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Aedes aegypti
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California Davis, One Shields Ave, Davis, CA 95616, USA; etaylorkelly2@gmail.com (E.T.K.);
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* Correspondence: gmattardo@ucdavis.edu

Simple Summary: The yellow-fever mosquito, Aedes aegypti, is the primary global arboviral vector of
dengue, Zika, chikungunya, and yellow fever. Widespread resistance to insecticides has made this
mosquito difficult to control. In our study, we compare wild-caught, insecticide-resistant California
populations to a susceptible lab colony, Rockefeller, by comprehensively investigating levels of
metabolites and conducting comparative gene expression analysis, alongside studies of life history
traits. We specifically attempt to identify candidate metabolites that could be investigated further as
biomarkers for an insecticide-resistant phenotype. We identify baseline differences in flux through
pathways mediating the response to oxidative stress and identify metabolites that vary between the
two groups across samples but identify few promising metabolite features with greater than 10-fold
change in relative abundance between the strains.

Abstract: This study examines the phenotypic differences between wild-derived F2 Central Valley
mosquitoes and the insecticide-susceptible Rockefeller (Rock) lab strain of Ae. aegypti. Given the rarity
of wild pyrethroid-susceptible populations, the focus of this work is to develop an understanding
of the resistance physiology in this invasive mosquito population and explore the potential of
metabolites as diagnostic biomarkers for metabolic resistance. This study utilizes metabolomic, gene
expression, and lifespan data for a comparison between strains. The findings indicate that wild-
derived mosquitoes with greater metabolic resistance have a lifespan sensitivity to restricted larval
nutrition. In terms of metabolism and gene expression, Central Valley mosquitoes show increased
activity in oxidoreductase, glutathione metabolism, and the pentose phosphate pathway. Conversely,
Rock mosquitoes display signs of metabolic inefficiency and mitochondrial dysregulation, likely
tolerated due to the consistency and nutritional abundance of a controlled lab environment. The
study also examines Ae. aegypti P450 and GSTE profiles in relation to other insecticide-resistant
groups. While metabolomic data can differentiate our study groups, the challenges in biomarker
development arise from few detected markers meeting high fold change thresholds.

Keywords: Aedes aegypti; metabolomics; transcriptomics; pyrethroids; resistance; biomarkers; vector;
physiology

1. Introduction

Insect reference strains play essential roles in insect research. Reference strains enable
reproducible experimentation and can serve as important baselines for comparative anal-
yses. These reference strains differ from colonies in that strains are bred continuously in
the lab for many generations without “replenishment” with field-collected mosquitoes [1].
These strains become genetically homogenous and may change significantly as they prolifer-
ate without the selective pressures of the field. The Rockefeller (Rock) strain of Aedes aegypti
(Ae. aegypti) has a history of nearly 140 years and is frequently used as a reference strain
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in insecticide-resistance evaluations of Ae. aegypti due to its susceptibility to insecticides
typically applied for adult mosquito control, mainly pyrethroids and organophosphates.

Rock is frequently utilized in insect physiology and resistance studies, where compre-
hensive physiological research comparing Rock to wild Ae. aegypti populations provides
important context. Baseline differences in stress response physiology, energy metabolism,
and chemoreception have important implications for mosquito research in viral compe-
tence, metabolism, and insecticide resistance. In this study, we provide a comprehensive
phenotypic comparison of Rock and a near-wild colony derived from the Central Valley
of California by integrating metabolomic and transcriptomic analyses with phenotypic
assays. Several studies have used transcriptomic data in attempts to identify shared
pyrethroid detoxification pathways that could be candidates for surveillance of metabolic
resistance [2–7]. However, no previous research has integrated metabolomic data.

California was free of Ae aegypti until 2013, when the mosquito was detected in the
city of Clovis within Fresno County in the heart of the San Joaquin Valley [8]. Its initial
persistence through the Valley’s winter months was a surprise, and it has since been
detected throughout the state. There are multiple population groups of Ae. aegypti in
California. The Ae. aegypti in the southern part of the state appear to resemble surrounding
populations in the southwestern US, while the origins of Ae. aegypti in the San Joaquin
Valley are less clear and appear derived from multiple introductions, though one group
bears genetic similarities to those found in the Southeastern US [9]. Pesticide deployment
to control these populations in Clovis, CA and surrounding cities revealed that they
demonstrate a strong resistance to pyrethroids [10,11]. Early eradication efforts failed, and
these mosquitoes have remained a persistent problem. This area was even selected as a
candidate for the evaluation of a Wolbachia-infected mosquito release program [12].

This study investigates how wild, insecticide-resistant populations of Ae. aegypti in
California compare to a susceptible lab reference strain (Rockefeller) by integrating tran-
scriptomic and metabolomics analyses. In addition, we use near-wild (F2) populations with
similar background genetics and variable resistance profiles to explore hypotheses related
to the tradeoffs between resistance and fitness parameters such as lifespan and fecundity.
These studies elucidate the potential importance of the pentose phosphate pathway in
metabolic resistance and highlight significant alterations in the cellular metabolism between
a wild and colonized mosquito line. We also explore the potential for the use of metabolites
as markers of the insecticide-resistance phenotype.

2. Materials and Methods
2.1. Insect Colonies

Lifespan, fecundity, metabolomic and transcriptomic studies were conducted using
near-wild (F2) colonies of Ae. aegypti collected from cities in Fresno and Tulare County and
maintained in our insectary. The Rockefeller (Rock) mosquitoes are an inbred laboratory
strain [1]. The wild-derived colonies are F2 colonies generated from field collections of
at least 100 females conducted by the Cornel lab at the Kearney Research and Extension
center in three cities in the San Joaquin valley of California; Clovis, Dinuba, and Sanger, in
2018 (Figure 1). This region has a high prevalence of Ae. aegypti, and was the site of first
detection, in 2013, when Ae. aegypti were introduced into the state [13].
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Figure 1. Mosquito regional collection map. Mosquitoes were collected at sites throughout the an-
notated cities in the summer (July–September) of 2018. 
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Metabolomic and Transcriptomic Analyses: Samples were reared on a standard diet 

composed of Fluval fish food. Samples were age-matched by pupation date and collected 
by aspiration 5 days post eclosion. The 10% sucrose solution used to feed adult mosqui-
toes was withdrawn 36 h prior to sample collection and replaced with water to prevent 
sugar saturation of analytic equipment. Samples were flash frozen on liquid nitrogen, and 
then stored at −80 until they were submitted to the West Coast Metabolomics core and the 
Genomics core for analysis. The collection period for all samples was restricted to a 1.5 h 
window from 1 to 2:30 p.m. on a single day.  

Lifespan and Fecundity Assays: Study mosquitoes were reared at a density of 200 
larvae per tray with 1000 mls of tap water. Larvae were fed two diet treatments consisting 
of homogenized Fluval Cichlid pellets: our standard Ae. aegypti culture diet (full diet) and 
a restricted diet (half) (Table 1). Four replicates of 200 larvae per diet and strain were main-
tained in separate cages. Pupation was tracked daily from 5 to 9 days post eclosion. All 

Figure 1. Mosquito regional collection map. Mosquitoes were collected at sites throughout the
annotated cities in the summer (July–September) of 2018.

2.2. Mosquito Rearing

Metabolomic and Transcriptomic Analyses: Samples were reared on a standard diet
composed of Fluval fish food. Samples were age-matched by pupation date and collected
by aspiration 5 days post eclosion. The 10% sucrose solution used to feed adult mosquitoes
was withdrawn 36 h prior to sample collection and replaced with water to prevent sugar
saturation of analytic equipment. Samples were flash frozen on liquid nitrogen, and then
stored at −80 until they were submitted to the West Coast Metabolomics core and the
Genomics core for analysis. The collection period for all samples was restricted to a 1.5 h
window from 1 to 2:30 p.m. on a single day.

Lifespan and Fecundity Assays: Study mosquitoes were reared at a density of 200 lar-
vae per tray with 1000 mls of tap water. Larvae were fed two diet treatments consisting
of homogenized Fluval Cichlid pellets: our standard Ae. aegypti culture diet (full diet)
and a restricted diet (half) (Table 1). Four replicates of 200 larvae per diet and strain were
maintained in separate cages. Pupation was tracked daily from 5 to 9 days post eclosion.
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All treatments were blood-fed at 25 days post-eclosion. Adults were placed into cages by
tray and dead individuals were counted and removed daily.

Table 1. Larval diet treatments for lifespan and fecundity assays.

Day Full Diet (mg) Half Diet (mg)
1 372 mg (2 pinches) 186 mg (1 pinch)
2 46.5 mg (1 drop) No food
3 93 mg (2 drops) 46.5 mg (1 drop)
4 186 mg (4 drops) 93 mg (2 drops)
5 186 mg (4 drops) 93 mg (2 drops)
6 372 mg (8 drops) 186 mg (4 drops)
7 279 mg (6 drops) 139.5 mg (3 drops)
8 186 mg (4 drops) 93 mg (2 drops)

2.3. Metabolomic Profiling

For metabolomic profiling, 12 pools of 10 adult female mosquitoes were submitted for
each of the two lines. Frozen samples were submitted to the University of California, Davis
West Coast Metabolomics Center for analysis using a set of 3 complementary metabolomic
mass spectrometry (MS)-based assays, designed to measure primary metabolites, lipids,
and biogenic amines. Primary metabolites, including carbohydrates, amino acids, fatty
acids, nucleotides, and aromatics, were detected using a gas chromatography–time-of-flight
(GC-TOF) mass spectrometer (7890 Agilent Gas Chromatograph, Folsom, CA, USA) fitted
with a Rtx-5Sil MS (30 m length × 0.25 mm internal diameter with 0.25 µm film made
of 95% dimethyl/5%diphenylpolysiloxane) (Restek corporation, Middelburg, ZEELAND,
Netherlands). Data acquisition was performed with a Leco Pegasus IV time-of-flight MS
instrument (Leco, St. Joseph, MI, USA). Lipidomic analysis was performed by liquid chro-
matography (LC) (Agilent 6530 Q-TOF LC/MS UPLC) coupled to a quadruple time-of flight
(QTOF) charged surface hybrid column (CSH) mass spectrometer (Waters MS Technologies,
Manchester, UK). and with MS-Dial 3.98, after filtering for a minimum peak intensity of
1000. Biogenic amines, including acylcarnitines, nucleotides and nucleosides, methylated
and acetylated amines, di- and oligopeptides, were measured using a hydrophilic inter-
action liquid chromatography quadrupole time-of-flight mass spectrometry with tandem
mass spectrometry (HILIC QTOF MS/MS) Agilent 6530 Q-TOF LC/MS UPLC, fitted with
a Waters Acquity UPLC BEH Amide VanGuard pre-column, Waters Acquity UPLC BEH
Amide Column (Waters, Pleasanton, CA, USA). Data was analyzed using Metaboanalyst
5.0 and ChemRich [14,15]. Samples were normalized by the sum of internal standards, log
transformed and mean centered prior to performing principal component analysis. For each
assay, panel t-tests were performed followed by false-discovery rate adjustment of resulting
p-values. p-Values described in this manuscript refer to FDR-adjusted p-values. Accurate
peak annotation is a significant hurdle to interpretation of untargeted metabolomics data,
so we used the Mummichog algorithm within Metaboanalyst to investigate pathway activ-
ity, and generate insight from both annotated and unannotated peaks in our dataset [14].
Mummichog maps peaks to predefined metabolic networks or pathways using retention
time and mass-to-charge ratio.

2.4. Library Prep and Transcriptome Sequencing

For transcriptome sequencing, 10 individuals were submitted per our two study pop-
ulations, RNA was extracted from each individual using a Zymo RNA Cell and Tissue Kit,
and submitted to the UC Davis Genome Center for library prep and 3′ Tag-seq analysis. Bar-
coded sequencing libraries were prepared using the QuantSeq FWD kit (Lexogen, Vienna,
Austria) for multiplexed sequencing according to the recommendations of the manufac-
turer using both the UDI-adapter and UMI Second-Strand Synthesis modules (Lexogen).
The fragment size distribution of the libraries was verified via micro-capillary gel elec-
trophoresis on a LabChip GX system (PerkinElmer, Waltham, MA, USA). The libraries were
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quantified by fluorometry on a Qubit fluorometer (LifeTechnologies, Carlsbad, CA, USA),
and pooled in equimolar ratios. The library pool was quantified via qPCR with a Kapa
Library Quant kit (Kapa Biosystems/Roche, Basel, Switzerland) on a QuantStudio 5 system
(Applied Biosystems, Foster City, CA, USA). The libraries were sequenced on a HiSeq
4000 sequencer (Illumina, San Diego, CA, USA) with single-end 100 bp reads. Reads were
checked for quality using FastQC v0.11.9, then trimmed using bbduk, a function within
bbmap (v37-50). Resulting reads were aligned to the Ae. aegypti LVP_AGWG-50 genome,
indexed with an –sjdbOverhang 99 using STAR v2.7.2a. Read files were then indexed
using SAMtools v1.3.1. Raw (company names, city, state abbr. if Canada or USA, country)
read files are available via the NCBI SRA database under Bioproject #: PRJNA1082311—
Whole Body Comparative Transcriptomes of Ae. aegypti Strains (Rockefeller Strain versus
Clovis California).

2.5. Differential Gene Expression and Enrichment Analyses

Differential gene expression analysis was performed using edgeR [16]. Additionally,
iDEP (integrated differential expression and pathway analysis) was used for exploratory
data analysis [17]. Samples were filtered to only include genes with a minimum of 2 counts
per million (CPM) in 12 of 19 libraries. Of the 19,804 genes in 19 samples, 9195 genes
passed filtering. Principal component analysis was employed to evaluate sample clustering.
The differential gene expression threshold was set at 1.5 minimum fold change, with a
false-discovery rate cutoff of 0.05. The differentially expressed genes (DEG) were used for
gene-set enrichment analysis (Table 2). PGSEA (parametric gene-set enrichment analysis)
was performed using the PGSEA package with all samples [18]. Gene annotations were
downloaded from Vectorbase 65. For genes with unspecified products Computed GO
Functions and Components were used to infer function, alongside cross referencing of
mosquito and drosophilid orthologs.

Table 2. Transcriptome pathway enrichment results.

GO Molecular Function
Direction Adj. Pvalue Genes (n) Pathways

Up in Rock 3.8 × 10−4 21 Peptidase activity
2.6 × 10−3 25 Transition metal ion binding
6.6 × 10−3 34 Hydrolase activity

Up in Clovis 6.5 × 10−5 13 Tetrapyrrole binding/iron
binding/monooxygenase activity

2.4 × 10−3 2 Farnesol dehydrogenase activity

3.1 × 10−3 28 Transition metal ion
binding/oxidoreductase activity

GO Biological Processes
Up in Rock 2.3 × 10−3 21 Proteolysis

2.3 × 10−3 3 Sterol transport, intracellular lipid transport
2.6 × 10−3 3 Defense response to bacterium

3. Results
3.1. Resistant Lines and Longevity: Nutrient-Stress Effects on Lifespan

The median time-to-knockdown and voltage-gated sodium channel mutation fre-
quency for Central Valley Ae. aegypti populations including the strains used in this
manuscript are reported in Mack et al. [11], which assayed individuals within one gen-
eration of the lines included in this study, and additional toxicological data on Clovis
mosquitoes is available in Cornel et al. [10]. The pyrethroid resistance-associated mutations
(V410L, F1534C and V1016I) in the voltage-gated sodium channel gene are near fixation
in these populations [11,19]. In a susceptible population, the diagnostic time for 100%
mortality due to pyrethrum exposure via a CDC bottle bioassay is 15 min. The median
knock-down time in response to pyrethrum for Clovis mosquitoes was 82 min, 11 times
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greater than that of the susceptible reference colony, Rockefeller (5 min). The median
knock-down time of Dinuba mosquitoes was 53 min, just 1.35× greater than that of Sanger
at 39 min, and 7.5× greater than that of Rockefeller. The median knock-down time of
Sanger was 5.5× greater than Rockefeller., The survival of these strains under normal- and
reduced-diet regimes was compared to investigate the effect of nutritional deprivation on
resistant strains. On a standard larval diet, survivorship was only significantly different by
survival analysis for Sanger vs. Rockefeller mosquitoes, with Sanger mosquitoes exhibiting
a shorter median survival time but a larger portion of long-lived mosquitoes (>60 days)
(Figure 2A), and female body size did not differ significantly between groups (Figure 2B).
Females of each population outlived their male counterparts in both treatments. When
mosquitoes were subjected to a restricted larval diet, both Sanger and Rockefeller females
outlived their standard diet counterparts. This was not the case for the more metabolically
resistant Dinuba, which experienced a decrease in life expectancy. For males, the restricted
larval diet was only life-extending for Sanger males, and non-significant for Rockefeller
and Dinuba. On the full larval diet, we measured first clutch size and observed a slight
general trend of decreased fecundity with increasing resistance to pyrethrum, but sample
sizes were small and the results were not statistically significant (Appendix A Figure A1).
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Figure 2. Dietary impacts on lifespan and body size for near-wild Ae. aegypti with variable resistance
phenotypes. The apple icons represent dietary treatment: a whole apple represents mosquitoes treated
with a full larval diet; a half apple represents mosquitoes reared on a half larval diet. (A) Lifespan
analysis of Rockefeller, Sanger, and Dinuba strains of Ae. aegypti under normal and restricted larval
dietary regimes. (Rock strain—grey, Dinuba strain—green, Sanger strain—purple). (B) Wing lengths
of female mosquitoes under normal and restricted dietary conditions. Statistical analysis for life
span was carried out using log-rank survival analysis, with Hochberg correction for multiple tests.
Wing lengths were tested using a two-way ANOVA followed by Tukey HSD. p-Values on graphs
represent differences within graph quadrants only. Males had significantly shorter lifespans than
female counterparts for all populations, and restricted diet reduced female body size significantly for
all groups (p < 0.0005). Further results are described in the text.

3.2. Metabolomics Panels and Transcriptome Profiles Classify Populations in Principal
Component Analysis

Unfortunately, due to the disruptions of the COVID-19 pandemic, we were unable to
perform the metabolomic and transcriptomic experiments on the Dinuba and Sanger lines
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as they were lost during the shutdown. However, the Clovis line was used as it originates
in close geographic proximity relative to the origins of the Dinuba and Sanger lines and
shares a similar genetic background to other strains collected from the Central Valley [20].
Of the 133 annotated primary metabolite features, 29 were differentially enriched with a
fold change of over 1.5, and FDR adjusted p < 0.05 (9 up, 20 down in Clovis, relative to
Rock). Of the annotated metabolites, only sucrose levels differed by a greater than 10-fold
change (up 16× Rock, p = 0.001). From the biogenic amine panel, 15 compounds were up
and 29 down out of 161 annotated features. The dipeptide Gly-Pro was up 10× in Clovis
(p < 0.005). From the lipid panel of 590 annotated features, 77 were up, 32 were down in
Clovis relative to Rock with a 1.5-fold change cutoff and FDR adjusted p < 0.05, and no
annotated compounds met a 10-fold change in abundance and sub 0.005 FDR-adjusted p
threshold. Principal component analysis was performed to investigate sample clustering
for transcriptome data and the three metabolomics panels (lipids, biogenic amines and
primary metabolites). All four datasets separated the samples by population, with the
greatest overlap in the biogenic amine panel (Figure 3A). Gene expression data resulted in
the clearest separation by population, but PC1 and PC2 explained just 23.9 and 11.1% of the
variance in the data, respectively. Lipid metabolite data, on the other hand, still grouped
samples well by population, and PC1 and PC2 explained 43.5% and 18.3%, respectively, of
the variance in the dataset (total of 62%) (Figure 3B). Notably, Rock samples appeared to
cluster more tightly, likely reflecting the lower diversity in this laboratory strain. We utilized
random forest analysis to select features that differentiated between our population groups,
the ten top features arranged by feature importance (Figure 3C). From the gene expression
data CYP9J26, a cytochrome P450 repeatedly associated with insecticide-resistant groups
was a top distinguishing feature [3,5]. Notably, across two assays (primary metabolites
and biogenic amines), guanosine and threonine were top features, elevated in Clovis.
Phosphatidyl-inositols were distinguishing features abundant in Clovis, while ceramides
were enriched in Rockefeller.
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3.3. Metabolomic Profiles Reveal Enrichment in Pentose Phosphate Pathway Metabolites,
Glutathione Metabolism and Lysolipids in Wild Ae. aegypti Relative to Rockefeller

LC-MS peaks were analyzed using the functional analysis module within Metabo-
analyst to gain insight from the unannotated metabolites. From the biogenic amine
data, 2694 features were analyzed, and 31% were significant with a p-value threshold
of 0.005. The lipid dataset included 16,841 peaks with 10,556 peaks detected in positive
ESI mode, and 6285 detected in negative ESI mode of which 18% and 45% of peaks were
significant, respectively.

We had predicted the maintenance of enzymes conferring pyrethroid resistance like
CYPs and GSTs may result in decreased energy stores for Clovis mosquitoes [21], yet we
instead observed that Clovis mosquitoes had relative enrichment of saturated and unsat-
urated triacylglycerols. We observed Clovis mosquitoes had enrichment of unsaturated
fatty acids (arachidonic acid being the key compound, Supplemental File S1), but lower
amounts of ceramides and phosphatidylethanolamines, which play essential roles in the
modulation of membrane fluidity in insect cells and mitochondia [22]. Ceramides, enriched
in Rock, also play important roles in mediating fecundity in insects, and are associated
with the downregulation of mitochondrial activity and mitophagy in mammals [23,24].

Fatty acids and lysolipids, common stress biomarkers, were enriched in Clovis,
which aligned with our hypothesis that Clovis may have elevated markers of oxidative
stress [25,26], as were levels of oxidized glutathione (Figure 4). Histidine was enriched in
Clovis, and plays an important role in normal mosquito egg development [27]. We observed
significant under-enrichment of amino acids in Clovis, with threonine, histidine, proline
and lysine as exceptions. Differential enrichment of certain B vitamins and their derivatives
was also observed, with biotin and folinic acid enriched in Rock, while nicotinamide and
4-pyridoxic acid were enriched in Clovis. We observed subtle alterations in sugar profiles;
sucrose and ribose were elevated in Rock (1.6 FC and 1.4 FC), while glucose was very
slightly elevated in Clovis (1.3 FC) and glucose-6-phsophate, fructose-6-phosphate, ribose-
5-phosphate, phosphogluconic acid and fructose-1-phoshphate, metabolites in glycolysis
and the PPP, were all elevated in Clovis (Figure 4).

We observed a differential enrichment of several neuro-active metabolites and urea-
cycle metabolites (Figure 4). Histamine levels were moderately elevated in Clovis (1.6 FC,
p < 0.0005), and histamine acts as a neurotransmitter in insects, with histamine receptors
active in mosquito brains and peripheral tissues [28]. We found 3-Hydroxykynurenine was
elevated in Rock (2.5 FC, p < 0.005), as was kynurenic acid (1.6 FC, p < 0.005), both important
metabolites of tryptophan metabolism to xanthurenic acid (1.2 FC up in Rock, p = 0.006)
in mosquitoes, a process essential for normal eye development and mediating oxidative
stress from blood-feeding in mosquitoes [29,30]. Gamma-aminobutyric acid (GABA) plays
an important role in mediating immunity to dengue infection, and was enriched in Rock
(GABA, 1.6 FC, p < 0.005) [31]. Components of the urea cycle including ornithine (1.5 FC,
p < 0.005) and urea (2.2 FC, p < 0.005) were moderately elevated in Rock.

Chemical group enrichments are represented in Figure 5. Metabolic networks were
relatively less-well annotated with regard to metabolites, and pooling metabolomics panels
resulted in fewer significant pathway hits relative to gene-set enrichment analysis.
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3.4. Genes Associated with Detoxification Are Overexpressed in Clovis, While Immune and
Catabolic Processes Are up in Rock

Sequencing generated 3′ Tag-Seq single end reads, with an average library size of
1,498,609 reads (min: 826,843, max: 1,928,446) across samples, with an average of 87% of
reads mapped to the reference genome. Gene annotations were derived from Vectorbase
(Release 65). Over 900 genes (493 up in Clovis, 419 down) were differentially expressed
between the two groups with an FDR cutoff of 0.05, and a minimum fold change of 1.5.
In addition, 383 (204 up, 179 down) were differentially expressed with a 2-fold-change
threshold. Detoxification genes, particularly Cytochrome P450s, were among the most
differentially expressed genes (DEGs). The most overexpressed in Clovis was CYP6AG4
(p < 0.005, 29 FC), which was associated with a pyrethroid susceptible strain in [5], while
CYP9J26 (p < 0.005, 17 FC) was second. Others included CYP6AG7 (p < 0.005, 7 FC)
associated with deltamethrin resistance [7], CYP6BB2 (p < 0.005, 5 FC) overexpressed
in permethrin, imidacloprid and propoxur selected resistant larvae [2] and insecticide-
resistant mosquitoes in Puerto Rico relative to Rock [32]. Additionally CYP6Z8 (5 FC,
p < 0.005) and GSTE6,4,3 (p < 0.005) were overexpressed in Clovis and trended towards
enrichment in resistant groups in [3]. GSTE6 was also enriched in Puerto Rican mosquitoes
that survived lambda-cyhalothrin exposure [32].
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Enrichment analyses (Table 2, Figure 6) reveal that genes related to monooxygenase
activity, antioxidant activity and response to oxidative stress are upregulated in Clovis. Ad-
ditionally, enrichment analyses, complemented by metabolomic data, support enrichment
of the pentose phosphate pathway and NADP metabolic processes. The Central Valley Ae.
aegypti were the subject of a thorough study investigating transcriptional response over time
to pyrethroid challenge via bottle bioassay. There is little overlap in the detoxifying genes
identified in the study, apart from AAEL006829, a microsomal glutathione-s-transferase.
However, there was significant overlap in pathway enrichment (Figure 2 of [33]). This may
reflect the fact that in this study the mosquitoes were not challenged with pyrethroids prior
to analysis and that the detoxifying genes upregulated in our study relative to the Rock
strain are constitutive, providing a protective baseline, playing other roles such as xenobi-
otic cytotoxic stress mediation, and/or maintenance of the metabolic resistance phenotype.
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We hypothesized that some of the differences we may observe in Clovis and Rock
may be related to environmental adaptation. Rockefeller, as a reference strain, is typically
maintained in high-temperature, high-humidity insectaries. Our Clovis mosquitoes, on the
other hand, are near-wild mosquitoes collected from the Central Valley, USDA zone 9b and
parent generations experienced hot, dry summers and winter lows reaching 20–25 degrees
Celsius. Recent work investigating the genomic signatures of local adaptation in CA Ae.
aegypti resulted in a list of 112 candidate genes as putative candidates of local adapta-
tion [34]. Of these, 18 were differentially expressed as transcripts in our study, 11 up in
Clovis (p < 0.05) and 7 were up in Rock. Up in Clovis were Synotropin-like 1, involved in
adapting cellular homeostasis [35] (AAEL019820, 2.2 FC), and fringe, which is involved
in modulating Notch signaling [36] (AAEL002253), lipophorin receptor 2 (AAEL019755),
unpaired 3, involved in tissue repair and development [37] (AAEL024562), SoxNeuro, a
transcription factor involved in central nervous system development, (AAEL000584) were
all 1.6-fold up. Bloated tubules (AAEL010883) was up just 1.2-fold, but notably encodes a
member of the sodium- and chloride-dependent neurotransmitter family. In Rock, javen-
like (AAEL004209), Rab23 (AAEL001532) and Tenascin major (AAEL000405) were up (FC
of 1.4, 1.3 and 1.3) and notably all are involved in embryonic development. We identified
additional genes involved in ion balance not identified in the local adaptation study, includ-
ing the differential expression of inward-rectifying potassium-channel genes, with Kir2B
up in Clovis (1.8 FC, p = 0.001) and Kir2A up in Rock (1.4 FC, 0.01), and AAEL005575, a
putative transient receptor potential channel 4, (3.1 FC, p < 0.005).

In Rock, peptidases, cholesterol transport and genes involved in nucleotide and lipid
catabolic processes were upregulated. Many of the top upregulated genes in Rockefeller
were unspecified products, with computed GO functions as structural components of the
cuticle (AAEL020471, 11 FC p = 0.005), chitin binding (AAEL023490, 3.7 FC, p = 0.007)
and multiple predicted serine endopeptidases and protein kinases. Antimicrobial genes
cecropin (AAEL029047, 3.7 FC, p = 0.02) and defensin antimicrobial peptide (AAEL003832,
3.7 FC, p = 0.007) were also upregulated, along with the leucine-rich immune proteins
(LRIM) 8, 10A, 10B, 13, 17 and 24, though LRIM18 was up in Clovis. Mitochondrial genes
were highly differentially expressed (ND6 11 FC, mRpL37 7 FC). While differentially ex-
pressed genes were generally dispersed throughout the genome, using the iDEP’s Genome
tool, we found a significant cluster of DEGs on the mitochondria genome. We also observed
mild upregulation of genes associated with differentially enriched metabolites such as
AAEL012955, a phosphatidylethanolamine binding protein (2 FC, p < 0.005), and a su-
crose transport protein (AAEL011519, 2 FC, p < 0.005). Additionally we found a protein
phosphatase-2a (AAEL004288, 1.5 FC, p <0.005), perhaps related to the elevated ceramide
levels observed in Rock.

3.5. Metabolites Clarify Pathway Level Gene Expression Differences in Essential Metabolic
Processes and Nervous System Organization

Pathway analysis and metabolite enrichment overlap in hits on the pentose phos-
phate pathway, with transaldolase and transketolase up in Clovis, and the enrichment
of metabolites throughout the pathway (Figure 6B). Clovis mosquitoes may be using the
non-oxidative branch to increase flux through glycolysis to the TCA cycle, though these
pathways are not as ubiquitously altered as the PPP. Within glycolysis, the phosphopyru-
vate hydratase complex (AAEL024228, 3.5 FC, p < 0.005) and an NAD+ dependent aldehyde
dehydrogenase (AAEL01480, 2.8 FC, p < 0.005) were up in Clovis, while in the TCA cy-
cle we only saw a mild alteration of malate dehydrogenase which catalyzes the malate
to oxaloacetate step (AAEL008166, 1.4 FC, p = 0.04), and the isocitrate to oxalosuccinate
conversion which precedes amino acid metabolic pathways (AAEL000746, 1.4 FC, p = 0.002)
though this enzyme also acts in the glutathione metabolism.

In Clovis, we observed hormone changes relative to Rock, particularly farnesol de-
hydrogenase activity, potentially indicating relatively higher levels of JH synthesis [38],
while in Rock, we saw evidence of elevated levels of 20E based on the elevated expression
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of AAEL027264 (2.4 FC, p < 0.005), a putative Phantom (CYP306a1) ortholog. The balance
of these hormones can mediate fecundity and metabolic flux [39,40]. In Rock, translation
initiation complexes (eIF3h, 2 FC, p < 0.005) are active along with lipid transport and
localization processes (Figure 6A). AAEL007899, found to be up in non-bloodfed ovaries,
was up slightly in Rock (1.4 FC, p = 0.04) [28]. Lysosomal activity, mannosidase activity and
mitochondrial activity were all enriched in Rock relative to Clovis, potentially representing
the breakdown of materials to liberate cellular resources, potentially for reproduction
(Figure 6A).

4. Discussion

In this study, we combine lifespan data, transcriptomic, and metabolomic assays to
provide a thorough phenotypic comparison of Rockefeller and California populations
of wild Ae. aegypti. We observed differences in levels of metabolic enzymes associated
with pyrethroid resistance, and fundamental alterations in metabolic pathways mediating
lifespan and response to oxidative stress (Figures 4–6). In lifespan assays, when comparing
our wild populations with conserved V410L, 1016, and 1534 genotypes, we observed wild
pyrethroid-tolerant groups to have modestly longer lifespans, and for females, the lifespan
was extended by larval diet restriction, with the exception of our more metabolically
resistant group. We did not observe statistically significant differences in fecundity, but the
blood-meal timing and small sample sizes may have impacted clutch sizes. These results
shed light on how nutrition may modulate the impact of pyrethroid resistance on longevity,
as previous reviews have reported variable relationships between pyrethroid resistance and
adult longevity [41]. Notably, previous work that isolated the Val1016Ile and Phe1534Cys
KDR mutations found little impact on adult longevity [42], while studies incorporating
comparisons of KDR mutations and CYP-mediated resistance phenotypes found significant
impacts on longevity [41,43]. We speculate that the pathways that mediate the oxidative
effects of constitutive maintenance of CYPs and GSTs involved in metabolic pyrethroid
resistance can be life-extending when nutritional conditions are favorable.

While restricted diets have life-extending impacts for a wide variety of organisms [44],
in drosophila, the amino acid balance is found to modulate this dietary effect, with me-
thionine supplementation alone supporting prolonged lifespan and undiminished fecun-
dity [45]. We found amino acids generally enriched in Rockefeller mosquitoes, particularly
methionine, and speculate that the balance of these amino acids may be under unique
selective pressure in lab environments, and groups naturally select for high fecundity in
lab-mosquito strains.

We hypothesized that we would observe baseline differences in the expression of
transcripts of enzymes associated with pyrethroid resistance, such as cytochrome P450s,
GSTs and esterases, based on substantial prior research associating these with insecticide
resistance [3,32]. Additionally, we predicted these enzymes may raise the oxidative state
of the insect, which may be compensated with alterations in the antioxidant pathways to
combat oxidative stress. We found evidence for these hypotheses at the metabolite, tran-
script and phenotype level. We saw an elevated glutathione metabolism and antioxidant
activity (Figure 6A, Supplemental Files S2 and S3) as well as greater activity in the pentose
phosphate pathways, an essential source of NADPH required to “recharge” oxidized CYPs
and glutathione. Metabolite pathway analysis can be challenging as many metabolites play
important roles in multiple pathways, and metabolite level annotations in metabolic path-
ways are lacking. The transcript data allow us to better explore the sources of differential
metabolite levels. Pathways like the PPP, essential to mediating oxidative stress (Figure 4)
illustrate agreement between the datasets.

In Rockefeller mosquitoes, the pathways involved in protein turnover and cellular
transport and communication are significantly upregulated. Colonization in laboratories
removes the pressure from adult mosquitoes to be resilient to significant alterations in
environmental conditions such as temperature and humidity. Laboratory colonization
may remove the pressure to maintain efficient cellular processes, as calorically rich diets
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are continuously available, and mates and laying substrates located conveniently nearby.
Possible evidence of metabolic dysregulation in our study includes high rates of catabolism
and mitochondrial activity (Figure 6A). In humans, ceramides play diverse regulatory
roles, stimulating the uptake of free fatty acids, triggering autophagy, and can trigger
mitochondrial fragmentation and reduced efficiency [24,46] and may also have an impact
on our observed differential mitochondrial gene expression.

Relative to Clovis, Rock appears to have lower levels of JH synthesis at the point of
collection, and alterations in insect hormone biosynthesis are indeed identified at both
metabolite and transcript levels (Figure 6A,B). In adult insects, JH supports energy storage,
perhaps contributing to the TAG enrichment observed in Clovis [47]. Our detection of
differential lipid profiles and flux through JH and 20E synthetic pathways may reflect
modest alterations in early adulthood, pre-blood meal development. It is interesting to
note that both tryptophan metabolism and phosphatidylethanolamine homeostasis play
essential roles in insect eye health and development, and metabolites within these pathways
are differentially regulated between our two populations [29,48].

We report novel differences in transcripts related to synapse organization and ion
balance, which may be compensatory mechanisms of resistance to pyrethroid and other
nerve-targeted xenobiotics. We also observed elevated histamine levels in Clovis, and
histamine receptors have been found to operate in mosquito brains and peripheral tissues,
though histamine receptors were not differentially expressed in our study [28], nor was the
voltage-gated sodium-channel transcript in our populations.

We did not identify metabolites that met our conditions of strong differential detection
(>10×) consistently across sample groups, but we did identify features with more modest
fold changes that reliably classified Rock and Clovis (Figure 3C) including the amino acids
serine, threonine and homoarginine. Additionally guanosine, nicotinic acid and histamine
represent interesting targets for further investigation (Figure 3C). We also identified enrich-
ment of lipid groups including phosphatidyl inositols, fatty acids and lysolipids whose
correlation with resistance may warrant further study.

Taken together, we saw that Rockefeller and our wild Clovis mosquitoes demonstrated
robust alterations in fundamental metabolic pathways. While our study cannot conclusively
attribute differences to specific aspects of life history, it does represent the first inclusion of
metabolomic data in a baseline comparison of mosquito populations, and we sought to pilot
an exploration of whether metabolites may present viable biomarkers of phenotypes like
metabolic pyrethroid resistance, by identifying features that may be altered broadly across
a phenotype despite unique gene-set alterations (such as unique resistance-conferring cy-
tochrome 450 profiles). We found few markers with the high (>10-fold) changes that would
best support this aim, but describe interesting metabolic signatures of each population and
demonstrate clearly that metabolomic information can powerfully clarify the downstream
impacts of differential gene-expression data.

5. Conclusions

In this work, we found Central Valley mosquitoes relative to the lab reference strain,
Rock, had an elevated expression of enzymes associated with pyrethroid resistance includ-
ing CYPs, GSTs, etc., and an enrichment of triacylglycerides, fatty acids, lysolipids and
nucleotides. In the Central Valley mosquitoes, antioxidant pathways appear to be consti-
tutively upregulated, which may play important roles in mediating context-dependent
pyrethroid-related fitness costs. Rock showed evidence of increases in proteolytic pathways
and significant alterations in the mitochondrial metabolism relative to our wild population,
which may support fertility and/or reflect inefficiencies in the cellular metabolism that
may have arisen from laboratory colonization.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/insects15070507/s1, Supplemental File S1: Measured metabolite
data; Supplemental File S2: ChemRich results; Supplemental File S3: Annotated gene expression data.
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Figure A1. (A) Box plot of egg clutch size by population. Grey dots represent clutch size measurements from indi-
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Figure A1. (A) Box plot of egg clutch size by population. Grey dots represent clutch size mea-
surements from individual mosquitoes (B) Table of p-values for pairwise comparisons for one-way
ANOVA followed by Tukey’s post hoc test.

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1082311
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1082311


Insects 2024, 15, 507 16 of 17

References
1. Kuno, G. Early History of Laboratory Breeding of Aedes aegypti (Diptera: Culicidae) Focusing on the Origins and Use of Selected

Strains. J. Med. Entomol. 2010, 47, 957–971. [CrossRef] [PubMed]
2. David, J.P.; Faucon, F.; Chandor-Proust, A.; Poupardin, R.; Riaz, M.A.; Bonin, A.; Navratil, V.; Reynaud, S. Comparative Analysis

of Response to Selection with Three Insecticides in the Dengue Mosquito Aedes Aegypti Using MRNA Sequencing. BMC Genom.
2014, 15, 174. [CrossRef] [PubMed]

3. Faucon, F.; Gaude, T.; Dusfour, I.; Navratil, V.; Corbel, V.; Juntarajumnong, W.; Girod, R.; Poupardin, R.; Boyer, F.; Reynaud, S.;
et al. In the Hunt for Genomic Markers of Metabolic Resistance to Pyrethroids in the Mosquito Aedes Aegypti: An Integrated
next-Generation Sequencing Approach. PLoS Negl. Trop. Dis. 2017, 11, e0005526. [CrossRef] [PubMed]

4. Riaz, M.A.; Chandor-Proust, A.; Dauphin-Villemant, C.; Poupardin, R.; Jones, C.M.; Strode, C.; Régent-Kloeckner, M.; David, J.P.;
Reynaud, S. Molecular Mechanisms Associated with Increased Tolerance to the Neonicotinoid Insecticide Imidacloprid in the
Dengue Vector Aedes Aegypti. Aquat. Toxicol. 2013, 126, 326–337. [CrossRef] [PubMed]

5. 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, W.C.; et al. Genomic analysis of detoxification genes in the mosquito Aedes aegypti. Insect Biochem. Mol. Biol. 2008, 38,
113–123. [CrossRef] [PubMed]

6. Poupardin, R.; Riaz, M.A.; Jones, C.M.; Chandor-Proust, A.; Reynaud, S.; David, J.-P. Do Pollutants Affect Insecticide-Driven Gene
Selection in Mosquitoes? Experimental Evidence from Transcriptomics. Aquat. Toxicol. 2012, 114–115, 49–57. [CrossRef] [PubMed]

7. Saavedra-Rodriguez, K.; Campbell, C.L.; Lenhart, A.; Penilla, P.; Lozano-Fuentes, S.; Black, W.C. 4th Exome-Wide Association of
Deltamethrin Resistance in Aedes Aegypti from Mexico. Insect Mol. Biol. 2019, 28, 591–604. [CrossRef]

8. Metzger, M.E.; Hardstone Yoshimizu, M.; Padgett, K.A.; Hu, R.; Kramer, V.L. Detection and Establishment of Aedes Aegypti
and Aedes Albopictus (Diptera: Culicidae) Mosquitoes in California, 2011–2015. J. Med. Entomol. 2017, 54, 533–543. [CrossRef]
[PubMed]

9. Pless, E.; Gloria-Soria, A.; Evans, B.R.; Kramer, V.; Bolling, B.G.; Tabachnick, W.J.; Powell, J.R. Multiple Introductions of the
Dengue Vector, Aedes Aegypti, into California. PLoS Negl. Trop. Dis. 2017, 11, e0005718. [CrossRef]

10. Cornel, A.J.; Holeman, J.; Nieman, C.C.; Lee, Y.; Smith, C.; Amorino, M.; Brisco, K.K.; Barrera, R.; Lanzaro, G.C.; Mulligan, F.S.,
III. Surveillance, insecticide resistance and control of an invasive Aedes aegypti (Diptera: Culicidae) population in California.
F1000Reserach 2016, 5, 194. [CrossRef]

11. Mack, L.K.; Kelly, E.T.; Lee, Y.; Brisco, K.K.; Shen, K.V.; Zahid, A.; van Schoor, T.; Cornel, A.J.; Attardo, G.M. Frequency of Sodium
Channel Genotypes and Association with Pyrethrum Knockdown Time in Populations of Californian Aedes Aegypti. Parasit.
Vectors 2021, 14, 141. [CrossRef] [PubMed]

12. Crawford, J.E.; Clarke, D.W.; Criswell, V.; Desnoyer, M.; Cornel, D.; Deegan, B.; Gong, K.; Hopkins, K.C.; Howell, P.; Hyde,
J.S.; et al. Efficient Production of Male Wolbachia-Infected Aedes Aegypti Mosquitoes Enables Large-Scale Suppression of Wild
Populations. Nat. Biotechnol. 2020, 38, 482–492. [CrossRef] [PubMed]

13. Gloria-Soria, A.; Brown, J.E.; Kramer, V.; Hardstone Yoshimizu, M.; Powell, J.R. Origin of the Dengue Fever Mosquito, Aedes
Aegypti, in California. PLoS Negl. Trop. Dis. 2014, 8, e3029. [CrossRef] [PubMed]

14. Pang, Z.; Chong, J.; Zhou, G.; de Lima Morais, D.A.; Chang, L.; Barrette, M.; Gauthier, C.; Jacques, P.-É.; Li, S.; Xia, J. MetaboAnalyst
5.0: Narrowing the Gap between Raw Spectra and Functional Insights. Nucleic Acids Res. 2021, 49, W388–W396. [CrossRef]
[PubMed]

15. Barupal, D.K.; Fiehn, O. Chemical Similarity Enrichment Analysis (ChemRICH) as Alternative to Biochemical Pathway Mapping
for Metabolomic Datasets. Sci. Rep. 2017, 7, 14567. [CrossRef] [PubMed]

16. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor Package for Differential Expression Analysis of Digital
Gene Expression Data. Bioinformatics 2010, 26, 139–140. [CrossRef] [PubMed]

17. Ge, S.X.; Son, E.W.; Yao, R. IDEP: An Integrated Web Application for Differential Expression and Pathway Analysis of RNA-Seq
Data. BMC Bioinform. 2018, 19, 534. [CrossRef] [PubMed]

18. Furge, K.; Dykema, K. PGSEA: Parametric Gene Set Enrichment Analysis. In R Package Version 1480; R Core Team: Vienna,
Austria, 2012.

19. Liebman, K.A.; Billeter, S.A.; Yoshimizu, M.H.; Yang, F.; Metzger, M.E.; Schildhauer, S.; Payne, R.; Pakingan, M.J.; Hu, R.; Kramer,
V.; et al. Identification of Molecular Determinants of Resistance to Pyrethroid Insecticides in Aedes Aegypti (Diptera: Culicidae)
Populations in California, USA. J. Med. Entomol. 2019, 56, 1353–1358. [CrossRef]

20. Kelly, E.T.; Mack, L.K.; Campos, M.; Grippin, C.; Chen, T.-Y.; Romero-Weaver, A.L.; Kosinski, K.J.; Brisco, K.K.; Collier, T.C.;
Buckner, E.A.; et al. Evidence of Local Extinction and Reintroduction of Aedes Aegypti in Exeter, California. Front. Trop. Dis.
2021, 2, 703873. [CrossRef]

21. Hardstone, M.C.; Huang, X.; Harrington, L.C.; Scott, J.G. Differences in Development, Glycogen, and Lipid Content Associated
with Cytochrome P450-Mediated Permethrin Resistance in Culex Pipiens Quinquefasciatus (Diptera: Culicidae). J. Med. Entomol.
2010, 47, 188–198. [CrossRef]

22. Dawaliby, R.; Trubbia, C.; Delporte, C.; Noyon, C.; Ruysschaert, J.-M.; Van Antwerpen, P.; Govaerts, C. Phosphatidylethanolamine
Is a Key Regulator of Membrane Fluidity in Eukaryotic Cells. J. Biol. Chem. 2016, 291, 3658–3667. [CrossRef] [PubMed]

https://doi.org/10.1603/ME10152
https://www.ncbi.nlm.nih.gov/pubmed/21175042
https://doi.org/10.1186/1471-2164-15-174
https://www.ncbi.nlm.nih.gov/pubmed/24593293
https://doi.org/10.1371/journal.pntd.0005526
https://www.ncbi.nlm.nih.gov/pubmed/28379969
https://doi.org/10.1016/j.aquatox.2012.09.010
https://www.ncbi.nlm.nih.gov/pubmed/23058251
https://doi.org/10.1016/j.ibmb.2007.09.007
https://www.ncbi.nlm.nih.gov/pubmed/18070670
https://doi.org/10.1016/j.aquatox.2012.02.001
https://www.ncbi.nlm.nih.gov/pubmed/22406618
https://doi.org/10.1111/imb.12575
https://doi.org/10.1093/jme/tjw237
https://www.ncbi.nlm.nih.gov/pubmed/28399270
https://doi.org/10.1371/journal.pntd.0005718
https://doi.org/10.12688/f1000research.8107.1
https://doi.org/10.1186/s13071-021-04627-3
https://www.ncbi.nlm.nih.gov/pubmed/33676552
https://doi.org/10.1038/s41587-020-0471-x
https://www.ncbi.nlm.nih.gov/pubmed/32265562
https://doi.org/10.1371/journal.pntd.0003029
https://www.ncbi.nlm.nih.gov/pubmed/25077804
https://doi.org/10.1093/nar/gkab382
https://www.ncbi.nlm.nih.gov/pubmed/34019663
https://doi.org/10.1038/s41598-017-15231-w
https://www.ncbi.nlm.nih.gov/pubmed/29109515
https://doi.org/10.1093/bioinformatics/btp616
https://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.1186/s12859-018-2486-6
https://www.ncbi.nlm.nih.gov/pubmed/30567491
https://doi.org/10.1093/jme/tjz076
https://doi.org/10.3389/fitd.2021.703873
https://doi.org/10.1093/jmedent/47.2.188
https://doi.org/10.1074/jbc.M115.706523
https://www.ncbi.nlm.nih.gov/pubmed/26663081


Insects 2024, 15, 507 17 of 17

23. Shi, X.-X.; Zhu, M.-F.; Wang, N.; Huang, Y.-J.; Zhang, M.-J.; Zhang, C.; Ali, S.A.; Zhou, W.-W.; Zhang, C.; Mao, C.; et al. Neutral
Ceramidase Is Required for the Reproduction of Brown Planthopper, Nilaparvata Lugens (Stål). Front. Physiol. 2021, 12, 629532.
[CrossRef]

24. Roszczyc-Owsiejczuk, K.; Zabielski, P. Sphingolipids as a Culprit of Mitochondrial Dysfunction in Insulin Resistance and Type 2
Diabetes. Front. Endocrinol. 2021, 12, 635175. [CrossRef] [PubMed]

25. Tan, S.T.; Ramesh, T.; Toh, X.R.; Nguyen, L.N. Emerging Roles of Lysophospholipids in Health and Disease. Prog. Lipid Res. 2020,
80, 101068. [CrossRef] [PubMed]

26. Stanley, D.; Kim, Y. Why Most Insects Have Very Low Proportions of C20 Polyunsaturated Fatty Acids: The Oxidative Stress
Hypothesis. Arch. Insect Biochem. Physiol. 2020, 103, e21622. [CrossRef] [PubMed]

27. Hansen, I.A.; Boudko, D.Y.; Shiao, S.-H.; Voronov, D.A.; Meleshkevitch, E.A.; Drake, L.L.; Aguirre, S.E.; Fox, J.M.; Attardo, G.M.;
Raikhel, A.S. AaCAT1 of the Yellow Fever Mosquito, Aedes Aegypti: A Novel Histidine-Specific Amino Acid Transporter from
the SLC7 Family. J. Biol. Chem. 2011, 286, 10803–10813. [CrossRef] [PubMed]

28. Matthews, B.J.; McBride, C.S.; DeGennaro, M.; Despo, O.; Vosshall, L.B. The Neurotranscriptome of the Aedes Aegypti Mosquito.
BMC Genom. 2016, 17, 32. [CrossRef] [PubMed]

29. Han, Q.; Beerntsen, B.T.; Li, J. The Tryptophan Oxidation Pathway in Mosquitoes with Emphasis on Xanthurenic Acid Biosynthesis.
J. Insect Physiol. 2007, 53, 254–263. [CrossRef] [PubMed]

30. Lima, V.L.A.; Dias, F.; Nunes, R.D.; Pereira, L.O.; Santos, T.S.R.; Chiarini, L.B.; Ramos, T.D.; Silva-Mendes, B.J.; Perales, J.; Valente,
R.H.; et al. The Antioxidant Role of Xanthurenic Acid in the Aedes Aegypti Midgut during Digestion of a Blood Meal. PLoS ONE
2012, 7, e38349. [CrossRef]

31. Zhu, Y.; Zhang, R.; Zhang, B.; Zhao, T.; Wang, P.; Liang, G.; Cheng, G. Blood Meal Acquisition Enhances Arbovirus Replication in
Mosquitoes through Activation of the GABAergic System. Nat. Commun. 2017, 8, 1262. [CrossRef]

32. Derilus, D.; Impoinvil, L.M.; Muturi, E.J.; McAllister, J.; Kenney, J.; Massey, S.E.; Hemme, R.; Kothera, L.; Lenhart, A. Comparative
Transcriptomic Analysis of Insecticide-Resistant Aedes Aegypti from Puerto Rico Reveals Insecticide-Specific Patterns of Gene
Expression. Genes 2023, 14, 1626. [CrossRef] [PubMed]

33. Mack, L.K.; Attardo, G.M. Time-Series Analysis of Transcriptomic Changes Due to Permethrin Exposure Reveals That Aedes
Aegypti Undergoes Detoxification Metabolism over 24 h. Sci. Rep. 2023, 13, 16564. [CrossRef] [PubMed]

34. Soudi, S.; Crepeau, M.; Collier, T.C.; Lee, Y.; Cornel, A.J.; Lanzaro, G.C. Genomic Signatures of Local Adaptation in Recent
Invasive Aedes Aegypti Populations in California. BMC Genomics 2023, 24, 311. [CrossRef] [PubMed]

35. Carney, T.D.; Hebalkar, R.Y.; Edeleva, E.; Çiçek, I.Ö.; Shcherbata, H.R. Signaling through the Dystrophin Glycoprotein Complex
Affects the Stress-Dependent Transcriptome in Drosophila. Dis. Model. Mech. 2023, 16, dmm049862. [CrossRef] [PubMed]

36. Grammont, M.; Irvine, K.D. Fringe and Notch Specify Polar Cell Fate during Drosophila Oogenesis. Development 2001, 128,
2243–2253. [CrossRef] [PubMed]

37. Wang, L.; Sexton, T.R.; Venard, C.; Giedt, M.; Guo, Q.; Chen, Q.; Harrison, D.A. Pleiotropy of the Drosophila JAK Pathway
Cytokine Unpaired 3 in Development and Aging. Dev. Biol. 2014, 395, 218–231. [CrossRef] [PubMed]

38. Mayoral, J.G.; Nouzova, M.; Navare, A.; Noriega, F.G. NADP+-Dependent Farnesol Dehydrogenase, a Corpora Allata Enzyme
Involved in Juvenile Hormone Synthesis. Proc. Natl. Acad. Sci. USA 2009, 106, 21091–21096. [CrossRef] [PubMed]

39. Ekoka, E.; Maharaj, S.; Nardini, L.; Dahan-Moss, Y.; Koekemoer, L.L. 20-Hydroxyecdysone (20E) Signaling as a Promising Target
for the Chemical Control of Malaria Vectors. Parasit. Vectors 2021, 14, 86. [CrossRef] [PubMed]

40. Gruntenko, N.E.; Rauschenbach, I.Y. Interplay of JH, 20E and Biogenic Amines under Normal and Stress Conditions and Its Effect
on Reproduction. J. Insect Physiol. 2008, 54, 902–908. [CrossRef]

41. Freeman, J.C.; Smith, L.B.; Silva, J.J.; Fan, Y.; Sun, H.; Scott, J.G. Fitness Studies of Insecticide Resistant Strains: Lessons Learned
and Future Directions. Pest Manag. Sci. 2021, 77, 3847–3856. [CrossRef]

42. Brito, L.P.; Linss, J.G.B.; Lima-Camara, T.N.; Belinato, T.A.; Peixoto, A.A.; Lima, J.B.P.; Valle, D.; Martins, A.J. Assessing the Effects
of Aedes Aegypti Kdr Mutations on Pyrethroid Resistance and Its Fitness Cost. PLoS ONE 2013, 8, e60878. [CrossRef] [PubMed]

43. Smith, L.B.; Silva, J.J.; Chen, C.; Harrington, L.C.; Scott, J.G. Fitness Costs of Individual and Combined Pyrethroid Resistance
Mechanisms, Kdr and CYP-Mediated Detoxification, in Aedes aegypti. PLoS Negl. Trop. Dis. 2021, 15, e0009271. [CrossRef] [PubMed]

44. Partridge, L.; Gems, D.; Withers, D.J. Sex and Death: What Is the Connection? Cell 2005, 120, 461–472. [CrossRef] [PubMed]
45. Grandison, R.C.; Piper, M.D.W.; Partridge, L. Amino-Acid Imbalance Explains Extension of Lifespan by Dietary Restriction in

Drosophila. Nature 2009, 462, 1061–1064. [CrossRef] [PubMed]
46. Hammerschmidt, P.; Brüning, J.C. Contribution of Specific Ceramides to Obesity-Associated Metabolic Diseases. Cell. Mol. Life

Sci. 2022, 79, 395. [CrossRef] [PubMed]
47. Baumann, A.A.; Benoit, J.B.; Michalkova, V.; Mireji, P.; Attardo, G.M.; Moulton, J.K.; Wilson, T.G.; Aksoy, S. Juvenile Hormone

and Insulin Suppress Lipolysis between Periods of Lactation during Tsetse Fly Pregnancy. Mol. Cell. Endocrinol. 2013, 372, 30–41.
[CrossRef]

48. Zhao, H.; Wang, T. PE Homeostasis Rebalanced through Mitochondria-ER Lipid Exchange Prevents Retinal Degeneration in
Drosophila. PLoS Genet. 2020, 16, e1009070. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fphys.2021.629532
https://doi.org/10.3389/fendo.2021.635175
https://www.ncbi.nlm.nih.gov/pubmed/33815291
https://doi.org/10.1016/j.plipres.2020.101068
https://www.ncbi.nlm.nih.gov/pubmed/33068601
https://doi.org/10.1002/arch.21622
https://www.ncbi.nlm.nih.gov/pubmed/31583765
https://doi.org/10.1074/jbc.M110.179739
https://www.ncbi.nlm.nih.gov/pubmed/21262963
https://doi.org/10.1186/s12864-015-2239-0
https://www.ncbi.nlm.nih.gov/pubmed/26738925
https://doi.org/10.1016/j.jinsphys.2006.09.004
https://www.ncbi.nlm.nih.gov/pubmed/17070835
https://doi.org/10.1371/journal.pone.0038349
https://doi.org/10.1038/s41467-017-01244-6
https://doi.org/10.3390/genes14081626
https://www.ncbi.nlm.nih.gov/pubmed/37628677
https://doi.org/10.1038/s41598-023-43676-9
https://www.ncbi.nlm.nih.gov/pubmed/37783800
https://doi.org/10.1186/s12864-023-09402-5
https://www.ncbi.nlm.nih.gov/pubmed/37301847
https://doi.org/10.1242/dmm.049862
https://www.ncbi.nlm.nih.gov/pubmed/36594281
https://doi.org/10.1242/dev.128.12.2243
https://www.ncbi.nlm.nih.gov/pubmed/11493544
https://doi.org/10.1016/j.ydbio.2014.09.015
https://www.ncbi.nlm.nih.gov/pubmed/25245869
https://doi.org/10.1073/pnas.0909938106
https://www.ncbi.nlm.nih.gov/pubmed/19940247
https://doi.org/10.1186/s13071-020-04558-5
https://www.ncbi.nlm.nih.gov/pubmed/33514413
https://doi.org/10.1016/j.jinsphys.2008.04.004
https://doi.org/10.1002/ps.6306
https://doi.org/10.1371/journal.pone.0060878
https://www.ncbi.nlm.nih.gov/pubmed/23593337
https://doi.org/10.1371/journal.pntd.0009271
https://www.ncbi.nlm.nih.gov/pubmed/33760828
https://doi.org/10.1016/j.cell.2005.01.026
https://www.ncbi.nlm.nih.gov/pubmed/15734679
https://doi.org/10.1038/nature08619
https://www.ncbi.nlm.nih.gov/pubmed/19956092
https://doi.org/10.1007/s00018-022-04401-3
https://www.ncbi.nlm.nih.gov/pubmed/35789435
https://doi.org/10.1016/j.mce.2013.02.019
https://doi.org/10.1371/journal.pgen.1009070

	Introduction 
	Materials and Methods 
	Insect Colonies 
	Mosquito Rearing 
	Metabolomic Profiling 
	Library Prep and Transcriptome Sequencing 
	Differential Gene Expression and Enrichment Analyses 

	Results 
	Resistant Lines and Longevity: Nutrient-Stress Effects on Lifespan 
	Metabolomics Panels and Transcriptome Profiles Classify Populations in Principal Component Analysis 
	Metabolomic Profiles Reveal Enrichment in Pentose Phosphate Pathway Metabolites, Glutathione Metabolism and Lysolipids in Wild Ae. aegypti Relative to Rockefeller 
	Genes Associated with Detoxification Are Overexpressed in Clovis, While Immune and Catabolic Processes Are up in Rock 
	Metabolites Clarify Pathway Level Gene Expression Differences in Essential Metabolic Processes and Nervous System Organization 

	Discussion 
	Conclusions 
	Appendix A
	References



