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j ONIRIS, Ecole Nationale Vétérinaire Nantes, 101, route de Gachet, CS 40706, Nantes 44307, France
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A B S T R A C T

Malathion is a widely used pesticide with potentially oncogenic properties and may have deleterious effects on 
organism health and fitness. Although malathion use is now restricted in the European Union, it remains widely 
used for public health campaigns in other parts of the world, particularly for mosquito control. Understanding its 
sublethal and long-term effects is thus essential, both for evaluating its ecotoxicological impacts and for antic
ipating resistance mechanisms. However, empiric data on its effects in wild organisms - especially in in
vertebrates - remain limited. Here, we quantitatively investigated whether larval exposure to environmentally 
realistic concentrations of malathion could affect mosquito tissue structure and gene expression profiles of adult 
Aedes aegypti (yellow fever mosquitoes), using both RNA-seq and histological approaches. Results show no 
neoplastic or pre-neoplastic lesions in adults exposed to malathion during larval development, contrary to 
previous studies in other organisms showing carcinogenic effects of malathion. However, our differential gene 
expression analyses revealed significant changes in genes related to mitochondrial function, energy metabolism, 
and detoxification pathways, suggesting significant physiological impacts of malathion in adults after early-life 
pesticide exposure. Notably, females exhibited stronger transcriptomic responses than males, including the 
upregulation of genes involved in detoxification (e.g., P450 cytochromes), olfactory perception, and stress 
response, with potential consequences for resistance mechanisms. Our findings underscore the ability of 
mosquitoes to mount transient molecular responses to environmental pollutants, potentially contributing to the 
long-term selection of metabolic resistance traits – an outcome with important implications for vector control 
strategies.
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1. Introduction

It is increasingly recognized that the planet’s ecosystems are exposed 
to growing levels of toxic and mutagenic pollution driven by human 
activity (Dujon et al., 2021; Giraudeau et al., 2018). Theoretically, this is 
expected to trigger an upsurge in physiological dysregulation and 
oncogenic processes in multicellular organisms due to the incapacity of 
physiological and anti-cancer defenses - evolved in low toxic and 
oncogenic environments -to effectively counteract contemporary envi
ronmental risks, i.e. an evolutionary mismatch (Aktipis and Nesse, 
2013). Hereafter, oncogenic effects are defined as cellular or tissue-level 
alterations indicative of abnormal proliferation, tumor-like growths, 
dysplasia, or dysregulated gene expression related to, for instance, cell 
cycle and apoptosis. As recently proposed by Dujon et al. (2024), such 
predictions are not straightforward as several phenomena may come 
into play (Dujon et al., 2024). For instance, excessive exposure to toxic 
oncogenic substances may first trigger heightened activation of physi
ological and anti-cancer defenses. This can effectively hinder physio
logical alterations and the development of cancers, resulting in the 
absence of cellular damage and visible tumors, even though individuals 
may, in turn, suffer increased energy demand and physical exhaustion 
due to the sustained activation of defenses. Natural selection may also 
favor changes in life-history traits and physiological adjustments within 
populations exposed to polluted environments, leading to an increase in 
tolerance or resistance mechanisms at the expense of reproduction or 
other traits (Arnal et al., 2017; Boutry et al., 2022). In such circum
stances, cellular damage and tumors may not have sufficient time to 
fully develop. Over longer periods, some species may evolve additional 
physiological and anti-cancer defenses (Boutry et al., 2020; Sulak et al., 
2016; Vittecoq et al., 2018), so that any apparent increase in cancers 
incidence may only be temporary on an evolutionary scale. The effects 
of increased exposure to toxic molecules and oncogenic factors on 
wildlife are thus multifaceted, encompassing immediate physiological 
responses to long-term evolutionary adaptations that are difficult to 
predict. Currently, these processes are not well understood, especially in 
the context of increasing pollution and gaining a better understanding of 
them is crucial (Dujon et al., 2024; McAloose and Newton, 2009).

One of the most potentially oncogenic factors in anthropized eco
systems is organic pollution by pesticides. According to the Atlas of 
Pesticides (2022, https://eu.boell.org/sites/default/ files/2023–04/ 
pesticideatlas2022_ii_web_20230331.pdf), pesticide consumption 
stands at 4 million tones globally, representing an 80 % increase in the 
last 20 years. There is substantial evidence on a relationship between 
exposure to pesticides and an increased incidence of chronic diseases 
such as Parkinson’s or childhood leukemia, liver and breast cancer, 
diabetes, and endocrine disorders in humans. However, the underpin
ning mechanisms and the effects on wildlife are still poorly known.

According to the European Environmental Agency, malathion is one 
of the pesticides that most often exceeds national thresholds in European 
surface waters (European Environment Agency2024, https://www.eea. 
europa.eu/en/analysis/indicators/pesticides-in-rivers-lakes-and). Mal
athion is an organophosphate insecticide widely used in agriculture, 
domestic pest control, and vector control programs. It has been banned 
in Europe in 2008 but is still widely used in several parts of the world. In 
the context of public health, malathion is routinely used in mosquito 
control strategies, particularly against Aedes aegypti (yellow fever mos
quito), a major vector of arboviruses, including dengue, Zika, chi
kungunya, and yellow fever (Tomé et al., 2014). Given its continued use 
in integrated vector management programs worldwide, malathion re
mains a highly relevant compound for investigating its potential unin
tended physiological effects on animal populations. It is classified by the 
WHO as “probably carcinogenic” for humans (Group 2 A, https://www. 
iarc.who.int/wp-content/uploads/2018/07/MonographVolume112-1. 
pdf) (Calaf et al., 2021). It also poses risks to animal health including 
humans (Badr, 2020; Bastos et al., 2020; Cook et al., 2005; Deka and 
Mahanta, 2016), particularly under prolonged exposure. Scientific 

research has suggested that chronic exposure to malathion, even at 
levels well below those causing acute poisoning (lethal dose estimated at 
246–471 mg/kg, depending on the animal species, (Faragó, 1967; Jush 
and Mille, 1978)), may be associated with long-term health issues, 
including certain types of cancer such as prostate cancer, as well as 
impacts on the endocrine and immune systems (Anjitha et al., 2020; 
Bonner et al., 2007; Calaf and Echiburú-Chau, 2012; Calaf and Roy, 
2008; Yang et al., 2020). However, the molecular and cellular effects of 
malathion at environmentally realistic concentrations in the natural 
environment remain debated.

Pesticide pollution is especially problematic in wetlands (Girones 
et al., 2021; Li et al., 2022). It is therefore crucial to understand the 
effects of such pollution on cancer-related processes in species inhabit
ing these habitats, particularly insects (Baines et al., 2021). Malathion 
disrupts the nervous system of insects, leading to paralysis and death 
(Xue, 2008). However, its other potential effects on invertebrates remain 
poorly known. While numerous studies have explored the effects of 
malathion on insect viability and development, no study to our knowl
edge has explored its potential oncogenicity in this group. Aside from 
Drosophila (Gong et al., 2021; Martorell et al., 2014), available data on 
insect physiology, gene expression and cancer development in insects 
are very limited (Arnal et al., 2020). Extensive research in Drosophila 
melanogaster has helped characterize several molecular hallmarks of 
oncogenesis, including the dysregulation of tumor suppressor genes, 
activation of oncogenic signaling pathways, and disruption of cell po
larity and apoptosis (Gonzalez, 2013; Sonoshita and Cagan, 2017). 
Indeed, while insects do not develop cancer in the classical sense 
observed in vertebrates—such as tumor vascularization or meta
stasis—the underlying cellular pathways leading to uncontrolled pro
liferation and dedifferentiation are probably evolutionarily conserved 
(Martorell et al., 2014).

In addition, it is not clear whether early-life exposure to such pesti
cide can influence the later physiological dysregulation and oncogenic 
risk in adult insects. This also raises an intriguing possibility: tumori
genic processes in insects might not necessarily be rare but could 
frequently occur during larval or pupal stages. However, because these 
life stages are tightly linked to developmental processes such as molting 
and metamorphosis, any disruption caused by uncontrolled cell prolif
eration or tissue disorganization might result in developmental arrest or 
death before reaching the adult stage. This could represent a powerful 
natural filter eliminating tumor-bearing individuals early, thereby 
limiting the detection of cancer in adult insect populations. It is thus 
particularly relevant to study the potential effects of malathion in adult 
mosquitoes that were exposed to sublethal concentrations during their 
larval stages in their natural contaminated aquatic environment.

In this study, we focused on yellow fever mosquitoes, A. aegypti, a 
species commonly found in pesticide-contaminated aquatic systems and 
known for its significant impact on human health. Due to its widespread 
distribution and its anthropophilic behavior, it is a key target in vector 
control programs. Moreover, this species frequently develops resistance 
to pesticide treatments used to limit their spread around urban areas. 
Investigating the transcriptomic and physiological responses to mala
thion in A. aegypti will therefore help clarify its potential oncogenic ef
fects in non-target species and may reveal mechanisms contributing to 
cellular damage, oncogenesis and/or resistance evolution.

We used an experimental approach to investigate the consequences 
in adult A. aegypti mosquitoes of a pre-exposure to malathion during the 
larval aquatic stage. Larvae have been exposed to environmentally 
realistic concentrations of malathion dissolved in water, simulating 
moderate to severe stress conditions potentially found in wetlands. 
Using a combination of histological and RNA-seq analyses in whole 
adults, we aimed to provide valuable insights into the impact of early- 
life malathion exposure on the health and physiology of adult mosqui
toes and to improve our understanding of evolutionary responses to 
mutagenic pollution in contaminated ecosystems.
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2. Material and methods

2.1. Development of Aedes aegypti in a stressful environment

Based on preliminary results (see Supplementary Material), we 
reared yellow fever mosquitos’ larvae Aedes aegypti Bora Bora strain 
during 6–7 days - which correspond to the typical duration of the larval 
stage period - under chemically stressful conditions, i.e. larvae rearing 
water with 0.03 mg/L of malathion, 1.4 mg of food per larvae (Novo
Prawn®, fish food) and an ambient temperature of 25 ◦C. This specific 
insecticide concentration was selected because it provides pollutant 
exposure without exceeding the sublethal threshold for mosquitoes. The 
median lethal dose (LD50) and the 95 % lethal dose (LD95) for malathion 
in the breeding environment of A. aegypti (Bora Bora strain) are 
0.065 mg/L and 0.119 mg/L, respectively (Goindin et al., 2017).. Since 
our focus in on the adult stage, this concentration enables us to maintain 
realistic exposure conditions while avoiding significant larval mortality. 
Control larvae were reared under the same conditions (25 ◦C and 1.4 mg 
of food per larva), but without malathion.

The malathion concentration used in this study is higher than 
average environmental levels reported in mosquito habitats. However, 
such concentrations may be encountered locally in contaminated 
breeding sites near agricultural areas or in pesticide-treated environ
ments (European Environment Agency 2024, https://www.eea.europa. 
eu/en/analysis/indicators/pesticides-in-rivers-lakes-and). This study 
was therefore designed as a proof-of-concept to assess whether larval 
exposure to malathion could have long-term consequences on adult 
tissue organization.

The experimental setup consisted of 25 larvae per cup (200 ml of 
water per cup), with a total of 50 cups (25 for the control group and 25 
for malathion-exposed group), representing a total of 1250 individuals.

Pupae from both treatments were transfered from the cups (control 
and malathion) into mosquito cages. Just after the emergence, males 
and females were separated into different cages, fed with a 10 % sugar 
solution, and maintained under observation for up to 3 weeks at 27◦C. 
After this period (either 2 or 3 weeks), male and female adults were 
anesthetized and split into two groups by condition: half were fixed in 
toto in 4 % formalin for histological analysis (stored in cassettes within 

400 ml plastic tubes), and the other half were stored individually in 
1.5 ml Eppendorf tubes at − 80◦C for transcriptomic analysis (see 
Table 1).

2.2. RNA extraction

For each of the 8 experimental conditions - defined by treatment 
(malathion vs control), sex (male vs female) and age (2 weeks vs 3 
weeks), − 13 whole mosquitoes were randomly sampled from the in
dividuals set aside for transcriptomic analysis and pooled, resulting in a 
total of 24 pools (see Supplementary Table S1). Each pool was stored at 
− 80◦C in 700 µL of QIAzol® Lysis Reagent (QIAGEN) in a 2 ml SafeLock 
microtube until further processing.

Tissue disruption was performed mechanically by adding a 2 mm 
stainless bead to each sample and using a TissueLyser (QIAGEN) for 2 
cycles of 2 min at 20 Hz. After incubation for 5 min at room temperature, 
140 µL of chloroform was added to the homogenate, followed by 
vigorous shaking for 15 s and a 3-min incubation at room temperature. 
Phase separation of the lysate was achieved by centrifugation at 12,000 
x g for 15 min at 4◦C. The upper aqueous phase (~ 350 µL) containing 
RNA was carefully transferred to a clean 2 ml microtube. Total RNA was 
then purified using the RNeasy® Mini QIAcube Kit (QIAGEN) and the 
QIAcube automated workstation (QIAGEN), according to the manufac
turer’s protocol, to ensure reproducibility and standardization of RNA 
extraction. DNA was removed by on-column DNAse digestion. RNA was 
eluted in 30 µL of RNase-free water and samples were stored at − 80◦C 
until sequencing. The concentration and purity of RNA in each sample 
was measured using a NanoDrop™ ND-1000 spectrophotometer 
(Thermo Scientific). RNA concentrations ranged from 163.96 to 
926.56 ng/µL.

2.3. RNA sequencing

The 24 cDNA libraries were prepared using the Stranded Total RNA 
Prep kit, following ribosomal RNA depletion using the Ribo-Zero Plus 
rRNA Depletion Kit (both from Illumina). For each library, 500 ng of 
purified RNA was used as input, and 11 cycles of enrichment PCR were 
performed. Constructed indexed libraries were assessed for quality and 
quantification using a LabChip® GX Touch™ (Revvity) and a Qubit™ 
fluorometer with the Qubit™ dsDNA HS Assay kit (Thermo Fisher Sci
entific). All libraries were validated and pooled using 300 ng of cDNA 
per sample (Supplementary Table S2).

Sequencing was performed on an Illumina® NovaSeqTM platform, 
with a 100 bp paired-end configuration. Raw sequencing reads were first 
processed with RCorrector v1.04 (https://anaconda.org/bioconda/rco 
rrector/files?version=1.0.4) with default settings and -rf configuration 
to correct sequencing errors (Song and Florea, 2015). Uncorrectable 
reads were removed using the FilterUncorrectabledPEfastq tool (htt 
ps://github.com/harvardinformatics/TranscriptomeAssemblyTools/ 
blob/master/FilterUncorrectabledPEfastq.py). The output reads were 
further processed for adapter removal and trimming with TrimGalore! 
v0.6.4 (https://github.com/FelixKrueger/TrimGalore) with default pa
rameters. Read quality was assessed before and after read trimming with 
FastQC v0.11.9 (https://www.bioinformatics.babraham.ac.uk/project 
s/fastqc/).

Raw RNA-seq data have been deposited in the NCBI BioProject 
database (https://www.ncbi.nlm.nih.gov/ bioproject/) under the Bio
Project accession number PRJNA1169358. Individual SRA numbers are 
displayed in Supplementary Table S3. RNA extraction and sequencing 
were performed by the ACOBIOM company (France).

2.4. Quantification of gene expression

Read were mapped against the annotated reference genome of Aedes 
aegypti AaegL5.0 (NCBI RefSeq Assembly GCF_002204515.2) (Matthews 
et al., 2018). Reference genome files were downloaded from VectorBase 

Table 1 
Summary of the experimental design and the number of adult mosquito samples 
proceeded in histological and frozen for transcriptomic analysis.

Treatment Sex Adult Age 
(in 
weeks)

Number of 
samples

Type of 
Analysis

Malathion Male 2 50 Histology
Malathion Female 2 35 Histology
Negative 

Control
Male 2 20 Histology

Negative 
Control

Female 2 20 Histology

Malathion Male 3 50 Histology
Malathion Female 3 35 Histology
Negative 

Control
Male 3 20 Histology

Negative 
Control

Female 3 20 Histology

Malathion Male 2 50 Transcriptomic
Malathion Female 2 50 Transcriptomic
Negative 

Control
Male 2 50 Transcriptomic

Negative 
Control

Female 2 41 Transcriptomic

Malathion Male 3 50 Transcriptomic
Malathion Female 3 50 Transcriptomic
Negative 

Control
Male 3 43 Transcriptomic

Negative 
Control

Female 3 50 Transcriptomic
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(release 66) https://vectorbase.org/vectorbase/app/downloads/Curre 
nt_Release/ AaegyptiLVP_AGWG/. Mapping was performed using 
STAR v2.7.8a (Dobin et al., 2013). Gene-level read counts were gener
ated using HTSeq-count v0.9.1 (Anders et al., 2015) with the mode set to 
union and the –outFilterMultimapNmax option to 20. We applied a 
pre-processing step on the count matrix to remove genes with fewer than 
10 aligned reads in fewer than two samples per condition. Differential 
gene expression analysis were performed using the DESeq2 R package 
(Love et al., 2014). Count normalization was performed through the 
Relative Log Expression method (RLE) implemented in DESeq2 (Anders 
and Huber, 2010). Fold changes between two conditions were consid
ered significant when the adjusted p-value (Padj), corrected for multiple 
testing using the Benjamini–Hochberg procedure to controls the false 
discovery rate (FDR), was < 0.05. Redundancy analysis (RDA) was 
performed on RLE-normalized counts, transformed as log2(RLE 
normalized counts + 1) values. Enrichment analysis of Gene Ontology 
(GO) terms was performed using Fisher’s Exact Test. Fold enrichment of 
KEGG pathways was calculated as the percentage of differentially 
expressed genes in this pathway divided by the percentage of genes in 
this pathway in the A. aegypti genome with Benjamini-Hochberg test. 
Enrichments were retained as significant with p-values< 0.05.

2.5. Histology

Formalin-fixed whole individuals were individually included in an 
aqueous gel (Histogel®, MM France), then dehydrated and embedded in 
paraffin blocks (one animal per block). Longitudinal histological sec
tions were cut at 3.5 µm and stained with hematoxylin, eosin, and 
saffron (HES). For each mosquito, six serial section levels were evaluated 
using a Leica DM2000 microscope (Leica Microsystems, Germany) at 
various magnifications (×25 to ×630). All anatomical structures were 
examined to detect potential lesions or development abnormalities and 
to compare the overall histological condition between exposed and 
unexposed individuals (Supplementary Figure S1).

3. Results

3.1. No evidence of histological lesions

Histological analyses revealed no tumoral lesions in any of the 

different tissues and organs examined, in either the malathion-treated or 
control groups. Likewise, no preneoplastic changes - such as atypical 
hyperplasia or dysplasia - were identified in the evaluated tissue sec
tions. A concise histological atlas is available in Supplementary 
Figure S1.

3.2. Malathion exposure induces modifications in expression profiles

In total, sequencing of the 24 pools (corresponding to 312 in
dividuals) yielded between 31.88 and 47.09 million clean paired reads 
per sample, of which 93.06 % - 95.63 % successfully mapped to the 
A. aegypti reference genome (Table 2).

The Redundancy Analysis (RDA), performed on the transformed 
normalized count matrix, showed the very strong effect of sex on the first 
dimension, explaining 71.16 % of the variance. An effect of age was 
observed on the second dimension, accounting for 2.17 % of the vari
ance (Fig. 1A). On the third axis (only 1.29 % of the variance), we 
observed the effect of malathion treatment on individuals (Fig. 1B). 
According to these results, the expression profiles were analyzed sepa
rately for differential expression according to sex and age.

Differential expression analysis using DESeq2 was performed sepa
rately for each group, comparing mosquitoes exposed to malathion with 
their respective controls. In 2-week-old mosquitoes, 49 genes were 
differentially expressed (Padj<0.05) between exposed and control fe
males (9 upregulated, 40 downregulated) and 83 in males (13 upregu
lated, 70 downregulated) (Fig. 2A and for the complete list of genes and 
log2FC values see Supplementary Table S4). In 3-week-old mosquitoes, 
we found 79 differentially expressed genes (DEGs) in exposed females 
(68 upregulated, 11 downregulated), and only 1 in males (down
regulated). These results may suggest that the duration of gene expres
sion dysregulation following malathion exposure differs between sexes, 
with potentially shorter effects in males. However, given the limited 
number of time points, this interpretation should be taken with caution. 
In addition, very few DEGs were shared between the different conditions 
(Fig. 2B).

3.3. Relevant biological functions in adult mosquitoes are disrupted 
following sub-lethal exposure to malathion during the larval stage

Of the 199 DEGs identified in at least one condition, 132 were 

Table 2 
RNAseq sequencing and STAR mapping metrics in males and females mosquitoes in control conditions or exposed to malathion (early exposure of larvae).

Attributes Nbrraw reads 
(2x).106

Nbrclean reads 
(2x).106

GC 
%

% reads mapped 
uniquely

% reads mapped to multiple 
locations

Total % reads 
mapped

Controls Female FCS2–1 42.22 38.97 49 16.81 78.39 95.20
FCS2–2 43.49 40.03 48 17.41 76.98 94.39
FCS2–3 44.59 40.96 48 17.42 77.94 95.36
FCS3–1 44.18 40.94 48 16.09 79.14 95.23
FCS3–2 42.10 39.03 49 16.66 78.48 95.14
FCS3–3 41.23 38.33 49 15.94 78.45 94.39

Male MCS2–1 46.08 41.14 48 19.45 74.77 94.22
MCS2–2 39.45 35.00 48 19.51 73.91 93.42
MCS2–3 43.54 38.87 48 19.38 73.68 93.06
MCS3–1 43.38 38.79 48 18.80 74.61 93.41
MCS3–2 39.17 34.80 47 20.72 72.87 93.59
MCS3–3 47.58 42.58 47 20.77 72.62 93.39

Treated Female FTS2–1 48.47 44.82 49 15.69 79.38 95.07
FTS2–2 50.90 47.09 49 17.04 77.99 95.03
FTS2–3 46.08 42.64 49 15.35 79.94 95.29
FTS3–1 42.65 39.40 48 17.14 78.49 95.63
FTS3–2 43.75 40.51 49 15.42 80.21 95.63
FTS3–3 44.71 41.29 49 15.91 79.31 95.22

Male MTS2–1 43.35 38.54 47 21.12 72.69 93.81
MTS2–2 43.58 38.79 47 20.19 73.12 93.31
MTS2–3 45.32 40.35 48 19.93 73.23 93.16
MTS3–1 35.79 31.88 48 19.59 74.40 93.99
MTS3–2 45.32 40.43 47 22.14 70.94 93.08
MTS3–3 41.29 36.86 47 20.14 73.47 93.61
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annotated and used for the biological interpretation of expression pro
files (for gene annotations see Supplementary Table S4).

The results of the enrichment analysis (Fisher’s exact test) are shown 
in Fig. 3. Although a few DEGs were shared among to the different 
conditions - i.e females 2 weeks (F2W), males 2 weeks (M2W), females 3 
weeks (F3W) and males 3 weeks (M3W) - as shown in Fig. 2B, enrich
ment analysis revealed that malathion treatment induced biological 
changes common to both M2W and F2W groups. Specifically, GO term 
enrichment of “Cellular Components” category showed a significant 
overrepresentation of genes encoding proteins located in the mito
chondria (GO: 0005739) (specifically associated with the inner mem
brane, GO: 0005743) in both M2W and F2W exposed to malathion 
(Fig. 3A, the list of genes associated with each enriched GO term and 
their log2FC values compared to the controls are shown in the Supple
mentary Table S5). Enrichment in “Biological Processes” terms (Fig. 3B, 
Supplementary Table S5) further supported these findings. Two GO 
terms were shared between M2W and F2W groups, “generation of pre
cursor metabolites and energy” (GO: 0006091) and “nucleobase-con
taining small molecule metabolic process” (GO: 0006139). Additionally, 
“carbohydrate derivative metabolic process” (GO: 1901135) was spe
cifically enriched in F2Ws, while “transmembrane transport” (GO: 
0055085) was enriched in M2Ws. All of these enriched “biological 

processes” cluster genes encoding mitochondrial proteins 
(Supplementary Table S5) and are indicative of mitochondrial functions 
such as energy production. Interestingly, the expression of the entire set 
of genes associated with these enriched GO families was downregulated 
in malathion-treated mosquitoes, suggesting a depletion of mitochon
drial activities. To gain further insight into the metabolic and signaling 
pathways affected by malathion exposure, we conducted KEGG pathway 
enrichment analysis (Fig. 4). Additionally, “glycolysis/gluconeogenesis” 
was enriched in F2Ws, while “pyruvate metabolism,” “fatty acid 
degradation,” and “starch and sucrose metabolism” were enriched in 
M2Ws, suggesting a broader suppression of energy metabolism in both 
groups. Consistent with the GO enrichment results, we found two 
significantly enriched KEGG pathways - “oxidative phosphorylation” 
and “TCA cycle” - shared between F2Ws and M2Ws (and again pointing 
to a depletion in mitochondrial activity. In addition, “glycolysis/gluco
neogenesis” was enriched in F2Ws, while “pyruvate metabolism”, “fatty 
acid degradation” and “starch and sucrose metabolism” were enriched in 
M2Ws, suggesting a broad reduction of energy metabolism.

Enrichment analysis could not be performed for the M3W group due 
to the identification of only one DEG in this group. However, this gene 
also encoded a mitochondrial protein (aconitate hydratase) and was 
downregulated, consistent with a potential impact on mitochondrial 

Fig. 1. Redundancy analysis (RDA) showing overall significance of the model with sex, age and treatment (malathion vs control) as factors contributing to variation 
in gene expression (ANOVA with 1000 permutations, p-value<0.001). RDA was performed on RLE normalized counts transformed in log2 (RLE normalized counts +
1) values. The amount of variance in percent accounted for by each dimension is included in brackets.

Fig. 2. (A) The number of genes differentially expressed (DESeq2 results with Padj<0.05) in malathion-treated mosquitoes varied according to sex and age. Yellow: 
Upregulated genes; Blue: Downregulated genes. (B) Venn diagrams of differentially expressed genes in malathion-exposed mosquitoes. Only a few genes are shared 
between the different conditions.
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function.
In contrast, the transcriptional response to malathion in F3W differed 

markedly from that observed in other groups. None of the DEGs in F3Ws 
encoded for mitochondrial proteins. Instead, in the “cellular compo
nents” category, F3Ws showed enrichment for genes associated with the 
“cytoskeleton” (GO: 0005856), particularly the “microtubule associated 
complex” (GO: 0005875), and “plasma membrane” proteins (GO: 
0005886) (Fig. 2A). In the “biological processes” category, enriched 
terms included “microtubule-based movement” (GO: 0007018), 
“signaling” (GO: 0023052) – mainly opsins - and “nervous system pro
cess” (GO: 0050877) (Fig. 2B). KEGG pathway enrichment analysis 

(Fig. 4) further specified that “phototransduction” was the “signaling” 
process upregulated in F3Ws. Notably, a depletion of “starch and sucrose 
metabolism” pathway was also observed in F3Ws, similar to M2Ws, 
potentially indicating a reduction in energy metabolism in this group as 
well.

3.4. Specific genes are dysregulated in adult mosquitoes after larval 
malathion exposure

RLE-normalized expression levels of all annotated DEGs are shown in 
Fig. 5. As suggested by the enrichment analyses, several genes encoding 

Fig. 3. Enrichment analysis of GO terms in Differentially Expressed Genes between malathion treated and control mosquitoes calculated by Fisher’s exact test. A) GO 
terms from Cellular Component ontology are in yellow; B) GO terms from Biological Process ontology are in green. The number of DEGs associated with the GO term 
compared to the number of genes in the Aedes aegypti background associated with the same GO term and p-values are reported next to each bar. ↑: upregulated genes; 
↓: downregulated genes. F2W, 2-week-old females; M2W, 2-week-old males; F3W, 3-week-old females. We reported only GO terms with a p-value < 0.05 (Fisher’s 
Exact Test).

Fig. 4. KEGG pathway enrichment analysis of differentially expressed genes between malathion-treated mosquitoes and controls. Blue circled dots: downregulated 
genes; Yellow circled dots: up-regulated genes. Fold enrichment was calculated as the percentage of differentially expressed genes in this pathway divided by the 
percentage of genes in this pathway in the A. aegypti genome. We reported Benjamini-Hochberg adjusted p-values.
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mitochondrial genes (Supplementary Table S4) were downregulated in 
2-week-old malathion-treated mosquitoes compared to untreated con
trols, suggesting a reduction of mitochondrial activity. In females, genes 
related to oxidative phosphorylation (ATP5G1, ATP5MF, ATP5PD, 
COX6B1, NDUFA4, NDUFS8, NDUFV2), TCA cycle (IDH1, PDHA1) and 
other mitochondrial functions (AAC2, GPD2) were all downregulated. In 
males, downregulated genes included oxidative phosphorylation-related 
genes (ATP5F1A, COX2, COX5A, COX5B, COX6B1, NAD7, ND1, 
NDUFS1, NDUFS3, NDUFV1, NDUFV2, OGDH, QCR6, SDHA, SDHB and 
Uqcrfs1), TCA cycle-related genes (ACO, DLST, IDH1, PDHA1 and 
SUCLA) (), and genes involved in various mitochondrial functions 
(AAC2, ACADVL, CHCHD10, MPC2, NFU1 and Ucp4). The only DEG in 
M3Ws was also a TCA cycle-related gene (ACO) and was downregulated. 
Five DEGs were shared among the other 3 groups (F2Ws, M2Ws and 
F3Ws), and all were downregulated. They encoded mitochondrial genes 
involved in oxidative phosphorylation (COX6B1 and NDUFV2), TCA 
cycle (IDH1 and PDHA1) and other mitochondrial functions (AAC2). 
Although the enrichment analyses did not reveal a significant dysregu
lation of mitochondrial pathways in F3Ws, this shared downregulation 
suggests that a reduction in mitochondrial activity may still be occurring 
in 3-week-old females.

Additional genes related to other biologically relevant processes 
were also dysregulated in malathion-treated mosquitoes, although these 
processes were not significantly enriched. For example, we found dys
regulation of genes associated with proteolysis in all groups, such as 
MP1 (downregulated) and JHA15 (upregulated) in F2Ws, Amy1 and 
trypsin-alpha (both downregulated) in M2Ws and Amy1 in F3Ws.

DEGs involved in developmental processes (fln and LGR4 down
regulated and ANGPT2, FOXN1 and SHTN1 upregulated in F2Ws; kay 
downregulated in M2Ws) were only observed in 2-week-old mosquitoes.

Some biological showed sex-specific patterns of dysregulation. In 
females, genes involved in cell death (GSN and TPT1 downregulated in 
F2Ws; RNF upregulated in F3Ws), cell proliferation (mpl in F2Ws and 
EIF4EBP1 in F3Ws) and oocyte maturation (Lsd1 in F2Ws and pxt in 
F3Ws) were differentially expressed, suggesting that malathion expo
sure may affect female gametogenesis. Notably, P450 cytochromes - 
putatively involved in pesticide detoxification - were significantly 
upregulated only in females (CYP9M6v2 and CYP4G15 in F2Ws, and 
CYP9E2, CYP28A5 and CYP313A4 in F3Ws) suggesting a stronger 
detoxification response in females.

Other biological processes were represented by DEGs in both M2Ws 
and F3Ws, but not in F2Ws. We observed DEGs related to ion transport 
(NALCN and Oatp202, upregulated, and ferritin, SLC5A8 and SLC26A2, 
downregulated in M2Ws; and HisCl, TRP4 and trpc upregulated in 
F3Ws), muscle activity (MYL3, TNNC1 and unc89 downregulated in 
M2Ws, and CALM and TNNC1(gene1) upregulated and CALM(2) 
downregulated in F3Ws), neurotransmission (GRIK2 and SV2C, down
regulated in M2Ws, and CPLX, GABR and SCG5 upregulated in F3Ws), 
response to axon injury (SARM1, downregulated in M2Ws, and MORN4 
upregulated in F3Ws), and immunity (LRIM1, downregulated in M2Ws, 
and bgrp downregulated in F3Ws).

In contrast, some gene expression changes were specific to individual 
groups. In F2Ws, we found a dysregulation of genes related to trans
lation (EEF1A, EIF4EBP1, ETF1, RPL26 and RPS17 downregulated), 
glycolysis (GAPDH downregulated) and repression of transposable ele
ments (MARF1 upregulated), and in M2Ws, genes involved in glycogen 
biosynthesis (GBE1 and GYG1, downregulated), lipid metabolism 
(ACSL6, downregulated) and DNA damage tolerance (POLDIP2, down
regulated). F3Ws displayed a distinct transcriptional profile character
ized by upregulation of genes involved in photoperception and 
phototransduction (chp, lz, ninaC, OPNLW, OPNSW, OPNUV), olfactory 
perception (OBP25, OBP27, OBP39, OBP55, OBP63, Orco), synapto
genesis (APP), fatty acid biosynthesis (ELOVL), intracellular signal 
transduction (ARR1, ARR2), and cell motility (ACT1, ACT87E, DNAH5).

Fig. 5. RLE normalized expression levels in control and malathion-treated 
mosquitoes of all annotated Differentially Expressed Genes with Z-scores, 
calculated as Gene expression value in sample of interest - Mean expression 
across all samples / Standard Deviation. F2W: 2-week-old females; F3W: 3- 
week-old females; M2W: 2-week-old males; M3W: 3-week-old males.
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4. Discussion

The rise in anthropogenic pollution in ecosystems, particularly 
aquatic ones, is increasing globally, making it crucial to understand and 
predict how living organisms will cope with the influx of toxic and 
mutagenic substances (Baines et al., 2021; Sepp et al., 2019). This sit
uation can create a mismatch between heightened physiological dam
age, cancer risk and the effectiveness of physiological defenses 
developed during the course of evolution in less polluted environments 
(Aktipis and Nesse, 2013; Boutry et al., 2020). As proposed by Dujon 
et al., 2024, abnormal exposure to toxic and mutagenic agents can 
initially lead to an overactivation of physiological and anticancer de
fenses (e.g. (Fortunato et al., 2021)), followed by physiological adjust
ments, changes in life history traits (Boutry et al., 2022), and even the 
selection of additional anticancer defenses in the long term (Dujon et al., 
2024; Vazquez et al., 2018). Beyond these general predictions, a crucial 
aspect to consider in understanding these phenomena is also the taxo
nomic identity of the species and their ecology, as these factors can lead 
to differences in intrinsic vulnerability and/or exposure to cancer risk 
(Vincze et al., 2022; Vittecoq et al., 2013).

Our results first showed that no known genes related to cancer risk/ 
development – i.e members of major oncogenic signaling pathways 
(Sanchez-Vega et al., 2018) - have been identified (either up or down
regulated) in malathion-treated yellow fever mosquitoes (Aedes aegypti). 
In the histological study, no signs of tumorous cells or precancerous 
lesions were found in the malathion-exposed group. There could be 
several explanations for these results. First the concentrations of mala
thion used in this study may have not been sufficient to trigger onco
genic responses in exposed insects, and it is also possible that certain 
effects went undetected due to the limited sample size. In addition, 
mosquitoes are short-lived species and may be unlikely to live long 
enough for developing oncogenic processes even though currently 
exposed to highly mutagenic substances. This is the case for A. aegypti 
mosquitoes, which have a lifespan of approximately 6 weeks in labo
ratory. Furthermore, species that have existed for eons near mutagenic 
substances are potentially expected to be naturally more resistant to the 
increasing cancer risks generated by current pollution (Vittecoq et al., 
2018). Additionally, the exposure to malathion occurred at the larval 
stage, which means that the potential effects on tissues and genetic 
transcription may not be as pronounced or detectable at the adult stage, 
when the analyses were conducted. This timing of exposure and analysis 
could thus mask imminent effects of malathion. Finally, it is important 
to distinguish between sources of pollution and their effects, which can 
vary in mutagenicity and potential oncogenicity but may also cause 
other health issues likely to decrease individual fitness in the short term 
rather than through cancer. For example, malathion is recognized as a 
carcinogen, meaning it has the potential to cause cancer (in humans 
(Calaf et al., 2021)). However, its health impacts extend beyond carci
nogenicity. Exposure to malathion can also lead to a range of other 
health problems, including respiratory issues (Abdo et al., 2021), and 
neurological damage (Elmorsy et al., 2022; Salama et al., 2015) in 
humans, and disruptions to the endocrine system in fish (Lal et al., 2013; 
Ortiz-Delgado et al., 2019). Therefore, it is important to consider both its 
carcinogenic risks and the broader spectrum of health effects when 
evaluating its potential to influence the evolutionary trajectory of spe
cies in polluted ecosystems. Thus, predicting how wildlife will respond 
to anthropogenic pollution and the contribution of oncogenic processes 
to these responses is complex and primarily requires experimental 
studies at this moment.

Beyond cancer, toxic pollutants such as malathion can potentially 
impact wildlife health and invertebrate populations by producing 
important changes in organism physiology and behavior (Legradi et al., 
2018). In this study, we showed that malathion triggered important 
changes in gene expression (up and downregulation) linked to several 
physiological functions, suggesting adjustments of adult metabolism 
following insecticide exposure in larvae. A couple of genes encoding 

enzymes involved in the cellular signal transduction, muscle activity, 
photoperception/phototransduction (e.g. OPNLW, OPNSW), neuro
transmission, olfaction (e.g. OBP and Orco) and detoxification (e.g. 
P450) were significantly upregulated, hence suggesting a global stress 
response, as well as neurological and physiological changes of the 
mosquitoes after exposure to malathion (Sanders and Martin, 1993). 
Although it is difficult to predict the physiological consequences of these 
DEGs, some of the upregulated genes found in our study encode for 
enzymes and proteins having important biological function in 
mosquitoes.

First, important changes in metabolism-related changes were trig
gered by the exposure of larvae to malathion, mostly at the age of 2 
weeks. For instance, results show important changes in the expression 
levels of genes related to energy regulation, i.e. mitochondrial proteins, 
metabolites, oxidative phosphorylation, glycogenesis (in F2W and 
M2W), as well as proteolysis (F2W) and fatty acid biosynthesis (M2W). 
These changes suggest substantial metabolic shift, consistent with pre
vious studies showing a reallocation of energy towards physiological 
defenses and/or among life-history traits in pollution-exposed organ
isms - compensation strategy, i.e. (Gandar et al., 2017b, 2017a, 2016; 
Petitjean et al., 2023, 2019; Sokolova, 2013). While mitochondrial 
dysregulation is often linked to cancer development (Frezza and Got
tlieb, 2009; Grasso et al., 2020), depletion of mitochondrial activity may 
also reflect a broader metabolic response to environmental stressors 
(Bouly et al., 2024), potentially serving as a short-term metabolism 
changes rather than an indication of oncogenic progression. Interest
ingly, since mitochondrial homeostasis and function are also deeply 
involved in regulating organismal aging (Sun et al., 2016), the observed 
mitochondrial dysregulation could indicate that early-life exposure to 
malathion may have long-term consequences on aging processes in 
mosquitoes. Future long-term studies should investigate whether such 
exposure impacts longevity, cellular senescence, or other markers of 
age-related decline.

Importantly, changes in some defense pathways (detoxication 
pathways in F2W and F3W) were observed in malathion exposed in
dividuals. In our study five different P450s were upregulated after 
exposure to malathion, which may result in a greater ability of 
mosquitoes to tolerate insecticides used in vector control. Indeed, P450s 
are encoded by more than 100 CYP genes involved in detoxification, 
transport and cell metabolism (Strode et al., 2008). Previous tran
scriptomic studies showed that mosquito exposure to fluoranthene, 
copper, and imidacloprid induced over-transcription of various CYP450s 
(mainly CYP6, CYP9 and CYP3 families) involved in the metabolism of a 
wide range of molecules and pesticides (Chandor-Proust et al., 2013; 
David et al., 2010).This suggests that long-term exposure to pollutants 
such as malathion may thus favor the selection of metabolic-based 
resistance in mosquitoes (Poupardin et al., 2012) and hence directly 
impact vector control interventions. This upregulation may enhance the 
ability of mosquitoes to tolerate insecticides commonly used in vector 
control. Female mosquitoes, which require blood for oogenesis, face 
additional metabolic challenges during blood digestion, including the 
generation of reactive oxygen species from the breakdown of hem 
(Strode et al., 2006). The observed higher expression of 
detoxification-related genes in females compared to males after mala
thion exposure could reflect an adaptive mechanism to manage these 
dual metabolic demands and mitigate potential toxicity, although 
further studies are needed to test this hypothesis.

Interestingly, transcriptomic results suggest potential molecular 
changes related to olfactory functions following malathion exposure. 
Indeed, several genes involved in olfactory perception were upregulated 
in A. aegypti, including OBP25, OBP27, OBP39, OBP55, OBP63, and 
Orco. The olfactory system is particularly vulnerable to neurotoxic 
contaminants such as malathion, because of the direct contact of ol
factory sensory neurons with the environment (Legradi et al., 2018). 
Odorant binding proteins (OBPs) proteins have been reported to have 
multiple functions including host-seeking, feeding and reproduction. 
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They are globular proteins that play a pivotal role in insect olfaction by 
transporting semiochemicals through the sensillum lymph to odorant 
receptors (ORs) and Orco, which results in electrical signals sent to the 
insect brain (Zafar et al., 2022). Changes in the expression of several 
OBDs caused by malathion could thus have direct consequences on the 
chemosensory abilities of the mosquitoes to sense diverse sets of at
tractants and/or repellent molecules (Lombardo et al., 2017). Our study 
thus suggest that malathion could further influence specific behavioral 
features (i.e., food, host and oviposition site preference, probing and 
seeking) and virus transmission capabilities (Sim et al., 2012), and 
future studies should test this hypothesis to refine current vector control 
strategies.

The ecological significance of tissue alterations or tumorigenic pro
cesses induced by larval malathion exposure in mosquitoes remains an 
open question. However, these effects could have multiple consequences 
at the population or ecosystem level. Tissue damage, altered meta
bolism, or impaired physiological functions may reduce mosquito 
longevity, reproductive success, or flight ability, ultimately affecting 
population dynamics. Alternatively, if certain tissue alterations confer 
enhanced survival or stress tolerance (e.g., resistance to immune chal
lenges or pollutants), they could promote the persistence of individuals 
in contaminated environments, potentially selecting for more resilient 
but also more pathogen-compatible phenotypes. Moreover, in polluted 
habitats where both chemical exposure and pathogen circulation are 
frequent, interactions between pollution-induced tissue remodeling and 
vector competence may modulate disease transmission dynamics. 
Future studies should explore these eco-evolutionary consequences in 
more detail.

Although our results do not directly explore insecticide resistance 
mechanisms, it is tempting to speculate that tissue alterations induced 
by larval exposure to malathion could interact with resistance pathways. 
Previous studies have shown that chronic exposure to pollutants or in
secticides can select for increased detoxification capacity, stress re
sponses, or tissue repair mechanisms in mosquitoes (Prud’homme et al., 
2017). Such adaptive processes might overlap with those involved in 
maintaining or restoring tissue homeostasis following damage, poten
tially leading to cross-resistance phenomena. Further research is needed 
to explore whether selection for tissue resilience or altered cellular dy
namics could contribute, directly or indirectly, to the evolution of 
insecticide resistance in polluted environments. Similarly, one may 
anticipate that such effects of malathion might influence key mosquito 
life-history traits. Tissue remodeling, inflammation, or metabolic dis
turbances could potentially affect survival, fecundity, or immune re
sponses, thereby altering disease transmission dynamics. Moreover, if 
exposure to pollutants such as malathion during larval stages becomes 
common in contaminated environments, it may shape mosquito popu
lation structure, longevity, or interactions with pathogens. These 
possible eco-epidemiological consequences warrant further 
investigation.

Nevertheless, our study has some limitations that deserved to be 
discussed. First, future work should investigate whether the conse
quences of larval malathion exposure on adult mosquitoes might extend 
to subsequent generations. Changes in gene expression, tissue organi
zation, or physiological stress during development could have trans
generational impacts through epigenetic inheritance or altered parental 
investment. Such effects have been reported in other invertebrate 
models exposed to pollutants and deserve further investigation in 
mosquitoes. Second, even if our results reveal tissue alterations and gene 
expression changes consistent with early tumorigenic processes, these 
findings remain preliminary and further research is required to establish 
a direct link between larval malathion exposure and tumor development 
in mosquitoes.

By combining toxicological exposure during larval development with 
histological and transcriptomic analyses in adults, our study bridges two 
traditionally distinct fields: environmental toxicology and pathology. It 
highlights how chemical stressors in early life can produce long-lasting 

tissue remodeling, blurring the line between reversible toxic effects and 
the emergence of stable pathological-like structures.

Taken together, our results emphasis the strong capacity of mala
thion to interfere with the metabolism and physiology of mosquitoes of 
public health importance. The fact that gene expression appears tran
sitory and age-dependent may suggest different evolutionary processes 
involved in mosquito response to a xenobiotic (plasticity over selection). 
It is important to emphasize that while changes in gene expression can 
provide strong indications of physiological processes, they may not 
necessarily translate to functional or phenotypic outcomes. Therefore, 
the interpretations provided here should be confirmed through inte
grative approaches including proteomics, metabolomics, functional and 
behavioral assays. Further work would also be needed to assess how 
insect exposure to a xenobiotic may select for multiple defensive path
ways including those involved in pesticide resistance/tolerance. Despite 
important differences across time and sexes, results point out the key 
role of changes in cell proliferation, regulation, detoxication and 
neurological processes in the responses of insects to pesticides, with 
expected consequences for behavior and ultimately on fitness in the 
wild. The identification of key pathways involved in pesticide responses 
over time is particularly valuable from an evolutionary perspective, as it 
enables the detection of mechanisms underlying resistance and toler
ance development in natural populations.
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Petitjean, Q., Jean, S., Gandar, A., Côte, J., Laffaille, P., Jacquin, L., 2019. Stress 
responses in fish: from molecular to evolutionary processes. Sci. Total Environ. 
https://doi.org/10.1016/j.scitotenv.2019.05.357.

Petitjean, Q., Laffaille, P., Perrault, A., Cousseau, M., Jean, S., Jacquin, L., 2023. 
Adaptive plastic responses to metal contamination in a multistress context: a field 
experiment in fish. Environ. Sci. Pollut. Res. 30. https://doi.org/10.1007/s11356- 
023-26189-w.

Poupardin, R., Riaz, M.A., Jones, C.M., Chandor-Proust, A., Reynaud, S., David, J.P., 
2012. Do pollutants affect insecticide-driven gene selection in mosquitoes? 
Experimental evidence from transcriptomics. Aquat. Toxicol. 114–115. https://doi. 
org/10.1016/j.aquatox.2012.02.001.

Prud’homme, S.M., Chaumot, A., Cassar, E., David, J.P., Reynaud, S., 2017. Impact of 
micropollutants on the life-history traits of the mosquito Aedes aegypti: on the 
relevance of transgenerational studies. Environmental Pollution, 220, 242–254. 
https://doi.org/10.1016/j.envpol.2016.09.056.

Salama, M., Lotfy, A., Fathy, K., Makar, M., El-emam, M., El-gamal, A., El-gamal, M., 
Badawy, A., Mohamed, W.M.Y., Sobh, M., 2015. Developmental neurotoxic effects of 
Malathion on 3D neurosphere system. Appl. Transl. Genom. 7. https://doi.org/ 
10.1016/j.atg.2015.07.001.

Sanchez-Vega, F., Mina, M., Armenia, J., Chatila, W.K., Luna, A., La, K.C., 
Dimitriadoy, S., Liu, D.L., Kantheti, H.S., Saghafinia, S., Chakravarty, D., Daian, F., 
Gao, Q., Bailey, M.H., Liang, W.W., Foltz, S.M., Shmulevich, I., Ding, L., Heins, Z., 
Ochoa, A., Gross, B., Gao, J., Zhang, H., Kundra, R., Kandoth, C., Bahceci, I., 
Dervishi, L., Dogrusoz, U., Zhou, W., Shen, H., Laird, P.W., Way, G.P., Greene, C.S., 
Liang, H., Xiao, Y., Wang, C., Iavarone, A., Berger, A.H., Bivona, T.G., Lazar, A.J., 
Hammer, G.D., Giordano, T., Kwong, L.N., McArthur, G., Huang, C., Tward, A.D., 
Frederick, M.J., McCormick, F., Meyerson, M., 2018. Cancer Genome Atlas Research 
Network; Van Allen EM, Cherniack AD, Ciriello G, Sander C, Schultz N. Oncogenic 
Signaling Pathways in The Cancer Genome Atlas. Cell 173 (2), 321–337.e10. https:// 
doi.org/10.1016/j.cell.2018.03.035.

Sanders, B.M., Martin, L.S., 1993. Stress proteins as biomarkers of contaminant exposure 
in archived environmental samples. Sci. Total Environ. 139–140. https://doi.org/ 
10.1016/0048-9697(93)90043-6.

Sepp, T., Ujvari, B., Ewald, P.W., Thomas, F., Giraudeau, M., 2019. Urban environment 
and cancer in wildlife: available evidence and future research avenues. Proc. R. Soc. 
B Biol. Sci. 286, 20182434. https://doi.org/10.1098/rspb.2018.2434.

Sim, S., Ramirez, J.L., Dimopoulos, G., 2012. Dengue virus infection of the Aedes aegypti 
salivary gland and chemosensory apparatus induces genes that modulate infection 
and blood-feeding behavior. PLoS Pathog. 8. https://doi.org/10.1371/journal. 
ppat.1002631.

Sokolova, I.M., 2013. Energy-limited tolerance to stress as a conceptual framework to 
integrate the effects of multiple stressors. Integr. Comp. Biol. 53. https://doi.org/ 
10.1093/icb/ict028.

Song, L., Florea, L., 2015. Rcorrector: efficient and accurate error correction for Illumina 
RNA-seq reads. Gigascience 4. https://doi.org/10.1186/s13742-015-0089-y.

Sonoshita, M., Cagan, R.L., 2017. Modeling human cancers in drosophila. Curr. Top. Dev. 
Biol. 121, 287–309. https://doi.org/10.1016/bs.ctdb.2016.07.008. Epub 2016 Jul 
30. 

Strode, C., Steen, K., Ortelli, F., Ranson, H., 2006. Differential expression of the 
detoxification genes in the different life stages of the malaria vector Anopheles 
gambiae. Insect Mol. Biol. 15. https://doi.org/10.1111/j.1365-2583.2006.00667.x.

Strode, C., Wondji, C.S., David, J.P., Hawkes, N.J., Lumjuan, N., Nelson, D.R., Drane, D. 
R., Karunaratne, S.H.P.P., Hemingway, J., Black, I.V., Ranson, H, W.C., 2008. 
Genomic analysis of detoxification genes in the mosquito Aedes aegypti. Insect 
Biochem Mol. Biol. 38. https://doi.org/10.1016/j.ibmb.2007.09.007.

Sulak, M., Fong, L., Mika, K., Chigurupati, S., Yon, L., Mongan, N.P., Emes, R.D., 
Lynch, V.J., 2016. TP53 copy number expansion is associated with the evolution of 
increased body size and an enhanced DNA damage response in elephants. Elife 5. 
https://doi.org/10.7554/eLife.11994.

Sun, N., Youle, R.J., Finkel, T., 2016. The mitochondrial basis of aging. Mol. Cell 61 (5). 
https://doi.org/10.1016/j.molcel.2016.01.028.

Tomé, H.V.V., Pascini, T.V., Dângelo, R.A.C., Guedes, R.N.C., Martins, G.F., 2014. 
Survival and swimming behavior of insecticide-exposed larvae and pupae of the 
yellow fever mosquito Aedes aegypti. Parasit. Vectors 7. https://doi.org/10.1186/ 
1756-3305-7-195.

Vazquez, J.M., Sulak, M., Chigurupati, S., Lynch, V.J., 2018. A Zombie LIF Gene in 
Elephants Is Upregulated by TP53 to Induce Apoptosis in Response to DNA Damage. 
Cell Rep. https://doi.org/10.1016/j.celrep.2018.07.042.

Vincze, O., Colchero, F., Lemaître, J.F., Conde, D.A., Pavard, S., Bieuville, M., Urrutia, A. 
O., Ujvari, B., Boddy, A.M., Maley, C.C., Thomas, F., Giraudeau, M., 2022. Cancer 
risk across mammals. Nature 601. https://doi.org/10.1038/s41586-021-04224-5.

Vittecoq, M., Giraudeau, M., Sepp, T., Marcogliese, D.J., Klaassen, M., Renaud, F., 
Ujvari, B., Thomas, F., 2018. Turning natural adaptations to oncogenic factors into 
an ally in the war against cancer. Evol. Appl. 11. https://doi.org/10.1111/ 
eva.12608.

Vittecoq, M., Roche, B., Daoust, S.P., Ducasse, H., Missé, D., Abadie, J., Labrut, S., 
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