive responses to multiple stressors in insect pests.

3.3 Epigenetic modifications as potential drivers for
cross-protection

Epigenetic modifications such as histone modifications, DNA
methylation and microRNAs (miRNAs) play a key role in repro-
gramming gene expression in response to environmental stimuli,
altering insect phenotypes without changing the underlying DNA
sequence.®*®%7 Histone modifications involve the addition of
methyl or acetyl groups to the amino acid tails of histone proteins
that condense DNA into chromatin, adjusting the overall accessi-
bility of the DNA for transcription.>** In eukaryotes, DNA methyl-
ation entails the addition or removal of methyl groups at CpG
dinucleotides, resulting in the repression and activation of gene
expression, respectively.>>3® At the post-transcriptional level,
miRNAs regulate the expression of genes by targeting the 3’
untranslated regions (UTRs) of messenger RNAs (mRNAs) via com-
plementary base pairing, thereby inhibiting the translation of
MRNA into protein3?®® Together, epigenetic modifications
appear to underlie the activation of inducible genes in response
to external stress.®® For example, in Diploptera punctata, exposure
to elevated temperatures resulted in higher levels of global DNA
methylation and higher proportions of methylated cytosines in
Hsp70, indicating that methylation can modulate the expression
of stress responsive genes.®®
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While there is growing evidence that epigenetic modifications
respond to stressful conditions, the study of the relationship
between stress and epigenetic modifications is a newly emerging
field in insect pest research.2%2 In this section, we highlight the
findings of previous epigenetic studies in insect pests that have
measured responses to single stressors. We specifically focus on
the two most studied epigenetic modifications in insects, histone
modifications and DNA methylation, and describe each process in
detail and within the context of stress responses.

3.3.1 Histone modifications

Histone modifications, which involve the addition of acetyl or
methyl group to histone proteins, regulate the expression of
genes by altering DNA accessibility to transcription factors that
initiate transcription by RNA polymerase 11.°*°* Although studies
examining how stressful conditions influence histone modifica-
tions are limited for insect pests, the expression of enzymes asso-
ciated with histone modifications have been investigated in
response to thermal and oxidative stress in the red flour beetle,
Tribolium castaneum.®’ In this experiment the expression levels
of class | histone deacetylases (TcHDACs), which catalyze the
removal of acetyl groups from histones and repress gene tran-
scription, were generally up-regulated in response to cold and
paraquat (herbicide) exposure and down-regulated in response
to heat stress.”” While these findings indirectly demonstrate that
histone acetylation is responsive to abiotic stress, more research
at the histone level is needed to confirm whether histone modifi-
cations act as drivers for cross-protection in insect pests. Accom-
plishing this would require the identification of specific histone
modifications (i.e. acetylation or methylation) that regulate com-
mon transcriptional responses between stressors.

Chromatin accessibility is also regulated by Polycomb (PcG) and
Trithorax (TrxG), proteins that are responsive to abiotic stress in
insects.”® PcG and TrxG proteins regulate histone modifications
by adding and removing methylation, ubiquitylation and acetyla-
tion marks, thereby modulating gene expression.”® TrxG proteins
allow the chromatin to be relaxed and available for transcription,
which is associated with higher stress tolerance.® For instance,
TrxG proteins have been shown to directly enhance insect toler-
ance to food shortage and oxidative stress, but at a cost of insect
longevity.”> In Drosophila melanogaster, PcG and TrxG proteins
have been associated with the activation of stress inducible genes
in response to desiccation, as indicated by an enrichment of
H3K27me3 and H3K4m3 marks upstream of stress genes, sug-
gesting that histone modifications play a role in regulating the
expression of genes in response to environmental stress.”” More
investigation is needed to test the function of PcG and TrxG in
other insects, but the activity of these proteins may serve as a
potential indicator for changes in histone modifications following
exposure to multiple stressors.

3.3.2 DNA methylation

DNA methylation has been shown to modulate development,
phenotypic plasticity and responses to environmental stress in
several insect groups.®>?®1%" |n insects, DNA methylation in pro-
moter regions is associated with gene silencing, whereas methyl-
ation in protein-coding regions (exons) results in active gene
expression.'® The maintenance and establishment of methyl
groups (de novo) is mediated by DNA methyltransferase (DNMT)
enzymes that catalyze the addition of methyl groups to CpG
sites.'®%192 In de novo methylation, insect DNA methyltransferases
appear to respond to temperature stress. In the northern
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armyworm (Mythimna separata), inhibition of Dnmt1 via RNAi
negatively impacted larval development under elevated tem-
peratures.'®® Comparably, RNAi silencing of Dnmt3 reduced
heat and cold tolerance in the white fly (Bemisia tabaci), indi-
cating that de novo methylation is associated with thermal
stress responses.”°

Although DNA methylation may drive rapid responses to envi-
ronmental stress, only a handful of insect studies have explored
how DNA methylation is impacted by exposure to single stressors,
let alone multiple stressors. Many of these studies have explored
how agricultural chemicals influence global levels of DNA methyl-
ation. For instance, the loss of methylation in genes coding for
esterase enzymes was associated with an increase in susceptibility
to insecticides in the peach potato aphid (Myzus persicae),
suggesting that methylation may facilitate the up-regulation of
detoxification genes.'® More recently, in Leptinotarsa decemli-
neata, parental exposure to imidacloprid decreased global meth-
ylation levels in un-exposed offspring, which was linked to the
de-methylation of CpG sites within genes coding for cytochrome
P450s, indicating that methylation may act over generations to
improve insecticide tolerance.®? In another study, parental expo-
sure to fungicides reduced mosquito sensitivity to insecticides in
offspring generations, a trait that was correlated with increases
in global DNA methylation in the Asian tiger mosquito (Aedes
albopictus).’® Patterns of differential methylation have also been
studied in response to thermal stress, revealing differences in
methylation levels among genomic regions and genes following
high temperature exposure.'® For instance, in a comparative
analysis among silkworm (Bombyx mori) strains, resistance to high
temperatures were linked to high levels of CpG methylation near
transcriptional start sites and exons, and within genes enriched
for RNA binding and transport.'® While we can only infer epige-
netic mechanisms from general single stressor studies, different
forms of stress may induce overlapping methylation patterns that
regulate the activation of signaling pathways involved in cross-
protection. Consequently, experiments using multiple stressors
are required to determine if single and combined stressors influ-
ence the presence/absence of methylated CpG sites and whether
such changes correlate with the expression of shared genes
between stressors.

4 CROSS-PROTECTION BETWEEN
INSECTICIDES AND ELEVATED
TEMPERATURES AND ITS IMPLICATION
WITH CLIMATE CHANGE

Increased temperatures associated with climate change are pro-
jected to increase population growth and metabolic rates in
insect pests, resulting in devastating crop losses and increased
insecticide use.”>” As intensive insecticide use is a major driver
of resistance, temperature increases may impact evolution rates
in insect pests, leading to surges in resistance cases around the
world. Although faster rates of evolution have not been docu-
mented in the field, they have been documented in the labora-
tory. For instance, Schneider et al. conducted a selection
experiment to investigate how elevated temperature and atmo-
spheric CO, impact life history and performance traits in the Mex-
ican bean weevil (Zabrotes subfasciatus).' After ten generations,
weevils under simulated conditions developed faster than the
controls, suggesting that climatic conditions associated with cli-
mate change can enhance insect performance traits.'*®
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Furthermore, higher mean temperatures or frequent heat
waves may negatively impact the efficacy of insecticides, making
them less toxic to insects.?""'%”"1% Temperature induced tolerance
to insecticides has been observed in a handful insect pests and
mosquito vectors. In the diamondback moth (P. xylostella), warm
temperature pre-treatments enhanced tolerance toward aver-
mectin and fipronil, as demonstrated through higher survival
rates and median lethal dose (LDs) values, respectively.**>® Cases
of improved tolerance towards insecticides following high-
temperature treatments have also been reported in the wheat
aphid (Sitobion avenae), brown planthopper (N. lugens) and the
wheat weevil (Sitophilus granarius).** Taken together, these stud-
ies underlie a common theme; elevated temperatures facilitate
enhanced responses toward insecticide stress, allowing insects
to survive challenging conditions. However, when stressor order
is reversed, pre-exposure to insecticides can reduce high temper-
ature tolerance in insect pests, indicating that, depending on the
sequence in which stressors occur, insecticide toxicity may be
exacerbated under warmer conditions.”'#***” Hence, as under-
standing how climate-related stressors interact with insecticides
to promote cross-protection or cross-susceptibility in insect pests
will be vital for predicting how climate change influences out-
break risk and geographical expansions into novel areas.

5 THE IMPORTANCE OF A MULTI-STRESS
FRAMEWORK FOR MEASURING STRESS
RESPONSES IN INSECT PESTS

Current understanding of how stress impacts changes in genetic,
physiological and behavioral responses has been profoundly
shaped by studies that use single stress frameworks, where the
effects of one stressor on organismal performance are contrasted
against a control group.>? As such, single stressor studies continue
to be foundational to our understanding of generalized responses
to a wide range of stressors.'®'"? Yet, despite its usefulness, sin-
gle stress frameworks may not be as relevant to the study of insect
pests that are regularly exposed to a combination of physical,
biotic and chemical stressors that can interact in ways that
enhance stress tolerance.""*™'"® Such interactions can result in
additive and non-additive effects on insect performance and sur-
vival.?*?>52 Additive effects occur when the combined effect of
each stressor is equal to the sum of each individual stressor
alone.>? Whereas non-additive effects occur when the combined
effect of each stressor is lower or greater than the additive effect,
resulting in antagonistic and synergistic responses, respectively.52
To this end, non-additive effects on insect pest performance can
be used to identify instances of cross-protection (a form of antag-
onism) or cross-susceptibility (a form of synergism) between
stressors.>**? Here, we discuss the value of multi-stress frame-
works for identifying the interactive effects between stressors
using molecular and epigenetic studies, point out key factors that
influence cross-protection experiments, and consider the limita-
tions associated with multiple stressors studies.

5.1 Full factorial designs reveal interactive effects

between stressors

To identify cross-protection between stressors, an ideal experi-
mental framework would test the direct effects of each individual
stressor along with the combined effect of both stressors. Full fac-
torial designs, where each stressor and corresponding levels are
crossed with one another, offer an effective way to achieve this
design, by testing for interactions between multiple stressors
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and assessing their impact on insect performance and sur-
vival.'’®""” However, for this design to be effective, statistical con-
trasts between combined stress treatments and individual stress
treatments are required to identify non-additive effects, including
antagonistic interactions associated with cross-protection. Incon-
sistent comparisons of stressor effects within full-factorial designs
may lead to missed opportunities for identifying non-additive
interactions.> Thus, we encourage the use of full factorial designs
within a multi-stress framework and the use of statistical models
thatincorporate all combinations of stressor comparisons to iden-
tify non-additive effects.

Multi-stress frameworks can also be applied toward investigat-
ing genetic and transcriptomic mechanisms underlying responses
to stress. Comparative approaches that distinguish unique versus
shared genes that are differentially expressed under exposure to
single or combined stress can help uncover the degree to which
transcriptomic are shared between stressors® Shared genes
can be further analyzed to identify signaling networks and gene
ontology (GO) terms associated with stress-inducible molecular
responses.2’ Additionally, multi-stress frameworks can be utilized
to identify interactions between stressors (additive versus non-
additive) at the level of gene expression.2®3" This approach was
recently used to identify interactions between chlorpyrifos and
high temperatures on patterns of gene expression in Culex
pipiens, in which the authors found evidence for interactions
(additive versus non-additive) on expression levels, with antago-
nistic up-regulation being the most prevalent among stress

genes.""”

5.2 Perspectives on epigenetic studies using multiple
stressors

To fully understand the adaptive toolkit that allows insect pests to
thrive under stressful conditions, it is essential to evaluate the role
of epigenetic modifications in mediating tolerance to both single
and secondary stressors (Fig. 1(D)). By using a multi-stressor
approach, high-throughput sequencing approaches, such as
whole-genome sequencing of bisulfite-treated DNA (WGBS) and
chromatin accessibility sequencing (ATAC-seq), are excellent
methods and tools to measure genome-wide patterns of DNA
methylation and histone modifications.''®'?° Preferably, multi-
stressor epigenomic approaches should be performed at the
tissue level using as many biological replicates per treatment as
possible to reduce variability from individuals and to increase
the resolution of tissue-specific differences in responses. Differen-
tial epigenetic responses should also be complemented with
other ‘omics approaches like transcriptomics or proteomics to test
for the differences in epigenetic signals with transcript/protein
expression data gathered from multi-stressor experimental
designs. Lastly, functional studies using gene silencing tools
should be carried out to confirm the function of stress-responsive
genes in conferring cross-protection to multiple stressors.

To evaluate whether epigenetic modifications influence cross-
protection, multi-stressor experiments can be carefully designed
to evaluate differences in methylated CpG sites between initial
stress exposure, subsequent stress exposure, and a control (‘no
stressor’) treatments. To this end, bioinformatic analyses of differ-
entially methylated CpG sites can be mapped to genes, allowing
one to characterize epigenomic profiles in response to single
and subsequent stress exposure. For instance, the identification
of overlapping and uniquely methylated sites between single
and subsequent stress treatments can allow one to determine
whether the same CpG sites are responding to different stressors.
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With the use of transcriptomic datasets originating from the same
experimental design, correlations between differential methyl-
ated sites and transcripts can be constructed to test the role of
methylation in repressing or activating genes involved in cross-
protection. Emerging tools like CRISPR-guided DNA methylation
editing, could also be used to verify the functionality of methyla-
tion at individual CpG sites."* In sum, the use of epigenomic
sequencing tools combined with expression and functional stud-
ies will allow for a better understanding of how epigenetic modi-
fications drive protective responses to stress, providing a way to
identify molecular drivers that confer cross-protection to stress
in insect pests.

5.3 Essential factors to consider when studying cross-
protection

The manifestation of cross-protection depends on several factors,
including the intensity, duration, and frequency of each stressor.
Considering that severe stress exposure can negatively impact
recovery and survival, the intensity of the initial stressor
(in magnitude or duration) is determinant of whether cross-
protection will occur.>*'?' For instance, prolonged activation of
defensive mechanisms may not become activated if the intensity
of the initial stressor is not strong enough to induce a protective
response.>?> Conducting preliminary assessments with additional
stressor intensities may be one solution, however, including mul-
tiple variables can make a simple experimental design increas-
ingly complicated and may require justifying the relevancy of
stressor intensities to actual field conditions. Narrowing down
the appropriate stressor intensities can be achieved by using field
relevant levels/concentrations of a stressor, especially if realistic
ranges are known for the stressors of interest. The use of field-
relevant stressor intensities provide greater realism for predicting
if stressors interact to influence insect performance in
agroecosystems.

In cross-protection studies, field relevant intensities have been
considered for a broad range of agricultural stressors, including
concentrations of heavy metals found on contaminated crops,
the application of field recommended as well as sublethal insecti-
cide doses, temperature regimes that simulate heat waves, and
periods of food scarcity.'®*3>%122 When studying environmental
stressors associated with climate change, using projected intensi-
ties may help narrow down the number of variables needed for an
experiment, while providing a realistic prediction on the interac-
tive effects of multiple stressors. For example, Delnat et al.'® used
existing levels of chlorpyrifos and projected mean temperature
for 2100 under the 4 °C warming scenario to explore the interac-
tive effects between elevated temperature and insecticides on
mosquito survival.'®'7123

Another factor worth considering is the duration of time
between the initial and secondary stressor, also known as the
recovery period.’®'?" At one extreme, if the initial and secondary
stressors overlap or occur immediately after one another, the
interactive effects of both stressors may negatively impact an
individual's ability to recover, limiting the possibility for cross-
protection. On the other extreme, if the initial and secondary
stressor occur too far apart from each other, then cross-protection
is less probable as defenses against the initial stressor may have
already subsided, and the individual is fully recovered. In this case,
individual protective responses to each stressor, as opposed to
overlapping responses, is expected. Overlapping protective
mechanisms are more likely when the secondary stressor occurs
shortly after the initial stressor, in other words, while the defensive

Pest Manag Sci 2023; 79: 9-20

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.


http://wileyonlinelibrary.com/journal/ps

Cross-protection interactions in insect pests

responses of the initial stressor are activated.”' For example, meal-
worms (Alphitobius diaperinus) exposed to dry conditions became
more tolerant to low-temperatures but only when individuals
recovered for half a day (12 h) between exposures.” Conversely,
when individuals were not allowed to recover in between
stressors, no cross-protection between desiccation and low tem-
perature was observed, suggesting that the activation of shared
protective mechanisms may be dependent upon the duration of
the initial recovery phase.” Potentially, protective responses may
be continuously expressed long after the initial stress has ceased,
resulting in increased tolerance to subsequent stress. Activation
of protective responses long after initial stress has been demon-
strated in Drosophila melanogaster, where flies pre-exposed to
multiple bouts of mild heat stress at a young age displayed higher
levels of Hsp70 in response to higher temperatures later in
life."*12% Further characterization of insect stress responses over
time is required to evaluate how often biochemical/molecular
responses are continuously activated or diminished over time fol-
lowing exposure to stress.

Cross-protection and stress tolerance in general, may be influ-
enced by how frequent stressors are presented in both field con-
ditions and experimental settings. For instance, repeated
exposure to cold temperatures, which simulate natural winter
conditions for eastern spruce budworms (Choristoneura fumifer-
ana), had a strong negative effect on survival than individuals
subjected to prolonged and varying levels of low-temperature
exposure, highlighting the influence of varying exposure regimes
on stress tolerance.'?' Altogether, it is essential to consider not
only the relevancy of stressors to actual agricultural conditions,
but also the intensity, frequency and timing in which initial and
secondary stressors are presented as these factors have been
shown to strongly influence stress responses.

5.4 Limitations of multi-stressor frameworks

Multi-stress frameworks not only offer a practical way to identify
interactions among stressors but can serve as an effective
approach to characterize the molecular response to single and
combined responses to stress. However, increasing the number
of stressor combinations can challenge the feasibility of studies
especially when varying levels of stress intensities, exposure dura-
tions and stressor frequency are incorporated into one experi-
ment.?**? Furthermore, more stressor combinations may result
in the saturation of stress responses if the combined effect of all
stressors induce the same mechanism or may accelerate synergis-
tic responses if the combined stressor effect is synergistic by
nature.> Therefore, we advise limiting the number of stressors
to a manageable degree whenever possible and narrowing down
stressor combinations by focusing stressors that are likely to inter-
act and drawing on information from existing studies in closely
related taxa (if available).

6 SUMMARY

Cross-protection may play an imperative role in the persistence of
insect pests in agriculture. Characterizing the mechanisms that
drive insect pest's resilience in agroecosystems has important
implications for investigating adaptive and phenotypically plastic
responses to stressful conditions. Despite extensive research on
single stress studies in insects, information regarding the impacts
of multiple stressors and underlying processes that drive cross-
protection remain limited in insect pests. Given this gap in
research, cross-protection should be tested using a multi-stressor
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framework that incorporates physiological, transcriptomic and
epigenomic tools to identify key processes that facilitate protec-
tion against multiple stressors. To this end, it is also critical to link
genomic and epigenomic responses to phenotypic traits as these
traits provide more biologically relevant information. With the
effects of climate change underway, it is increasingly pressing to
improve our knowledge around the interactions between
climate-related stressors and insecticides, particularly within the
context of insecticide resistance.

ACKNOWLEDGEMENTS

The authors thank Edward Marques, Jorge Ruiz-Arocho, and Blair
Christensen for helpful comments on the manuscript. The authors
also thank the two anonymous reviewers for constructive feed-
back on the manuscript. The authors especially thank Jorge
Ruiz-Arocho for illustrating Fig. 1, and the funding sources, the
UVM Agricultural Experiment Station Funds to Y. H. Chen, and
the HHMI Gilliam Fellowship and NSF Traineeship QUEST to E. M.
Bueno.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

SUPPORTING INFORMATION

Supporting information may be found in the online version of this
article.

REFERENCES

1 Sharma S, Kooner R, Arora R, Sharma S, Kooner R and Arora R, Insect
Pests and Crop Losses. Breeding Insect Resistant Crops for Sustain-
able Agriculture, Springer, Singapore, pp. 45-66 (2017).

2 Thomas MB, Ecological approaches and the development of “truly
integrated” pest management. Proc Natl Acad Sci 96:5944-5951
(1999).

3 Shelton AM and Badenes-Perez FR, Concepts and applications of trap
cropping in pest management. Annu Rev Entomol 51:285-308
(2005).

4 Oerke EC, Crop losses to pests. J Agric Sci 144:31-43 (2006).

5 Koehn RK and Bayne BL, Towards a physiological and genetical
understanding of the energetics of the stress response. Biol J Linn
Soc 37:157-171 (1989).

6 Bijlsma R and Loeschcke V, Environmental stress, adaptation and evo-
lution: an overview. J Evol Biol 18:744-749 (2005).

7 Renault D, Henry Y and Colinet H, Exposure to desiccating conditions
and cross-tolerance with thermal stress in the lesser mealworm
Alphitobius diaperinus (Coleoptera: Tenebrionidae). Rev d‘écologie
70:33-41 (2015).

8 Sun Z, Xu C, Chen S, Shi Q, Wang H, Wang R et al., Exposure to herbi-
cides prime P450-mediated detoxification of Helicoverpa armigera
against insecticide and fungal toxin. Insects 10:28 (2019).

9 Meng S, Delnat V and Stoks R, Mosquito larvae that survive a heat
spike are less sensitive to subsequent exposure to the pesticide
chlorpyrifos. Environ Pollut 265:114824 (2020).

10 Jiang D, Wu S, Tan M, Jiang H and Yan S, The susceptibility of Lyman-
tria dispar Larvae to Beauveria bassiana under cd stress: a multi-
omics study. Environ Pollut 276:116740 (2021).

11 Wang YC, Chang YW and Du YZ, Transcriptome analysis reveals gene
expression differences in Liriomyza trifolii exposed to combined heat
and abamectin exposure. Peer) 9:12064 (2021).

wileyonlinelibrary.com/journal/ps

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.


http://wileyonlinelibrary.com/journal/ps

®)
SCl

where science
meets business

12

20

21

22

23

24

25

26

27

28

29

30

31

32

33

wileyonlinelibrary.com/journal/ps

WWW.S0Ci.org

Lehmann P, Lyytinen A, Piiroinen S and Lindstrém L, Northward range
expansion requires synchronization of both overwintering behav-
iour and physiology with photoperiod in the invasive Colorado
potato beetle (Leptinotarsa decemlineata). Oecologia 176:57-68
(2014).

Shearer PW, West JD, Walton VM, Brown PH, Svetec N and Chiu JC,
Seasonal cues induce phenotypic plasticity of Drosophila suzukii to
enhance winter survival. BMC Ecol 16:1-18 (2016).

Sgro CM, Terblanche JS and Hoffmann AA, What can plasticity con-
tribute to insect responses to climate change? Annu Rev Entomol
61:433-451 (2016).

Skendzi¢ S, Zovko M, Zivkovi¢ IP, Lesi¢ V and Lemi¢ D, The impact of
climate change on agricultural insect pests. Insects 12:440 (2021).
Porter JH, Parry ML and Carter TR, The potential effects of climatic
change on agricultural insect pests. Agric For Meteorol 57:221-240

(1991).

Deutsch CA, Tewksbury JJ, Tigchelaar M, Battisti DS, Merrill SC,
Huey RB et al., Increase in crop losses to insect pests in a warming
climate. Science 361:916-919 (2018).

Delnat V, Janssens L and Stoks R, Whether warming magnifies the
toxicity of a pesticide is strongly dependent on the concentration
and the null model. Aquat Toxicol 211:38-45 (2019).

Patil NS, Lole KS and Deobagkar DN, Adaptive larval thermotolerance
and induced cross-tolerance to propoxur insecticide in mosquitoes
Anopheles stephensi and Aedes aegypti. Med Vet Entomol 10:277-
282 (1996).

Oliver SV and Brooke BD, The effect of elevated temperatures on the
life history and insecticide resistance phenotype of the major
malaria vector anopheles arabiensis (Diptera: Culicidae). Malar J 16:
1-13 (2017).

Matzrafi M, Climate change exacerbates pest damage through
reduced pesticide efficacy. Pest Manag Sci 75:9-13 (2019).

Engell Dahl J, Lou MS, Colinet H, Wiegand C, Holmstrup M and
Renault D, Thermal plasticity and sensitivity to insecticides in popu-
lations of an invasive beetle: cyfluthrin increases vulnerability to
extreme temperature. Chemosphere 274:129905 (2021).

Sinclair BJ, Ferguson LV, Salehipour-Shirazi G and Macmillan HA,
Cross-tolerance and cross-talk in the cold: relating low temperatures
to desiccation and immune stress in insects. Integr Comp Biol 53:
545-556 (2013).

Todgham AE and Stillman JH, Physiological responses to shifts in mul-
tiple environmental stressors: relevance in a changing world. Integr
Comp Biol 53:539-544 (2013).

Todgham AE, Schulte PM and lwama GK, Cross-tolerance in the tide-
pool sculpin: the role of heat shock proteins. Physiol Biochem Zool
78:133-144 (2005).

Benoit JB, Lopez-Martinez G, Elnitsky MA, Lee RE and Denlinger DL,
Dehydration-induced cross tolerance of Belgica Antarctica larvae to
cold and heat is facilitated by trehalose accumulation. Comp Bio-
chem Physiol A Mol Integr Physiol 152:518-523 (2009).

Lépez-Martinez G and Hahn DA, Early life Hormetic treatments
decrease irradiation-induced oxidative damage, increase longevity,
and enhance sexual performance during old age in the Caribbean
fruit Fly. PLoS One 9:288128 (2014).

Boardman L, Serensen JG and Terblanche JS, Physiological and
molecular mechanisms associated with cross tolerance between
hypoxia and low temperature in Thaumatotibia leucotreta. J Insect
Physiol 82:75-84 (2015).

Htla P, Moos M, Des Marteaux L, Simek P and Kostal V, Insect cross-
tolerance to freezing and drought stress: role of metabolic rearran-
gement. Proc R Soc B 289:20220308 (2022).

Lu K, Li W, Cheng Y, Ni H, Chen X, Li Y et al., Copper exposure
enhances Spodoptera litura larval tolerance to -cypermethrin. Pestic
Biochem Physiol 160:127-135 (2019).

Mitchell KA, Boardman L, Clusella-Trullas S and Terblanche JS, Effects
of nutrient and water restriction on thermal tolerance: a test of
mechanisms and hypotheses. Comp Biochem Physiol Part A Mol
Integr Physiol 212:15-23 (2017).

Lu K, Cheng Y, Li W, Ni H, Chen X, Li Y et al., Copper-induced H202
accumulation confers larval tolerance to xanthotoxin by modulating
CYP6B50 expression in Spodoptera litura. Pestic Biochem Physiol 159:
118-126 (2019).

Jaenisch R and Bird A, Epigenetic regulation of gene expression: how
the genome integrates intrinsic and environmental signals. Nat
Genet 33:245-254 (2003).

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

© 2022 The Authors.

EM Bueno, CL Mcllhenny, YH Chen

Maleszka R, Epigenetic code and insect behavioural plasticity. Curr
Opin Insect Sci 15:45-52 (2016).

Field LM, Lyko F, Mandrioli M and Prantera G, DNA methylation in
insects. Insect Mol Biol 13:109-115 (2004).

Chinnusamy V and Zhu JK, Epigenetic regulation of stress responses
in plants. Curr Opin Plant Biol 12:133-139 (2009).

Gapp K, von Ziegler L, Tweedie-Cullen RY and Mansuy IM, Early life
epigenetic programming and transmission of stress-induced traits
in mammals. Bioessays 36:491-502 (2014).

Skinner MK, Environmental stress and epigenetic transgenerational
inheritance. BMC Med 12:1-5 (2014).

Olivares-Castro G, Caceres-Jensen L, Guerrero-Bosagna C and
Villagra C, Insect epigenetic mechanisms facing anthropogenic-
derived contamination, an overview. Insects 12:780 (2021).

Sun Z, Wang R, Du Y, Gao B, Gui F and Lu K, Olfactory perception of
herbicide butachlor by GOBP2 elicits ecdysone biosynthesis and
detoxification enzyme responsible for chlorpyrifos tolerance in Spo-
doptera litura. Environ Pollut 285:117409 (2021).

Clements J, Schoville S, Clements A, Amezian D, Davis T, Sanchez-
Sedillo B et al., Agricultural fungicides inadvertently influence the fit-
ness of Colorado potato beetles Leptinotarsa decemlineata, and their
susceptibility to insecticides. Sci Rep 8:13282 (2018).

Clements J, Sanchez-Sedillo B, Bradfield CA and Groves RL, Transcrip-
tomic analysis reveals similarities in genetic activation of detoxifica-
tion mechanisms resulting from imidacloprid and chlorothalonil
exposure. PLoS One 13:¢0205881 (2018).

Wang YC, Chang YW, Bai J, Zhang XX, Igbal J, Lu MX et al., Tempera-
ture affects the tolerance of Liriomyza trifolii to insecticide abamec-
tin. Ecotoxicol Environ Saf 218:112307 (2021).

Gu X, Tian S, Wang D, Gao F and Wei H, Interaction between Short-
term heat pretreatment and Fipronil on 2 instar larvae of
diamondback moth, Plutella xylostella (Linn). Dose Response 8:
331-346 (2010).

Cao JY, Xing K and Zhao F, Complex delayed and transgenerational
effects driven by the interaction of heat and insecticide in the mater-
nal generation of the wheat aphid Sitobion avenae. Pest Manag Sci
77:4453-4446 (2021).

Ge L-Q, Huang L-J, Yang G-Q, Song Q-S, Stanley D, Gurr GM et al.,
Molecular basis for insecticide-enhanced thermotolerance in the
brown planthopper Nilaparvata lugens Stal (Hemiptera:Delphaci-
dae). Mol Ecol 22:5624-5634 (2013).

Chen J, Kitazumi A, Alpuerto J, Alyokhin A and de los Reyes B, Heat-
induced mortality and expression of heat shock proteins in Colorado
potato beetles treated with imidacloprid. Insect Sci 23:548-554
(2016).

Yang BJ, Liu ML, Zhang YX and Liu ZW, Effects of temperature on fit-
ness costs in chlorpyrifos-resistant brown planthopper, Nilaparvata
lugens (Hemiptera: Delphacidae). Insect Sci 25:409-417 (2018).

Wijayaratne LKW and Rajapakse RHS, Effects of spinosad on the heat
tolerance and cold tolerance of Sitophilus oryzae L. (Coleoptera: Cur-
culionidae) and Rhyzopertha Dominica F. (Coleoptera: Bostrichidae).
J Stored Prod Res 77:84-88 (2018).

Rodgers EM and Gomez Isaza DF, Harnessing the potential of cross-
protection stressor interactions for conservation: a review. Conserv
Physiol 9:coab037 (2021).

Gunderson AR, Armstrong EJ and Stillman JH, Multiple stressors in a
changing world: the need for an improved perspective on physio-
logical responses to the dynamic marine environment. Ann Rev
Mar Sci 8:357-378 (2016).

Kaunisto S and Ferguson LV, Can we predict the effects of multiple
stressors on insects in a changing climate? Curr Opin Insect Sci 17:
55-61(2016).

Brevik K, Lindstrom L, McKay SD and Chen YH, Transgenerational
effects of insecticides—implications for rapid pest evolution in
agroecosystems. Curr Opin Insect Sci 26:34-40 (2018).

Rix RR, Ayyanath MM and Cutler CG, Sublethal concentrations of imi-
dacloprid increase reproduction, alter expression of detoxification
genes, and prime Myzus persicae for subsequent stress. J Pest Sci
89:581-589 (2016).

Gong Y, Cheng S, Desneux N, Gao X, Xiu X, Wang F et al., Transgenera-
tional hormesis effects of nitenpyram on fitness and insecticide
tolerance/resistance of Nilaparvata lugens. J Pest Sci 1:1-20 (2022).

Meng S, Tran TT, Delnat V and Stoks R, Transgenerational exposure to
warming reduces the sensitivity to a pesticide under warming. Envi-
ron Pollut 284:117217 (2021).

Pest Manag Sci 2023; 79: 9-20

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.


http://wileyonlinelibrary.com/journal/ps

Cross-protection interactions in insect pests

57

58

59

60

Mpofu P, Cuthbert RN, Machekano H and Nyamukondiwa C, Transge-
nerational responses to heat and fasting acclimation in the Angou-
mois grain moth. J Stored Prod Res 97:101979 (2022).

Gu LL, Li MZ, Wang GR and Liu XD, Multigenerational heat acclimation
increases thermal tolerance and expression levels of Hsp70 and
Hsp90 in the rice leaf folder larvae. J Therm Biol 81:103-109 (2019).

Rix RR and Cutler GC, Review of molecular and biochemical responses
during stress induced stimulation and hormesis in insects. Sci Total
Environ 827:154085 (2022).

Gotcha N, Terblanche JS and Nyamukondiwa C, Plasticity and cross-
tolerance to heterogeneous environments: divergent stress
responses co-evolved in an African fruit fly. J Evol Biol 31:98-110
(2018).

82

83

84

85

@)
SClL

where science
meets business

WWW.S0Ci.org

Bautista MAM, Miyata T, Miura K and Tanaka T, RNA interference-
mediated knockdown of a cytochrome P450, CYP6BG]1, from the dia-
mondback moth Plutella xylostella, reduces larval resistance to per-
methrin. Insect Biochem Mol Biol 39:38-46 (2009).

Bao H, Gao H, Zhang Y, Fan D, Fang J and Liu Z, The roles of CYP6AY1
and CYP6ER1 in imidacloprid resistance in the brown planthopper:
expression levels and detoxification efficiency. Pestic Biochem Phy-
siol 129:70-74 (2016).

Gaddelapati SC, Kalsi M, Roy A and Palli SR, Cap “n” collar C regulates
genes responsible for imidacloprid resistance in the Colorado
potato beetle Leptinotarsa decemlineata. Insect Biochem Mol Biol
99:54-62 (2018).

Gong YH, Yu XR, Shang QL, Shi XY and Gao XW, Oral delivery medi-

61 Ma G and Sen MC, Effect of acclimation on heat-escape temperatures ated RNA interference of a carboxylesterase gene results in reduced
of two aphid species: implications for estimating behavioral resistance to organophosphorus insecticides in the cotton aphid
response of insects to climate warming. J Insect Physiol 58:303-309 Aphis gossypii Glover. PLoS One 9:2102823 (2014).

(2012). 86 Villagra C and Frias-Lasserre D, Epigenetic molecular mechanisms in

62 Terblanche JS and Hoffmann AA, Validating measurements of accli- insects. Neotrop Entomol 49:615-642 (2020).
mation for climate change adaptation. Curr Opin Insect Sci 41:7-16 87 Horowitz M, Epigenetics and cytoprotection with heat acclimation.
(2020). J Appl Physiol 120:702-710 (2016).

63 Teets NM and Denlinger DL, Physiological mechanisms of seasonal 88 Villalba de la Pefia M, Piskobulu V, Murgatroyd C and Hager R,
and rapid cold-hardening in insects. Physiol Entomol 38:105-116 DNA methylation patterns respond to thermal stress in the
(2013). viviparous cockroach Diploptera punctata. Epigenetics 16:313-

64 Berry R and Lopez-Martinez G, A dose of experimental hormesis: 326 (2021).
when mild stress protects and improves animal performance. Comp 89 Field LM, Devonshire AL, Ffrench-Constant RH and Forde BG, Changes
Biochem Physiol Part A Mol Integr Physiol 242:110658 (2020). in DNA methylation are associated with loss of insecticide resistance

65 Calabrese EJ, Hormesis: a fundamental concept in biology. Microb Cell in the peach-potato aphid Myzus persicae (Sulz.). FEBS Lett 243:323-
1:145-149 (2014). 327 (1989).

66 Felton GW and Summers CB, Antioxidant systems in insects. Arch 90 Dai TM, LU ZC, Wang YS, Liu WX, Hong XY and Wan FH, Molecular
Insect Biochem Physiol 29:187-197 (1995). characterizations of DNA methyltransferase 3 and its roles in tem-

67 Apel K and Hirt H, Reactive oxygen species: metabolism, oxidative perature tolerance in the whitefly Bemisia tabaci Mediterranean.
stress, and signal transduction. Annu Rev Plant Biol 55:373-399 Insect Mol Biol 27:123-132 (2018).

(2004). 91 Chen M, Zhang N, Jiang H, Meng X, Qian K and Wang J, Molecular

68 Lushchak VI, Adaptive response to oxidative stress: bacteria, fungi, characterization of class | histone deacetylases and their expression
plants and animals. Comp Biochem Physiol Part C Toxicol Pharmacol in response to thermal and oxidative stresses in the red flour beetle
153:175-190 (2011). Tribolium castaneum. Genetica 147:281-290 (2019).

69 Wang L, Cheng W, Meng J, Speakmon M, Qiu J, Pillai S et al., Hypoxic 92 Brevik K, Bueno EM, McKay S, Schoville SD and Chen YH, Insecticide
environment protects cowpea bruchid (Callosobruchus maculatus) exposure affects intergenerational patterns of DNA methylation in
from electron beam irradiation damage. Pest Manag Sci 75:726- the Colorado potato beetle, Leptinotarsa decemlineata. Evol Appl
735 (2019). 14:746-757 (2020).

70 Visser B, Williams CM, Hahn DA, Short CA and Lépez-Martinez G, Hor- 93 Gerber M and Shilatifard A, Transcriptional elongation by RNA poly-
metic benefits of prior anoxia exposure in buffering anoxia stress in merase Il and histone methylation. J Biol Chem 278:26303-26306
a soil-pupating insect. J Exp Biol 221(6):jeb167825 (2018). (2003).

71 Amezian D, Nauen R and Le Goff G, Transcriptional regulation of 94 Hampsey M and Reinberg D, Tails of intrigue: phosphorylation of RNA
xenobiotic detoxification genes in insects - an overview. Pestic Bio- polymerase Il mediates histone methylation. Cell 113:429-432
chem Physiol 174:104822 (2021). (2003).

72 Lu K, Song Y and Zeng R, The role of cytochrome P450-mediated 95 Siebold AP, Banerjee R, Tie F, Kiss DL, Moskowitz J and Harte PJ, Poly-
detoxification in insect adaptation to xenobiotics. Curr Opin Insect comb repressive complex 2 and Trithorax modulate drosophila lon-
Sci 43:103-107 (2021). gevity and stress resistance. Proc Natl Acad Sci 107:169-174 (2010).

73 ChenC HanP,Yan W, Wang S, Shi X, Zhou X et al., Uptake of quercetin 96 Kolybaba A and Classen AK, Sensing cellular states—signaling to
reduces larval sensitivity to lambda-cyhalothrin in Helicoverpa armi- chromatin pathways targeting polycomb and trithorax group func-
gera. J Pest Sci 91:919-926 (2018). tion. Cell Tissue Res 356:477-493 (2014).

74 King AM and Macrae TH, Insect heat shock proteins during stress and 97 Sharma V, Kohli S and Brahmachari V, Correlation between desicca-
diapause. Ann Rev 60:59-75 (2015). tion stress response and epigenetic modifications of genes in Dro-

75 Barshis DJ, Ladner JT, Oliver TA, Seneca FO, Traylor-Knowles N and sophila melanogaster: an example of environment-epigenome
Palumbi SR, Genomic basis for coral resilience to climate change. interaction. Biochim Biophys Acta - Gene Regul Mech 1860:1058-
Proc Natl Acad Sci 110:1387-1392 (2013). 1068 (2017).

76 Collins M, Clark MS, Spicer JI and Truebano M, Transcriptional fron- 98 Oppold A, Kre3 A, Vanden Bussche J, Diogo JB, Kuch U, Oehlmann J
tloading contributes to cross-tolerance between stressors. Evol Appl et al., Epigenetic alterations and decreasing insecticide sensitivity
14:577-587 (2020). of the Asian tiger mosquito Aedes albopictus. Ecotoxicol Environ Saf

77 Liu Y, Su H, Li R, Li X, Xu Y, Dai X et al, Comparative transcriptome 122:45-53 (2015).
analysis of Glyphodes pyloalis Walker (Lepidoptera: Pyralidae) reveals 99 Feliciello |, Parazajder J, Akrap | and Ugarkovi¢ b, First evidence of
novel insights into heat stress tolerance in insects. BMC Genomics 18: DNA methylation in insect Tribolium castaneum. Epigenetics 8:534—
1-13 (2017). 541 (2013).

78 YiY, XuH, Li M and Wu G, RNA-seq profiles of putative genes involved 100 Glastad KM, Hunt BG, Yi SV and Goodisman MAD, DNA methylation in
in specificimmune priming in Bombyx mori haemocytes. Infect Genet insects: on the brink of the epigenomic era. Insect Mol Biol 20:553-
Evol 74:103921 (2019). 565 (2011).

79 Bansal R, Mian RAR, Mittapalli O and Michel AP, RNA-Seq reveals a 101 Lyko F and Maleszka R, Insects as innovative models for functional
xenobiotic stress response in the soybean aphid, Aphis glycines, studies of DNA methylation. Trends Genet 27:127-131 (2011).
when fed aphid-resistant soybean. BMC Genomics 15:1-14 (2014). 102 Bird A, DNA methylation patterns and epigenetic memory. Genes Dev

80 Torson AS, Dong YW and Sinclair BJ, Help, there are “omics” in my 16:6-21 (2002).
comparative physiology! J Exp Biol 223:jeb191262 (2020). 103 Wang Y, Wang F, Hong D-K, Gao S-J, Wang R and Wang J-D, Molecular

81 Homem RA and Davies TGE, An overview of functional genomic tools characterization of DNA methyltransferase 1 and its role in temper-
in deciphering insecticide resistance. Curr Opin Insect Sci 27:103-110 ature change of armyworm Mythimna separata Walker. Arch Insect
(2018). Biochem Physiol 103:21651 (2020).

Pest Manag Sci 2023; 79: 9-20 © 2022 The Authors. wileyonlinelibrary.com/journal/ps

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.


http://wileyonlinelibrary.com/journal/ps

®)
SCl

where science
meets business

WWW.S0Ci.org

EM Bueno, CL Mcllhenny, YH Chen

104

105

106

107

108

109

110

1M1

112

113

114

115

Field LM, Methylation and expression of amplified esterase genes
in the aphid Myzus persicae (Sulzer). Biochem J 349:863-868
(2000).

Chen P, Xiao WF, Pan MH, Xiao JS, Feng YJ, Dong ZQ et al., Compara-
tive genome-wide DNA methylation analysis reveals epigenomic
differences in response to heat-humidity stress in Bombyx mori. Int
J Biol Macromol 164:3771-3779 (2020).

Schneider D, Ramos AG and Cérdoba-Aguilar A, Multigenerational
experimental simulation of climate change on an economically
important insect pest. Ecol Evol 10:12893-12909 (2020).

Pu J, Wang Z and Chung H, Climate change and the genetics of insec-
ticide resistance. Pest Manag Sci 76:846-852 (2020).

Neven LG, Physiological responses of insects to heat. Postharvest Biol
Technol 21:103-111 (2000).

Chown SL, Sarensen JG and Terblanche JS, Water loss in insects: an
environmental change perspective. J Insect Physiol 57:1070-1084
(2011).

Gao L, Qiao H, Wei P, Moussian B and Wang Y, Xenobiotic responses in
insects. Arch Insect Biochem Physiol 109:21869 (2022).

Clark MS and Worland MR, How insects survive the cold: molecular
mechanisms—a review. J Comp Physiol 178:917-933 (2008).

Cutler GC, Amichot M, Benelli G, Guedes RNC, Qu Y, Rix RR et al.,
Hormesis and insects: effects and interactions in agroecosystems.
Sci Total Environ 825:153899 (2022).

Sharma A, Jha P and Reddy GVP, Multidimensional relationships of
herbicides with insect-crop food webs. Sci Total Environ 643:1522—
1532 (2018).

Gutiérrez Y, Multiple mechanisms in which agricultural insects
respond to environmental stressors: canalization, plasticity and evo-
lution. Rev Cienc Agr 37:90-99 (2020).

litis C, Moreau J, Hibner P, Thiéry D and Loudpre P, Warming
increases tolerance of an insect pest to fungicide exposure
through temperature-mediated hormesis. J Pest Sci 2004:827-
839 (2022).

116

117

118

119

120

121

122

123

124

125

Song Y, Asselman J, De Schamphelaere KAC, Salbu B and Tollefsen KE,
Deciphering the combined effects of environmental stressors on
gene transcription: a conceptual approach. Environ Sci Technol 52:
5479-5489 (2018).

Delnat V, Swaegers J, Asselman J and Stoks R, Reduced stress defence
responses contribute to the higher toxicity of a pesticide under
warming. Mol Ecol 29:4735-4748 (2020).

Suzuki M, Liao W, Wos F, Johnston AD, DeGrazia J, Ishii J et al., Whole-
genome bisulfite sequencing with improved accuracy and cost.
Genome Res 28:1364-1371 (2018).

Spektor R, Tippens ND, Mimoso CA and Soloway PD, Methyl-ATAC-
seq measures DNA methylation at accessible chromatin. Genome
Res 29:969-977 (2019).

Devesa-Guerra |, Morales-Ruiz T, Pérez-Roldan J, Parrilla-Doblas JT,
Dorado-Ledn M, Garcia-Ortiz MV et al., DNA methylation editing by
CRISPR-guided excision of 5-methylcytosine. J Mol Biol 432:2204-
2216 (2020).

Marshall KE and Sinclair BJ, The relative importance of number, dura-
tion and intensity of cold stress events in determining survival and
energetics of an overwintering insect. Funct Ecol 29:357-366 (2015).

Scharf I, Wexler Y, Macmillan HA, Presman S, Simson E and
Rosenstein S, The negative effect of starvation and the positive
effect of mild thermal stress on thermal tolerance of the red flour
beetle Tribolium castaneum. Sci Nat 103:20 (2016).

IPCC, 2013 IPCC: Climate Change 2013: The Physical Science Basis. Con-
tribution of Working Group | to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change. Cambridge University Press,
Cambridge, UK and New York, NY, USA, p. 1535 (2003).

Hercus MJ, Loeschcke V and Rattan SIS, Lifespan extension of Dro-
sophila melanogaster through hormesis by repeated mild heat
stress. Biogerontology 43:149-156 (2003).

Kristensen TN, Sarensen JG and Loeschcke V, Mild heat stress at a
young age in Drosophila melanogaster leads to increased Hsp70 syn-
thesis after stress exposure later in life. J Genet 82:89-94 (2003).

wileyonlinelibrary.com/journal/ps

© 2022 The Authors.

Pest Manag Sci 2023; 79: 9-20

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.


http://wileyonlinelibrary.com/journal/ps

	Cross-protection interactions in insect pests: Implications for pest management in a changing climate
	1  INTRODUCTION
	2  CROSS-PROTECTION: AN AVENUE FOR TOLERANCE TO MULTIPLE STRESSORS IN AGROECOSYSTEMS
	3  WHAT DO WE KNOW ABOUT MECHANISMS UNDERLYING CROSS-PROTECTION IN INSECTS?
	3.1  Mechanisms associated with stress preconditioning via hormesis
	3.1.1  Biochemical responses to multiple stressors
	3.1.2  Heat shock protein responses to multiple stressors

	3.2  Transcriptional responses to multiple stressors
	3.2.1  Comparative transcriptomics and functional genomics can lend insight into cross-protection mechanisms

	3.3  Epigenetic modifications as potential drivers for cross-protection
	3.3.1  Histone modifications
	3.3.2  DNA methylation


	4  CROSS-PROTECTION BETWEEN INSECTICIDES AND ELEVATED TEMPERATURES AND ITS IMPLICATION WITH CLIMATE CHANGE
	5  THE IMPORTANCE OF A MULTI-STRESS FRAMEWORK FOR MEASURING STRESS RESPONSES IN INSECT PESTS
	5.1  Full factorial designs reveal interactive effects between stressors
	5.2  Perspectives on epigenetic studies using multiple stressors
	5.3  Essential factors to consider when studying cross-protection
	5.4  Limitations of multi-stressor frameworks

	6  SUMMARY
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


