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Abstract:  

Pyrethroid resistance in the mosquito, Aedes aegypti, is an issue for control professionals globally. 

Ae. aegypti is a global arbovirus pest, transmitting the viruses that cause dengue fever and yellow 

fever among others. Resistance is developed through mutations at the target-site (the voltage gated 

sodium channel) or through over expression or overactivation of detoxifying enzymes like 

cytochrome P450s. The overall contribution of different mechanisms in combination is relatively 

unknown, though the specific involvement of some mutations in the target site are well understood. 

Additionally, specific mechanisms differ geographically. Resistance is assessed through 

phenotypic and genotypic analysis. To begin to understand the general contributions of different 

resistance mechanisms to the resistance phenotype as well as to identify previously unknown genes 

that may be involved in detoxification, several experiments were carried out. First, to assess 

whether genotypic and phenotypic analysis of resistance show similar results, as well as to 

investigate the likelihood that other mechanisms are at play in California, we paired these two 

analyses on individual mosquitoes. We determined that there were significant differences in 

knockdown time in individuals with identical genotypes, indicating that other resistance 

mechanisms are present. Next, we employed a time-course RNA-seq analysis to investigate the 

role of detoxifying enzymes in pyrethroid response in a strain from California. Redox homeostasis 

related genes as well as lipid and carbohydrate metabolism related genes all corresponded to 

pyrethroid treatment. Additionally, heat shock proteins experienced significant upregulation 

across time, indicating a role for these in response. These results indicate an overall change in the 

redox and metabolic environment of female mosquitoes, spurring questions of whether these 

changes affect her eventual offspring. To explore whether pyrethroid treatment affects the ovarian 

transcriptome of mothers, we devised an experiment to assess transcriptomic changes in ovaries 
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after exposure. We found 11 detoxification genes upregulated in the pyrethroid exposed group, 

included cytochrome P450s, glutathione synthestase, catalase, heat shock protein genes, and ABC 

transporters. In addition, we discovered shifts in genomic stability, mitochondrial function, and 

ribosome biogenesis. Overall, this indicates likely changes to the development rate of offspring. 

Further studies should focus on the association of changes to the ovarian transcriptome and the 

eventual resistance phenotype of the offspring. These results could indicate that insecticides are 

creating organisms better suited to live in a stressful environment, by mechanisms other than 

physical mutations.  
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Introduction: 

Insects encounter many stressors in their environment. This can cause dramatic shifts in 

physiology affecting not only the current organism, but the organism’s offspring as well. The 

response to these stressors is dynamic and multifaceted. One such stress insects encounter is 

insecticides, like pyrethroids.  

Pyrethroid resistance poses significant challenges to pest control professionals. A wide array of 

taxa is resistant to this class of chemicals, including agricultural, urban, and public health pests. 

Of particular importance is the mosquito arbovirus vector, Aedes aegypti. Ae. aegypti poses a threat 

to health and prosperity globally. This mosquito is the primary vector of dengue, Zika, 

chikungunya, and yellow fever viruses, though dengue is the most widespread and damaging. In a 

study of 8 countries, 5 in South America and 3 in Asia, it was estimated that the total healthcare 

costs associated with dengue infections are as high as $1.8 billion. However, this number does not 

include the costs of mosquito control1. It should be noted that this study was published in 2008, so 

with inflation and worsening transmission, the number is much higher today. According to the 

World Health Organization, half the world’s population lives in areas with endemic dengue, and 

100-400 million people are infected annually. These statistics are expected to worsen (and have 

worsened since the early 2000s) due to climate change, habitat and land use change, and 

widespread insecticide resistance.  

Ae. aegypti is an anthropophilic mosquito, meaning it prefers to live near humans, feed on humans, 

and use humanmade containers for egg-laying2. Their eggs are desiccation resistant and can remain 

viable for months while dry, lending to their invasive abilities3. The cross-section of insecticide 

resistance and invasive biology creates a significant challenge for public health officials.  
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These factors have led Ae. aegypti to invade new locations. California is one such location. In 

2013, Ae. aegypti first established in the Central Valley but is now found as far south as the Mexico 

border and as far north as Redding. From population genetics analyses, it appears there were 3 

separate introductions of Ae. aegypti into the state of California from 3 separate origins4. Each of 

these introductions display high levels of pyrethroid resistance5. Much is left to be known about 

the relative importance of various components to the overall resistance phenotype. Understanding 

the dynamics of this phenotype in California is important for control efforts. 

The continuing threat Ae. aegypti poses to public health professionals and the significant burden 

pyrethroid resistance places on these agencies has created a need for improved vector control. To 

close gaps in knowledge regarding resistance testing, exposure recovery, and multigenerational 

effects of exposure, we performed 3 projects.  

For chapter 1, the two primary tests for resistance were compared to investigate whether the results 

correspond. To assess this, we collected mosquitoes from 5 locations within the state, as resistance 

genotype is geographically variable. First, individual mosquitoes were phenotypical observed for 

resistance, then genotype within the pyrethroid target site was assessed. We discovered that these 

results were somewhat consistent, though individuals with some susceptible alleles still survived 

longer than individuals with entirely resistant genotypes. This indicated that other resistance 

mechanisms were at play and drove us to investigate genes that responded to exposure to a 

pyrethroid.  

In chapter 2, we assessed the temporal response to a pyrethroid exposure via a high throughput 

gene expression analysis. Genes do not instantaneously respond to stimuli, so the use of a time 

course was chosen to assess a wider range of genes responding. We discovered many detoxifying 

genes responding over time, though there was not a definitive pattern of expression. Additionally, 



  

 3 

genes involved in redox homeostasis and metabolism (primarily lipid metabolism) were largely 

upregulated. Changes continued into 24 hours after exposure, indicating lasting effects of 

exposure. We then assessed how these changes might affect eventual offspring.  

Finally, chapter 3 investigates differences in the ovarian transcriptome between a pyrethroid 

treated and control group. Understanding the unintentional consequences of the use of insecticides 

is important in making decisions on pest control. We found that pyrethroid treatment resulted in 

upregulation of some detoxifying genes, which may indicate eggs are provisioned to increase 

tolerance. Additionally, we discovered alterations to genomic stability and probable growth rate, 

both of which have significant implications on the development of offspring. These results will 

need continued investigation to fully assess the implications of pyrethroid exposure and offspring.  

The findings from this research provide information and food-for-thought to vector control 

agencies on the use of pyrethroids in vector control.  
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Abstract 

Background: Since their detection in 2013, Aedes aegypti has become a widespread urban pest in 

California. The availability of cryptic larval breeding sites in residential areas and resistance to 

insecticides pose significant challenges to control efforts. Resistance to pyrethroids is largely 

attributed to mutations in the voltage gated sodium channels (VGSC), the pyrethroid site of action. 

However, past studies have indicated that VGSC mutations may not be entirely predictive of the 

observed resistance phenotype.  

Methods: To investigate the frequencies of VGSC mutations and the relationship with pyrethroid 

insecticide resistance in California, we sampled Ae. aegypti from four locations in the Central 

Valley, and the Greater Los Angeles area. Mosquitoes from each location were subjected to an 

individual pyrethrum bottle bioassay to determine knockdown times. A subset of assayed 

mosquitoes from each location was then analyzed to determine the composition of 8 single 

nucleotide polymorphism (SNP) loci within the VGSC gene.  

Results: The distribution of knockdown times for each of the five Californian populations sampled 

was non-parametric with bimodal distributions. One group succumbs to insecticidal effects around 

35-45 minutes and the second group lasts up to and beyond the termination of the assay (120+ 

minutes). We detected 5 SNPs polymorphic within California populations. One is potentially new 

and alternatively spliced (I915K), and four are known and associated with resistance: F1534C, 

V1016I, V410L and S723T. The Central Valley populations (Clovis, Dinuba, Sanger and 

Kingsburg) are fairly homogenous with only 5% of the mosquitoes showing heterozygosity at any 

given position. In the Greater LA mosquitoes 55% had at least one susceptible allele at any of the 

five SNPs. The known resistance allele F1534C was detected in almost all sampled mosquitoes 
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(99.4%). We observe significant heterogeneity in individuals with the same genotypes, confirming 

that the resistance SNPs alone cannot.  

Conclusions: Resistance associated VGSC SNPs are prevalent, particularly in the Central Valley. 

Interestingly, among mosquitoes with all 4 resistance associated SNPs, we observe heterogeneity 

in bottle bioassay profiles suggesting that other mechanisms are important to the individual 

resistance of Ae. aegypti in California.  

Introduction: 

The yellow fever mosquito, Aedes aegypti (Linnaeus 1762), is a major vector of arboviruses such 

as dengue, Zika, chikungunya, and yellow fever viruses. This medically important vector was 

detected in California in 2013 in response to a residential service request (1). It has now been 

detected in 17 counties throughout the state despite aggressive surveillance and treatment efforts, 

presenting a significant challenge to local control agencies (1–4). The peridomestic habits of this 

mosquito make reduction and eradication difficult, but effective adulticides remain essential for 

control in the face of threats to public health. 

Pyrethroid based compounds are used as adulticides, favored for their efficacy and low mammalian 

toxicity (5). However, the invasive populations of Ae. aegypti in California possess genetic 

mutations conferring resistance to the pyrethroid class of insecticides typically applied for vector 

control (6,7). Pyrethroids act on insect voltage gated sodium channels (VGSC) by binding to open 

channels and blocking the channel in the open conformation. This results in prolonged 

depolarization of the membrane and failure of neuronal function (8).  This class of  insecticides is 

partitioned into two types (I and II) based on the presence or absence of a cyano moiety at the 

alpha carbon (9). Point mutations within the channel domain of the protein can confer type-specific 

resistance by causing structural changes that reduce or eliminate the insecticides ability to bind the 

https://paperpile.com/c/tWxkYD/a7xYr
https://paperpile.com/c/tWxkYD/TvztC+8ykjD+a7xYr+pnO0I
https://paperpile.com/c/tWxkYD/kwFUd
https://paperpile.com/c/tWxkYD/McHIm+tyOzi
https://paperpile.com/c/tWxkYD/Qed3p
https://paperpile.com/c/tWxkYD/iS7rr
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channel (10). These mutations change the amino acid composition of the protein at specific 

locations that result in changes in charge and steric hindrance of the ion channel. These changes 

allow the VGSC to maintain normal function in the presence of pyrethroids.  

To test for genetic markers of resistance in California, public health agencies and mosquito control 

districts screen for known pyrethroid resistance mutations in the VGSC gene: F1534C, V1016I, 

and V410L (7). These mutations are annotated based on their orthologous position in the Musca 

domestica VGSC protein (Genbank accession number: ANW06229)(11,12). V410L is located in 

the sixth transmembrane region of the first domain, V1016I is located in the sixth transmembrane 

region of the second domain, and F1534C is located in the intracellular space in the first loop of 

the sixth domain (Fig. 1) (10,13). Recently, another mutation (S723T) was linked to Deltamethrin 

resistance, though its impact on the resistance phenotype remains unknown (14). This SNP is 

localized in the intracellular region of the second transmembrane repeat domain. The F1534C 

mutation confers a low level of resistance on its own to type I pyrethroids. The V410L SNP, first 

described in 2017 (13), confers resistance to both type I and type II pyrethroids. The V1016I 

mutation on its own does not confer resistance, however in conjunction with F1534C it provides 

elevated insensitivity to type I and type II pyrethroids (8,15,16). Mosquitoes homozygous for 

V1016I, F1534C, and V410L mutations exhibit a high level of resistance to both type I and type 

II pyrethroids (17). As each SNP provides differing levels of protection against different classes 

of pyrethroids, testing for multiple SNPs in the field is relevant to screening for pyrethroid 

resistance(13).  

Detecting and quantifying insecticide resistance in mosquitoes provides mosquito abatement 

groups with the tools to tailor their control strategies. The CDC Bottle Bioassay provides a 

convenient way to detect phenotypic resistance in adults to various adulticides (18). The CDC 

https://paperpile.com/c/tWxkYD/GEAOl
https://paperpile.com/c/tWxkYD/tyOzi
https://paperpile.com/c/tWxkYD/qo1HD+dGj53
https://paperpile.com/c/tWxkYD/zRLcf+GEAOl
https://paperpile.com/c/tWxkYD/bk2b4
https://paperpile.com/c/tWxkYD/zRLcf
https://paperpile.com/c/tWxkYD/TdpfI+Qed3p+sYkbC
https://paperpile.com/c/tWxkYD/sM8l4
https://paperpile.com/c/tWxkYD/zRLcf
https://paperpile.com/c/tWxkYD/GNOoH
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Bottle bioassay involves placing 10-25 mosquitoes in an insecticide coated Wheaton bottle 

followed by observation of the time and proportion of knockdown for two hours after exposure. 

This procedure allows districts to investigate population level resistance. However, a direct 

analysis of the relationship between individual VGSC genotype and bottle bioassay phenotype 

(knockdown time) has not been completed with California Ae. aegypti populations. To study this 

relationship, we conducted phenotype assays on individual mosquitoes that were then genotyped. 

The Ae. aegypti samples were derived from multiple locations in California to explore population-

level differences in response to insecticide exposure. We hypothesize that the resistance phenotype 

observed in Ae. aegypti in California is due to mutations in the VGSC, and individuals with more 

alternate alleles in the VGSC will have longer knockdown times.  

Materials and Methods: 

Mosquito Collection and Colony Maintenance  

Adult mosquitoes were collected from four towns in the Central Valley of California: Dinuba, 

Clovis, Sanger and Kingsburg (Fig 2) as well as from the Greater LA area. Eggs from these adults 

were collected, allowed to develop for at least 5 days, then flooded in trays of 1 L of water and 

reared according to standard protocols (19). Mosquitoes were reared on a diet of ground rodent 

chow at 27°C under 14:10 hour (light:dark) photoperiod and adults were held at 70% relative 

humidity. Adults 1-3 days post-eclosion were then collected and individually exposed to a bottle 

bioassay to record individual knockdown time. Adult mosquitoes were fed on 10% sucrose 

solution ad libitum and did not receive a blood meal at all prior to insecticide exposure.  

Individual Adult Bottle Bioassay 

https://paperpile.com/c/tWxkYD/N7lvC
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To determine time to knockdown for individual mosquitoes, a modified bottle bioassay was 

developed based on the CDC protocol (20). 250 ml Wheaton bottles (Fisher #06-404B) were 

coated with technical grade pyrethrum purchased from Chem Service (West Chester, PA). The 

pyrethrum was diluted in acetone to a concentration of 15.6 μg/ml (Lot #7581300) and bottles 

were coated with the insecticide following the procedure described in (21). Individual female 

mosquitoes were then aspirated into each bottle and observed for knockdown for up to 2 hours. 

Individuals were determined as knocked down when the bottle was rotated, and the mosquito could 

not reorient itself upright. Bottles were monitored continuously and exact time to knockdown was 

recorded. A susceptible lab colony, Rockefeller, was assayed as a reference for knockdown 

behavior in the bottle assay. For each population 80-95 adult female mosquitoes were assayed. 

Following knockdown, individuals were placed in the Lysis Buffer provided with the Zymo Quick 

DNA/RNA Miniprep kit (Cat #: D7001) and homogenized using Axygen mortar and pestles 

(Product PES-15-B-S1). Samples were stored at 4℃.  

DNA Extraction 

DNA was extracted using the Zymo Quick-DNA/RNA Miniprep kit (Product D7001) using the 

suggested protocol for Solid Tissue Samples. DNA concentration for each sample was tested with 

a Qubit instrument (Life Technologies). Approximately 4 ng/µL in a total volume of 30 µl was 

extracted from each whole individual.  

SNP Genotyping 

Our SNPs were identified from published whole genome sequences of Ae. aegypti (Lee et al. 

2019). Sequences from the VGSC genomic locus of California mosquitoes were generated using 

primers reported in (22) (Genbank ID: KU728155-6). These sequences were aligned to the VGSC 

https://paperpile.com/c/tWxkYD/72xnc
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4857756/#ref-8
https://paperpile.com/c/tWxkYD/9yy7u
https://paperpile.com/c/tWxkYD/mQIEg


  

 11 

locus in the corresponding region in the Ae. aegypti AaegL5 reference genome. The region 

corresponded to gene AAEL023266 (3: 315,926,360-316,405,639) in the reference genome. 

Polymorphic sites were screened for within the coding regions of VGSC and 8 non-synonymous 

SNPs were identified. One additional mutation, previously reported from other studies (23), was 

included in case a limited sample size of genome data missed low frequency variations within the 

Californian derived sequences. The final 8 SNPs screened included 3:315931548 (L to F), 

3:315931672 (Q to R), 3:315983611 (A to T), 3:315939224 (F1534C), 3:315983763 (V1016I), 

3:315999297 (T915K), 3:316014588 (S723T), and 3:316080722 (V410L). DNA was sent to the 

UC Davis Veterinary Genetics Laboratory for iPLEX assay using the MassARRAY System 

(Agena Biosciences, San Diego, CA) (24). The detailed information of the 8 SNPs are provided in 

Supplemental table X1. 

Data Analysis 

Statistical analysis was performed in R Version 3.5.2 (25,26). Survival analysis was performed 

using the survival package (27). Pairwise comparisons of survival curves were performed through 

a log-rank analysis. Median knockdown times were compared using Mood’s median test from 

RVAideMemoir (28). Knockdown distribution normality was tested using the Shapiro-Wilk test 

in Base R. The box plot and histograms were created with ggplot2 (29).  P-value thresholds were 

adjusted for multiple comparison correction using the Benjamini and Hotchberg method (30).  

 

Results: 

Individual Adult Bottle Bioassay 

https://www.vectorbase.org/Aedes_aegypti_lvpagwg/Location/View?db=core;g=AAEL023266;r=3:315926360-316405639
https://paperpile.com/c/tWxkYD/l1rR
https://paperpile.com/c/tWxkYD/wl4c9
https://paperpile.com/c/tWxkYD/fsGNm+JtRr1
https://paperpile.com/c/tWxkYD/P7FR3
https://paperpile.com/c/tWxkYD/Old8Q
https://paperpile.com/c/tWxkYD/nMqbi
https://paperpile.com/c/tWxkYD/QMye
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The knockdown times of all assayed mosquitoes are displayed in Figure 3. Mosquitoes that did 

not knockdown during the assay period were coded as such and considered using the Kaplan-Meier 

analysis which accounts for right-censored data. Aside from the susceptible laboratory strain, 

Rockefeller, the Sanger and Kingsburg populations had the lowest median knockdown times and 

are significantly lower than that of Clovis or Greater LA (Fig 3, Mood’s Median Test, α<0.05). 

The distribution of knockdown times for each of the five Californian populations sampled was 

non-parametric (Fig 3, Fig S1) and appear to have bimodal distributions. The distribution reveals 

the presence of two subsets of mosquitoes in each population with one group succumbing to 

insecticidal effects around 35-45 minutes and the second group lasting up to and beyond the 

termination of the assay. However, the relative proportions of these distributions differ between 

populations.  

SNP Genotype by Population  

Samples for genetic analysis were selected primarily from the upper and lower tertiles of 

knockdown times for each population. We detected 5 SNPs polymorphic within California 

populations (Table 1). All, with the exception of I915K, have been reported previously (13,14,31). 

The I915K SNP is located in a region which is alternatively spliced and its presence in the resulting 

transcripts has not been determined conclusively (Table 1). The V410L mutation is associated with 

resistance to type I and type II pyrethroids (13,14). The Central Valley populations (Clovis, 

Dinuba, Sanger and Kingsburg) are fairly homogenous with only 5% (12/242) of the mosquitoes 

tested showing heterozygosity at any given position. Alternatively, analysis of the Greater LA 

mosquitoes revealed that 55% had at least one susceptible allele at any of the five SNPs (Table 1, 

37/67). The F1534C mutation is nearly fixed across these populations with two exceptions. One 

mosquito from Clovis was a heterozygote at the amino acid positions F1534C, V1016I, V410L 

https://paperpile.com/c/tWxkYD/zRLcf+nsFuo+bk2b4
https://paperpile.com/c/tWxkYD/bk2b4+zRLcf
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and S723T. One mosquito from LA was heterozygous at F1534C, and homozygous susceptible at 

V1016, V410 and S723 (Fig 4, Table 1). The I915K mutation was present only in the Dinuba 

population in heterozygotes (3/60) and these mosquitoes were also heterozygous at the V1016I, 

V410L and S723T positions. In the Greater LA population 15/67 were heterozygous at I915K. Of 

these 15, 7 were homozygous susceptible at V1016, V410 and S723. The other 8 were 

heterozygous at these positions (Fig 4). The sites V1016I, V410L and S723T, appear to be 

inherited together frequently; an individual heterozygous or homozygous at one site was 

correspondingly heterozygous or homozygous across all three with exceptions in the Clovis 

population. In the Clovis population 8 mosquitoes were heterozygous only at sites S723T and 

V410L (Fig 4).  

 SNP Genotype and Knockdown Time 

Most of the assayed individuals were homozygous for the alternate “resistance” alleles. Still, some 

individuals with this genotype were knocked down in as little as 6 minutes after exposure to 

pyrethrum, overlapping with the susceptible Rock strain. More diversity of VGSC genotypes (6) 

was observed in the LA mosquitoes than Central Valley populations (4) (Fig 4A). This is consistent 

with previous reports showing little to no polymorphism in VGSC fragments in central California 

populations (7,32). The quantitatively different genetic variations of the Greater LA population 

from the Central Valley population is also consistent with a previous study monitoring both Central 

Valley and southern California locations (7). It is noteworthy that independent studies utilizing 

whole genome sequence (33), SNP chip (34), and microsatellite (34) indicated different genetic 

makeup separating southern CA and Central CA. The similar genetic differentiation is also 

observed in our VGSC genotyping dataset.  Only 3/60 samples from Dinuba and 9/60 samples 

from Clovis had “susceptible” alleles, represented by 1 and 2 genotypes respectively. Of note, only 

https://paperpile.com/c/tWxkYD/tyOzi+dz6sB
https://paperpile.com/c/tWxkYD/tyOzi
https://paperpile.com/c/tWxkYD/WqDvU
https://paperpile.com/c/tWxkYD/jdxci
https://paperpile.com/c/tWxkYD/jdxci
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2 of the 309 mosquitoes tested were heterozygous at position F1534C, and those mosquitoes 

knocked down at 5 (Greater LA) and 18 minutes (Clovis), though it is difficult to ascertain the 

significance of this result with such a low frequency of this genotype. When controlling for 

genotype, there were still significant differences between the strains (Fig. 5). All of the Sanger and 

Kingsburg mosquitoes were homozygous for the resistance associated alleles. Their respective 

median knockdown times were 42 min (N=58) and 38 min (N=64) in the assayed mosquitoes (Fig. 

5). This observation contrasts with median knockdown times observed in mosquitoes of the 

identical VGSC genotype from the Clovis and Greater LA populations. Phenotypic heterogeneity 

existing within and between groups sharing a common genotype were observed because of 

conducting bottle bioassays on individual mosquitoes. All bottle bioassays were performed coating 

each bottle with the same amount of chemical from the same pyrethrum batch and stock solution 

to ensure standardized and comparable assay conditions.  

Kaplan-Meier Survival Analysis  

Kaplan-Meier survival analysis is a non-parametric statistical test of survival that accounts for 

individuals that may not have experienced the “event” (in this case, knockdown) during the study 

period (35). Survival curve analysis of mosquitoes with equivalent genotypes reveals a range of 

median knockdown times that correlate with the relative proportions of susceptible versus resistant 

VGSC alleles. In cases where only a single individual represented a genotype, p-values were not 

reported (Fig. 4C). In general, individuals containing susceptible VGSC alleles do not last as long 

as those with the fully resistant genotype. However, some individuals carrying the homozygous 

resistant genotype at all alleles have knockdown times equivalent to individuals with homozygous 

susceptible genotypes (Fig. 4A-B). We reason this is unlikely due to methodological error, as these 

low knockdown times were observed across multiple populations.   

https://paperpile.com/c/tWxkYD/miYyV
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Discussion: 

Using the individual bottle bioassay in this study allowed us to explore the phenotypic variability 

of resistance in Ae. aegypti, and pair that phenotypic information with genotype, a previously 

unexplored relationship in Ae. aegypti. Target site mutations were prevalent in our sample 

populations and play an important role in resistance. Still, significant variability in knockdown 

time was observed in insects when controlling for genotype, implicating the role of other 

mechanisms of resistance and warranting further study. This individual bottle bioassay method 

yielded a bimodal distribution of knockdown times. Insects with susceptible alleles did knockdown 

earlier, though some individuals with fully resistant genotypes exhibited knockdown times similar 

to those observed in insects with susceptible alleles. This indicates running bottle bioassays with 

the synergist PBO will provide control agencies with important information about the resistance 

profile of local Ae. aegypti. Pyrethrum without PBO (MERUS 3.O- Clarke) is likely to see 

continued use, as organic farming and some residences inhibit the use of PBO. Deltamethrin has 

recently been approved for use in California, and there is evidence of less deltamethrin resistance 

across the state. Deltamethrin correlative studies will also be needed. Further study into the 

resistance mechanisms at play in California Ae. aegypti populations will provide vital information 

to mosquito control districts across the state, as understanding the resistance mechanisms allows 

for careful planning of insecticide use, rotation, and spray cover.  

The establishment of Ae. aegypti in California has raised concerns that they could facilitate local 

transmission of arboviruses such as dengue and Zika as seen in Florida, Texas and Puerto Rico(36–

38). While pyrethroids are favored as a chemical method for their control, resistance is widespread 

in California and globally (7,8,32,39). Despite significant work on pyrethroid resistance in Ae. 

aegypti, questions remain concerning the identification and relative compounding roles that VGSC 

https://paperpile.com/c/tWxkYD/v9les+NxPe+VwqF
https://paperpile.com/c/tWxkYD/v9les+NxPe+VwqF
https://paperpile.com/c/tWxkYD/dz6sB+tyOzi+ypjRr+Qed3p
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mutations, metabolic detoxification mechanisms, other resistance mechanisms, and environmental 

factors have on conferring insecticide resistance. Additional resistance mechanisms such as 

reduced cuticular permeability and behavioral resistance have been shown to be of significant 

importance in insects (40,41).  

The VGSC mutations V1016I, F1534C and V410L are prevalent in Ae. aegypti in the Americas 

and have been closely monitored by the California Department of Public Health 

(CDPH)  (7,13,15,17). These surveillance efforts found that between 2015 and 2017 resistant 

alleles were largely fixed in the Central Valley population, and less abundant (>80% for F1534C 

and >61% for V1016I from 2015-2017) but increasing in prevalence in the Southern population 

of Ae. aegypti (7). Studies in Mexico have identified similar trends (17). Our results were similar 

to the CDPH findings (Table 1). In our samples F1534C was nearly fixed, with only two 

heterozygous individuals (one from Clovis and one from Greater LA). The detection of a 

heterozygote from Clovis was surprising, given our relatively small sample size compared to the 

1200 mosquitoes tested by Liebmen et al. between 2015 and 2017. Our sample mosquitoes were 

captured in late 2018, and follow the general trend found in Liebmen et al. 2019 (7). In California, 

Ae. aegypti appear to have dispersed along the major Interstate 5 route so it is possible that 

mosquitoes from the Southern Population and Central Valley population are routinely moved 

between regions (42). Recent whole genome sequencing data as well as SNP chip data support 

multiple introductions of Ae. aegypti into CA, and found evidence of distinct genetic clusters 

converging in the Central Valley (34,43).  

Most of our samples had all 5 VGSC mutations (Fig 4-5). Resistance alleles were likely prevalent 

in the founder populations in California (Cornel et al. 2016). Previous research has found that the 

Central Valley populations appear genetically similar to Ae. aegypti from the South-Central US, 

https://paperpile.com/c/tWxkYD/DxrFV+LCP1N
https://paperpile.com/c/tWxkYD/TdpfI+zRLcf+sM8l4+tyOzi
https://paperpile.com/c/tWxkYD/tyOzi
https://paperpile.com/c/tWxkYD/sM8l4
https://paperpile.com/c/tWxkYD/tyOzi
https://paperpile.com/c/tWxkYD/Mm3xO
https://paperpile.com/c/tWxkYD/LcYkw+jdxci
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while the Greater LA mosquitoes are more similar to southwestern Ae. aegypti (2,34). Resistance 

is widespread in populations in the United States, though the F1534 allele is still found in some 

areas (44,45). Interestingly, bottle bioassay results reported by local control agencies had not 

always followed the patterns that would be expected given the relative proportions of resistance 

associated SNPs, which was also in line with our results using the individual bottle bioassay test 

(Fig 3-5).   

The Xenopus oocyte expression system for Ae. aegypti sodium channels has facilitated 

investigation into the role of individual mutations assayed in pyrethroid resistance (13,31,46,47). 

The mutations V410L + F1534C and V1016I + F1534C  have even been studied in combination 

(13,16,47). Little is known about the S723T mutation (48) though with the high frequency of this 

mutation in all populations tested (59% in Greater LA and >92% in all Central Valley populations, 

Table 1), future functional analyses would be important to understanding the role this mutation 

plays in resistance. These mutations act in combination with metabolic mechanisms of pyrethroid 

resistance mediated by the upregulation, overexpression or duplication of cytochrome P450 

enzymes encoding genes (14,49–51). Bottle bioassays with cytochrome P450 inhibitor, piperonyl 

butoxide (PBO), have implicated that cytochrome P450s play a synergistic role in combination 

with VGSC mutations to confer resistance in mosquitoes from Clovis (32). The significant 

differences in knockdown time found in our samples with the resistant genotypes (Fig 5) supports 

the hypothesis that other mechanisms are important and variable within California populations and 

these other mechanisms should be explored in future studies. This indicates that running bottle 

bioassays that include the cytochrome P450 inhibitor PBO will provide local control agencies 

important information when evaluating resistance. Given the functional evidence in the literature, 

and our assay results (Fig 4-5), the increasing prevalence of the F1534C mutation, particularly in 

https://paperpile.com/c/tWxkYD/jdxci+TvztC
https://paperpile.com/c/tWxkYD/rujtN+V1gGO
https://paperpile.com/c/tWxkYD/nsFuo+sUPED+zRLcf+6Rgfr
https://paperpile.com/c/tWxkYD/zRLcf+sYkbC+6Rgfr
https://paperpile.com/c/tWxkYD/RGBgb
https://paperpile.com/c/tWxkYD/RdTZu+bk2b4+MEHdM+PLgwz
https://paperpile.com/c/tWxkYD/dz6sB
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combination with V410L and V1016I reliably indicates an elevated level of resistance to type I 

pyrethroids  (7,13,31,47). However, the individual bottle assays employed here prompts us to 

question that, assuming good conditions, the presence of resistance alleles in the VGSC gene may 

not guarantee adulticide failure, and susceptible alleles may not ensure control success. For this 

reason, it is important to pursue detailed investigations in the biology underlying the resistance 

phenotype. Additional knowledge on this subject would facilitate identification of additional 

genetic and/or biochemical markers. The ideal goal would be to identify markers that provide 

quantitative measures of the resistance phenotype in field caught mosquitoes which would boost 

the predictive power of these assays. In addition, identification of new targets underlying the 

phenotype opens the door for development of alternative strategies and new synergists to augment 

existing insecticidal compounds.  
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Figures:  

 

Fig 1. Topology of the mosquito sodium channel. The Ae. aegypti reference sequence was 

translated in CLC Main Workbench, Version 7 (52). The resulting amino acid sequence was 

aligned to the Musca domestica (ANW06229) and Drosophila melanogaster (AAB59195) 

reference protein sequences. SNP annotations were transferred to Musca to determine the Musca 

protein position, and structural annotations were transferred from Drosophila to Aedes. The 

topology of the sodium channel was illustrated using Protter version 1 (53).The sodium channel 

protein contains four homologous repeat domains (I–IV). Each repeat domain has six α-helical 

transmembrane segments (1–6, 7-12, 13-18, 19-24). Filled circles represent the five SNPs assayed 

in this study. Ref. =Reference. Alt. = alternate. aa = amino acid 

https://paperpile.com/c/tWxkYD/2X9iu
https://paperpile.com/c/tWxkYD/dC4eb
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Fig 2. Locations from which Ae. aegypti were analyzed. Cities where founders for each lab strain 

were collected. Individuals were collected from the 5 cities we labeled on the map. Each lab strain 

was reared from individuals collected at various sites in these cities, and reared together to increase 

specimen numbers.  
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Fig 3. Distribution of knockdown times for each population. Each sample is represented by a circle. 

Filled circles indicate genotyped samples. Differences between group medians were determined 

by using the Mood’s median test followed by fdr correction. Letters indicate statistically 

significant differences.  
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Table 1. Frequency of resistant alleles in each VGSC SNP in each population. 
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Fig 4. Median knockdown time for each present genotype. A. Frequency of the 8 observed 

genotypes by population and their respective median knockdown times. B. Kaplan-Meier analysis 

of observed knockdown between the 8 genotypes within all populations. C. P-values for log-rank 

comparisons between each genotype.  
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Fig 5. Kaplain-Meier survival curve analysis of the homozygous resistant genotype. A comparison 

of knockdown between the homozygous resistant phenotypes between all 5 populations tested, 

significant differences denoted by group. 
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Fig  S1. Histogram of knockdown times for assayed mosquitoes with kernel density plot. 

Knockdown time distribution was non-normal (Shapiro-Wilk test, p <0.00005 for each 

population). 
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Supplemental Table 1. iPLEX MassARRAY primers for 8 SNPs used in this study.  

Supplemental Table 2. Population name and generation for bottle assay testing.   

Sample origin  Generation  Assayed/Collected 

Greater Los Angeles (Los Angeles County) F2 67/91 

Sanger (Fresno County) F1 58/103 

Kingsburg (Fresno County) F1 64/99 

Dinuba (Tulare County) F3 60/88 

Clovis (Fresno County) F2 60/95 
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Abstract: 

Insecticide resistance is a multifaceted response and an issue across taxa. Aedes aegypti, the 

mosquito that vectors Zika, dengue, chikungunya, and yellow fever, demonstrates high levels of 

pyrethroid resistance across the globe, presenting a challenge to public health officials. To examine 

the transcriptomic shifts across time after exposure to permethrin, a 3’tag-seq analysis was 

employed on samples 6, 10, and 24 hours after exposure along with controls. Differential 

expression analysis revealed significant shifts in detoxifying enzymes and various energy-

producing metabolic processes. Among the upregulated detoxifying enzymes are cytochrome 

P450s, glutathione s-transferases and peroxidases, and ATP-binding cassette transporters. 

Additionally, eight heat shock genes or genes with heat shock domains exhibit the highest degree 

of fold change across time. Twenty-four hours after exposure, samples indicate a global 

downregulation of these processes, though principal component analysis suggests lasting 

signatures of the response. Understanding the recovery response to insecticide exposure provides 

information on possible new genetic and synergist targets to explore. 

Introduction: 

Global insecticide intolerance is an issue across taxa. Insects overcome this stressor via a 

combination of genetic resistance, metabolic resistance, and behavioral resistance1. Due to the 

multifaceted nature of this response, achieving long-lasting population control with current 

insecticides is difficult, if not impossible2. Further exploration into this response could yield 

important results for the development of new insecticides with alternate modes of action or 

synergists to enhance efficacy of existing insecticides. 

A particularly important model for exploring this complex response is the yellow fever mosquito, 

Aedes aegypti, due to ease of collection and rearing, as well as real world implications of this insect 
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in public health. In addition, the availability of an array of genetic tools for this species facilitate 

in depth investigation and manipulation for research and control purposes. Ae. aegypti threatens 

over half the world’s population with one or more of the viral pathogens it carries (Zika, dengue, 

chikungunya, yellow fever, etc), and presents a significant burden on the global health system. 

This mosquito is found on all continents aside from Antarctica due to physiological characteristics 

that improve its invasion abilities. Ae. aegypti lay eggs which are desiccation resistant, surviving 

for months after oviposition. Typically, eggs are laid in man-made containers and humans are the 

preferred host of these mosquitoes. In 2013, Ae. aegypti first established a population California’s 

Central Valley, but has now spread as far south as the Mexico border and as far north to Redding, 

CA3. Unfortunately, Ae. aegypti poses a significant challenge to public health officials due to 

widespread insecticide resistance.  

Pyrethroids are a commonly used class of insecticides in public health applications as they show 

significant toxicity in arthropods, but relatively little toxicity to mammals due to differences in the 

target site binding affinity and metabolic rate4. These chrysanthemum derived xenobiotics bind to 

open voltage gated sodium channels, causing these channels to remain open leading to constant 

depolarization of the membrane leading to death in insects5.  

In Ae. aegypti, several single nucleotide polymorphisms (SNPs) in the voltage gated sodium 

channel gene (VGSC) are recognized as conferring resistance, though the prevalence of these 

SNPs is location dependent. In California, the primary SNPs are V1016I, F1534C, and V410L, 

though the frequency of these differs across the state6. Additionally, overexpression or 

overactivation of detoxifying genes are associated with resistance, though in Ae. aegypti there are 

over 150 genes that code for these types of enzymes and the overexpression and activation of these 

genes in resistant mosquitoes is highly variable geographically7.  
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Gene expression responses are not instantaneous but rather complex and time intensive. In 

xenobiotic response, there are multiple stages of detoxification. Stage I is dominated by 

cytochrome p450s (CYPs), initially neutralizing xenobiotics and tagging them for further 

breakdown. Stage II is dominated by glutathione-s-transferases (GSTs) which breakdown these 

molecules further into compounds that can be excreted. Stage III is characterized by various 

transporter proteins moving these compounds across the membrane into the gut or rectum for 

excretion8.  

While many genes have been identified as conferring resistance in Ae. aegypti, the temporal 

response of the transcriptome to exposure to these compounds is relatively unknown, especially in 

adults. Researchers studied the response to pyrethroid exposure in Anopheles funestus larvae 

across time, but application of pyrethroids typically target adult mosquitoes rather than the aquatic 

larvae9. Defining this response over time is important for a nuanced understanding of the 

progression and complexities of the response to pyrethroid exposure across multiple physiological 

systems. Additionally, a deeper understanding of this response could highlight genes or pathways 

that may be ideal targets for novel monitoring and/or control methods, both chemical and genetic. 

To study this response in adult Aedes aegypti, a high-throughput analysis of gene expression over 

time was performed using 3’Tag-seq. Here, we characterize the response of a field strain of Aedes 

aegypti to a sub-lethal pyrethroid challenge over the course of 24 hours. The results reveal the 

identity and timing of insecticide responsive genes and pathways involved in the xenobiotic 

response of this strain of Ae. aegypti. 

 

Results and Discussion 
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Principal Component Analysis Highlights Major Divergence in 24-Hour Post-Permethrin 

Treatment Expression Profile: 

To assess transcriptomic changes across the first 24 hours after exposure to permethrin, 35 libraries 

were created from samples collected before exposure, and 6, 10, and 24 hours after exposure 

(summarized in Fig. 1a). These time points were chosen based on a microarray study in Anopheles 

gambiae that showed significant changes in response at these intervals10. All 35 libraries produced 

high quality 3’ Tag-Seq11 single end reads, with an average library size of 4,092,249 reads 

(min:3,493,811—unexposed replicate 2, max: 4,640,468—24 hrs post permethrin exposure 

replicate 3). Across samples, 96.7% of reads mapped to the reference genome at least once on 

average. Gene annotations were extracted from Vectorbase and genes with an “unspecified 

product” annotation were searched with BlastP against a custom database of the Culicidae and 

Drosophila databases to search for orthologs of unannotated genes.  Of the 19,804 genes annotated 

in the Aedes aegypti genome, 11,155 (56.3%) were expressed in this dataset. 

To assess how samples grouped based on overall expression profile, a principal component 

analysis was performed to ensure grouping was consistent with treatment conditions. PC1 

explained 35.4% of the variation, while PC2 explained 16.4% of the variation (Fig. 1b). Because 

only 51.8% of the variation in the dataset was explained by PC1 and PC2, further clustering 

analyses were performed. 

To further define the differences and similarities between groups, a kmeans cluster analysis was 

performed and the gap statistic was calculated to determine the optimal number of clusters within 

the data set12. Through this analysis, it was determined that the data could be categorized into 4 

clusters as follows: baseline and 24 hours post-acetone treatment, 6- and 10-hours post-acetone 

treatment, 6- and 10-hours post permethrin treatment, and 24 hours post permethrin treatment (Fig. 
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1B). Based on the clustering, the acetone exposed insects appear to return to baseline 24 hours 

after exposure, indicating that the use of this reagent as a control in insecticide resistance testing 

experiments is adequate. 

Because replicate samples from the 24 hours post-permethrin treatment demonstrate the greatest 

variance relative to the other treatment groups, we further investigated the genes driving this 

separation using a biplot. Biplot analysis (Supp. Fig. 1), reveals that the gene most strongly 

influencing this treatment group is catalase (AAEL013407), which codes for a protein that 

mediates oxidative stress by catalyzing the breakdown of hydrogen peroxide into two water 

molecules.  Catalase has undergone thorough investigation in mosquitoes and is associated with 

multiple physiological processes incluing insecticide resistance, fecundity, pathogen infection, 

diapause, and maintenance of homeostasis after blood feeding13–16. All of these processes result in 

high levels of reactive oxygen species (ROS) production, driving increased catalase expression to 

neutralize these molecules and mediate oxidative stress. Some studies in Anopheles species have 

found that insecticide resistant individuals live longer than their susceptible counterparts, likely 

due to an increase in catalase, though this phenotype seems to be strain specific17–20. Further study 

on the role of catalase in the strain specific longevity trends observed in resistant populations 

would improve our understanding of life-history tradeoffs due to resistance. For this reason, 

exploring chemical agents that exploit ROS production or knock down catalase activity could be 

viable for mosquito control. 

Redox Homeostasis Processes Exhibit Significant Expression Changes Over Time After 

Insecticide Exposure: 

We next characterized the time course expression response to pyrethroid exposure to holistically 

assess differential expression. This analysis provides information on the relationship between time 
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points and expression values, and assess which genes are experiencing significant changes in 

expression across time. To accomplish this, we used a cubic regression spline curve with 3 degrees 

of freedom to assess expression trends across the time course. The analysis revealed significant 

responses over time after insecticide exposure with 383 genes upregulated and 200 downregulated. 

We performed a gene ontology (GO) analysis on the upregulated and downregulated genes to 

identify enriched functions within these groups. Of the 383 upregulated genes, we found 

enrichment of 5 primary GO categories. Among these are acetyl-CoA biosynthesis, glucose 

metabolism, lipid metabolism, redox homeostasis processes, and ATP production (Fig. 2). 

Redox homeostasis processes are the primary response component to many stressors, including 

insecticides. Pyrethroid exposure causes oxidative stress, resulting from an imbalance of reactive 

oxygen species (ROS) and enzymes capable of neutralizing them21–24. Free radicals are formed by 

many cellular processes including the electron transport chain, fatty acid beta oxidation, and many 

other processes that require the breaking of molecular bonds such as the breakdown of xenobiotics. 

Gene families involved in the neutralization of free radicals to maintain redox homeostasis are also 

involved in the breakdown of xenobiotics, these include CYPs and GSTs22,25. Expression of these 

genes is often induced by increases in ROS26. ROS can cause conformational changes that result 

in the release of a cofactor from a transcription factor allowing for nuclear localization of said 

transcription factor. One example is the release of the KEAP-1 protein from cap n collar 

transcription factor27.  

In Ae. aegypti, the ortholog of the Drosophila melanogaster cap n’ collar gene is AAEL019563. 

The cap n’collar C isoform (CncC) is the invertebrate equivalent of the vertebrate nuclear factor 

erythroid 2-related factor (Nrf2), which is known to bind antioxidant response elements28. CncC 

binding to these promoters leads to the expression of the previously mentioned gene families under 
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insecticide stress29. Importantly, CncC has been found to be constitutively active in resistant 

populations of Drosophila and Anopheles gambiae30,31. Studies have also found that this 

transcription factor is responsible for metabolic shifts in response to stress, which are illustrated 

by this data set as well32,33. Interestingly, in this dataset, AAEL019653 does not display a significant 

change until 24 hours after exposure, when it is downregulated (logFC=-1.04, FDR=0.00019). It 

is unsurprising that this gene does not experience any upregulation throughout the time course as 

it is a constitutively expressed transcription factor which is released from its repressor upon 

increases in ROS within the cell. 

Both lipid and carbohydrate metabolism were upregulated, along with acetyl-CoA biosynthesis. 

This is consistent with results in many other studies on the response to insecticide exposure10,23,34. 

Additional evidence supports the role of CncC in increased lipid and carbohydrate metabolism, as 

constitutive activation of this protein leads to a decrease in lipid stores in Drosophila and mouse 

cells showed increased glucose uptake in the same condition33,35.  Acetyl-CoA is derived from the 

catabolism of proteins, lipids, and carbohydrates. Acetyl-CoA is a primary monitor of the 

metabolic state of an organism. When acetyl-CoA is plentiful, it is shuttled into lipid synthesis and 

while in a depleted state, it is transported into the mitochondria for ATP synthesis36. Other 

processes involved in ATP production include genes involved in NAD binding and FAD 

processes. Both of these molecules are high energy electron acceptors in the electron transport 

chain. This paired with ATP transmembrane transport overrepresentation clarifies the energetic 

stress the insect is under after exposure to a xenobiotic. 

Heat Shock Proteins Exhibit the Largest Fold Changes Among Upregulated Genes Across Time 

Eight of the top 20 genes with the largest fold change belong to the heat shock protein (HSP) 

family (Fig. 3). Each of the HSPs displays a similar patterns of transcript abundance over time, 
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with an increase through 10 hours followed by a gradual decline. Acetone treated samples show a 

response in these gene as well, though expression levels return to baseline at 24 hours while 

permethrin treated samples still have elevated expression. HSPs are associated with response to 

environmental stressors and have been associated with insecticide exposure response in many 

insects37–42. HSPs have a wide array of functions, aiding in all aspects of protein processing while 

not acting as a part of the mature protein43. One of these functions is as chaperones to aid in initial 

protein folding or to repair damage following stress. The role these molecules play in insecticide 

response may be due to protein damage due to ROS. One study found protein oxidation products 

increase following inoculation with the larvicidal bacteria Bacillus thuringiensis kurstaki, 

however, direct evidence of these products has not been studied in adult mosquitoes following 

insecticide exposure44.  

In a warming climate, the interactions between heat stress and insecticide resistance have the 

potential to pose major issues for vector control professionals45. There is even evidence that heat 

tolerance can protect from insecticide exposure and vice versa37,42. Continued research on the 

development of cross-resistance between heat and pyrethroids will be important for future vector 

control efforts. 

Time Point Specific Pairwise Comparisons Identify 7 Detoxifying Genes Upregulated At All Time 

Points 

To investigate time point specific detoxification signatures, we employed pairwise comparisons at 

each time point. 1245 (11.16%) were differentially expressed in at least 1 time point, 645 

upregulated and 599 downregulated, using an FDR cut off of 0.05. Thirty-eight of the 645 

upregulated genes were upregulated at all 3 time points (5.9%) while only 1 gene (a putative 
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oxidase/peroxidase) was downregulated at all 3 time points (AAEL019639, FDR=7.97x10-9) (Fig. 

4B). 

Gene ontology analysis was used to explore functional characteristics of genes upregulated at all 

time points. Due to the small number of genes, the classic fisher algorithm was used which tests 

GO terms independently and is therefore less conservative than the TopGO default algorithm. 

Genes shared across time points fall into four primary categories: lipid metabolism, detoxifying 

enzymes, purine breakdown, and FAD binding (Fig. 4A). Among the detoxifying enzymes are 

CYP6M11, CYP4D38, esterase B1, CYP4C38, GPHX1, a microsomal GST and an ABC 

transporter. These are part of different stages of detoxification. It could be speculated that these 

detoxifying enzymes exhibit a more generalized function, aiding in the breakdown and excretion 

of various byproducts. Alternatively, the process of insecticide detoxification in insects might be 

so slow that they continue to sequester insecticides and break down entire molecules, even 24 

hours after exposure.  This could be an important consideration for vector control professionals 

who routinely perform insecticide resistance testing, as the time at which they are observing 

knockdown may not be an accurate depiction of resistance state. 

Fatty Acid Beta Oxidation and ATP Production are Predominant Processes at 6-hours Post-

Exposure 

Six hours post exposure, 95 genes were upregulated while 15 genes were downregulated. Processes 

overrepresented at this time point are related to fatty acid beta oxidation and ATP production and 

transport. The most significantly upregulated gene is that coding for the protein carnitine O-

palmitoyl transferase (whd) (AAEL005458, FDR=2.36 x10-5) which is involved in fatty acid beta 

oxidation46. Of the 95 upregulated genes, 34 (35.7%) are only upregulated at 6 hours, one of which 

is the transcription factor, Hnf4 (AAEL011323, FDR=0.028). This factor is associated with a 
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metabolic switch to oxidative phosphorylation in Drosophila and fatty acid beta oxidation in Ae. 

aegypti47,48. Additionally, it is likely that the withered gene (whd) is activated by Hnf4, as 

researchers found that the expression of whd significantly decreased upon RNAi knockdown of 

Hnf448.  

Downregulated genes were more specific to the 6-hour time point, with 12 of the 15 only showing 

reduced abundance at 6 hours. However, there was no significant overrepresentation of function 

among this group based on a gene ontology analysis. An interesting gene within this group is a 

cytochrome P450, CYP9J22 (AAEL014619, FDR=0.017), as the CYP9J family is implicated in 

insecticide detoxification. Because it is downregulated so early in the time course, it may be one 

of the first CYPs to respond to permethrin followed by a drastic downregulation, or it may just be 

an example of strain specific detoxifying gene responses7. The 6-hour time point shared 15 

upregulated genes with the 10-hour time point, though this group did not contain any significantly 

overrepresented GO terms. However, among these genes is whd, indicating a continuation of 

increased fatty acid beta oxidation into 10 hours post exposure. 

Carbohydrate Metabolism Elevates Ten Hours Post-Exposure and Sustains Through 24 Hours: 

Gene expression changes at 10-hours post-exposure represent a switch in energy source as well as 

the peak of expression for genes displaying differential upregulation at all time points. At ten hours 

post exposure, 219 genes were upregulated, while 77 genes were downregulated. GO term 

overrepresentation among upregulated genes shows an increase in carbohydrate metabolism, with 

a continuation of fatty acid beta oxidation as well. This may indicate that mosquitoes have burned 

through much of their lipid stores by 10 hours post exposure, leaving them to function off of 

carbohydrates derived from sugar feeding. The most significant upregulated gene is that coding 

for glycine N-methyltransferase (GNMT) (AAEL012764, FDR=6.31x10-7). This gene has not been 
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previously associated with insecticide response to our knowledge, however the role of the mouse 

ortholog in stress response has been investigated. Knockout of GNMT in mice resulted in a 

reduction in expression of detoxifying genes including CYPs, GSTs, catalase, and superoxide 

dismutase, as well as an increase in lipid peroxidation products49. Further study of the role of this 

gene in insecticide response may provide additional information on resistance mechanisms. 

Eighty-one (37.0%) upregulated genes are only upregulated at 10 hours, though no significant GO 

term overrepresentation was found. Among these are 4 detoxifying genes previously associated 

with insecticide exposure: GSTD6, CYP9J9, CYP304B2, and CYP304C1, and 1 gene previously 

studied in response to insecticide exposure with negative results: GSTT129,50–53. Differing results 

in our study may be due to observation of expression changes over a longer span of time or merely 

strain specific differences. Forty-five of the 77 (58.4%) downregulated genes were only 

downregulated at 10 hours. GSTT4, a detoxifying gene previously linked to pyrethroid exposure, 

is among this group. Although it was found to be overexpressed in a study where GSTT1 was 

deemed insignificant53. This suggests that the role of individual GSTs in the detoxification 

response may vary between strains in their response to pyrethroid exposure. 

Ten hours post exposure shares 85 upregulated genes with 24 hours post exposure, many of which 

are involved in oxidoreductase activity (among which are catalase, CYP9J6, CYP6BB2, and a CYP 

with no family assigned), carbohydrate metabolism, and organic acid metabolism. CYP9J6 and 

CYP6BB2 are well associated with pyrethroid response50,54,55. In some strains of Ae. aegypti, 

CYP6BB2 is increased in copy number, and has been specifically shown to aid in metabolism of 

permethrin56,57. Additionally, 9 HSP genes or genes with HSP-like binding regions are 

upregulated, consistent with results from the time course analysis. 

Downregulated Genes at 24 Hours Post-Exposure are Tied to Energy Consumption: 
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Expression signatures 24-hours post-exposure were investigated to further assess broad differences 

creating the clustering divide observed in Figure 1b. Twenty-four hours post exposure, 371 genes 

are upregulated while 476 genes are downregulated. The most significant upregulated gene was a 

cytochrome P450, possibly part of the CYP6B family, and experienced a 2-fold change 

(AAEL009018, FDR=1.42x10-7)58. This gene has been associated with both pyrethroid and 

bendiocarb resistance58,59. The specificity of its differential expression solely at 24 hours after 

exposure to permethrin in this strain is unknown. 

The upregulated genes at this time point largely mirror the upregulated genes throughout the time 

course, however the downregulated genes are unique to 24 hours, with 445 of the 476 

downregulated genes only downregulated at 24 hours. The GO hits fall within 6 categories: ATP 

binding, GTPase activity, protein processing, signal transduction, spermidine biosynthesis, and 

transcription (Fig. 5). Spermidine is associated with protection against the toxic effects of 

pyrethroids in zebrafish, though the downregulation of genes involved in its synthesis may indicate 

that the insect is no longer experiencing toxic effects at this time60. Rather, the insect is primarily 

breaking down byproducts of earlier metabolism of the pyrethroid molecules. Decreases in ATP 

binding, signal transduction, protein processing, GTPase activity, and transcription indicate an 

overall decrease in the molecular responses to pyrethroid exposure. This combination of activity 

suggests that the insect is ramping down their overall response to return to a basal physiological 

state. 

Thirty-eight detoxifying enzymes exhibit an association with pyrethroid response 

To further classify those xenobiotic response-associated genes that may not have exhibited a 

statistically significant change in expression, we conducted a weighted gene correlation network 

analysis utilizing the R package WGCNA .61 This analysis groups genes based on expression 
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patterns over time as well as by their correlation with treatment. Thirty modules were identified 

with one highly correlated with treatment (Supp. Fig. 3). This module contains 931 genes, 305 of 

which are differentially expressed using an FDR cutoff of 0.05 from the time course analysis (245 

upregulated, 60 downregulated). Interestingly, no correlation with time was observed in this 

module. This suggests that the expression changes witnessed over this time course are attributed 

to the xenobiotic response, rather than merely to time-associated expression alterations. Forty-two 

genes within the oxidoreductase GO term are significant based on the time course analysis within 

this group (Fig. 6A). Oxidoreductase activity is mediated by many enzymes associated with 

detoxification functions. 

Within the module most related to treatment are 25 cytochrome P450s (without filtering based on 

FDR). Eleven of these are significant when considering expression over time while 17 are 

significant in at least 1 time point (Fig. 6B). Expression patterns of these genes are inconsistent, 

but cluster into 5 groups based on these patterns. One CYP is significantly downregulated at 10- 

and 24-hours post exposure, CYP307A1. This gene is included in the Halloween gene cluster and 

is the ortholog of the Drosophila gene Spook. Spook is part of ecdysone synthesis, so this 

downregulation may have implications for the role of ecdysone metabolism in the insecticide stress 

response62,63.  

We also found members of the CYP9J family is which is associated with pyrethroid resistance7,64–

67. Four genes from this family are present in the treatment associated module, 3 of which cluster 

together based on expression pattern (CYP9J6, CYP9J9, and CYP9J31). In prior work, researchers 

performed an extensive micro-array study on rhythmic gene expression in female Ae. aegypti 

heads with a special focus on the CYP9J family and found two groups of co-oscillating members 
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of this family68. However, none of the genes explored in that study were differentially expressed 

in this study. 

Nine GSTs/GPXs are present in the treatment-associated module, 5 of which are significant. 

Expression trends are more consistent within this group, with expression peaking at 10 hours post 

exposure (Fig. 6B). GSTX2 is associated with DDT resistance in South America, however 

researchers in Thailand performed in-vitro experiments with this protein derived from a Thai 

population and found no evidence of direct metabolism of DDT by this enzyme69,70. GPXH1 

appears to be induced by xenobiotic exposure, however, overexpression of this gene is not 

associated with resistance71.  

Four ABC transporters are in this group, 3 of which are upregulated. ABC transporters are 

responsible for transporting insecticide and byproducts of insecticide metabolism out of the cell to 

avoid accumulation of these toxic compounds72. Transcription of these are also initiated by CncC, 

and their role in xenobiotic detoxification has been validated by RNAi experiments in crop pests73.  

Conclusion: 

Exposure to permethrin results in not only an immediate physiological response, but a response 

that continues through at least 24 hours after exposure. This response is characterized by shifts in 

metabolism and energy production along with redox balancing and detoxifying genes. 

Understanding the recovery response to insecticide exposure provides information on possible new 

genetic and synergist targets to explore. Additionally, observing these genetic trends provides 

evidence that two phase treatments of insecticides with different modes of action may be effective, 

though the logistics of such an application would be difficult and likely cost prohibitive. This study 

also highlights strain specific differences in the response of detoxifying enzymes. Further 
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investigation into the evolutionary mechanisms behind these differences may give improved 

understanding of the evolution of insecticide resistance. 

Methods: 

Mosquitoes: 

Mosquitoes were collected from Reedley, CA (36.5809032,-119.4553858,16.51) and reared 

according to existing protocols for 2 generations in the lab74. Briefly, larvae were reared in trays 

of 200 in 1 L of dechlorinated tap water and fed Fluval fish pellets. Upon pupation, pupae were 

removed from larval trays and placed in BugDorm #6 cages and fed 10 % sucrose ad libitum until 

the 5th day post-eclosion. To determine the resistance phenotype of this strain to permethrin, a 

CDC bottle bioassay was performed, using the diagnostic dose of 43ug/mL75. Based on the 

diagnostic time of 10 minutes, the strain was determined to be resistant to permethrin (Supp. Fig. 

4). 

Permethrin Exposure: 

In groups of 15-25, females 5 days-post eclosion were placed in 250 mL Wheaton bottles coated 

in permethrin at a concentration of 15 ug/mL in acetone or 1 mL acetone as a control for 1 hour. 

Mosquitoes were then removed from bottles and placed in BugDorm #6 cages. Five replicates of 

5 mosquitoes were collected 6, 10, and 24 hours after cessation of exposure and homogenized in 

the lysis buffer supplied with the Zymo Quick RNA Mini-Prep kit (R1054). Additionally, 5 

replicates of 5 mosquitoes were collected prior to permethrin/acetone exposure to act as a baseline. 

RNA was extracted and samples were assessed for contamination with a NanoDrop Onec, then 

analyzed via Bioanalyzer for RIN score and concentration by the UCDGC. 

Library Prep and Sequencing: 
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RNA was submitted to the UC Davis Genome Center for library prep and 3’ Tag-seq analysis. 

Gene expression profiling was carried out using a 3'-Tag-RNA-

Seq protocol.  Barcoded sequencing libraries were prepared using the QuantSeq FWD kit 

(Lexogen, Vienna, Austria) for multiplexed sequencing according to the recommendations of the 

manufacturer 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 electrophoresis on a LabChip GX system (PerkinElmer, Waltham, MA).   The 

libraries were quantified by fluorometry on a Qubit fluorometer (Life Technologies, Carlsbad, 

CA), 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). The libraries were sequenced on a HiSeq 4000 sequencer 

(Illumina, San Diego, CA) with single-end 100 bp reads. 3’Tag-seq is a quick and efficient form 

of sequencing in which single-end sequencing is performed on the 3’ end, creating only an initial 

read of 80 or 90 base pairs.11 This creates low noise data that can easily be aligned to the existing, 

well annotated genome. 

Reads were checked for quality using FastQC v0.11.9, then trimmed using bbduk, a function 

within bbmap (v37-50) 76,77. Resulting reads were aligned to the Aedes aegypti LVP_AGWG-50 

genome, indexed with an –sjdbOverhang 99 using STAR v2.7.2a78,79. Read files were then indexed 

using samtools v1.3.180.  Raw read data is available via the NCBI SRA database under the 

accession number PRJNA988225. 

Gene Expression Analysis: 
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All statistical analyses were carried out using R Statistical Software (v.4.2.1)81. To observe 

similarities and groupings among samples, a principal component analysis and kmeans clustering 

analysis were performed. 

Differential gene expression analysis was performed using edgeR82. To begin filtering the data set, 

genes with low expression (less than or equal to 1 CPM in more than 2 samples) were ignored.  

For a gene to be considered differentially expressed, a false discovery rate (FDR) of  < 0.05 was 

used as a threshold. To characterize differential expression while considering time, a cubic 

regression spline curve with 3 degrees of freedom was used to assess expression trends across the 

time course with regard to treatment. 

Co-expression network analysis was performed using the WGCNA package in R61. This analysis 

groups genes based on expression trends over time as well as their association with treatment. 

Gene ontology enrichment analysis was performed using the R package TopGO83. All genes 

detectably expressed within this dataset were used as the background for this analysis. The TopGO 

fisher test was used to determine significance, using a p-value cutoff of 0.05. 
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Figure 1. Summary of experimental design and cluster analysis of expression profiles. a) Depiction 

of experimental design and b) Principal component analysis of all samples using log transformed 

gene counts. Kmeans clustering analysis indicated 4 clusters to be ideal for the amount of variation 

in this dataset. Biplot available in Supp. Fig 1. 



  

 65 

 

Figure 2. Gene ontology analysis of genes upregulated throughout the time course. Time course 

modeled using cubic regression spline curve and pairwise comparison between treatments. A high 

percent of significant genes within a term indicates a large proportion of genes annotated with a 

specific term were found significantly upregulated in this analysis. 
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Figure 3. Heat shock proteins experience large fold changes over time after exposure to permethrin. 

Genes are faceted by product descriptions found in Vectorbase, and 95% CI shown with grey 

shading. AlphaA-crystallin is a small HSP (Jakob et al 1993). l2efl is a member of the HSP20 

family (Runtuwene et al 2020) 
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Figure 4. Summary of pairwise comparisons. A. Heat map of genes upregulated at all time points 

(FDR < 0.05), red text indicates detoxifying genes. B. Top 2 upregulated genes with smallest FDR 

at each time point.  

 

Figure 5. Gene Ontology analysis of downregulated genes at 24 hours post exposure. Genes with 

FDR < 0.05 and logFC < 0 included in analysis. 
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Figure 6. Summary of oxidoreductase activity genes in the WGCNA module with the highest 

correlation to treatment. A. Line plot of oxidoreductase activity gene expression over time 

highlighting the domination of CYPs within this group. B. Heat map of CYPs, GSTs, and ABC 

transporters within this module, regardless of FDR. Red text indicates an FDR < 0.05.  
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Abstract:  

Stress responses are energetically costly, but they can also prime an insect to encounter future 

stressors. Climate change is driving dramatic environmental perturbations and stressors are 

increasing in intensity and frequency, particularly for the mosquito, Aedes aegypti. While some 

insects will be diminished due to stress, it appears Ae. aegypti is thriving. Once restricted to tropical 

environments, this mosquito has now spread to much drier, hotter locations. This is unfortunate, 

as Ae. aegypti transmits many arboviruses, including dengue, chikungunya, and yellow fever. 

Additionally, this insect displays high levels of pyrethroid resistance globally. Pyrethroids are 

commonly used pesticides across industries, and resistance to these chemicals has increased across 

taxa. For Ae. aegypti this means that the chance of encountering a sublethal dose is high. Sublethal 

exposures can improve survival to subsequent exposures, and these effects can be experienced 

transgenerationally, without mutations occurring. To detect and explore potential 

transgenerational effects of insecticide exposure, we employed Nanopore sequencing of developed 

Ae. aegypti ovaries after maternal permethrin exposure. Through differential expression analysis, 

we discovered 11 stress response genes upregulated in permethrin treated ovaries, along with an 

upregulation of genes involved in DNA mismatch repair. Additionally, mitochondrial and 

ribosomal component genes were downregulated, in which suggests that the development rate of 

resulting offspring will be lower. Further studies will need to be performed to identify the 

functional effects of these results, but significant changes to offspring physiology appear to occur 

as a result of maternal permethrin exposure. This has implications for vector control and should 

be explored to determine the effectiveness of pyrethroid use over time.  
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Introduction:  

Stress events have immediate and long-term effects on organisms. All stress responses require 

allocation of resources to carry out said response, resulting in tradeoffs with other fitness-

enhancing processes. Additionally, stressors can cause damage to molecular and cellular structures 

in the body, leading to decrease in physiological condition. However, stress events can prime 

organisms for future encounters with stressors. For example, experiencing multiple stressors in 

quick succession can protect an individual from deleterious effects of the stressor, though 

extending the time between events reduces the protective nature (1).  

Some stressors induce hormesis, a response in which low doses are beneficial to the organism 

while very high doses are toxic (2). In the context of insecticide exposure, insects can experience 

improved tolerance and increased reproduction after sublethal doses (3–6). These benefits can be 

experienced transgenerationally as well through epigenetic mechanisms (7–10).  

This phenomenon is of growing concern, as global insecticide resistance is an issue across taxa. 

Prevalence of pyrethroid resistance is particularly high as pyrethroids are used in agricultural, 

public health, and structural pest treatments. Resistance is developed through mutations at the 

target site, increased expression or overactivation of detoxifying proteins, or thickening of the 

cuticle to reduce penetration of the chemical (11). This multifaceted defense leads to reduced 

efficacy of common pest control methodologies. 

A pest of particular concern are mosquitoes, the deadliest animal in the world, as the diseases they 

transmit account for about 700,000 deaths per year according to the WHO (12). They carry the 

pathogens that cause a wide range of diseases, like malaria, dengue, chikungunya, and yellow 

fever. In the field of mosquito biology, Aedes aegypti accounts for a vast majority of the basic 
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research on these organisms, due to the ease with which they are reared in a lab environment. Part 

of this ease is due to their unique, desiccation-resistant eggs, which remain viable for months after 

deposition. They are also a highly anthropophilic species, preferring to feed on and live near 

humans. This biology allows them to easily invade new environments, making them a particularly 

frustrating pest. Native to sub-Saharan Africa, Ae. aegypti is now found on all continents aside 

from Antarctica (13).  

In the last decade, Ae. aegypti has invaded, established, and spread throughout California (14,15). 

Population genetics show evidence of 3 separate introductions into the state from differing genetic 

backgrounds, and all 3 of these genetic clusters indicate high levels of pyrethroid resistance 

(14,16). Mosquitoes undergo rapid evolution due to their short lifespans and large egg clutch size, 

though Ae. aegypti that invaded California arrived in the state resistant to pyrethroids (17). Similar 

dynamics exist in other locations and the environmental changes associated with climate change 

facilitate continuing invasion by Ae. aegypti.  

California’s landscape, particularly in the Central Valley, seems especially conducive to the 

persistence of pyrethroid resistance. According to the US Geological Service, the Central Valley 

produces 25% of the country’s food while occupying less than 1% of the total agricultural land in 

the US. Epigenetic evidence of “ambient” pyrethroid exposure was found in humans in 

communities near agricultural land in the Central Valley (18). We can assume Ae. aegypti 

experience similar sublethal exposure to pyrethroids in these communities, maintaining resistance 

even when public health professionals are not using pyrethroids to target them. As previously 

stated, sublethal insecticide doses can trigger a hormetic response resulting in improved tolerance 

and increase reproduction in insects. Exploring these dynamics in mosquitoes could be helpful to 

improved understanding of sublethal pyrethroid effects on these insects. 
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Anautogenous mosquitoes like Ae. aegypti are an excellent model system for exploring 

generational changes and reproductive physiology. Their reproductive cycles are only initiated by 

a bloodmeal, synchronizing oogenesis, and making it easy to collect enough tissue for high-

throughput applications. In just 72 hours, a mother develops a full clutch of eggs ready to be 

oviposited (Fig. 1). Along with the potential benefits of sublethal insecticide exposure, exposure 

can also lead to tradeoffs leading to decreased fitness. How are mothers balancing their limited 

resources with providing their offspring with the best chance of survival? 

To further explore the effects of a sublethal insecticide exposure on oogenesis and the ovarian 

transcriptome, we performed high-throughput gene expression analysis on developed oocytes after 

maternal exposure. We hypothesize that changes to the transcriptome of ovaries after exposure to 

permethrin will indicate significant fitness improvements for resulting offspring. Improving our 

understanding of the sublethal effects of insecticides in mosquitoes can assist in vector control 

decisions and the production of novel control mechanisms.  

Results and Discussion:  

Differential expression analysis reveals transcriptomic downregulation to a higher degree than 

upregulation: 

To explore differentially expressed genes in oocytes after maternal exposure to permethrin, we 

performed a differential expression analysis comparing permethrin exposed and acetone control 

groups (Fig. 2). Of the 9065 genes expressed in this dataset, 3545 genes had an adjusted p value 

of less than 0.05, 1639 with a log2 fold change greater than 0 and 1906 with a log2 fold change of 

less than 0. Further filtering these genes by degree of fold change, 1532 genes had a log2 fold 

change greater than 1, 81 upregulated and 1450 downregulated. We did not hypothesize this degree 

of difference in upregulation versus downregulation, it seems that oocytes are depleted more than 
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they are provisioned. To validate the homogeneity of expression profiles in samples from identical 

treatments, a principal component analysis was conducted. Samples clustered well by treatment 

with principal component 1 explaining 73.38% of the variation and principal component 2 with 

8.56% (supp. Fig. 1). Overall, it appears that permethrin treatment results in significant differences 

in ovarian gene expression.  

Insecticide response related genes are upregulated in permethrin treated ovaries while the vgsc 

gene is downregulated: 

To assess the association between stress response gene expression in the ovaries and permethrin 

exposure, we specifically explored upregulated differential expression results for genes involved 

in stress response. Eleven stress response genes were upregulated in the permethrin treated group. 

These include heat shock proteins, ATP-binding cassette (ABC) transporters, cytochrome P450s 

(CYPs), glutathione synthetase, and catalase (Fig. 3). Three of these were upregulated in response 

to permethrin in mothers as observed in chapter 2. CYP4C38 was upregulated across time points 

in chapter 2, and was found to respond to permethrin in Culex quinquefasciatus (19). CYPs are 

tasked with the first step of detoxification. These enzymes are well associated with insecticide 

resistance (11). Glutathione synthetase is part of the glutathione biosynthesis pathway and acts as 

an antioxidant, and glutathione-s-transferases are involved in the second step of detoxification 

(20). ABC transporters are involved in expulsion of insecticide or modified insecticide out of the 

cell. This is the final stage of detoxification and necessary for excretion of byproducts from the 

body (21). Provisioning oocytes with these genes could increase insecticide tolerance.  

Maternal deposition of mRNAs related to environmental stressors has been described in 

Drosophila in the context of heat shock protein genes. When a small heat shock protein gene was 

maternally loaded into oocytes, Drosophila larvae were more tolerant of heat stress (10). 



  

 76 

Heat shock proteins are molecular chaperones whose role is to help fold proteins or repair 

misfolded proteins. Reactive oxygen species produced by stress can cause damage to proteins, so 

heat shock proteins are necessary stress response genes. Three heat shock proteins were 

upregulated in the permethrin treated group, though only at a fold change of around 0.5 

(AAEL017315, p=0.0025; AAEL025697, p=0.0044; AAEL000301, p=0.0143) (Fig. 3). Cross 

tolerance between heat and pyrethroids was demonstrated in mosquito larvae. Exposure to heat 

shock prior to a pyrethroid proved to increase pyrethroid tolerance and vice versa to a lesser extent 

(22). Priming of offspring following a pyrethroid exposure may lead to increased thermal 

tolerance, which is an important consideration in a changing climate.  

Catalase is responsible for the breakdown of hydrogen peroxide, a reactive oxygen species, into 2 

water molecules. It is associated with many physiological processes, including fecundity and 

insecticide tolerance (23). Expression of catalase increases in response to a blood meal, and is 

necessary for high fecundity in mosquitoes (24). Oxidative stress following insecticide exposure 

causes increases in catalase even up to and possibly beyond 24 hours post exposure as observed in 

chapter 2. Increases in this enzyme in the permethrin treated group may indicate investment by the 

mother to improve her fecundity. 

Finally, pyrethroids target voltage gated sodium channels, binding to open channels resulting in 

constant depolarization of the membrane, paralysis, and death (25). Interestingly, the permethrin 

treated group experienced a 1.7-fold decrease in expression of the vgsc gene when compared to 

the control (AAEL013277, p=0.0375). This gene is required for survival, as it propagates action 

potentials across axons, a process necessary for movement and nervous system function in general. 

In Drosophila, a mutation in maleless, reduces expression of these channels in homozygous 

individuals. These individuals experience reduced eclosion and increased susceptibility to low and 
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high temperatures (26). Additional experiments are necessary to determine if similar dynamics 

exist in offspring of permethrin exposed mothers, or if the increase in heat shock protein expression 

could protect them from heat shock.  

Maternal permethrin treatment results in downregulation of protein production machinery: 

To explore functional groups among the downregulated genes, a gene ontology analysis and 

pathway analysis were performed. Among the most overrepresented groups and pathways were 

genes involved in various components of protein production, primarily ribosomes (Supp. Tables 

1&4). Every ribosomal protein gene identified within this dataset (31 60S subunits and 23 40S 

subunits) is downregulated around 2-fold (Fig. 4B). The implications of this are vast. In a new 

study using a mouse model, researchers determined that oocyte ribosome occupancy determined 

protein synthesis in the zygote using an individual zygote (27). The reduction in ribosomal protein 

genes may indicate slower embryonic development due to decreased protein availability, which 

could be advantageous in a stressful environment. Essentially, it could allow the offspring to “wait 

out” the stressor, keeping them safe within their protective egg until a more suitable environment 

is present. However, this could also be indicative of a resource tradeoff. 

In Drosophila, eggs from mothers that experienced larval nutritional stress, ribosomal protein 

genes and ribosome biogenesis were downregulated (28). Additional studies have shown a 

connection between the juvenile hormone receptor, Methoprene tolerant (Met), expression and 

ribosomal protein L32 (RpL32) expression (29). Met expression is tightly regulated by nutritional 

condition. Met is a juvenile hormone (JH) receptor; which acts a transcription factor regulating 

vitellogenic gene expression. Juvenile hormone primes the mosquito body for vitellogenesis, 

providing signals on the nutritional condition of the mother. Methoprene is an analog of JH, and 

topical treatment of mosquitoes with Methoprene mimics the effects of a 20% sucrose diet (30). 



  

 78 

As evidenced in chapter 2, mothers treated with permethrin experience a massive upregulation in 

genes related to the metabolism of stored energy products. This may indicate that the mothers were 

nutritionally depleted when they were bloodfed for this experiment, which would result in a 

reduction in expression of ribosomal protein genes.  

The proteasome complex is necessary for maintaining protein homeostasis in the cell, breaking 

down damaged proteins (31). Proteolysis plays important roles in insect development. Among the 

downregulated functional categories and pathways are proteosome complex processes (Supp 

Tables 1&4). In the brown planthopper (Nilaparvata lugens), researchers discovered that 

proteasome activity is necessary for the transcription of lipase, vitellogenin, and some Halloween 

genes (32). These genes are all required for the process of oogenesis. Lipase (AAEL007055, 

p=0.031) and vitellogenin (AAEL006966, pvalue=0.00059) are downregulated in the ovaries after 

permethrin exposure, but none of the Halloween genes experience a significant change. 

Paradoxically, upregulation of proteasomes have been identified to illicit resistance to 

deltamethrin, a pyrethroid, in mosquito cells and that the addition of a proteasome inhibitor 

increased sensitivity to the insecticide (33). It is unclear what effect downregulation of the 

proteasome complex may have on offspring of permethrin treated mothers. 

Downregulation of mitochondrial components and upregulation of mitophagy pathway indicate 

mitochondrial damage resulting from permethrin treatment: 

Damaged mitochondria can cause oxidative stress due to production/escape of reactive oxygen 

species from mitochondrial processes. To combat these damaging molecules, cells perform 

mitophagy, autophagy directed mitochondrial death. Based on a pathway analysis of the 

upregulated genes in this dataset, the mitophagy pathway was significantly overrepresented 

(p=0.0327). Upregulated genes within this pathway include those coding for PINK1 
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(AAEL011594, log2FC=0.743, FDR=0.0004) and TBK1 (AAEL020848, log2FC=0.773, 

FDR=0.005) (Fig 5A). PINK1 is responsible for ubiquitin directed mitophagy, it is activated by 

various damage signals (34). PINK1 recruits parkin to the damaged mitochondria which 

ubiquitinates Miro and Mfn1 repressing them. Miro is involved in movement of mitochondria 

while Mfn1 is involved in mitochondrial fusion. Repressing these two genes keeps damaged 

mitochondria from causing widespread damage. Interestingly, both genes are upregulated in the 

permethrin treated group (Miro, AAEL001853, log2FC=0.962, FDR=6.4x10-7) (Mfn1, 

AAEL004471, log2FC=0.847, FDR=9.8x10-6), which may be indicative of mitochondrial stress 

because the oocyte is attempting to make use of a limited number of mitochondria. TBK1 

phosphorylates autophagy receptors, which initiate autophagy of damaged mitochondria (35). 

TBK1 is also upregulated (AAEL020848, log2FC=0.773, FDR=0.004). 

Gene ontology analysis of the downregulated genes revealed additional evidence of decreased 

mitochondrial function in the permethrin treated group. Genes with reduced transcript abundance 

represent biological processes involved in mitochondrial function including: NADH 

dehydrogenase activity, cytochrome c oxidase activity, molecular functions involved in general 

electron transport chain activity, and cellular components that make up the mitochondria including 

mitochondrial ribosomes and the inner membrane (fig. 5B). These processes take place in the 

mitochondria and produce energy for the cell. Additionally, pathway analysis found oxidative 

phosphorylation and the pentose phosphate pathway overrepresented in the downregulated genes 

(Supp Table 1). Other studies have found a decrease in the oxidative phosphorylation pathway as 

a result of sublethal insecticide exposure as well (36). This all may be related to mitophagy as a 

way to mediate oxidative stress, as cap n’ collar, a well-known mediator of oxidative stress, was 

shown to activate mitophagy in Drosophila (37). Cap n’ collar is activated by increases in reactive 
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oxygen species and is a central player in the xenobiotic response, associated with insecticide 

exposure (38).  

Evidence of genotoxic effects of permethrin in ovaries: 

Exposure to pyrethroids causes a significant production of reactive oxygen species (ROS), from 

increases in metabolic processes as well as the increased functioning of CYPs, as observed in 

chapter 2. ROS are molecules containing unpaired electrons which are highly reactive, stealing 

electrons from other molecules. An imbalance between ROS and antioxidants can lead to oxidative 

stress in cells, resulting in damage to DNA, proteins, and lipids.  

Mosquito ovaries are likely highly susceptible to DNA damage due to the continuous production 

of oocytes throughout the life of the mosquito, as well as the impressive increase in mitotic activity 

in follicular cells after a bloodmeal (i.e. development of ovaries) (Fig. 1) (39). Clear signs of DNA 

damage are present in this dataset, primarily in the upregulation of mismatch repair and translesion 

synthesis related genes (Fig. 6B, supp. fig 2). Studies in Drosophila have shown that organism 

condition affects the particular repair mechanism employed by individuals, as some are more 

energetically taxing than others or can repress each other (40–43). For example, mismatch repair 

represses homologous recombination when there are too many mismatches in a strand, a dynamic 

that appears to exist in permethrin treated ovaries (fig. 6) (43). Cellular stress can increase the rate 

of mutation, which can be explained by DNA damage (44). Interestingly, the physiological 

condition of the mother may increase her likelihood of passing mutations to her offspring as well 

(45). Further evidence that mothers in our experiment are passing more mutations to their offspring 

is the upregulation of translesion synthesis machinery which incorporates unrepaired mutations 

into replicated DNA. Studies in vertebrates have shown many pyrethroids to have genotoxic 

effects due to increases in ROS in the cell, however these effects have not been studied extensively 
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in insects, likely because these compounds are meant to be detrimental to insects (46–49). 

However, exploring genotoxic effects in insects could give more context and understanding to how 

they are able to evolve resistance so rapidly to insecticides. 

DNA damage can also cause downregulation of histone protein genes, as seen in this dataset (Fig. 

7) (50). This can have developmental consequences, like those observed in C. elegans in mutants 

with H3.3 mutations. Interestingly, depletion of H3.3 assembly factors leads to an adult-onset 

lethal effect (51). Histones are also important for regulating gene expression, as histone 

modifications are primary drivers of epigenetic inheritance. In permethrin treated ovaries, we see 

an upregulation of histone lysine-N-methyltransferases (Fig. 7B).  

A differential transcript usage analysis was also performed to help us understand the differences 

in expression of gene isoforms caused by alternative splicing or promoter usage among the 

different groups. Sixty-two genes displayed differential transcript usage, though no common 

functional features were found within these genes by gene ontology analysis (supp. table 3). One 

of the most interesting among these genes (AAEL010826-RA -RB), has two splice isoforms that 

encode different biochemical functions.  The AAEL010826-RA isoform contains a domain coding 

for a histone-N-methyltransferase and shows increased transcript abundance in the permethrin 

treated group, while the isoform dominant in the control codes for a eukaryotic transcription 

initiation factor (eIF2) (Fig. 8). Based on the structure of these two transcripts, only two small 

exons on the 5’ end of the gene is shared (Fig. 8). Interestingly, the fusion of these two transcripts 

appears to be a common feature in insects, dating back 400 million years (52). The orthologs of 

these isoforms in Drosophila are well studied and function in H3-K9 methylation, which is 

associated with heterochromatin formation leading to gene silencing, as well as GTP and 

methionine binding to initiate translation (53,54). Based on function, these isoforms are active in 
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the nucleus and cytoplasm, respectively, presenting further questions for consideration. This gene 

and its function in pyrethroid mediated developmental changes should be investigated in Ae. 

aegypti to expand our understanding of epigenetic mechanisms of pyrethroid resistance. 

Conclusion: 

Permethrin exposure greatly affects the transcriptome of developed ovaries in Ae. aegypti, with 

evidence of maternal priming for stress tolerance, nutritional trade-offs, and DNA damage. 

Provisioning of stress tolerance genes and DNA damage have significant implications for the 

evolution of insecticide resistance and should be investigated further for a deeper understanding 

of the mechanisms behind the development of insecticide resistance. More specific epigenetic 

analysis, like quantification and specificity of methylation, of mosquitoes after exposure to 

pyrethroids would be helpful in further characterizing heritable effects of pyrethroid exposure. 

This is only the first study of insecticide effects on developed ovaries of Ae. aegypti but raises 

many questions and new avenues of investigation into the evolution of pyrethroid resistance.  

 

Methods:  

Mosquitoes: 

Mosquitoes for this project were collected from Grace Ranch (38.42508778383484, -

122.87800484630372) in the Central Valley of California. These were reared according to existing 

protocols in the lab for 4 generations prior to use for experiments (55).  

Five-day old adult female mosquitoes were exposed to 43 ug/mL permethrin in acetone via coated 

250 mL Wheaton bottles for 30 minutes. Control samples were placed in bottles coated with 1 mL 

acetone for 30 minutes. After 30 minutes, treated adults were returned to a clean cage to recover. 

Two days after exposure, mosquitoes were offered a blood meal, and all mosquitoes exhibiting the 
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signature red belly indicating a successful blood meal were removed from the cage and placed into 

another clean cage.  

MicroCT imaging: 

The Rockefeller lab strain of Ae. aegypti were reared according to existing protocols (55). Five 

days post eclosion, unfed female mosquitoes were placed in Bouin’s solution for fixation, followed 

by alcohol dehydration, while the rest were bloodfed. Seventy-two hours later, bloodfed 

mosquitoes were collected in the same way. Fixed samples were placed in 600mL microcentrifuge 

tubes filled with hand sanitizer and sent to the Lawerence Berkeley National Laboratory Advanced 

Light Source to be scanned on beamline 8.3.2.  

Scans were assembled and segmented using Dragonfly v 2022.1 (Object Research Systems). 

RNA sample collection: 

Three days later, ovaries were dissected out of 15 individuals per replicate, with 4 replicates for 

the permethrin treated group and 3 replicates for the acetone group. Ovaries were collected directly 

into the lysis buffer provided with the Zymo Quick RNA Miniprep kit (R1054) and crushed using 

a plastic pestle. RNA was then extracted from all samples following the kit procedure. RNA quality 

was checked by Nanodrop One as well as Agilent Bioanalyzer for accurate quantification.  

RNA samples were submitted to the UC Davis Genome Center (UCDGC) (1 ug per replicate) for 

cDNA library prep and Oxford Nanopore sequencing via Promethion. cDNA preparation was 

performed using the NEBNext Single Cell/Low Input cDNA synthesis kit with VNP and SSP 

primers from the DCS109 kit from Oxford Nanopore and barcoded with the PBC096 kit from 

Oxford Nanopore. Samples were then sequenced on a PromethION sequencer.  

Mapping: 
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Reads ranged from 4.24 million reads (permethrin sample 3) to 7 million reads per sample (acetone 

sample 1). Data files were concatenated and filtered by length and quality using fastcat (56). To 

orient reads and trim adapters, we used pychopper (57). Rescued reads were analyzed with 

pychopper a second time in the reverse orientation to collect all quality reads. All pychopper 

passing reads were concatenated for mapping. Once prepared, reads were mapped to the Aedes 

aegypti genome (AaegyptiLVP-AGWG-62) from Vectorbase using minimap2, with an average of 

99% mapping to the genome (58). Counts were obtained through the summarizeOverlaps function 

from the GenomicFeatures package in R (59).  

Differential analyses: 

Differential expression analysis was performed via DESeq2 and differential transcript usage 

analysis was performed using DRIMSeq (60,61). DRIMSeq p-values were adjusted using StageR 

(62).  

Functional analyses: 

Further analyses were performed on differential results. Gene ontology analysis was performed 

using topGO, relying on the default algorithm to determine overrepresentation (63). Additionally, 

pathway analysis was performed using KEGGREST to acquire the genes assigned to pathways 

followed by a wilcox test to compare the number of genes annotated within the pathway with those 

not in the pathway (64).  
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Figure 1. MicroCT images depicting anatomical changes after blood feeding. Mosquitoes undergo 

immense physiological and anatomical changes after blood feeding, with mature oocytes growing 

to occupy over 50% of the abdominal volume. 
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Figure 2. Diagram of the experimental design. Five-day-old female mosquitoes were exposed to 

permethrin or acetone as a control, blood fed 2 days later, and ovaries dissected 3 days after blood 

feeding. 
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Figure 3. Known insecticide response related genes upregulated in ovaries of permethrin treated 

mosquitoes. Significance based on an adjusted p-value cutoff of 0.05. 
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Figure 4. Oocytes of permethrin treated mosquitoes experience a downregulation of ribosomal 

protein genes. A. Based on a gene ontology analysis and pathway analysis, ribosome biogenesis is 

overrepresented among the downregulated genes. All genes shown in the diagram are 

downregulated. B. Multiple gene ontology categories of ribosome related processes are 

overrepresented in gene ontology. Ratio refers to the percent of genes within an ontology category 

that were found in this dataset. C. All ribosomal protein genes in this data set are downregulated 

more than 2-fold. Created with Biorender. 
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Figure 5. Oocytes of permethrin-treated mosquitoes show transcriptional indications of 

mitochondrial depletion. A. Genes in the mitophagy pathway are overrepresented among the 

upregulated genes. B. Mitochondria-related gene ontology categories are overrepresented among 

downregulated genes. Together, these results suggest that permethrin treatment causes impressive 

damage to mitochondria within the oocytes. Created with Biorender. 
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Figure 6. Exposure to permethrin induces DNA damage response gene expression in the ovaries. 

A. Schematic of mismatch repair pathway. B. Heatmap of DNA repair related genes, values are z-

scaled counts. Through a pathway analysis, the Fanconi Anemia pathway was overrepresented 

among upregulated genes, a pathway involved in DNA repair.  
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Figure 7. Exposure to permethrin causes downregulation of histone related genes in ovaries. A. 

Schematic of the nucleosome and histone modifications. B. Heatmap of histone related genes. 

Histone genes are downregulated, though 2 histone methyltransferases and 1 histone deacetylase 

are upregulated. Created with Biorender. 
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Figure 8. Differential transcript usage analysis reveals switch to histone methylation from 

translation initiation factor after permethrin exposure. The two isoforms contain much different 

coding regions of the gene. 
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Supplementary Figure 1. Principal component analysis of samples. 

 
 
 
 

−0.50

−0.25

0.00

0.25

−0.50 −0.25 0.00 0.25
PC1 (73.38%)

PC
2 

(8
.6

5%
)

Treatment
Acetone

Permethrin



  

 95 

 
Supplementary Figure 2. Full pathway of Fanconi Anemia Pathway from KEGG. Red boxes indicated upregulated genes and blue 
indicated downregulated genes. 

 

Supplementary Table 3. Upregulated GO Terms 
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GO.I
D 

Term Ann
otate
d 

Signi
fican
t 

Exp
ecte
d 

classi
cFish
er 

elim
Fish
er 

topgo
Fishe
r 

parentch
ildFishe
r 

GO 
typ
e 

GO:0
00688
6 

intracellular protein 
transport 

98 47 20.1 6.80E
-10 

2.10
E-08 

1.40E
-08 

0.00012 BP 

GO:0
00627
0 

DNA replication 
initiation 

10 7 2.05 0.001 0.00
1 

0.001 0.00544 BP 

GO:0
00689
1 

intra-Golgi vesicle-
mediated transport 

4 4 0.82 0.001
8 

0.00
18 

0.001
8 

0.00531 BP 

GO:0
00717
9 

transforming growth 
factor beta receptor... 

4 4 0.82 0.001
8 

0.00
18 

0.001
8 

0.04545 BP 

GO:0
00663
5 

fatty acid beta-
oxidation 

6 5 1.23 0.001
8 

0.00
18 

0.001
8 

1 BP 

GO:0
00690
4 

vesicle docking 
involved in exocytosis 

6 5 1.23 0.001
8 

0.00
18 

0.001
8 

1 BP 

GO:0
00702
0 

microtubule 
nucleation 

6 5 1.23 0.001
8 

0.00
18 

0.001
8 

0.02557 BP 

GO:0
00660
6 

protein import into 
nucleus 

7 5 1.44 0.005
2 

0.00
52 

0.005
2 

0.1855 BP 

GO:0
00629
8 

mismatch repair 5 4 1.03 0.007
4 

0.00
74 

0.007
4 

0.01321 BP 

GO:0
00640
2 

mRNA catabolic 
process 

24 9 4.92 0.041
4 

0.04
14 

0.008
5 

0.09796 BP 

GO:1
90466
8 

positive regulation of 
ubiquitin protein... 

3 3 0.62 0.008
6 

0.00
86 

0.008
6 

1 BP 

GO:0
04255
5 

MCM complex 6 6 1.13 4.30E
-05 

4.30
E-05 

4.30E
-05 

7.60E-
05 

CC 

GO:0
00014
5 

exocyst 8 7 1.5 5.40E
-05 

5.40
E-05 

5.40E
-05 

0.13282 CC 

GO:0
03146
1 

cullin-RING ubiquitin 
ligase complex 

15 9 2.82 0.000
47 

0.00
047 

0.000
23 

0.18073 CC 
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GO:0
01711
9 

Golgi transport 
complex 

5 5 0.94 0.000
23 

0.00
023 

0.000
23 

0.00578 CC 

GO:0
00092
2 

spindle pole 8 6 1.5 0.000
86 

0.00
086 

0.000
86 

0.00082 CC 

GO:0
00563
4 

nucleus 1002 214 188.
5 

0.008
57 

0.00
857 

0.001
77 

0.632 CC 

GO:0
00566
7 

transcription regulator 
complex 

41 12 7.71 0.069
2 

0.06
92 

0.002
67 

0.12416 CC 

GO:0
00581
5 

microtubule 
organizing center 

20 10 3.76 0.001
55 

0.00
155 

0.003
42 

0.00144 CC 

GO:0
03230
0 

mismatch repair 
complex 

3 3 0.56 0.006
63 

0.00
663 

0.006
63 

0.00891 CC 

GO:0
00552
4 

ATP binding 609 172 122.
77 

2.60E
-07 

2.60
E-07 

2.60E
-07 

0.0071 MF 

GO:0
00367
6 

nucleic acid binding 1400 301 282.
23 

0.081
55 

0.11
018 

0.000
31 

0.6308 MF 

GO:0
03162
5 

ubiquitin protein 
ligase binding 

7 6 1.41 0.000
38 

0.00
038 

0.000
38 

1 MF 

GO:0
02285
7 

transmembrane 
transporter activity 

358 81 72.1
7 

0.129
22 

0.12
922 

0.000
8 

0.3135 MF 

GO:0
00551
5 

protein binding 1459 342 294.
12 

0.000
2 

0.00
086 

0.001
14 

0.0117 MF 

GO:0
03509
1 

phosphatidylinositol 
binding 

24 14 4.84 4.30E
-05 

0.00
1 

0.001
51 

0.0133 MF 

GO:0
01674
6 

acyltransferase 
activity 

105 26 21.1
7 

0.144
18 

0.14
418 

0.003
16 

0.5182 MF 

GO:0
00367
8 

DNA helicase activity 20 10 4.03 0.002
71 

0.00
271 

0.004
39 

0.127 MF 

GO:0
00832
4 

monoatomic cation 
transmembrane 
transpor... 

125 21 25.2 0.856
04 

0.85
604 

0.004
97 

0.5274 MF 
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GO:0
00827
0 

zinc ion binding 565 138 113.
9 

0.005
24 

0.00
524 

0.005
24 

3.60E-
06 

MF 

GO:0
03098
3 

mismatched DNA 
binding 

5 4 1.01 0.006
9 

0.00
69 

0.006
9 

0.1833 MF 

GO:0
04301
5 

gamma-tubulin 
binding 

5 4 1.01 0.006
9 

0.00
69 

0.006
9 

0.0131 MF 

GO:0
04257
8 

phosphoric ester 
hydrolase activity 

105 29 21.1
7 

0.039
53 

0.03
953 

0.008
06 

0.0485 MF 

GO:0
01099
7 

anaphase-promoting 
complex binding 

3 3 0.6 0.008
18 

0.00
818 

0.008
18 

0.0369 MF 

GO:0
05137
7 

mannose-
ethanolamine 
phosphotransferase ... 

3 3 0.6 0.008
18 

0.00
818 

0.008
18 

0.0833 MF 

GO:0
06160
8 

nuclear import signal 
receptor activity 

3 3 0.6 0.008
18 

0.00
818 

0.008
18 

0.1 MF 

GO:0
09702
7 

ubiquitin-protein 
transferase activator ... 

3 3 0.6 0.008
18 

0.00
818 

0.008
18 

0.0454 MF 

 
 
 
Supplementary Table 4. Downregulated GO Terms 
GO.I
D 

Term Ann
otate
d 

Signi
fican
t 

Exp
ecte
d 

classi
cFish
er 

elim
Fish
er 

topgo
Fishe
r 

parentch
ildFishe
r 

GO 
typ
e 

GO:0
00641
2 

translation 206 116 42.7
3 

< 1e-
30 

8.80
E-27 

< 1e-
30 

5.60E-
26 

BP 

GO:0
02290
0 

electron transport 
chain 

36 24 7.47 2.90E
-09 

2.60
E-06 

1.90E
-06 

0.00078 BP 

GO:0
00641
3 

translational initiation 38 20 7.88 1.30E
-05 

1.30
E-05 

6.40E
-06 

0.00045 BP 

GO:0
00612
0 

mitochondrial 
electron transport, 
NADH t... 

6 6 1.24 7.80E
-05 

7.80
E-05 

7.80E
-05 

1 BP 

GO:0
00636
4 

rRNA processing 37 18 7.67 0.000
13 

0.00
013 

0.000
21 

0.32987 BP 
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GO:0
03298
1 

mitochondrial 
respiratory chain 
complex ... 

5 5 1.04 0.000
38 

0.00
038 

0.000
38 

0.28571 BP 

GO:0
00041
3 

protein peptidyl-
prolyl isomerization 

20 11 4.15 0.000
76 

0.00
076 

0.000
76 

0.47619 BP 

GO:0
00838
0 

RNA splicing 50 25 10.3
7 

3.60E
-06 

0.00
145 

0.001
77 

0.03416 BP 

GO:0
05160
3 

proteolysis involved 
in protein cataboli... 

79 25 16.3
9 

0.014
34 

0.01
434 

0.001
83 

7.00E-
05 

BP 

GO:0
00646
5 

signal peptide 
processing 

4 4 0.83 0.001
84 

0.00
184 

0.001
84 

0.0865 BP 

GO:0
04694
0 

nucleoside 
monophosphate 
phosphorylation 

4 4 0.83 0.001
84 

0.00
184 

0.001
84 

0.0033 BP 

GO:0
00638
3 

transcription by RNA 
polymerase III 

10 7 2.07 0.001
07 

0.00
107 

0.001
88 

0.0009 BP 

GO:0
00674
4 

ubiquinone 
biosynthetic process 

6 5 1.24 0.001
89 

0.00
189 

0.001
89 

1 BP 

GO:0
00039
8 

mRNA splicing, via 
spliceosome 

37 17 7.67 0.000
48 

0.00
782 

0.005
07 

0.14913 BP 

GO:0
09050
2 

RNA phosphodiester 
bond hydrolysis, 
endo... 

15 8 3.11 0.005
28 

0.00
528 

0.005
28 

0.64238 BP 

GO:0
00636
6 

transcription by RNA 
polymerase II 

75 25 15.5
6 

0.007
04 

0.00
704 

0.005
29 

0.00284 BP 

GO:0
01622
6 

iron-sulfur cluster 
assembly 

7 5 1.45 0.005
48 

0.00
548 

0.005
48 

0.00479 BP 

GO:0
00645
7 

protein folding 38 15 7.88 0.006
25 

0.00
625 

0.006
25 

0.01071 BP 

GO:0
00038
7 

spliceosomal snRNP 
assembly 

5 4 1.04 0.007
68 

0.00
768 

0.007
68 

0.10937 BP 

GO:0
00682
6 

iron ion transport 3 3 0.62 0.008
9 

0.00
89 

0.008
9 

0.17857 BP 
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GO:0
03015
0 

protein import into 
mitochondrial matrix 

3 3 0.62 0.008
9 

0.00
89 

0.008
9 

0.14706 BP 

GO:0
03236
7 

intracellular 
cholesterol transport 

3 3 0.62 0.008
9 

0.00
89 

0.008
9 

1 BP 

GO:0
00584
0 

ribosome 101 95 23.7
4 

< 1e-
30 

< 1e-
30 

< 1e-
30 

< 1e-30 CC 

GO:0
01593
5 

small ribosomal 
subunit 

16 15 3.76 4.20E
-09 

1.00
E-06 

2.00E
-06 

1 CC 

GO:0
01593
4 

large ribosomal 
subunit 

13 13 3.06 6.20E
-09 

2.00
E-06 

3.70E
-05 

0.55172 CC 

GO:0
00078
6 

nucleosome 22 14 5.17 6.60E
-05 

6.60
E-05 

6.60E
-05 

0.00023 CC 

GO:0
00583
9 

proteasome core 
complex 

13 13 3.06 6.20E
-09 

3.70
E-05 

0.000
16 

5.30E-
06 

CC 

GO:0
01627
2 

prefoldin complex 6 6 1.41 0.000
17 

0.00
017 

0.000
17 

0.00353 CC 

GO:0
01977
3 

proteasome core 
complex, alpha-
subunit c... 

6 6 1.41 0.000
17 

0.00
017 

0.000
17 

0.00087 CC 

GO:0
01659
2 

mediator complex 21 13 4.94 0.000
18 

0.00
018 

0.000
18 

0.02204 CC 

GO:0
00573
0 

nucleolus 35 19 8.23 7.50E
-05 

7.50
E-05 

0.000
4 

0.1278 CC 

GO:0
00568
1 

spliceosomal complex 14 10 3.29 0.000
19 

0.00
019 

0.000
59 

0.04165 CC 

GO:0
00574
3 

mitochondrial inner 
membrane 

48 34 11.2
8 

3.50E
-12 

0.00
025 

0.000
62 

0.09925 CC 

GO:0
00576
1 

mitochondrial 
ribosome 

13 13 3.06 6.20E
-09 

0.00
068 

0.000
68 

0.00522 CC 

GO:0
00566
6 

RNA polymerase III 
complex 

5 5 1.18 0.000
71 

0.00
071 

0.000
71 

0.01204 CC 
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GO:0
00573
9 

mitochondrion 159 91 37.3
7 

7.00E
-21 

1.70
E-05 

0.000
92 

2.30E-
15 

CC 

GO:0
00574
7 

mitochondrial 
respiratory chain 
complex ... 

4 4 0.94 0.003
03 

0.00
303 

0.003
03 

0.75 CC 

GO:0
00576
2 

mitochondrial large 
ribosomal subunit 

4 4 0.94 0.003
03 

0.00
303 

0.003
03 

0.66972 CC 

GO:0
00576
3 

mitochondrial small 
ribosomal subunit 

4 4 0.94 0.003
03 

0.00
303 

0.003
03 

0.66972 CC 

GO:0
00017
8 

exosome (RNase 
complex) 

6 5 1.41 0.003
43 

0.00
343 

0.003
43 

0.01303 CC 

GO:0
03131
4 

extrinsic component 
of mitochondrial inn... 

6 5 1.41 0.003
43 

0.00
343 

0.003
43 

0.42705 CC 

GO:0
00578
3 

endoplasmic 
reticulum 

78 32 18.3
3 

0.000
38 

0.01
611 

0.005
05 

0.01228 CC 

GO:0
00373
5 

structural constituent 
of ribosome 

93 87 16.5
6 

< 1e-
30 

< 1e-
30 

< 1e-
30 

4.70E-
26 

MF 

GO:0
00429
8 

threonine-type 
endopeptidase activity 

13 13 2.31 1.70E
-10 

1.70
E-10 

1.70E
-10 

3.60E-
12 

MF 

GO:0
04698
2 

protein 
heterodimerization 
activity 

35 22 6.23 3.70E
-09 

3.70
E-09 

3.70E
-09 

8.10E-
06 

MF 

GO:0
00372
3 

RNA binding 298 97 53.0
6 

1.80E
-10 

1.40
E-08 

1.50E
-07 

1.80E-
08 

MF 

GO:0
00374
3 

translation initiation 
factor activity 

35 18 6.23 6.00E
-06 

6.00
E-06 

6.00E
-06 

0.1713 MF 

GO:0
01984
3 

rRNA binding 10 8 1.78 3.20E
-05 

3.20
E-05 

0.000
14 

0.0025 MF 

GO:0
00389
9 

DNA-directed 5'-3' 
RNA polymerase 
activi... 

23 13 4.1 3.30E
-05 

3.30
E-05 

0.000
19 

1 MF 

GO:0
00375
5 

peptidyl-prolyl cis-
trans isomerase acti... 

20 11 3.56 0.000
19 

0.00
019 

0.000
19 

1.50E-
05 

MF 
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GO:0
00367
7 

DNA binding 421 90 74.9
6 

0.029
13 

0.02
913 

0.000
45 

0.3207 MF 

GO:0
00905
5 

electron transfer 
activity 

33 21 5.88 6.10E
-09 

5.40
E-05 

0.000
56 

8.70E-
08 

MF 

GO:0
00432
2 

ferroxidase activity 4 4 0.71 0.001 0.00
1 

0.001 1 MF 

GO:0
00819
9 

ferric iron binding 4 4 0.71 0.001 0.00
1 

0.001 2.60E-
05 

MF 

GO:0
00808
0 

N-acetyltransferase 
activity 

26 11 4.63 0.003
07 

0.00
307 

0.001
07 

0.0599 MF 

GO:0
00813
7 

NADH 
dehydrogenase 
(ubiquinone) activity 

7 5 1.25 0.002
71 

0.00
271 

0.002
71 

0.494 MF 

GO:0
00412
9 

cytochrome-c oxidase 
activity 

5 4 0.89 0.004
29 

0.00
429 

0.004
29 

0.0629 MF 

GO:0
05192
0 

peroxiredoxin activity 5 4 0.89 0.004
29 

0.00
429 

0.004
29 

0.0276 MF 

GO:0
00371
2 

transcription 
coregulator activity 

38 17 6.77 0.000
11 

0.00
011 

0.004
31 

4.00E-
08 

MF 

GO:0
00816
8 

methyltransferase 
activity 

88 32 15.6
7 

2.30E
-05 

0.00
02 

0.004
45 

0.3093 MF 

GO:0
00383
9 

gamma-
glutamylcyclotransfer
ase activity 

3 3 0.53 0.005
63 

0.00
563 

0.005
63 

0.1 MF 

GO:0
05153
7 

2 iron, 2 sulfur cluster 
binding 

14 7 2.49 0.005
96 

0.00
596 

0.005
96 

0.0494 MF 
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Conclusion 

Pyrethroid insecticides are broadly ineffective against Ae. aegypti (1,2). We know that resistance 

to these chemicals is developed through target site resistance and metabolic resistance, though 

many questions remain about the relative impact of specific components of resistance on the 

overall phenotype. Understanding these specifics is necessary for the development of control 

strategies that avoid the development of resistance.  

Resistance testing in mosquitoes is standardized and is performed through phenotypic and 

genotypic measures. In chapter 1, we investigated how well these two forms of resistance testing 

align in their results. We found that genotype predicted phenotype generally, though some 

individuals with susceptible alleles still survived longer than individuals with fully resistant 

genotypes. This indicated that other resistance mechanisms aside from target site resistance were 

present in the strains used for this experiment.  

In chapter 2, these other mechanisms were investigated across the first 24 hours of recovery from 

a pyrethroid exposure. We know that many genes involved in the xenobiotic response are 

associated with pyrethroid response in Ae. aegypti (3). Here, we discovered that many of these 

detoxifying genes are involved in the insecticide response, along with heat shock proteins and 

other redox metabolism genes as well. Additionally, genes involved in lipid and carbohydrate 

metabolism are upregulated after exposure as well. Lipid metabolism in particular is important for 

oogenesis in mosquitoes, so further investigation into the effects of pyrethroid exposure on 

oogenesis was warranted.  

Chapter 3 explored transcriptomic differences between the developed ovaries of pyrethroid treated 

and control mosquitoes. We know that insects may deposit stress response related genes in their 

developing oocytes after exposure to a stress, which we saw evidence of here (4). Additionally, 
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we saw changes in gene expression that suggest a reduction in development rate. A reduction in 

development rate could be advantageous to the insects, allowing them to survive past the cessation 

of the stressor. Further experiments are necessary to fully explore the implications of reduced 

development rate.  

Overall, the studies here improve understanding of resistance and pyrethroid response 

mechanisms. We are also presented with many questions for further exploration, particularly in 

regards to maternal contributions to the resistance phenotype. My personal conclusions from these 

studies is that regulatory agencies and companies should be fast-tracking the development of 

alternative pest control solutions to improve the vector control toolkit. In a changing environment, 

and with the range expansion of such a deadly pest, it is imperative that the issue of insecticide 

resistance is explored thoroughly and matched with the monetary and time investment necessary 

to combat such a wide spread issue.  
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