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ABSTRACT 
 
Aedes aegypti is a mosquito species responsible for considerable global mortality and morbidity, 

through its role as the vector of many arboviruses, including dengue, Zika and Chikungunya virus. For 

Ae. aegypti and many other mosquito species, the predominant method of vector control is insecticide 

use. However, their widespread deployment over the last hundred years has led to the inevitable rise 

of insecticide resistance. Insecticide resistance in Ae. aegypti has been documented in most countries 

where the species is endemic. This thesis uses genomic approaches to develop tools that provide 

insight into the diversity of global Ae. aegypti populations and analyse the genes and mutations 

associated with insecticide resistance. 

 

Detection of resistance has historically relied on time-consuming phenotypic bioassays, however, in 

recent years focus has shifted to molecular assays to objectively identify resistance markers. Genomic 

approaches can inform on mutations that confer resistance and the population structure and diversity 

within the species. I have developed a barcoded multi-target amplicon sequencing panel for high 

throughput detection of single nucleotide polymorphisms (SNPs) in gene regions linked to insecticide 

resistance in Ae. aegypti (voltage-gated sodium channel (vgsc), resistance to dieldrin (rdl), 

acetylcholinesterase-1 (ace-1) and later glutathione-S transferase 2 (GSTe2)).  This panel can be used 

for the surveillance of resistance alongside traditional bioassays. This methodology has been 

implemented on multiple populations, including Ae. aegypti sourced from Cabo Verde and Puerto Rico 

and has identified previously reported insecticide resistance SNPs as well as additional putatively 

novel missense SNPs. 

 

Utilising whole genome sequencing data can provide further insights into ongoing selective pressures 

due to insecticide use and uncover population dynamics. I carried out a study employing comparative 

genomics to assess differences in the main insecticide resistance associated genes (vgsc, rdl, ace-1 and 

GSTe2) in 729 Ae. aegypti sequences from 15 countries. This led to the identification of 747 missense 

mutations, of which five have previously been associated with insecticide resistance. Combining this 

genomic data with available phenotype data indicates these profiles are variable, and further 

investigation into the functional link between mutations and phenotype is required. Creating this large 

catalogue of genotype data along with the geographic distribution will help to identify resistance 

drivers and aid monitoring and surveillance efforts in Ae. aegypti. 
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Analysis was expanded by whole genome sequencing 33 Ae. aegypti from a Puerto Rican population 

and comparing the results to 215 other publicly available global sequences. This analysis highlighted 

similarities and differences between the Puerto Rican and other global populations with respect to 

population structure, and genome-wide nucleotide diversity and selection markers. I identified over 

281,000 missense SNPs across all populations including four insecticide resistance SNPs (vgsc V410L, 

V1016I, F1534C; rdl A301S).  Signals of selection were found in genes associated with insecticide 

resistance, including gamma-aminobutyric acid receptor subunit alpha, glutathione S-transferases and 

cytochrome P450s. 

 

This thesis underscores the focal role of genomic techniques and their analysis in enhancing our 

understanding of insecticide resistance, which can subsequently aid and inform vector control 

programmes. The identification of mutations known to be associated with resistance is important for 

assessing vector profiles, and the reporting of candidate novel putative mutations can launch follow-

up validation work, including functional studies. Through the implementation of these techniques, 

surveillance and control can be improved to disrupt transmission and subsequently alleviate the huge 

global burden of vector-borne disease.  
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INTRODUCTION 
 
This thesis highlights the pivotal role of genomic techniques and their analysis in advancing our 

comprehension of insecticide resistance in Aedes aegypti, thereby supporting and guiding vector 

control efforts. By employing these methods, surveillance and control strategies can be refined to 

interrupt transmission, ultimately mitigating the significant global impact of vector-borne diseases. 

Vector-borne Diseases 

Adult female mosquitos are crucial vectors for a diverse array of pathogens due to their blood-feeding 

behaviour. Their contribution to the global transmission of vector-borne diseases (VBDs) presents a 

formidable risk to public health. Data from the World Health Organization (WHO) in 2020 reported 

more than 700,000 deaths annually attributable to VBDs 1. Of the over 112 genera and ~3,500 species 

of mosquito, those implicated in disease transmission are primarily from three genera: Anopheles, 

Culex, and Aedes 2. The seven major VBDs include malaria, lymphatic filariasis, dengue, Japanese 

encephalitis, yellow fever, and Chagas disease. They are widely distributed, primarily among the 

tropics and sub-tropics as shown in Figure 1 3. 

 
Figure 1. Global distribution of seven major VBDs: malaria, lymphatic filariasis, leishmaniasis, dengue, 

Japanese encephalitis, yellow fever, and Chagas disease. Colours indicate the number of VBDs that pose a risk 

at each 5 × 5 km grid cell. Figure from Golding et al, 2015 3.  

 
Anopheline mosquitoes (genus Anopheles) are distributed across the globe, predominantly in the 

tropics and subtropics, but also in more northern climes including across Europe. They are the primary 

vector for several of the seven main VBDs, including malaria, which causes the highest global burden 

of mortality 4.  In 2022 alone, an estimated malaria prevalence of 249 million cases were recorded 
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globally 5. Culex mosquitoes have the most widespread geographical distribution of any genus and are 

found across both tropical and temperate regions worldwide, likely due to their adaptation to human-

made environments 6. Culex mosquitos transmit West Nile virus and Japanese encephalitis.  Finally, 

Aedes mosquitoes are widely distributed across the tropics and subtropics and transmit a wide array 

of pathogens, including several arthropod viruses (Arboviruses) including dengue (DENV), Zika (ZIKV) 

and Chikungunya (CHIKV) viruses, as well as other diseases including yellow fever (YF), Rift valley fever 

(RVF) and lymphatic filariasis (LF) which contribute substantially to the global burden of disease.   

 

Aedes aegypti is one of the most competent Aedes vectors, being highly anthropophilic and 

susceptible to many pathogens, notably DENV, CHIKV, and ZIKV 7. The Ae. aegypti mosquito is 

particularly adapted for urban environments, and consequently, its distribution has increased 

dramatically alongside the spread of urbanisation 8,9. Aedes albopictus, also known as the tiger 

mosquito, is another highly competent and widely distributed vector, responsible for the transmission 

of pathogens, principally West Nile Virus (WNV), St Louis Encephalitis (SLE), Japanese Encephalitis 

Virus (JEV), and lymphatic filariasis.  

 

Close contact with humans paired with their ability to transmit several pathogens make mosquitoes a 

major threat to human health. Surveillance and control of these vectors is instrumental to improving 

global public health, especially in tropical and sub-tropical regions.  

 

Mosquito Vector Control Methods 

Globally, numerous vector control methods are employed to reduce the transmission of VBDs. These 

methodologies target different genera behaviours or life stages of vectors, including larval stages, 

adults, and blood-feeding females 10. Insecticidal compounds, used for thousands of years to control 

pests, remain universally employed and can target any life stage to interrupt the transmission of 

vector-borne diseases 11. Non-chemical methods include habitat destruction and modification, such 

as introducing larval predators and preventing the formation of water bodies that could become 

breeding sites 12. When water bodies are too large for removal, adding insecticides to these breeding 

sites is another viable option 13–15. While larval control strategies are effective against all disease-

transmitting mosquito genera, they are limited to situations where larval habitats can be clearly 

identified which can be challenging in urban areas 16. 
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Other strategies targeting the adult vector are primarily chemical, such as indoor residual spraying 

(IRS), indoor space spraying (ISS) and outdoor ultra-low volume spraying (ULVS) 17–20. IRS involves 

applying insecticide to the walls of homes, exposing resting vectors to a lethal dose, thereby halting 

the transmission of any pathogens they carry. ISS involves spraying insecticides inside to target flying 

mosquitoes that contact the insecticide 21. Ultra-low volume spraying uses insecticides applied in 

affected outdoor areas to kill adult mosquitoes 19. Targeting blood-feeding female mosquitoes before 

they can infect a human host is another crucial control mechanism. Insecticide-treated bed nets (ITNs) 

are widely used, particularly in malaria endemic regions 22. Other non-chemical methods include 

house screening and traps 23,24. Household screening prevents mosquitoes from entering homes, while 

traps attract and kill female mosquitoes searching for places to lay their eggs. 

 

When control programmes are selecting which interventions to implement, it is vital to account for 

the characteristics and behaviours of the mosquito being targeted. For example, a malaria control 

programme might use ITNs to protect people sleeping, due to the anthropophilic preference of 

Anopheline mosquitoes to feed on humans at night 25, but they are thought to be less effective against 

Aedes or Culex mosquitoes due to their daytime feeding behaviour. However, there is some evidence 

they may still have an effect due to their indoor resting behaviour 19,26. ITNs have been shown to be 

highly effective in controlling malaria in Africa, with estimates that ITNs have contributed to 68% of 

averted cases12. Ae. aegypti mosquitos, typically found in urban settings, are often endophilic, resting 

inside homes and anthropophilic seeking out humans as their blood meal 13. Many control programs 

for Aedes utilise outdoor ultra-low volume spraying (ULVS); however, some are sceptical of its efficacy, 

given Aedes mosquitoes’ behaviour, and instead favour indoor insecticide application 14,15. A campaign 

spraying dichlorodiphenyltrichloroethane (DDT) successfully eradicated Ae. aegypti from 19 countries 

by the 1970s, however emerging and widespread resistance and environmental impacts stopped its 

use16. A mixture of methods can be used in combination where Anopheles and Aedes are sympatric, 

however costs of implementing multiple interventions is a major limiting factor in their 

implementation, especially in low resource regions. All methods have been proven effective in 

reducing the burden of VBD, dependent on the context, with chemical methods being the most widely 

employed 10,17,18. 

Insecticide Resistance 

 

Insecticides have been a mainstay of VBD control for decades, however there are limitations with their 

use, firstly from insecticide resistance and secondly from the limited number of insecticides available 

for vector control. There are currently nine classes of insecticide prequalified by the World Health 
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Organisation (WHO) for use in vector control: pyrethroids, carbamates, organophosphates, 

organochlorines, neonicotinoids, pyrroles, butenolides, juvenile hormone mimics and spinosyns 

(Table 1) 27,28. Pyrethroids, carbamates, organophosphate and organochlorines are most widely used 
29. These insecticides have different mechanisms of action within the mosquito 30. Except for pyrroles 

and juvenile growth hormones, the majority of these insecticides act by disrupting the insect nervous 

system. Neonicotinoids and butenolides are insecticide classes that have more recently been 

implemented for vector control since their prequalification status by WHO in 2017 27.  Spinosyns differ 

from other insecticide as they are derived from the fermentation of two species of Saccharopolyspora 
31. 

 

Pyrethroids bind to voltage gated sodium channels (sodium channel modulators) in insect nerve axons 

to prevent the nerve depolarizing after it has fired, causing paralysis and death at sufficient doses 32. 

Organophosphates and carbamates are acetylcholinesterase inhibitors, preventing the enzyme from 

breaking down acetylcholine, a common neurotransmitter that causes a nerve to fire. A 

neurotransmitter that is not broken down will cause the nerve to continuously to fire, causing death 
33. For most organochlorines, the mode of action is via binding to the gamma-aminobutyric acid 

(GABA) chlorine complex which, prevents chloride flow into the nerve causing hyperexcitation 34. 

However, DDT is an organochlorine with a different mechanism of action similar to pyrethroids 

targeting the voltage-gated sodium channels 35. Pyrroles are a novel insecticide class targeting the 

metabolic respiratory pathways (oxidative phosphorylation) in the mitochondria to disrupt adenosine 

triphosphate (ATP) production from adenosine diphosphate (ADP) (respiratory pathway modulators) 

36–38. Neonicotinoids and butenolides are used in combination with pyrethroids for both IRS and space 

spraying 27. These insecticides work by acting as a competitive modulators of nicotinic acetylcholine 

receptors, fatally interfering with neural transmission 39. Finally, spinosyns also disrupt nicotinic 

acetylcholine receptors, there was also mixed evidence about cross resistance and suggestions it was 

related to a secondary effect on the GABA receptors 40,41, however alternative evidence has emerged 

that there is no effect on RDL GABA receptors 42. Example compounds and their uses are outlined in 

Table 1. 

 

The prequalification of additional insecticide classes, such as pyrroles and neonicotinoids, for vector 

control has aided options for regions with resistance, however the number of available insecticides is 

still limited, and resistance has already emerged to neonicotinoids in multiple mosquito species 43–45, 

decreasing the efficacy of their use against vectors 46. Figure 2 indicates how insecticide resistance to 

the four commonly used classes now has an almost global distribution for both Aedes and Anopheles 
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mosquitoes. Given the wide-scale use of insecticides, insecticide resistance has emerged across the 

globe 47. To combat this, alternative insecticides are required, and numerous alternative vector control 

methods are under development. However, these methods, such as genetic manipulation (e.g., 

CRISPR), bacterial infection of vectors (e.g., Wolbachia) and a sterile insect technique are not yet 

widely used, although it has been trialled with varying results in a few locations including Australia, 

Brazil and the Singapore 48–52.  With development being unable to keep up with the increasing 

insecticide resistance we are heading towards a crisis with a lack of effective control methods. 

 

Table 1. Insecticide classes and corresponding mechanism of action, example compound and vector 

control use 19,21,31 

Insecticide Primary Mechanism of 
Action 

Example Use 

Pyrethroids Sodium channel 
modulators 

Deltamethrin, Permethrin ITNs, IRS 

Carbamates Acetylcholinesterase 
inhibitors 

Bendiocarb, Pirimiphos-methyl IRS 

Organophosphates Acetylcholinesterase 
inhibitors 

Temephos, Malathion IRS, larvicide 

Organochlorines GABA-gated channel 
inhibitors 

Dieldrin IRS 

Pyrroles Respiratory pathway 
modulators 

Chlorfenapyr ITN (in 
combination) 

Neonicitinoids Nicotinic acetylcholine 
receptor competitive 
modulators 

Clothianidin IRS, Space spraying 
(in combination) 

Butenolides Nicotinic acetylcholine 
receptor competitive 
modulators 

Flupyradifurone Space spraying (in 
combination) 

Juvenile hormone 
mimics  

Developmental growth 
regulator 

Pyriproxyfen ITN (in 
combination), 
larvicide 

Spinosyns Nicotinic acetylcholine 
receptor allosteric 
modulators 

Spinosad Larvicide 

 

Mechanisms and Genetics of Insecticide Resistance 

 

The selective pressure from insecticide use on mosquito populations has led to resistance to all 

commonly used insecticide classes (pyrethroids, carbamates, organochlorines, and 

organophosphates) 47. Prevalence and distribution are increasing with ever more countries reporting 

insecticide resistance (Figure 2) 47. However, the picture is incomplete as many countries do not carry 

out routine monitoring of resistance or do not report this in a timely manner or are slow to react once 
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resistance is identified 29. Moreover, most available data is shared in an open-source manner which 

can impact the ability for comparison between studies 47,54. Furthermore, much of the focus has been 

on Anopheles, while far fewer studies have been carried out on Aedes or Culex vectors; there is 

therefore a research gap on insecticide research in Aedes mosquitoes globally.  

 

 

 
Figure 2. A. Distribution and results of bioassay data for insecticide resistance in Anopheles spp. B. Distribution 

and results of bioassay data for insecticide resistance in Ae. aegypti and Ae. albopictus. Red points indicate 

resistance observed, yellow indicates possible resistance and green points indicate susceptibility. Data covering 

2005-2024 from IR Mapper (https://aedes.irmapper.com/, accessed 03/01/24). 

 

As there are a limited number of safe and cost-effective insecticides available for public health 

purposes, the reduction in efficacy due to resistance is a major public health threat. Resistance to 

pyrethroids is a particular concern as they were for many decades the only class of insecticide 

A. 
 

B. 
 

https://aedes.irmapper.com/
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recommended for ITNs, however in recent years this has been adjusted with insecticide and synergist 

combination nets endorsed by the WHO 27,55.  

 

The complexity of insecticide resistance can be seen in the variety of mechanisms, the additive 

combinations of the mutations, and the interaction between regulatory and coding genes. The main 

mechanisms of insecticide resistance are target site resistance, metabolic resistance, cuticular 

resistance and behavioural avoidance (Figure 3) 27,56,57. Target site and metabolic resistance have been 

found to have a genetic underpinning, which have been explored in several insect species. Target site 

and metabolic resistance are the most well studied mechanism, and investigations of Musca 

domestica have been key to elucidating the molecular basis of insecticide resistance 58. A multitude of 

genomic alterations have been linked to insecticide resistance in agricultural and medical vectors, 

however, there remains gaps in knowledge and understanding of the interplay between these 

mechanisms.  

 

Figure 3. Illustration of the four mechanisms of insecticide resistance adapted from Corbel et al, 

(2017) 37 

 
Target site resistance is caused by point mutations in specific genes which encode proteins targeted 

by the insecticide; this has the effect of reducing or eliminating the normal response to the insecticide. 

These resistance-conferring mutations have been described most widely in the genes encoding the 

voltage gated sodium channels (vgsc) 60–62, acetylcholinesterase (ace-1) 63,64 and resistance to dieldrin 

or gamma-aminobutyric acid (GABA) (rdl) 65–68. Target site resistance SNPs have been identified in 
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many species including medically important vectors such as Ae. aegypti. The role of these SNPs has 

been confirmed to different degrees 54.  

 

Mutations in the vgsc gene encoding a sodium channel key to nerve function have been widely 

described associated with resistance. Some common and well described SNPs that have been 

experimentally confirmed to confer resistance to pyrethroids in the vgsc include F1534C/L, I1011M/V 

and V1016G/I (Musca domestica numbering) in Aedes aegypti 54. A mutation in the ace-1 gene 

encoding acetylcholinesterase (AchE1), which is involved in terminating neural signals, G119S 

(Torpedo californica numbering) has been described in many Anopheles and Culex spp. and is 

associated with resistance to organophosphates and carbamates 69,70. This mutation has only been 

described once in Aedes spp. 71; likely due to two mutations being required for glycine to serine 

conversion in Aedes compared to a single mutation in Anopheles and Culex. The A301S/G mutation 

(Drosophila melanogaster numbering) occurring in the rdl gene has been described in multiple vector 

species and confers resistance to dieldrin and organochlorines. This mutation has widely been 

described in Anopheles spp. but less so in Aedes spp 39–42. The mutation has only been identified in a 

few wild populations, including Ae. albopictus from Malaysia 43 and in Ae. aegypti populations in this 

thesis 72,73.  

 

Metabolic resistance is caused by the upregulation of detoxification enzymes. Production of 

additional or more efficient detoxification enzymes by the insect causes metabolism of insecticide 

molecules before they can influence their target site 54. There are three major detoxification systems:  

cytochrome P450 monooxygenases (P405s), carboxyl/cholinesterases (CEs), UDP-

glucuronosyltransferases (UGTs), ABC transporters and glutathione S-transferase (GSTs) 74–77. Multiple 

genes have been associated with this type of resistance in Aedes mosquitoes, however they vary 

dramatically between geographical regions. Examples include GSTe2, CCEAE3A, CYP6P12, CYP4D24 

which are involved in resistance to pyrethroids 38.  

 

Glutathione S-transferase is a detoxifying enzyme which has been associated with metabolic 

resistance, however, point mutations in the GSTe2 gene have been found to also be associated with 

resistance. The L119V described in Anopheles funestus was shown to be associated with DDT and 

pyrethroid resistance, while the I114T described in Anopheles gambiae, have been implicated in 

resistance to DDT 78,79. In Ae. aegypti modelling studies have associated two mutations; L111S and 

I150V, with resistance to temephos 80. 
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Behavioural resistance results from changes in mosquito behaviour resulting in reduced contact with 

insecticides. This can be stimulus dependent or independent. Stimulus independent is natural 

avoidance of an environment with insecticide, for example an increase in exophilic behaviour in a 

location with IRS or ITNs 81. Stimulus dependent behaviour refers to an increased ability to detect 

insecticide and avoid it accordingly 81. Behavioural resistance has been observed in Anopheles species, 

such as, An. punctulatus and An. farauti s.s., which, following an ITN distribution campaign, modified 

their behaviour to bite earlier in the day  82,83. Another study indicated that in the four years following 

mass long lasting insecticidal net distribution in Tanzania, vectors An. funestus and An. arabiensis both 

showed an increase in exophilic and in the case of An. arabiensis an alteration in host preference was 

observed with a decrease in anthropophilic behaviour 84. However, there is limited information on 

behavioural resistance for a number of reasons; it is complex to observe and measure, bioassays can’t 

detect behavioural changes, and fewer people are researching this area of resistance 81. 

 

Other insecticide resistance mechanisms include changes to cuticle structure and microbiome 

effects. Cuticular resistance occurs when a thickened or altered cuticle prevents or slows the 

mosquito’s absorption of insecticide when it rests on surfaces 85,86. This mechanism may allow more 

time for detoxifying enzymes to act, and the mosquito may thereby receive a sub-lethal dose 85. 

Cuticular resistance has not been well studied in Aedes vectors. In most cases cuticle modifications 

have been found in combination with other mechanisms (target site and metabolic), this might 

suggest that it may have more effect more synergistically with other mechanisms than alone 85. 

Additionally, increased hydrocarbon and polysaccharide content in the cuticles may aid resistance and 

could be increased due to overexpression of cytochrome P450 genes also involved in metabolic 

resistance 86,87.  

 

There is emerging evidence that an insect’s microbiota may have some effect on insecticide resistance, 

however the exact mechanisms remain unclear 88.  One study found that gut bacteria may play a role 

in insecticide resistance in diamondback moths (Plutella xylostella) 89. Studies in An. albimanus and 

Ae. albopictus mosquitoes found that the gut microbiota was significantly different in susceptible and 

resistant adults, indicating that bacteria may play a role in microbiota-mediated insecticide resistance 
90,91. Further work is required to elucidate the link and potential mechanisms between the insect 

microbiota and insecticide resistance. 

 

Finally other mechanisms have been identified utilising alternative systems including chemosensory 

proteins, transcription factors, alpha-crystallin’s chaperon proteins and hexamerin storage and 
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transport proteins 92–95. For example, chemosensory proteins such as the sensory appendage protein 

(SAP2) have been implicated in resistance to pyrethroids in An. gambiae. Overexpression of SAP2 

conferred resistance, while silencing the gene restored susceptibility 92. Similarly, a negative 

correlation between the expression of odorant-binding protein 28 (OBP28) and bioassay mortality was 

observed in Culex quinquefasciatus, suggesting its involvement in resistance94. 

 

Importantly, all these mechanisms are not mutually exclusive and there is some evidence that 

insecticide resistance can be additive 96. The total number of genes involved in insecticide resistance 

remains unknown, however, many genes involved in insecticide resistance are highly conserved across 

multiple vector species. Promisingly, this means that studies that focus on a single vector may benefit 

the whole field of insecticide resistance  97–99 , however this is variable between gene families and one 

to many homologues are also common. There is still much to understand about the interplay and 

interactions between mechanisms which adds further complexity.  

 

Vector Monitoring and Surveillance 

 
Mosquito surveillance and monitoring activities are essential to maintain effective local and national 

vector control. These activities involve the regular, systematic collection of data at representative local 

sites, which informs stratification of risk for prioritization of resources, as well as identifying outbreaks 

and threats to control such as insecticide resistance 100. It is becoming increasingly recognised that, as 

well as monitoring factors such as case burden and vector abundance, insecticide resistance 

monitoring should be a foundation of vector control management plans.  

 

Current gold standard methods of identifying insecticide resistance are susceptibility biological assays 
101,102and biochemical assays 103. Biological assays involve exposing larvae or adult mosquitoes in 

bottles to a diagnostic dose of insecticide, then regularly monitoring larvae/mosquito knockdown. 

These experiments are essential to provide an understanding of the insecticide resistance profile of a 

population of mosquitoes, however they are time consuming with multiple repeats needed for reliable 

estimation and may be subjective due to the difficulty in judging knockdown. Alternatively, 

biochemical assays can be used to measure the activity of detoxification enzymes within the mosquito. 

However, this is technically complex and requires a cold chain to avoid loss of enzyme activity. 

Moreover, due to the large enzyme families involved, over-expression of one gene may not affect the 

expression of the whole enzyme family. Consequently, surveillance programmes may benefit from 

complementing phenotypic bioassays with genomic surveillance.  
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Molecular assays can be used to monitor resistance markers and can provide key information on the 

underpinning mechanism of resistance therefore aiding in choosing the best control strategy available 

given the profile of the population. These molecular methods are usually polymerase chain reaction 

(PCR), or quantitative PCR based, and therefore only provide information on validated DNA markers 

104–106. Molecular methods are beneficial because they are objective and can provide high throughput 

screening of a population. Moreover, they may identify novel mechanisms of resistance that may not 

be detected via phenotypic assays. Unfortunately, most vector control programmes are not 

established to carry out molecular surveillance for several reasons, primarily resources and capability. 

There is a need for more rapid and economically viable tests of molecular markers of insecticide 

resistance. Molecular tools may provide a substantial benefit and would allow public health 

organizations to monitor the emergence and spread of known resistance mutations and identify new 

putative resistant markers. 

 

Sequencing technologies for epidemiological surveillance 

The scientific community has come a long way since the human genome sequence was completed in 

2003, chiefly due to developments in sequencing technologies that have allowed quicker, more 

accurate, and more affordable sequencing. We are in an era of next-generation sequencing (NGS, 

second generation) as well as the ongoing development of third generation sequencing (TGS), which 

means an entire human genome can now be sequenced in less than a day 107.  The development of 

NGS and TGS has led to increased data generating capacity, along with a reduction in costs. This has 

increased the scope of opportunities to study and control of infectious diseases, with hundreds of 

genes crucial to disease being discovered in this manner  108,109.  

 

Sequencing can be broadly split into short and long read systems, each with their advantages. Short 

read methods are quicker and more accurate with error rates of ~0.1-0.5% per base, however these 

methodologies are limited by the maximum read length which is ~600 nucleotides 110. Whereas long 

read methods are less accurate with error rates of between 2-20% per base however much longer 

read lengths are possible (>10,000 nucleotides) 111. Short read platforms include Illumina MiSeq and 

SOliD, while long read platforms include Pacific Biosciences Sequel and Oxford Nanopore Technology 

(ONT). The accuracy of short read sequencing is beneficial when aiming to detect variants in small 

target regions with low coverage. Long read sequencing is advantageous for resolving long repetitive 

regions of DNA and therefore essential to construct complex regions of genome assemblies 109. The 
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additional benefits of TGS include sequencing directly from the DNA molecule removing the 

requirement of PCR, ultra-long read production, and real time sequencing 112. 

 

Modern sequencing technologies have improved in various ways including the reduction in the size of 

the template sample required for sequencing, accuracy, and information yield, these developments 

are highly beneficial for epidemiological disease surveillance. Using NGS, a sequence can be obtained 

from a single strand of DNA which is effective for surveillance of pathogens which may be detected at 

low abundance such as arboviruses in mosquito vectors. Parallel processing of NGS has improved both 

speed and accuracy by accommodating the production of more sequence copies; this can aid 

sequencing of more individuals improving understanding of genetic variation, which may be important 

for epidemiological characteristics such as resistance 113. As well as the earlier detection of emerging 

detrimental mutations at low frequency, comparative genomics is also useful for examining outbreaks 

and transmission to gain further understanding and aid future control strategies. Finally, reduced 

labour, time and expense for reagents mean that costs have been significantly reduced, increasing the 

range of settings where it can be implemented; this is particularly important given infectious diseases 

disproportionately affect low-income countries 114. However, it is important to note that barriers to 

use remain in low-resource settings, including cost and access to reagents. Finally, there are emerging 

technologies such as Oxford Nanopore technology which is promising for both clinical and field 

settings given its portable nature as the smallest sequencing platform available 115. 

 

With the improvements in these technologies, sequencing is now a standard part of scientific 

research, with many envisaging its ubiquitous use in clinical settings and its expansion into low 

resource settings. Projects such as MalariaGEN and Ag1000G have illustrated the benefits of a 

concerted effort to sequence a species and centralise available data and analysis 116,117. Leading to 

benefits such as the discovery of multiple drug resistance SNPs in Plasmodium parasites 118 as well as 

identifying genes associated with insecticide resistance in An. gambiae 119. The successes of 

sequencing partnered with bioinformatics to improve understanding of disease, diagnosis, treatment, 

and control; it is promising that they can be usefully applied to Ae. aegypti mosquitoes 120. 

 

Amplicon Sequencing 

 

As previously outlined, molecular techniques are becoming increasingly affordable and attractive 

methodologies for a variety of applications in public health 121,122. This includes sequencing 

technologies ranging from sequencing short fragments of DNA (amplicons) all the way up to the entire 
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genome of an organism. There are some situations where sequencing larger sections of the genome 

(from entire genes of interest, up to the whole genome) may be preferable. Whole genome 

sequencing (WGS) can elucidate large structural variants such as insertions, deletions and inversions 

which may be missed by amplicon sequencing 123. Additionally, less initial information is required 

about the organism for WGS to be effective which can be particularly important in less well studied 

organisms. However, this must be balanced with disadvantages such as the increased cost of WGS 

compared to other methodologies including amplicon sequencing 124. 

 

Amplicon sequencing, by employing small fragments of DNA, allows numerous amplicons from 

multiple samples to be sequenced in a single run, using a next generation or third generation 

sequencing platform, permitting high throughput at a lower cost. This methodology has been applied 

to many diverse diseases and pathogens, including screening malaria parasites for antimalarial 

resistance, and insecticide resistance in Anopheles and examining the microbiome of children 119,125,126. 

 

Amplicon sequencing involves (multiplex) PCR to create amplicons, combined with sequencing to 

obtain deep coverage of targeted sequenced fragments. The three basic steps used for amplicon 

sequencing in the Illumina platform, are outlined in Figure 4. First, a PCR is performed to produce 

short specific amplicon sequences, with their length depending on the sequencing platform used 

(usually 300-1000bp). For multiplexing of multiple samples, barcodes can be combined with primers 

to permit discrimination of each sample for analysis. Additionally, if using TGS platforms such as 

Oxford Nanopore, samples can be barcoded again for even higher throughput. For Illumina platforms, 

adapters can be ligated to amplicon fragments to allow the amplicons to adhere to the flow cell for 

sequencing. Finally, deep sequencing of fragments is performed 127.  

 

Amplicon sequencing can quickly and easily provide high coverage sequence data which can be 

employed to identify low frequency variants in specific genomic regions of interest. It is especially 

useful in cases where the organism of interest has a large genome, such as Ae. aegypti (1.3Gb). The 

barcoding and multiplexing capabilities allow high throughput, so amplicon sequencing can be used 

to explore many genomic regions and efficiently process large numbers of samples. Moreover, the 

selective nature of the sequencing means that data can be analysed more efficiently with less 

computational power required than in whole genome sequencing.  

 

Amplicon sequencing is a powerful tool that may rapidly and economically identify insecticide 

resistance mutations making it a useful approach in geographical regions that rely heavily on 
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insecticide vector control methods to monitor insecticide resistance. Utilizing genomic information 

can offer insight on changes in the genetic diversity of both mosquitos and pathogens to increase our 

knowledge of their biology and evolution, which could inform future VBD control efforts. 

 

Figure 1. Steps for amplicon sequencing. The amplicon PCR outlines the use of different barcodes per sample to 

allow amplification of different regions of interest in multiple samples to identify each sample within a multiplex 

PCR. Adapter ligation to product is required for sequencing platform compatibility. Finally sequencing can be 

carried out. 

 

Genomics of Mosquitoes 

 

As a comprehensively studied model organism, Drosophila melanogaster was the first insect genome 

to be sequenced in the year 2000 128. Two years later, Anopheles gambiae became the first mosquito 

to be sequenced and assembled 129. Differences in An. gambiae and D. melanogaster indicated that 

there were many orthologues, but for about half the genes there were substantial differences 130; this 

observation indicated the need for more mosquito genomes to be sequenced. However, of over 3,500 

extant Culicidae species just 129 have a reference genome sequence available in the NCBI’s Taxonomy 

Database 131,132.  

 

DNA used as template for 
gene-specific PCR

PCR reaction

reverse primer

forward primer

PCR product pooling for sequencing

…
Sequencing

gene-specific primers unique barcode Adapter

Sample 1

Sample 2

Sample 3

gene-specific primersunique barcodeAdapter



   
 

 23 

The Culicidae family includes more than 129 genera, with three primary genera known for transmitting 

vector-borne diseases (VBDs): Anopheles, Aedes, and Culex. Among all the available genome 

sequences for Culicidae, 74% represent Anopheles, whereas Aedes and Culex genomes account for 

only 14% and 5%, respectively 131. Examining the sequencing record archive of NCBI shows there has 

been a focus on sequencing Anopheles gambiae mosquito genomes, assisted in part, by the Ag1000G 

project which aimed to sequence more than 1000 field An. gambiae genomes 117,133. The paucity of 

genome records from Aedes and Culex vectors indicates the need for more research into non-

Anopheles mosquitos, which are also prominent vectors of disease. 

 

Sequencing and working with mosquito genomes present several challenges. One such challenge is 

the genome size; while Plasmodium genomes are around ~30 Mb, Anopheles genomes are around ten 

times larger at ~300 Mb and Aedes genomes are even larger still at ~1,300 Mb 134–136. This makes 

sequencing more difficult to get the required coverage across the genome and analysis more 

computationally intensive due to the amount of data produced. Secondly, their genome complexity 

can cause problems. Mosquito species have a multitude of genes and a high degree of repetitive 

elements and transposable elements. Aedes mosquitoes have a highly repetitive genome along with 

19,790 genes 136,137. Mosquitos' diploid nature and high levels of genetic diversity, probably due to 

their large population size and sexual reproduction, means robust analytical methods are required to 

understand population structure and dynamics, which can be more computationally intense. 

 

However, molecular techniques and analysis have been used to compare mosquito species and can 

reveal significant differences between them 138. For example, there are huge variations in the size of 

mosquito genomes, ranging from 225 to 1,862 Mb. Culicinae have large genomes and have the most 

inter- and intra-species genomic variation 139. Interestingly there have also been reports of up to three 

times intraspecies differences in genome size within A. albopictus 140. The interspecies variation in 

genome size is probably due to the number of repetitive elements (e.g., microsatellites, transposable 

elements and ribosomal RNA), which may be driven by selection 141. Transposable elements account 

for ~50% of the Ae. aegypti genome 142. Both Anopheline and Culicine sequences have around ~46% 

GC content. Orthology of genes is seen across insect species. An analysis of single copy orthologs found 

~74% amino acid identity between Ae. aegypti and An. gambiae compared with ~58% identity 

between mosquito and D. melanogaster (Figure 5) 142. This analysis illustrates the power of 

comparative genomics to elucidate evolutionary gene dynamics in mosquitoes. 
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Applying genomic techniques and population analysis within a species has led to a greater 

understanding of the species’ evolutionary history, gene flow and observed phenotypes. For example, 

a study investigating the genetic differences between differing Ae. aegypti populations found that the 

genetic diversity of African populations is much higher than non-African populations 143,144. This 

supports an out-of-Africa migration theory whereby it is understood that Aedes were distributed from 

Africa to the Americas initially, and then secondly distributed from the Americas to Asia 145. A similar 

study considering invasive populations of Ae. aegypti in California, USA, found evidence for the recent 

introduction of Ae. aegypti from multiple genetically diverse populations 146. An analysis of Ae. aegypti 

discovered a genetic basis for changes in host preference, including that adaptions in odorant receptor 

4 (AAEL015147) play a significant role in Ae. aegypti’s ‘domestication’ to human feeding preference 
147. Moreover, genomic analysis can highlight reductions in variation in genes indicating advantageous 

mutations are undergoing a selective sweep. For instance, a study of Culex mosquitos found a high 

number of pathways under positive selection, including in the genes in the P450 family and salivary 

proteins associated with insecticide resistance 148. 

 

 

Figure 5. Orthology between Ae. aegypti, An. gambiae and D. melanogaster genes. Adapted from 

Nene et al. (2007) 91. 

 
 
Insecticide resistance poses a formidable challenge to global initiatives aiming to control mosquitoes 

that transmit vector-borne diseases (VBDs). Utilizing molecular methodologies to elucidate the 

markers linked to insecticide resistance is helpful to try and ensure the best interventions are in place 
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and developing effective strategies to mitigate its impact. This thesis investigates and delineates these 

markers, aiming to provide insights that may reshape our strategies in vector control and public health 

management. Furthermore, it seeks to enhance our understanding of the global diversity of Aedes 

populations, thereby informing comprehensive approaches to combatting insecticide resistance.   
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Objectives 
 

Overall, this thesis aimed to utilise genomic approaches to investigate genetic diversity and 

insecticide resistance in Ae. aegypti mosquitoes. This aim is explored in four objectives, outlined 

below, corresponding to each chapter of the thesis. 

 

Objective 1: Create an amplicon sequencing insecticide resistance surveillance panel to capture 

SNPs associated with insecticide resistance and apply it to a population of field Ae. 

aegypti samples from Cabo Verde. 

 

Objective 2: Pair an expanded amplicon sequencing insecticide resistance screening panel 

(created in Objective 1), with phenotypic testing on a field population of Ae. aegypti 

from Puerto Rico. 

 

Objective 3: Use public Ae. aegypti WGS data to investigate genetic diversity of key insecticide 

resistance associated genes (vgsc, rdl, ace-1 and GSTe2) globally. 

 

Objective 4: Generate and analyse WGS data from a population of Ae. aegypti sourced from 

Puerto Rico and examine their signals of selection and relatedness to those from 

other geographical regions. 
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Outline of Thesis 

 

In this thesis I demonstrate how both wet and dry lab techniques can be applied to investigate 

insecticide resistance in Ae. aegypti mosquitoes. In Chapter 1, I show the development of an 

amplicon sequencing panel and methodology to examine well-described target site resistance SNPs 

in a population of mosquitoes from Cabo Verde (Published Manuscript 73). Chapter 2 illustrates 

further development of this methodology to include more sites in the panel as well as importantly 

pair the molecular data with phenotypic data from Puerto Rico (Submitted Manuscript, under 

revision 72). Chapters 1 and 2 utilise Illumina NGS technology. Both Chapters 3 and 4 focus on the 

utilisation of WGS to provide further insights into the population genomics of Ae. aegypti. Chapter 3 

further examines the field samples collected in Puerto Rico, presenting population genomics of the 

Caribbean region compared to the Americas, which had not previously been examined (Published 

Manuscript 149). Finally, Chapter 4 utilises publicly available WGS data for Ae. aegypti and performs 

comparative genomics with a focus on insecticide resistance associated genes (vgsc, rdl, ace-1 and 

GSTe2) (Submitted Manuscript). 
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Abstract

Aedes mosquito vectors transmit many viruses of global health concern, including dengue,

chikungunya and Zika. These vector-borne viral diseases have a limited number of treat-

ment options, and vaccines vary in their effectiveness. Consequently, integrated vector

management is a primary strategy for disease control. However, the increasing emergence

and spread of insecticide resistance is threatening the efficacy of vector control methods.

Identifying mutations associated with resistance in vector populations is important to monitor

the occurrence and evolution of insecticide resistance and inform control strategies. Rapid

and cost-effective genome sequencing approaches are urgently needed. Here we present

an adaptable targeted amplicon approach for cost-effective implementation within next gen-

eration sequencing platforms. This approach can identify single nucleotide polymorphisms

(SNPs) and small insertions and deletions (indels) in genes involved in insecticide resis-

tance in Aedes aegypti mosquitoes. We designed and tested eleven amplicons, which

included segments of the ace-1 (carbamate target), the Voltage-Gated Sodium Channel

(vgsc; pyrethroids, DDT and organochlorines), and rdl (dieldrin) genes; thereby covering

established knockdown resistance (kdr) mutations (e.g., S989P, I1011M/V, V1016G/I and

F1534C), with the potential to identify novel ones. The amplicon assays were designed with

internal barcodes, to facilitate multiplexing of large numbers of mosquitoes at low cost, and

were sequenced using an Illumina platform. Our approach was evaluated on 152 Ae.

aegypti mosquitoes collected in Cabo Verde, an archipelago with a history of arbovirus out-

breaks. The amplicon sequence data revealed 146 SNPs, including four non-synonymous

polymorphisms in the vgsc gene, one in ace-1 and the 296S rdl mutation previously associ-

ated with resistance to organochlorines. The 296S rdl mutation was identified in 98% of
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mosquitoes screened, consistent with the past use of an organochlorine compound (e.g.,

DDT). Overall, our work shows that targeted amplicon sequencing is a rapid, robust, and

cost-effective tool that can be used to perform high throughput monitoring of insecticide

resistance.

Author summary

Many viruses, such as dengue and Zika, are transmitted by Aedes aegypti mosquitoes.
These vector-borne diseases are a major public health problem in the tropics and sub-
tropics worldwide. The primary strategy to reduce their burden is vector control, includ-
ing through the application of insecticides. However, many mosquito populations have
developed resistance to insecticides. Here, we present a rapid, robust, and cost-effective
tool that allows the screening of genes associated with insecticide resistance across many
Aedes aegypti mosquitoes, identifying known resistance and novel mutations. This assay
will support vector control strategies by informing on the emergence and spread of insec-
ticide resistance mutations across Aedes aegypti populations.

Introduction

Vector-borne diseases pose a major risk to public health, causing ~700k deaths every year [1].
Arthropod-borne viruses (arboviruses), causing dengue, Zika and chikungunya infections,
contribute substantially to the global burden of disease. Mosquitoes of the genus Aedes are
responsible for the transmission of many arboviruses, with Ae. aegypti being one of the most
competent vectors. The distribution of Ae. aegypti has increased dramatically in recent years,
predominantly due to their adaptation to urban environments and the globalization of human
activities [2,3]. Vector control strategies are essential to prevent arboviral spread, largely due to
the lack of effective vaccines and available antiviral drugs. Vector control predominantly
involves the use of insecticides, either in the form of spraying or treated bed nets [4,5]. How-
ever, the intensive use of insecticides worldwide has led to the emergence of resistance to pyre-
throids, organochlorines, carbamates, neonicotinoids and organophosphates [6,7], which is
threatening the effectiveness of vector control campaigns for important vector-borne diseases.

The main mechanisms of insecticide resistance are target site, metabolic and cuticular, and
behavioural avoidance [6,8]. Target site resistance is caused by point mutations in genes that
encode the protein targeted by the insecticide, including voltage gated sodium channels (vgsc
gene), acetylcholinesterase (ace-1) and the γ-aminobutyric acid (GABA) receptor (resistance
to dieldrin locus rdl) [9]. VGSC proteins are present in the nervous system and are a target for
DDT and pyrethroids. Knockdown resistance (kdr) to these two insecticides has been linked
to multiple target site mutations in the vgsc gene in many insects [9]. Acetylcholinesterase
(AChE) enzymes hydrolyse the neurotransmitter acetylcholine at the synaptic cleft and hence
terminate nerve signals. Organophosphates and carbamate insecticides bind to AChE thus dis-
rupting nerve impulses and ultimately causing death. A single target site mutation in the ace-1
gene (G119S), encoding AChE, has been shown to inhibit the insecticidal action in many mos-
quito vectors [10,11] including Ae. aegypi [12]. Finally, mutations in the rdl gene (e.g. A301S
Drosophila melanogaster, A296 in many mosquito species including Ae. aegypti, Ae. albopictus
and Anopheles arabiensis [13] and V327I An. funestus [14]), have been associated with resis-
tance to organochlorine insecticides in Anopheles, Aedes and Culex vectors [15–17].
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Current methods for the identification of insecticide resistance involve biological and bio-
chemical assays [18–20] which are time-consuming, require multiple repeats, and involve sub-
jective judgement of mosquito knockdown. Additionally, bioassays can often only detect
resistance when frequencies are already high, and molecular methods may be required if resis-
tant alleles are at lower frequencies [21,22]. Molecular methods have been developed for the
detection of mutations associated with insecticide resistance and can be an effective approach
to monitor resistant alleles when diagnostic markers predictive of vector control intervention
failure are known [10,23–25]. Given the recent innovations and cost reductions in molecular
techniques, testing based on the molecular underpinning of insecticide resistance is likely to
be an effective approach to support monitoring. This innovation would allow public health
organizations to monitor the emergence and spread of known resistance mutations and detect
the appearance of new genetic polymorphisms. In addition, alongside biological and biochem-
ical assays of susceptibility, molecular surveillance can identify novel resistance markers and
provide insights into the mechanisms of action.

Amplicon sequencing is a targeted next-generation sequencing method that allows for the
high throughput detection of low frequency variants in specific genomic regions of interest.
Here we describe a multiplexed amplicon sequencing approach targeting the vgsc, ace-1 and
rdl loci of Ae. aegypti mosquitoes. The assays target eleven genomic regions across these three
genes where mutations associated with insecticide resistance have been reported in Aedes and
other vectors. A dual index approach was used with an individual barcoding system that allows
for the pooling and simultaneous sequencing of multiple PCR products. Sequence data are
later demultiplexed to individual mosquitoes and genes from raw sequence data, providing a
fast and cost-effective surveillance method to detect mutations involved in insecticide resis-
tance. To demonstrate the utility of our approach, it was applied to Ae. aegypti mosquitoes
from Cabo Verde, an archipelago located 500 kilometres off the coast of West Africa. Dengue
and Zika outbreaks have been reported in Cabo Verde [26–28]. In 2009, more than 21,000
cases of dengue fever were diagnosed and in 2015 an epidemic of Zika caused at least 7,580
reported cases. To prevent vector-borne disease, Cabo Verde has a history of applying several
strategies to combat Anopheles, Aedes and Culex vectors, including the past use of DDT
(organochlorine) and recent spraying of temephos (organophosphate) and deltamethrin (pyre-
throid) insecticides [29]. Compared to Anopheles mosquitoes, little is known about Aedes
insecticide resistance and associated mutations, in both Cabo Verde, and in Africa as a whole
[30]. VGSC mutations (e.g., V1016I, F1534C) that confer resistance to pyrethroids have been
reported at low frequency in Cabo Verde [26] but no other mutations were investigated. Using
the dual index amplicon-based approach on an Illumina sequencing platform, we screen for
known mutations associated with insecticide resistance in Ae. aegypti sourced from Cabo
Verde. Through this work, we demonstrate the utility of our approach for detecting insecticide
resistance mutations as well as novel polymorphism, to inform vector-borne disease control
efforts.

METHODS

Amplicon primer design

A list of target site insecticide resistance mutations in Aedes vectors was extracted from an
OVID search and recent reviews [9,31–41]. Overall, twelve mutations linked to insecticide
resistance were found, nine in the vgsc (V410L, G923V, L982W, S989P, I1011V/M, V1016I/G,
T1520I, F1534C/L, D1763Y), one in rdl (A301S), and one in ace-1 (G119S). Sequences for vgsc
(AAEL023266-RL), ace-1 (AAEL000511-RJ) and rdl (AAEL008354-RA) were extracted from
publicly available assemblies for Ae. aegypti (LVP AGWG). The mutations of interest were
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identified by performing a BLAST sequence alignment of the Ae. aegypti reference genome
against the sequences of species in which the mutation had been described (see S1 Table).

A summary of the amplicon approach is provided (S1 Fig). Forward and reverse primers
were designed using PrimerBLAST software to amplify regions of 450-500bp that contained
known SNP loci or regions of interest. The primers ranged from 18-25bp in length and were
designed to have similar annealing conditions to allow for multiplexing (Table 1). Primers tar-
geting eleven regions were selected across three genes. Primers were checked for cross-hybrid-
ization in each multiplex combination using ThermoFisher Multiplex Primer Analyser. Each
multiplex PCR used a combination of at least 3 targets (Table 1). To allow pooling of individual
mosquito PCR products, a 6bp barcode was added to the 5’ end of each primer (forward and
reverse unique barcodes) to distinguish individual mosquito products after sequencing (S2
Table). To each mosquito DNA sample, forward and reverse 6bp barcodes were assigned
across all loci, allowing the pooling of many different mosquito PCR products. Partial Illumina
tails of ~30bp were also added to the 5’ end of each primer, just after the 6bp barcode primer-
tag, for compatibility with commercial sequencing. This feature allows the pools to be
sequenced using any Illumina sequencer, in-house or by commercial providers. A second PCR
carried out by the commercial sequencing company enabled the addition of Illumina adaptors
and indexes if necessary to pool experiments (S1 Fig).

Mosquito collection, DNA extraction, PCR, and purification

A pooled sample of Ae. aegypti was used as control to test the amplicon sequencing primers.
Ae. aegypti mosquitoes were collected in the city of Praia, on Santiago island in Cabo Verde
[42]. The mosquitoes were all morphologically identified as Ae. aegypti. Mosquito DNA was

Table 1. Amplicon regions, mutations previously described and primer sequences.

Gene Primer Name Mutations Primer Sequence (5’-3’)! Amplicon Length Multiplex

vgsc DomainI V410L F: [TTTCGTCTAATGACCCAAGA]
R: [ARAGAWTTCGCTCACCCG]

464 1

vgsc DomainIIIExon35 T1520I, F1534C/L F: [GGATCCAGATCATGAACGAY]
R: [GATGATCATGTCGAACTTCT]

480 1

Rdl Rdl_Aeg A301S F: [CCAACCGATGTATCTTCTTC]
R: [CTGGTTATTTGTACAAGTAGCA]

498 1

Ace-1 Ace1 G119S F: [TCGCYTRGCCGAAGCCGT]
R: [CASGTGAARTGATAATCTCCSAC]

468 1

vgsc DomainIIS4 G923V F: [TCTAGATTTAGYGACTCCAR]
R: [TACCGATGTAGTTCTTGCC]

444 2

vgsc DomainII L982W, S989P, I1011V/M, V1016I/G F: [ACTCRTTCATGATCGTGTTC]
R: [GACTTGATCCAGTTGGAGA]

498 2

vgsc DomainIIIExon36 NA F: [GTGTCATCATCGACAACTTC]
R: [CACACCTAAAATGGACAGGA]

489 2

vgsc DomainIV D1763Y F: [GCGATCTSATCGAGAAGTA]
R: [ATGCTAGCAARTACGTGATG]

495 2

vgsc DomainIIExon26 982W, S989P, I1011V/M F: [TCACCTTATGCTAAGACTTCA]
R: [GGGAAACAATTTGTCGGTTA]

494 3

vgsc DomainIIIExon33_34 T1520I, F1534C/L F: [AACTCTCTATTCCCGCTTG]
R: [GCAGATCATTCGTAACAAGT]

469 3

vgsc Domain IVS6 NA F: [TGTTGGACGGTATCATCAA]
R: [CCTCGATCGGRTTACCTTT]

456 3

!Primer sequences underlined show incompatible nucleotides with Aedes albopictus reference sequence (FOSHAN).

https://doi.org/10.1371/journal.pntd.0010935.t001
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extracted according to the manufacturer’s instructions for Qiagen DNeasy Blood and Tissue
kits. DNA concentration was determined using Qubit. Multiplex PCR was carried out under
the conditions: Initial denaturation (98.0˚C, 30 seconds) followed by 35 cycles of denaturation
(98.0˚C, 10 seconds), annealing (60.4˚C, 70 seconds), and extension (72.0˚C, 90 seconds).
Each reaction comprised reagents from Q5 High-Fidelity PCR kit (New England Biolabs, UK),
4μl of DNA template and 0.5 μl of each forward and reverse primer at 10pmol/μl. Three multi-
plex PCRs were carried out (Table 1). PCR products were visualised on a SYBR safe (Cam-
bridge Bioscience,UK) 1% agarose gel alongside a 100bp ladder. PCR products were purified
with AMPure XP magnetic beads (Beckman Coulter), using a ratio of 0.8:1 (μl of beads to
DNA).

Sequencing and bioinformatics analysis

The DNA concentration of purified PCR products was tested with the Qubit 2.0 fluorimeter HS
DNA kit (ThermoFisher, Waltham, MA, USA). DNA concentrations varied between 7.9 and
47.7 ng/μl. All PCRs were diluted and grouped in equal concentrations to create an overall pool
of 20 ng/μl in 25 μl total volume, containing around 220 amplicons (11 amplicons across 20
mosquitoes per pool = 220 amplicons). A second PCR to insert IIlumina adaptors and indexes
to pool experiments (no further library preparation is required), which allows many pools to be
sequenced in the same Illumina run. This second PCR step, followed by amplicon sequencing,
was performed by Genewiz (from Azenta Life Sciences) at a cost of ~US$ 60 per pool (~220
amplicons, US$ 0.30 per amplicon). A minimum of 50,000 reads (250bp read pairs) were
obtained per pool, equivalent to an average of ~220 reads per amplicon. From the sequenced
pool, individual mosquito data were demultiplexed based on the 6bp barcode primer-tag in
each forward and reverse primer using an inhouse pipeline (https://github.com/LSHTMPatho
genSeqLab/amplicon-seq), which removed any mis-tagging across barcodes. Sequences were
trimmed and aligned to the Ae. aegypti reference (LVP AGWG). Sequence data were checked
for quality using FastQC (v 0.11.5). Paired end reads were mapped against the reference
sequence using the BWA-MEM algorithm (v0.7.17, default parameters). SNPs and small indels
were called using freebayes (v1.3.5,—haplotype-length -1) and GATK HaplotypeCaller (v
4.1.4.1, default parameters) software tools. Variants detected across either software caller were
used as an initial set for characterisation across amplicons. High quality SNPs were identified
using filters that included a minimum phred quality score of 30 per called base, a minimum
depth of 50 reads, and a minimum allele depth of 10-fold. Only SNPs that were present in more
than one mosquito, and present across two independent pools were retained. The bioinformat-
ics pipeline is summarised (S2 Fig). The distribution of allele depth and frequency for each SNP
was analysed to assign threshold cut-offs for genotyping calls as described for diploid organisms
[43]. The annotation of the SNP identified was called using bcftools csq (v1.1.0, default parame-
ters). Sanger sequencing using individual forward or reverse primers, was performed for 38
mosquitoes to confirm the findings of the amplicon sequencing for the ace and rdl amplicon
regions. Chi squared tests were performed to assess possible deviations from the Hardy-Wein-
berg Equilibrium. Tajima’s D test was applied to distinguish between sequences evolving ran-
domly ("neutrally") and evolving under a non-random process (e.g., selection, demographic
expansion/contraction). This test was implemented using MEGA11 software [44].

Results

Target amplicon representation and variant calling

A total of eleven ~500bp amplicon assays were designed across vgsc (nine amplicons spanning
the positions of nine known insecticide mutations), ace-1 (1 amplicon; 1 known mutation)
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and rdl (1 amplicon; 1 known mutation) loci (see Fig 1). Each amplicon assay was validated
individually and across multiplex PCRs, and it was possible to amplify the eleven loci multi-
plexed in three different PCR reactions (Table 1).

A total of 152 Ae. aegypti mosquitoes sourced from Cabo Verde were processed individually
using the multi-locus amplicon assays. For each mosquito, 11 amplicons were obtained con-
taining the same combination of barcodes (forward and reverse 6bp barcode primer-tag) (S2
Table). A unique combination was used for each mosquito across the 11 amplicons in each
pool. Each pool consisted of 220 amplicons (11 loci across 20 mosquitoes) and was sequenced
on an Illumina platform. This number was selected to obtain a high coverage per amplicon,
with a minimum of 50,000 reads per pool sequenced (average 220 reads per amplicon) being
obtained (See Methods). A bioinformatics pipeline was developed to demultiplex from the
pools each mosquito data (using 6bp barcode primer-tag) from raw sequencing data, remove
mistagging sequences, perform alignment to reference strain, call variants and genotypes,
whilst removing low-quality data and variants (see Methods). The pipeline revealed some
minor differences in genomic coverage, reflecting differences in the amplification of regions,
due to the expected differences in the efficiency of primer binding. Overall, coverage varied
between amplicons with DomainIIExon26Aeg (vgsc gene) having the lowest mean coverage of
120-fold while DomainIIIExon36 (vgsc gene) had nearly 20 times higher-fold coverage. The
average read count over all amplicons was 936-fold (Table 2).

A total of 146 SNP variants were identified. To validate our pipeline, 87 Ae. aegypti individ-
ual mosquitoes were re-sequenced and added to different pools, leading to all SNPs being con-
firmed and a concordance of 84.2% obtained for genotype calls. The genotype differences were
observed at only five positions, between homozygous and heterozygous calls, and only in the
mosquitoes with allele ratios of 0.8–1.0, where one allele in all tested mosquitoes and replicates
is present in the majority of total reads.

Further, Sanger sequencing was performed for 38 mosquitoes to confirm the findings of the
amplicon sequencing for the ace and rdl amplicon regions. A 90% concordance in genotyping
calls between Sanger sequencing and amplicon sequencing was observed for the ace amplicon.
For the only SNP detected in the rdl gene a 67% genotype concordance was observed between
the two methods. Again, discordant genotype calls were observed in heterozygous mosquitoes
using amplicon sequencing that were homozygous with Sanger sequencing, and these hetero-
zygous mosquitoes had an allele ratio close to 0.8, showing an increase of one allele in the total
reads. It is possible that mistagging rearrangement, as previously highlighted [45,46], could
lead to an unexpected distribution of allele frequencies across mosquitoes and differences in
genotype calls, particularly leading to excess heterozygous genotypes. By assigning threshold
cut-offs based on allele ratios as described for other diploid organisms [43] we can identify and
reassign the most likely genotype. Therefore, by recalling heterozygous genotypes with an
allele ratio from 0.8–1 into homozygous, a 100% genotype concordance was obtained. The
allele frequency spectrum across all genes reveals an excess of low frequency alleles (~40% of
SNPS with minor allele frequency (MAF) < 0.1) close to neutrality (Tajima D’ = -0.56; close to
zero). There are some distortions from HWE (37% of exonic and 43% of intronic SNPs with
P< 0.001) (Table 3), which could be the result of the amplicon method leading to an excess of
heterozygous. These results need to be further investigated in larger studies, and by including
more mosquito generations.

SNPs and insecticide resistance variants

The analysis pipeline detected 146 SNP variants of which 45 were exonic. The number of SNPs
identified in each region was highly variable, with the majority in the vgsc Exon 35 amplicon
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Fig 1. Aedes mutations and primer positions for ace-1, vgsc and rdl genes. Previously described mutations
associated with insecticide resistance are represented with red triangles and primers are shown with arrows. The first
and last codon that are amplified are under each amplicon diagram.

https://doi.org/10.1371/journal.pntd.0010935.g001

PLOS NEGLECTED TROPICAL DISEASES Amplicon sequencing reveals Aedes aegypti insecticide resistance

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010935 December 13, 2022 7 / 16



   
 

 44 

 

(38 SNPs, 11 exonic) and the least in the rdl amplicon (1 exonic SNP) (Table 3 and Fig 2).
Almost all exonic SNPs led to synonymous changes (39 SNPs), and six led to missense genetic
polymorphisms. Thirteen SNPs occurred in predicted splice regions, determined using the
bcftools csq tool. Polymorphisms in splice regions may have little effect on gene function, but
can alter the splicing pattern, such as skipping an exon or keeping of large segments of an
intron in the mRNA, which can affect the protein function [47]. Further functional studies will
be needed to confirm the in silico predictions of SNPs in splice regions.

The highest number of polymorphisms was found in the vgsc gene, largely due to the higher
number of primers (9 of 11 amplicons) targeting these loci, with 142 SNPs identified. Muta-
tions in the vgsc gene or ace gene previously associated with insecticide resistance (S1 Table)
were not identified. Four amino-acid substitutions (V977L, K1577T, N1595T, P1612H) were
found in vgsc gene. Of interest is the substitution V977L as it is next to a known mutation,
L978W, (homologous to position L982W in Drosophila melanogaster), which is reported to
confer resistance to pyrethroids [48,49].

In the rdl amplicon, we identified the amino acid substitution A296S, known to be associ-
ated with resistance to organochlorines [33]. The A296S mutation (analogous to position 301
in D. melanogaster) was identified in 47 mosquitoes (47/48; 70.1% heterozygous; 27.1% mutant
homozygous). In the ace-1 amplicon, three SNPs were found, two being synonymous (T506T,
D444D) and one missense translation (L466V). For the T506T mutation (161500076 T>A;
n = 108), which has been previously reported in Indonesian mosquitoes [50], all mosquitoes
were homozygous for the non-reference allele. The L466V amino acid change was found at a
low frequency (1/105, 0.95%; 100% heterozygous). The known G119S insecticide resistance
mutation (position G448S in Ae. aegypti) was not detected in any of the mosquitoes investi-
gated here.

Discussion

Insecticide resistance is a threat to vector control programs worldwide. Traditional methods to
identify resistance can be subjective and time-consuming, therefore molecular surveillance is
becoming an attractive option to determine the widespread distribution of insecticide resis-
tance and to complement diagnostic bioassays. Our study successfully demonstrates that
multi-locus target amplicon sequencing can be used to identify insecticide resistance

Table 2. The eleven amplicons and their sequencing performance in 152 Cabo Verde Ae. aegypti.

Locus Domain Exon known mutations [observed] Amplicon Length Mean read depth before filtering No. SNPs ! (Exonic)

ace-1 - - 1 [0] 468 669 3 (3)

vgsc I - 1 [0] 464 328 24 (0)

vgsc II - 4 [0] 498 137 25 (2)

vgsc II 26 3 [0] 494 120 27(3)

vgsc III 33_34 0 [0] 469 1389 26 (6)

vgsc III 35 2 [0] 480 2289 38 (15)

vgsc III 36 0 [0] 489 2352 32 (13)

vgsc II S4 1 [0] 444 191 7 (1)

vgsc IV - 1 [0] 495 516 6 (3)

vgsc IV S6 0 [0] 456 613 10 (10)

rdl - - 1 [1] 498 418 1 (1)

Total - - 14 (9 unique) - - 240 (72) (146 unique)

!Amplicon regions overlap therefore SNPs are found in multiple amplicons

https://doi.org/10.1371/journal.pntd.0010935.t002
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Table 3. Position and frequency of synonymous and non-synonymous SNPs in each gene for Ae. aegypti.

Chromosome Exon Position Reference allele Alternative allele Consequence Number Alternative Allele Frequency (%)

3 Exon 7 161500198 A C 466L > 466V 105 1

3 Exon 26 315984096 C T 977V > 977L 80 51.4!

3 Exon 35 315939050 G T 1612P > 1612H 147 12.2

3 Exon 35 315939101 T G 1595N > 1595T 139 9

3 Exon 35 315939155 T G 1577K > 1577T 106 0.9

2 Exon 8 41847790 G T 296A > 296S 68 62.5!

3 Exon 7 161500076 T A Synonymous 108 100

3 Exon 7 161500262 G A Synonymous 104 29.3!

3 Exon 26 315984075 G A Synonymous 88 10.3

3 Exon 26 315984159 C T Synonymous 38 40.8!

3 Exon 34 315939469 G A Synonymous 108 2.8

3 Exon 34 315939517 G T Synonymous 107 3.3

3 Exon 34 315939547 G A Synonymous 112 7.6

3 Exon 33 315939648 C T Synonymous 105 27.1!

3 Exon 35 315939229 G A Synonymous 140 10.4

3 Exon 35 315939241 A G Synonymous 137 71.9!

3 Exon 35 315939244 G A Synonymous 138 1.8

3 Exon 35 315939274 A G Synonymous 139 1.8

3 Exon 35 315939283 C T Synonymous 131 11.5

3 Exon 34 315939367 C A Synonymous 148 10.5!

3 Exon 34 315939373 G A Synonymous 149 0.3

3 Exon 36 315938745 G A Synonymous 83 53.4!

3 Exon 36 315938760 A G Synonymous 78 72.8!

3 Exon 36 315938772 C T Synonymous 80 3.6

3 Exon 36 315938775 C T Synonymous 69 28.3!

3 Exon 36 315938778 C T Synonymous 66 43.2!

3 Exon 36 315938832 C T Synonymous 75 2.7

3 Exon 36 315938946 A C Synonymous 141 0.4

3 Exon 35 315939088 C T Synonymous 130 1.5

3 Exon 35 315939112 T C Synonymous 110 73.6!

3 Exon 35 315939166 C T Synonymous 108 55.1!

3 Exon 25 315998391 C T Synonymous 60 3

3 Exon 37 315932072 G A Synonymous 95 16.7

3 Exon 37 315932142 A G Synonymous 96 42.1!

3 Exon 37 315932184 G A Synonymous 92 72.9!

3 Exon 38 315931422 G A Synonymous 96 12

3 Exon 38 315931428 C T Synonymous 97 14.4

3 Exon 38 315931440 T C Synonymous 95 5.3

3 Exon 38 315931470 T C Synonymous 94 14.9!

3 Exon 38 315931479 C A Synonymous 97 3.6

3 Exon 38 315931485 G A Synonymous 95 5.3

3 Exon 38 315931557 T C Synonymous 97 57.7!

3 Exon 38 315931563 T C Synonymous 95 16.3!

3 Exon 38 315931575 G A Synonymous 94 4.8

3 Exon 38 315931578 G A Synonymous 93 11.3

! Significant deviation from HWE (p<0.001)

https://doi.org/10.1371/journal.pntd.0010935.t003
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polymorphisms in Ae. aegypti mosquitoes in a robust, cost-effective, and high-throughput
manner. By testing the approach on Ae. aegypti mosquitoes from the city of Praia in Santiago,
Cabo Verde, it was possible to identify 146 SNPs across vgsc, rdl, and ace-1 loci, including the
rdl A301S mutation linked to organochlorine insecticide resistance. This observation is proba-
bly due to the past use of an organochlorine (e.g., DDT) in Cabo Verde. Resistance to this
insecticide has been reported to have the least effect on fitness compared to other pyrethroid
resistant populations [51]. No other known polymorphisms associated with insecticide resis-
tance were detected. A previous study in Santiago, with samples collected between 2017 and
2018, detected the kdr polymorphism 1016I in two heterozygous individuals from São Lou-
renço dos Órgãos, and the 1534C mutation at low frequency (! 2.0%) in mosquitoes from
Praia, but these variants were not observed in previous years (2007 to 2016) [26,42,52]. These
results suggest a recent origin of kdr mutations in this island, that could be an independent
event or an introduction from neighbouring countries of mainland West Africa. Cabo Verde
is located ~500 kilometres off the coast of Senegal, where none of these mutations have been
identified in a survey performed in 2017 [53]. These mutations were also not identified in
Cameroon, Congo and Central African Republic, but were reported in Ghana and Burkina
Faso in high frequency [54–57].

We also have identified further polymorphisms, the majority in intronic regions, some in
predicted splice regions or leading to synonymous changes, and only five non-synonymous
amino acid substitutions in the ace-1 and vgsc genes. For example, the substitution V977L in
the vgsc gene which is next to the previously reported L978W (position L982W in D. melano-
gaster) reported to confer resistance to pyrethroids [48,49]. There is also the synonymous

Fig 2. Distribution of SNPs detected in the eleven amplicons. Grey shaded bars illustrate exonic regions. Black points show the position of missense
mutations identified, grey points are other SNPs identified, and crosses mark where known mutations associated with insecticide resistance are
positioned. The value on the right is the number of SNPs identified in each amplicon.

https://doi.org/10.1371/journal.pntd.0010935.g002
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variant in the ace-1 gene (T506T in Ae. aegypti reference), which has been described in an
Indonesian Ae. aegypti temephos resistant population [50], and could be in high linkage dis-
equilibrium with a functional polymorphism, but these results have not been confirmed in
other studies.

Identification and exploration of these additional polymorphisms can be useful to under-
stand the evolution of these loci and their possible involvement in mechanisms of insecticide
resistance, including through linkage with other polymorphisms or cis-regulatory elements
and the generation of alternative transcripts. Further genotype-phenotype studies will be fun-
damental to explore the possible involvement of these mutations in insecticide resistance.

More generally, investigations of insecticide resistance in the Aedes population have largely
focused on kdr variations in the vgsc gene, with little focus on the other loci investigated here.
Molecular testing for insecticide resistance has been limited across West Africa and the wider
continent, with only a few studies focusing on a limited number of polymorphisms, typically
using a genotyping approach. For instance, the recent studies performed in Senegal, Camer-
oon, Ghana, Cabo Verde and Ivory Coast [42,53–55,58] focused only on the study of the kdr
mutations F1534C, V410L, V1016G/I and S989P in Ae. aegypti. More surveys are necessary
across the vgsc gene and other loci to understand the frequency, emergence and spread of
genetic variants and their association with insecticide resistance.

As demonstrated here, the multi-locus amplicon approach gives the possibility to inform
on both known and discover novel genetic variants in many loci simultaneously and across
large numbers of samples. Examining both known and novel SNPs is highly valuable due to
the large unexplained variance observed in insecticide resistance. The assays are adaptable and
can be extended to include new loci linked to resistance. For example, the current panel does
not account for metabolic mechanisms of resistance, which involve the upregulation of detoxi-
fying enzymes in the mosquito, such as cytochrome P450. Only a few SNPs have been associ-
ated with this type of resistance and the underlying genes involved remain unclear, but our
assays can be extended with further understanding. Sequence capture followed by deep
sequencing has been applied to Ae. aegypti to investigate copy number variations (CNVs) and
polymorphisms of detoxification enzymes [59]. However, this system requires the production
of capture libraries with overlapping RNA probes, becoming a more expensive and compli-
cated approach than using multiplex PCR assays. Quantitative PCR, like the one developed by
Cattel et al [60], is still a main approach for the rapid detection and copy number quantifica-
tion in Ae. Aegypti.

The multi-locus PCR amplicon approach can be applied across many loci and it is possible
to pool large numbers of samples which can be differentiated by unique barcode combinations.
Further, there is no need to prepare libraries for Illumina sequencing, as the PCR stages
already include Illumina-compatible flow-cell adaptor sequences, leading to multi-locus
amplicon pools that can be sequenced by commercial providers at relatively low cost (<$0.50
USD per amplicon). The same amplicons can also be sequenced using portable sequencers
(e.g., Oxford Nanopore MinIon), leading to more rapid and informative surveillance of insec-
ticide resistance at field sites, and an improved response to emerging resistance. Relatedly,
there is the potential to pool mosquitoes before the PCR step, for rapid overall population sur-
veillance, as opposed to individual mosquito amplification as performed here [21]. This facili-
tates application to lower income settings, where Aedes borne diseases are endemic, and the
benefits of informed vector control will be greater. Specifically, the identification of important
insecticide resistance mutations would provide early warning and evidence for the need to
change the insecticide class prior to total inefficacy.

The main limitation of our amplicon approach is the prior need of information concerning
which loci are associated with insecticide resistance. There is no substitute for insecticide
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bioassays to determine phenotype response. The multi-locus amplicon approach can be used
to complement bioassays, and obtain genotyping data alongside phenotypic information, to
inform functional work seeking to understand the molecular mechanisms underlying insecti-
cide resistance. Our assay does not currently detect the genomic contributors of metabolic
resistance; however, our approach is highly flexible, and further regions of interest can be
added to the panel where required. The design of the methodology to target regions where
mutations are likely to occur is also beneficial as it means that some mutations that are newly
discovered are already captured in the panel. For example, a new mutation (A1007G) was
recently described in Ae. aegypti to be putatively associated with DDT resistance, and is already
captured by the DomainII_F4 amplicon, although it was not detected in our mosquitoes [61].
Moreover, there is the possibility to include pathogen screening in parallel with insecticide
resistance characterisation to allow for monitoring of arboviruses and other pathogens in an
integrated surveillance programme. It has already been demonstrated that it is possible to
detect the malaria parasites from human blood using amplicon sequencing [62,63].

Overall, our work outlines a cost-effective, robust, and high-throughput methodology to
screen Ae. aegypti mosquitoes for both known and putative novel insecticide resistance muta-
tions. The integration of 5’ tag barcodes allow the pooling of many mosquitoes and loci within
applications of next-generation sequencing, and their subsequent separation during analysis.
These molecular and bioinformatic approaches can be implemented by vector control programs
to monitor insecticide resistance and improve the efficacy of other approaches. The extension of
the approach to other genomics regions, pathogens and other vectors will further assist with
supporting control strategies of vector-borne diseases and reducing their global burden.
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(Ouagadougou), Burkina Faso. Trop Med Health. 2019; 47: 2. https://doi.org/10.1186/s41182-018-
0134-5 PMID: 30787670

58. Kudom AA. Entomological surveillance to assess potential outbreak of Aedes-borne arboviruses and
insecticide resistance status of Aedes aegypti from Cape Coast, Ghana. Acta Trop. 2020;202. https://
doi.org/10.1016/j.actatropica.2019.105257 PMID: 31682813

59. Faucon F, Dusfour I, Gaude T, Navratil V, Boyer F, Chandre F, et al. Identifying genomic changes asso-
ciated with insecticide resistance in the dengue mosquito Aedes aegypti by deep targeted sequencing.
Genome Res. 2015; 25: 1347–1359. https://doi.org/10.1101/gr.189225.115 PMID: 26206155

60. Cattel J, Haberkorn C, Laporte F, Gaude T, Cumer T, Renaud J, et al. A genomic amplification affecting
a carboxylesterase gene cluster confers organophosphate resistance in the mosquito Aedes aegypti:
From genomic characterization to high-throughput field detection. Evol Appl. 2021; 14: 1009–1022.
https://doi.org/10.1111/eva.13177 PMID: 33897817
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Supplementary Information 
 
 

 
Figure Supplementary 1. Steps for multiplex amplicon sequencing. In the first PCR, target genes are amplified 

and partial Illumina tails and 6bp barcodes included in primers to differentiate individual samples. In a second 

step the amplicons are pooled across samples. After, a second PCR is performed in each pool, the Illumina 

adapters and indexes are added, and pools are ready to be sequenced using an Illumina platform. 

 

 
 
Figure Supplementary 2. Flow chart of the bioinformatics pipeline. 
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Supplementary Table 1. Amino acid mutation positions for the reference organism and corresponding Ae. 

aegypti. 

Gene Mutation Position 
Reference 

Reference Species Mutation Position  
Ae. aegypti 

vgsc V410L Musca domestica 419 
vgsc G923V Musca domestica 919 
vgsc L982W Musca domestica 978 
vgsc S989P Musca domestica 985 
vgsc I1011V/M Musca domestica 1007 
vgsc V1016I/G Musca domestica 1012 
vgsc T1520I Musca domestica 1540 
vgsc F1534C/L Musca domestica 1554 
vgsc D1763Y Musca domestica 1783 
rdl A301S Drosophila melanogaster 296 

Ace-1 G119S Torpedo californica 448 
 
 
 
 
Supplementary Table 2. DNA in-line barcodes and Illumina platform tails added to the 5’ end of the forward and 

reverse primers before PCR amplification  

Forward Barcode Name Illumina tail Barcode 
B1 ACACTCTTTCCCTACACGACFCTCTTCCGATCT ATCACG 
B2 ACACTCTTTCCCTACACGACFCTCTTCCGATCT CGATGT 
B3 ACACTCTTTCCCTACACGACFCTCTTCCGATCT TTAGGC 
B4 ACACTCTTTCCCTACACGACFCTCTTCCGATCT TGACCA 
B5 ACACTCTTTCCCTACACGACFCTCTTCCGATCT ACATGT 
B6 ACACTCTTTCCCTACACGACFCTCTTCCGATCT TGCCAA 
B7 ACACTCTTTCCCTACACGACFCTCTTCCGATCT AGCTCG 
B8 ACACTCTTTCCCTACACGACFCTCTTCCGATCT ACGTCA 
B9 ACACTCTTTCCCTACACGACFCTCTTCCGATCT GCAGAT 

B10 ACACTCTTTCCCTACACGACFCTCTTCCGATCT GATCAC 

Reverse Barcode Name Illumina tail Barcode 
BR1 ACACTCTTTCCCTACACGACFCTCTTCCGATCT CAGATC 
BR2 ACACTCTTTCCCTACACGACFCTCTTCCGATCT ACTTGA 
BR3 ACACTCTTTCCCTACACGACFCTCTTCCGATCT GATCAG 
BR4 ACACTCTTTCCCTACACGACFCTCTTCCGATCT TAGCTT 
BR5 ACACTCTTTCCCTACACGACFCTCTTCCGATCT GGCTAG 
BR6 ACACTCTTTCCCTACACGACFCTCTTCCGATCT CTTGTA 
BR7 ACACTCTTTCCCTACACGACFCTCTTCCGATCT TGAGAT 
BR8 ACACTCTTTCCCTACACGACFCTCTTCCGATCT ATGTGC 
BR9 ACACTCTTTCCCTACACGACFCTCTTCCGATCT GTATCA 

BR10 ACACTCTTTCCCTACACGACFCTCTTCCGATCT CTACTG 
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Supplementary Table 3. Details of the SNPs detected in putative splice regions. 

Position Reference Alleles Total samples  

315938982 A G 146 
315938986 T G 144 

315939038 T C 148 

315939039 G T 146 
315939040 C T 147 

315939289 C A 138 

315939295 G A 134 
315939353 T A 151 

315939358 T G 149 

315939559 A C 110 
315939620 C T 107 

315939752 A G 106 

315939755 T G 108 
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CHAPTER TWO 
 
 
 

Profiling insecticide resistance phenotypes 

and genotypes in Aedes aegypti populations 

across four regions in Puerto Rico 
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Abstract 

 

Vector-borne diseases exert a considerable toll on global health. The efficacy of vector control 

strategies is being threatened by the emergence and spread of insecticide resistance worldwide. In 

this study, we investigated the insecticide resistance phenotypes and genotypes of Aedes aegypti 

populations in four regions of Puerto Rico.  Insecticide resistance intensity CDC bioassays were 

employed to determine the response to deltamethrin and malathion. In parallel, next-generation 

targeted amplicon sequencing was used to investigate the presence of insecticide resistance-

conferring mutations in nine targets across four genes: the voltage-gated sodium channel (vgsc); 

GABA (rdl); acetylcholinesterase (ace-1); and glutathione-S-transferase epsilon 2 (GSTe2). We 

observed high resistance levels to deltamethrin and malathion in Ae. aegypti, supported by molecular 

evidence revealing five mutations (V410L (vgsc), V1016I/G (vgsc), F1534C (vgsc), A296S (rdl)), 

previously linked to insecticide resistance. A previously undocumented mutation, L944I (L921I in Ae. 

aegypti, vgsc), was identified. While not yet reported in Aedes spp. vectors, this mutation has been 

associated with pyrethroid resistance in other medically important vectors and agricultural pests. Our 

research highlights the presence of insecticide resistance and associated mutations in Puerto Rico, 

which is valuable for vector control programs, providing information to guide decisions regarding the 

implementation of effective control interventions. 

 

Word Count: 202  

 

Keywords: Insecticide Resistance, Arbovirus Vector Control, Molecular surveillance, Aedes aegypti 
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Introduction 

 

Vector-borne diseases (VBDs) cause vast morbidity and at least 700,000 deaths annually worldwide 1. 

The majority of VBDs are transmitted by mosquitoes from three genera (Anopheles, Culex, and Aedes). 

Following Anopheles mosquitoes, which are primary vectors for malaria parasites, Aedes mosquitoes, 

notably Ae. aegypti (L.), stand as a significant contributor to the global disease burden. Ae. aegypti is 

the dominant vector of many arboviruses including Zika virus, dengue virus, yellow fever virus, and 

Chikungunya virus. Millions of cases of arboviral diseases occur annually, nearly 400 million from 

dengue alone 2. These diseases impose significant social and economic burden across the tropics, with 

the Americas being particularly affected with 3,126,573 cases reported in 2022 3. In Puerto Rico, 

arboviruses such as dengue and Zika have been responsible for substantial outbreaks 4,5. Chikungunya 

and Zika were introduced to the island in 2014 and 2015, respectively 4, while dengue maintains 

endemic status, with an annual average of 5,000 to 7,000 cases 6. Despite this baseline prevalence, 

dengue outbreaks occur regularly, notably in 2007, 2010, and 2013 where approximately 20,000 cases 

were reported in each year 5.  

  

Insecticides have been used to effectively control vector populations and reduce the associated 

disease burden, notably in the case of insecticide treated nets to combat malaria. There are currently 

nine classes of adulticides used globally against mosquitoes, including pyrethroids, carbamates, 

organophosphates, organochlorines, neonicotinoids, pyrroles, butenolides, juvenile hormone mimics 

and spinosyns 7,8. Unfortunately, the use of insecticides for both vector control and agriculture has led 

to the rise of insecticide resistance globally, threatening control programs. In Puerto Rico, vector 

control measures are applied inconsistently, targeting both adult mosquitoes and larvae with 

insecticides. Pyrethroid resistance in Ae. aegypti has already been documented on the island 9–11, and 

mutations linked to this resistance—such as V1016I and F1534C in the voltage-gated sodium channel 

(vgsc) gene—have been detected at high frequencies 11. Additionally, evidence of metabolic resistance 

mechanisms has been found using synergist assays to isolate the action of detoxifying enzymes, in this 

case piperonyl butoxide, as well as the use of RNA sequencing (RNA-seq) to identify the upregulation 

of cytochrome P450 genes 9,12.  

  

Assessing phenotypic resistance is essential to inform vector control programmes and support the 

implementation of the most effective methods. Conducting bioassays including well-established 

methods like the WHO tube tests13, and WHO or CDC bottle bioassays 13,14, to evaluate mosquito 

mortality following insecticide exposure, can be a time-intensive process, judgement of knockdown 
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can be difficult, and comparisons across diverse studies or between WHO and CDC methodologies can 

be challenging 7. Consequently, there is growing emphasis on monitoring molecular markers of 

resistance, as advocated by the WHO, highlighting the importance of understanding molecular 

mechanisms for designing effective vector control strategies 7. These methodologies may act an early 

warning system to show emergence of resistance before control methodologies lose complete 

efficacy, although currently phenotypic testing is still most commonly used. 

  

Molecular methodologies have become a cost-effective approach for the monitoring of insecticide 

resistance, particularly when using multiplex assays that target many loci in parallel. Targeted amplicon 

next generation sequencing (Amp-seq) offers the possibility to analyse large number of candidate 

genetic regions across many samples using next generation sequencing platforms 15–18. It offers 

increased sensitivity compared to PCR-RFLP and real-time PCR, which in general only target a few 

markers, and decreased costs in comparison to whole genome sequencing (WGS). This approach will 

not only offer insights into the status of insecticide resistance but also aid in the identification of new 

resistance markers, however new markers should be confirmed with phenotypic testing and functional 

studies. 

 

In this study we use bioassays to investigate the response of Ae. aegypti populations in Puerto Rico to 

deltamethrin, which targets the voltage gated sodium channels, and malathion, which inhibits 

acetylcholinesterase when activated to malaoxon 19. We complement the study with molecular 

surveillance using a multi target Amp-seq approach, previously validated by us 20, to identify molecular 

marker associated with insecticide resistance in Ae. aegypti collected across five regions in Puerto Rico 
16. We targeted regions in ace-1, vgsc, rdl and GSTe2 genes, with mutations associated with insecticide 

resistance, and use dual-indexing barcodes to allow for high-throughput processing and enable 

sequencing of multiple samples simultaneously to decrease costs. 
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Results 

 

Mosquito collection and insecticide resistance assessment 

Over 5,000 eggs were collected from Bayamon, Dorado, Guánica, Ponce and San Juan between 5th 

April 2022 and 1st June 2022 (Figure 1) and reared to adults. As insufficient eggs were collected from 

Guánica, bioassays were not performed for mosquitoes in this region. The mosquito populations in 

the other 4 regions were tested for susceptibility to deltamethrin and malathion using CDC bottle 

bioassays with a diagnostic dose and time of 0.75 µg/bottle, 30 minutes and 400 µg/bottle, and 15 

minutes, respectively (Table 1) 21. A total of 1,003 mosquitoes (765 field mosquitoes) were exposed 

to deltamethrin and a further 925 (686 field mosquitoes) were exposed to malathion, this includes 

control strain and unexposed field caught controls.  

 

 
Figure 1. Sampling locations for ovitraps.  

 

The implementation of insecticide bioassays to deltamethrin displayed high levels of resistance 

(Figure 2). The lowest level of mortality was observed in Dorado with only 2.2% mortality against the 

diagnostic dose, followed by San Juan and Bayamon with 21.4% and 22.7% mortality, respectively. 

Finally, the Ae. aegypti population in Ponce showed the highest mortality rate of 40.4%, however, this 

rate falls well below the 98% mortality threshold commonly considered indicative of susceptibility 22. 

Mortality in all four regions increased when mosquitoes were subjected to five times the diagnostic 

dose of insecticide; however, these rates remain far below susceptible levels of mortality.  

 

Exposure to malathion showed higher mortality levels than exposure to deltamethrin, however, 

resistance was still observed (Figure 2). Like the results for deltamethrin, the Ponce population 

showed the highest mortality against the diagnostic dose of malathion (87.2%), followed by San Juan 

(40.0%), Bayamon (36.4%), and Dorado (17.6%). Every location’s mortality rate increased with the 

exposure to a higher dose of insecticide, however only the population from Ponce displayed 
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susceptibility after exposure to three times the diagnostic dose (1200 μg/ml). As the number of 

mosquitos varied between sites, a multivariate generalised log-linear model (Poisson regression) was 

fitted with (log) mortality count as the outcome, the (log) number of mosquitoes as an offset, with 

location, concentration and insecticide included as covariates. This approach indicated that as 

expected concentration (p = 2x10-16) and insecticide (p = 1.46x10-7) affect the rate of mortality, with 

malathion having a greater effect than deltamethrin (coefficient estimate = 0.430, deltamethrin as 

reference). It revealed that the mortality rate in Ponce was higher than the reference location 

Bayamon (coefficient estimate = 0.343, p = 1.8x10-5), while comparisons for San Juan and Dorado 

showed no differences (p > 0.07). 

 

A. Deltamethrin    B. Malathion 

  
Figure 2. Mortality for the CDC bioassays at each concentration to (A) deltamethrin and (B) malathion for each 
location. Dotted red line shows 98% mortality above which indicates susceptibility and light red dotted line 
shows 90% mortality, between 90-98% indicates possible resistance. 
 
 
Table 1. Percentage mortality and number of mosquitoes (n) included in each bioassay with differing times the 
diagnostic dose to deltamethrin and malathion in mosquitoes collected in 2022 across the 4 regions. 
Diagnostic dose for deltamethrin was 0.75 μg/ml and 400 μg/ml for malathion. 
 

 
Deltamethrin Percentage Mortality (n) 

Location x1 (0.75 µg/bottle) x5 (3.75 µg/bottle) X10 (7.5 µg/bottle) 
Bayamon (n=211) 22.7 (97) 42.2 (64) 90 (50) 
Dorado (n=129) 2.2 (45) 46.7 (45) 87.2 (39) 
Ponce (n=136) 40.4 (47) 76.2 (42) 93.6 (47) 
San Juan (n=289) 21.4 (98) 41.8 (91) 89 (100) 
Total 22.0 (287) 48.8 (242) 89.8 (236) 

  Malathion Percentage Mortality (n) 

 Location x1 (400 µg/bottle) x2 (800 µg/bottle) x3 (1200 µg/bottle) 
Bayamon (n=164) 36.4 (66) 51 (49) 83.7 (49) 
Dorado (n=183) 17.6 (91) 50.7 (69) 82.6 (23) 
Ponce (n=122) 87.2 (47) 91.7 (48) 100 (27) 
San Juan (n=217) 40 (70) 61.4 (70) 62.3 (77) 
Total 39.8 (274) 62.3 (236) 76.7 (176) 
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Amplicon Sequencing to identify molecular markers associated with resistance 

A total of 178 samples were sequenced across 10 amplicons, covering cytochrome oxidase (COI) for 

speciation, and 4 genes (vgsc, rdl, ace-1 and GSTe2) associated with insecticide resistance in Ae. 

aegypti 23. The average sequencing coverage observed across the amplicons was 190.5-fold but varied 

across the ten amplicons (range: 6.5 to 550.8-fold). The lowest coverage was observed in the longest 

amplicon which targets cytochrome oxidase gene for mosquito speciation (LCO1490 and HCO1298) 24 

(S3 Table). The average amplicon length was 453 bp (range: 321 to 709bp). All 178 samples passed 

quality control filters and included 51 from Bayamon, 42 from Dorado, 7 from Guánica, 33 from Ponce, 

and 45 from San Juan.    

 

 Amongst the 178 samples screened, 57 SNPs were identified, of which 14 were missense, one was in 

a splice region and 14 were synonymous, while the remainder were detected in intronic regions (Table 

2, S4 Table). Previously identified insecticide resistance SNPs will be referenced according to the 

organism in which they were first reported. However, Ae. aegypti specific nomenclature is provided 

in S5 Table for ease of reference. The missense mutations (n=14) were identified across three genes 

(ace-1, vgsc, and rdl), the majority of these occurred in the vgsc gene (n=12), while there was a single 

missense in both the ace-1 (n=1) and rdl (n=1) genes (Table 2). No missense mutations were identified 

in GSTe2. Most of these synonymous mutations (n=14) were found in the vgsc gene (n=9) while the 

remainder were in the ace-1 gene (n=5) (S4 Table).  The synonymous 506T mutation detected in the 

ace-1 gene has previously been documented in resistant Ae. aegypti mosquitoes in the Philippines 

(not in combination with G119S) and Saudi Arabia (in combination with G119S); 25,26, however 

functional work has not confirmed its association with resistance.  

 

Five missense mutations were detected which have previously been associated with insecticide 

resistance (rdl A296S; vgsc F1534C, V1016I, V1016G, V410L) (Table 2). The rdl A296S mutation was 

found in 52 samples, of which 24 had heterozygous genotypes. This mutation has been found in 

multiple insects including Drosophila, Anopheles and Aedes species, and is associated with resistance 

to dieldrin 16,27–31.  
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Table 2. Summary of the 14 missense mutations identified in the 178 samples screened. Nomenclature as 
per Ae. aegypti. Rdl mutations were based on the AAEL008354-RF transcript, vgsc mutations utilised the 
AAEL023266-RLtranscript and ace-1 mutations refer to AAEL034366-RD transcript. This ^ symbol indicated 
previously described mutation associated with insecticide resistance. A * indicates a deletion. 
 

 

The five vgsc mutations observed are associated with resistance to the pyrethroid insecticide class. 

The vgsc F1534C mutation was present in 127 samples of which 18 had heterozygous genotypes (n = 

127). The V1016I vgsc mutation presented as a homozygous alternative for the mutation in 50 samples 

while 5 were heterozygous (n=55). The V1016G mutation was less frequent, with only 5 samples being 

identified as a homozygous alternative (n=55). One hundred and one samples were homozygous 

alternative for the vgsc V410L, as well as 15 with heterozygous genotypes (n=116).  

 

The vgsc L944I (L921I Ae. aegypti AAEL023266-RL transcript numbering) mutation was identified in 

our samples. This mutation is of particular interest because, although it has not been previously 

reported in Ae. aegypti, the equivalent amino acid change (L925I) has been documented in several 

other arthropod species, including Triatoma infestans and Bemisia tabaci 32,33. The mutation allele 

frequency was 22.1% with 30 heterozygotes identified and 2 homozygous alternatives (n=127). 

 

All six missense SNPs associated with insecticide resistance were detected in the 5 locations (Figure 

3), apart from the V1016G mutation, which was absent from Guánica and San Juan. The vgsc V410L 

mutation appears fixed in both San Juan and Guánica and is approaching fixation in Bayamon and 

Ponce (Table 3). Dorado had the lowest proportion of homozygous alternative mutations 

for vgsc V410L, though the allele was still observed at a frequency of 84.6%. The F1534C and V1016I 

Chrom Gene Position 
Nucleic 

acid 
change 

Annotation 
Codon 

position 
in ref. 

Genotype (n) Alternative 
Allele 

Frequency  
Homo. 

ref Hetero. Homo. 
alt 

2 rdl 41847790 G > T A296S^ 301 7 24 28 67.7%  
3 ace-1 161500150 C > T A482T 482 105 1 0 0.47%  
3 vgsc 315931756 A > C I1845S 1854 115 1 0 0.43%  
3 vgsc 

315931943 
G > A Q1805*   

1814 
  

73 
6 0 3.61%  

3 vgsc G > C Q1805E 2 0 1.20%  
3 vgsc G > T Q1805K 2 0 1.20%  
3 vgsc 315932144 C > T G1738S 1747 89 1 0 0.56%  
3 vgsc 315932210 C > A V1716L 1725 88 2 0 1.11%  
3 vgsc 315939224 A > C F1554C^ 1534 0 18 109 92.91%  
3 vgsc 315983762 A > C V1012G^ 1016 50 5 0 4.56%  
3 vgsc 315983763 G > T V1012I^ 1016 0 5 50 95.45%  
3 vgsc 315984130 A > C F967C 979 50 8 0 6.90%  
3 vgsc 315998386 A > T F943Y 932 137 1 0 0.36%  
3 vgsc 315998453 A > T L921I^ 910 95 30 2 22.08%  
3 vgsc 315998530 A > C L895R 1008 118 6 0 2.42%  
3 vgsc 316080722 C > A V408L^ 410 0 15 101 93.53%  
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had the next highest overall allele frequencies of 92.9% and 95.5%, respectively. Overall, there were 

minimal differences in allele frequencies between the insecticide resistance SNPs and the sampling 

locations (χ² test, p > 0.05), suggesting that the observed phenotypic differences may not be primarily 

driven by the detected SNPs. Spearman’s-rank analysis between mortality rate and allele frequency 

for each insecticide resistance SNP identified by location indicated no correlation (p > 0.30). 

 

Table 3. Allele frequency (%) of each of the six detected insecticide resistance associated mutations in each of 
the locations. 

Gene Mutation 
(position) 

Nucleotide 
position 

Overall 
 

Bayamon  Dorado 
 

Guánica 
 

Ponce 
 

San 
Juan 

 
rdl A301S 41847790 66.8 92.3 40.6 83.3 55.9 100 

vgsc F1534C 315939224 92.9 95.6 82.8 100 90.9 100 
vgsc V1016G 315983762 4.5 1.0 2.4 0.0 3.0 0.0 
vgsc V1016I 315983763 95.5 95.0 88.9 100 90.0 100 
vgsc L944I 315998453 13.4 13.9 8.1 14.3 14.0 17.9 
vgsc V408L 316080722 93.5 95.5 84.6 100 91.3 100 
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A. 

 
B. 

 
 
Figure 3. A. Genotype and corresponding alleles for each of the insecticide resistance mutations B. The allele 
proportions for each of the give main insecticide resistance associated mutations overall across all locations. 
For the V1016 codon a combination of the SNPs at positions 315983762 and 315983763 were used to identify 
the consequence. 
 
Linked mutations  

Linkage disequilibrium analysis was only carried out on chromosome 3 due to few SNPs being 

identified on chromosome 2. Overall, 236 pairwise SNP combinations of the 3,136 possible, have an 

R2 of more than 0.8 34, which includes 33 unique SNP locations (S6 Table). Figure 4 shows the R2 values 
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for synonymous and missense SNPs. Most of these SNPs were in the vgsc gene (n = 34), while two 

were identified in ace-1. Strong linkage was identified between four missense mutations located in 

vgsc (V410L, V1016I, V1016G, and F1534C) (R2 range: 0.61 – 0.90).  

 

Figure 4. Linkage R2 values between synonymous and non-synonymous positions 
 

 
 
 
 

Discussion 

 

This study provides strong evidence of both phenotypic and genotypic insecticide resistance in Puerto 

Rico, using a combination of bioassays and a targeted Amp-seq assay. Bioassays were conducted 

on Ae. aegypti samples from four regions, and Amp-seq assays on samples from five regions across 

Puerto Rico. We observed elevated levels of phenotypic resistance to both deltamethrin and 

malathion, along with the detection of five genetic markers linked to resistance against 

organochlorines (cyclodienes and phenylpyrazoles) and pyrethroids. 
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A 2016 study in Puerto Rico identified resistance in Aedes aegypti populations to permethrin, 

phenothrin, etofenprox, and tetramethrin through phenotypic bioassays 10. Hemme et al. (2019) 

reported widespread resistance, with deltamethrin achieving effective control in only five out of 38 

regions, and no populations showing susceptibility to malathion. Naled was the most effective 

insecticide, killing 100% of mosquitoes in all locations tested. This study updates those findings and 

further examines the intensity of resistance to deltamethrin and malathion. High-intensity resistance 

was observed at up to three times and ten times the diagnostic doses for malathion (1200 µg/bottle) 

and deltamethrin (7.5 µg/bottle), respectively. 

 

Pyrethroid-associated mutations have also been described previously (V1016I and F1534C) at high 

frequency in Puerto Rico (60%-100% and 80%-100% respectively) 11. This study supports previous 

findings by identifying the V1016I and F1534C SNPs, with allele frequencies ranging from 88.9% to 

100% and 82.8% to 100%, respectively, similar to those reported by Ponce-García et al. (2016). The 

mutation at position 315983762, leading to V1016G, and the mutation at 315983763, resulting in 

V1016I, have been observed globally, including in Thailand, Indonesia, Ghana, and the USA35–38. 

However, V1016I is primarily found in the Americas, while V1016G is more prevalent in Asia. We 

identified a combination of these mutations in the V1016 codon (positions 315983762 and 

315983763); however, each position is mutually exclusively heterozygous, and does not occur 

together in the same chromosome; this mutation combination was found at low frequency (4.5%, n = 

5) with the resulting heterozygous alleles V1016V/V1016G. The multiple mutations observed at this 

amino acid position suggest it is under selective pressure 39. The V1016G mutation, previously 

described only in Asian Ae. aegypti populations, is noteworthy due to its recent detection in the 

Americas 40,41. This finding may indicate a breakdown in the geographic separation of these SNPs. This 

theory is further supported by the recent identification of the V1016G mutation in Benin, West Africa, 

and Panama42,43. 

 

This study identified additional insecticide resistance mutations in the vgsc gene within this 

population that had not previously been reported in Puerto Rico, including the V410L mutation and a 

novel L944I mutation. The V410L mutation was nearing fixation in nearly all populations tested, with 

an overall allele frequency of 0.908. In contrast, the L944I mutation appears to have recently emerged, 

as its allele frequencies remain low, ranging from 8.1% in Dorado to 17.9% in San Juan. This is the first 

documentation of the L944I mutation in Ae. aegypti (L921I in Ae. aegypti numbering), although it has 

previously been linked to pyrethroid resistance in other insect vectors and pests 32,33. The role of the 
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L944I mutation in pyrethroid resistance has been confirmed in Drosophila melanogaster by expressing 

the mutation in Xenopus oocytes. The conserved nature of the voltage-gated sodium channel and the 

mutation's location in the critical region for pyrethroid binding in the vgsc domain II S4-S5 suggest that 

it may confer similar resistance phenotypes in Aedes aegypti (see alignment SI Figure 2) 44. The V410L 

and L944I mutations, not described in previous studies, highlight the advantages of the broader 

amplicon approach over traditional PCR methods. Additionally, we provide the first report of the rdl 

A296S mutation in the Puerto Rican Ae. aegypti population. This mutation, which confers resistance 

to organochlorines (cyclodienes and phenylpyrazoles), was found at an allele frequency ranging from 

49.6% to 100%. 

 

Linkage disequilibrium was observed among four missense mutations (V410L, V1016I, V1016G, and 

F1534C), with R² correlations ranging from 0.61 to 0.90. These mutations have demonstrated linkage 

in multiple Ae. aegypti populations. 45–47. Given the lack of regular or intensive vector control 

programs in Puerto Rico, the intensity of phenotypic resistance and the presence of genotypic markers 

are somewhat surprising. However, several previous studies have identified both phenotypic and 

genotypic resistance on the island. Additionally, ad hoc ultra-low volume (ULV) spraying of permethrin 

is conducted based on population demands or in response to Zika and dengue outbreaks. The recent 

outbreaks may explain the observed resistance and mutations, as increased implementation of 

control measures has likely exerted selective pressure on the mosquito population 48,49.  Alongside 

occasional spraying, the use of insecticides and pesticides in households and agriculture may have 

further contributed to the resistance profile in Ae. aegypti on the island. The combination of various 

active ingredients in these products, along with the anthropophilic nature of Ae. aegypti, likely leads 

to high exposure levels, promoting the development of the observed broad resistance profiles within 

the population. 

 

The A296S mutation in the rdl gene, which encodes a GABA receptor chloride channel, was also 

detected in this population. This mutation is well-documented for its association with resistance to 

dieldrin, which was banned in 1970 due to concerns about its environmental impact and potential 

carcinogenic properties 50. Despite this ban, the ongoing use of alternative insecticides or pesticides 

targeting the GABA chloride channel—such as cyclodiene organochlorines, phenylpyrazoles and 

pyrethroids (GABA is a secondary target) —may contribute to the persistence of this mutation 51,52. 

The A296S mutation has been found in various mosquito populations, including Aedes aegypti from 

Burkina Faso, Cape Verde, and Cameroon 16,31,53, suggesting that it may not impose a significant fitness 

cost on these populations. However, conflicting evidence exists regarding this hypothesis 54,55. 
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Our study revealed variations in resistance across different island locations when analysing phenotypic 

bioassay data. However, no differences were observed in the allele frequencies of insecticide 

resistance SNPs among these locations. This may suggest the limitations of bioassays in quantifying 

the intensity of insecticide resistance, or it could indicate a need for larger sample sizes to achieve 

more accurate quantification. We also highlight that, particularly in highly resistant populations, 

individual level phenotype and genotype data is preferential for understanding phenotype-genotype 

associations and correlations. Alternatively, it may imply that other mechanisms contribute to the 

observed differences in insecticide resistance. This may be more likely given that resistance to 

malathion was observed however no mutations known to confer resistance to malathion were 

observed (e.g. G119S), indicating that other mechanisms are mediating this phenotype. Potential 

mechanisms include metabolic resistance or cuticular modifications, although these aspects were 

beyond the scope of our current study. Metabolic resistance has previously been documented in 

Puerto Rico using piperonyl butoxide to isolate the effects of detoxifying enzymes 9 and via RNA-seq 

12, which identified the overexpression of cytochrome P450 genes. Future research involving 

synergistic bioassay testing would be valuable for further investigating metabolic resistance in the 

identified locations. Additionally, future genotypic studies should focus on genes associated with 

metabolic resistance, such as P450 monooxygenases, esterases, and glutathione S-transferases 23. It 

is also crucial to examine copy number variants and genes linked to cuticular thickening, another 

recognized resistance mechanism, as highlighted by Faucon et al. (2017) 56. 

 

The WHO recognises the importance of molecular markers in understanding the evolving landscape 

of insecticide resistance mechanisms among medically significant vectors 7. In our study, we employed 

a cost-effective and easily implementable assay that can screen numerous samples. By leveraging PCR 

multiplexing and dual barcoding, this approach enhances scalability and affordability, allowing for the 

pooling of amplicons across samples and facilitating discrimination during analysis. Additionally, these 

amplicons can be sequenced on various platforms, including portable sequencers like the Oxford 

Nanopore Technology MinION, making the method more applicable and accessible in low-resource 

settings. However, we acknowledge that sequencing technologies are not yet feasible for many vector 

control programs. Nevertheless, the Ebola and Zika outbreaks, along with the COVID-19 pandemic, 

have demonstrated the value of sequencing data for monitoring disease transmission. As a result, 

there has been increased investment in sequencing capabilities, leading to enhanced capacity in many 

countries. 
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Our work underscores the value of this methodology as a tool for identifying potential markers by 

revealing the presence of the novel L944I (L921I in Aedes aegypti) mutation. This mutation is 

associated with pyrethroid resistance in various species, including Triatoma infestans (the vector 

of Trypanosoma cruzi, the causative agent of Chagas disease in the Americas) 32 and Bemisia 

tabaci (the silverleaf whitefly, a globally significant agricultural pest) 33, highlighting the potential 

cross-species relevance of the identified genetic variation. While further studies are necessary to 

confirm the functional role of this mutation in Aedes aegypti, its homology across species emphasizes 

its potential utility in enhancing our understanding of insecticide resistance in both medically and 

agriculturally important arthropods 57. 

 

The complex landscape of phenotypic insecticide resistance in mosquitoes encompasses numerous 

contributing mechanisms and interactions. A deeper understanding of these mechanisms, 

particularly those related to metabolic resistance, could expand the genomic targets within the 

Amp-seq panel proposed in our study. This adaptable methodology can be utilised for surveillance of 

mosquito populations in conjunction with phenotypic testing, providing valuable insights to inform 

vector control programs that are essential for reducing disease burden. 

 

Methods 

 

Sampling Sites and Bioassays 

Mosquito eggs were collected from gravid ovitraps placed in six locations in Puerto Rico: Bayamón, 

Culebra, Dorado, Guánica, Ponce, and San Juan (Figure 1). Between April and May 2022, black cups 

containing seed germination paper were used as ovitraps, pre-prepared with hay infusion and 

deployed for one week at a time. The traps were placed within 50 meters of residences. In 

compliance with the US Health Insurance Portability and Accountability Act of 1996 (HIPAA), we 

cannot disclose the exact locations of the traps. A total of 14 traps were deployed in Bayamón, 28 in 

Guánica, 27 in Ponce, and 36 in San Juan. For logistical reasons, only San Juan and Bayamón had 

multiple trap deployments, with three traps in San Juan and two in Bayamón. Between collections, 

the traps were washed. After one week of deployment, the traps were collected, and the oviposition 

papers were dried. 

 

Eggs were reared in the Puerto Rico Vector Control Unit insectary according to standard laboratory 

protocols until they developed into adults. Adult mosquitoes, aged 3 to 5 days, were then tested for 

insecticide resistance using the CDC bottle bioassay with 250 mL Wheaton glass bottles. Technical 
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deltamethrin was tested at 1× (0.75 μg/bottle), 5×, and 10× doses, while technical malathion was 

tested at 1× (400 μg/bottle), 2×, and 3× doses, following CONUS CDC recommendations 21. An acetone 

control was included for both insecticides, and the ROCKEFELLER MR734 strain was used as a 

reference. The following reagent was obtained from BEI Resources, NIAID, NIH: Ae. aegypti, Strain 

ROCK, MRA-734, contributed by David W. Severson. After treatment, the uncapped bottles were 

placed on bottle rollers until completely dry. 

 

Mosquitoes were morphologically identified as Ae. aegypti prior to testing by a trained entomologist 

using a key 58. To test resistance, 18 to 25 F0 mosquitoes were placed in each bottle (3 treated with 

insecticide, 1 treated with acetone). Each experiment had a bottle for the ROCK susceptible control 

strain at diagnostic dose and a bottle of field caught mosquitoes exposed to acetone control. 

Knockdown of the mosquitoes was recorded every 15 minutes for 2 hours as per CDC 

recommendations 21. Mosquitoes were recorded as knocked down if they could no longer stand or fly. 

An assessment of resistance was made using the percentage knocked down at diagnostic time (30 

minutes for deltamethrin and 15 minutes for malathion) for the diagnostic dose (0.75 µg/bottle for 

deltamethrin and 400 µg/bottle for malathion) as per CDC protocol 14,21. Each bottle was used a 

maximum of two times before washing and recoating, control mortality showed this was acceptable 

for efficacy. Testing at each concentration and insecticide was repeated for as many times as number 

of mosquitoes collection allowed. Mosquitoes were preserved after phenotype testing in RNAlater® 

and frozen at -80˚C. 

 

Molecular testing 

Sample DNA was extracted using the Qiagen DNAeasy blood and tissue extraction kit following the 

manufacturer’s instructions. DNA concentration was tested using the Qubit 2.0 fluorophotometer. 

Subsequently, five-plex multiplex PCRs were carried out using Q5 High-fidelity PCR kits (New England 

Biolabs, UK), under the following conditions: initial denaturation (98.0 °C, 30 seconds) followed by 35 

cycles of denaturation (98.0 °C, 10 seconds), annealing (57.3 °C, 35 seconds), and extension (72.0°C, 

45 seconds). 1 μL of DNA, 0.5 μL of each forward and reverse primer at 10 pmol/μL were combined 

with 19 μL of master to mix to make up to a 25 μL reaction (S1 Table; S2 Table).  

 

For Amp-seq, ten amplicons were designed (9 for insecticide resistance (4 genes), 1 for species 

identification).  Amplicon primers were adapted from Collins et al., (2022), and changes were made 

to improve efficiency in multiplex combinations and target the GSTe2 gene. Species primers were 

taken from Folmer et al. (1994) 24, which target the cytochrome c oxidase subunit 1 (cox-1) gene of 
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the mitochondria. Primer regions targeted single nucleotide polymorphisms (SNPs) within regions of 

~500 base pairs (amplicon size). Index barcodes were eight base pairs in length (S1 Table; S2 Table). 

A total of 17 SNPs across 4 genes; vgsc, rdl, ace-1 and GSTe2 were targeted with this panel (S3 Table). 

PCR assays were carried out in the combinations outlined (S2 Table), and the primers had 3’ barcodes 

attached to allow discrimination of individual samples; the barcodes used are outlined (S1 Table). PCR 

products were visualised on 1% agarose gel with SYBR safe (Cambridge Biosciences, UK) alongside a 

100bp ladder. The products were purified with AMPure XP magnetic beads (Beckman Coulter), using 

a ratio of 0.8:1 (μL of beads to DNA). PCR assays were normalised to equal concentrations to create 

an overall pool of 20 ng/μL in 25 μL total volume (maximum of 10 amplicons across 50 barcoded 

mosquitoes = 500 amplicons). Sequencing was performed by Genewiz (Azenta Life Sciences), at a cost 

of ~£60 per pool or >US $0.15 per amplicon. 

 

Data and Statistical Analysis 

Mosquito mortality levels were interpreted as per WHO/CDC criteria (98-100% - susceptibility, 90-97% 

- possible resistance, <90% - resistance). Mortality is taken at the diagnostic time for the insecticide 

as per WHO and CDC guidelines 22,59. The mortality rate per site, insecticide and its concentration were 

modelled using a log-linear (Poisson) regression model with the (log) number of deaths as the 

outcome and an offset reflecting the (log) group sample size. Likelihood ratio tests were applied to 

determine the statistical significance of the covariates site, insecticide and concentration. Differences 

in allele frequencies across populations were estimated using Chi-squared tests and correlations 

between mortality and allele frequency assessed with Spearman’s rank test. All statistical analyses 

were performed using R (v4.3) software, with a significance level of 0.05. 

 

Bioinformatic Analysis 

A minimum of 50,000 reads were obtained per sample pool, and raw pooled FASTQ sequences were 

demultiplexed based on the 8bp barcode primer-tag in each forward and reverse primer using an 

inhouse pipeline (available at https://github.com/LSHTMPathogenSeqLab/amplicon-seq). This 

pipeline removes and mis-tagging caused by errors in sequencing. Sequences were trimmed using 

trimmomatic software (v0.39) using the parameters LEADING:3, TRAILING:3, SLIDING WINDOW:4:20, 

MINLEN:36 to remove low quality ends of sequences 60. Sequences were aligned to the Ae. aegypti 

reference (Vectorbase Aag2, GCA_021653915.1) using bwa-mem software and default parameters 

(v0.7.17-r1188) 61. A small region of the intron in vgsc domain II amplicon did not map to the reference 

due to divergence in the sequences from Puerto Rico, therefore mapping was done to the vgsc domain 

II sequence for this amplicon (MK977835.1) (S3 Figure).  Following mapping assessments of quality 
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and mapping using FastQC (v0.12.1) and samtools flagstat (v1.17) 62. Mapped reads were clipped using 

Samclip package. Variants were called using both GATK haplotype caller (v4.4.0.0, default parameters) 
63and freebayes software (v1.3.6, default parameters) 64, and filtered by bcftools to maximise 

confidence in the called SNPs 65,66. Further filtering was carried out to ensure there was coverage 

across a minimum of 6 of the 10 amplicons.  

 

Linkage disequilibrium was calculated using vcftools67 on phased vcf files created with Beagle (v 

22Jul22.46e) 68,69 software to provide a R2 value for pairwise combinations of non-synonymous 

mutations by sample country. Filtering was carried out based on the distance between mutations 

(minimum 20, maximum 10 Kbp). The related plots were generated using the gaston (v1.5.9) package 

in R.   

 

Alignment of sequences to demonstrate the conservation of the L944I mutation across various 

species was performed in Aliview (v1.28) 70 using the default MUSCLE alignment settings 71. The 

L944I mutation numbering is based on Musca domestica accession NW_026712250. 
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Supplementary Information 
 
Supplementary 1 Table. Barcodes used with primers sequences to distinguish samples 

Direction Name Sequence Direction Name Sequence 
Forward BC1N  CTATCACG Reverse BC11N  ATGGCTAG 
Forward BC2N  TCCAGTGT Reverse BC12N  GACTTGGT 
Forward BC3N  GATCAGTA Reverse BC13N  TCGATCAC 
Forward BC4N  AGTGTCGG Reverse BC14N  ACACGTCA 
Forward BC5N  GTAGCGCT Reverse BC15N  CAATGTGC 
Forward BC6N  CATCTAAC Reverse BC16N  GGGACTAC 
Forward BC7N  TACAGATC Reverse BC17N  ACGTACTG 
Forward BC8N  CGTCTTGT Reverse BC18N  TGATTGCC 
Forward BC9N  TATGATCA Reverse BC19N  AACTCTAC 
Forward BC10N  GGTAGCTT Reverse BC20N  TGACTCAA 

 
 
 
 
Supplementary 2 Table. Amp-seq assay primers used in multiplex 1 and 2 combinations 

Multiplex 1    

Forward Name Forward Reverse Name Reverse 

DomainIV_F1 GCGATCTSATCGAGAAGTA DomainIV_R1 ATGCTAGCAARTACGTGATG 

DomainII_F5 ACAATGTGGATCGCTTCCCG DomainII_NR1 TGAACCGAAATTGGACAAAAG 

Ace_NF1 TGGGGAACGCTRGGAATCTGCG ACE_NR1 GCATATCGCTGGGCAAACTC 

LCO1490 GGTCAACAAATCATAAAGATATTGG HCO2198 TAAACTTCAGGGTGACCAAAAAATCA* 

GSTE_111_F ATGACGAAGCTCATTTTGTACACG GSTE_111_R ACAAAAATAAGCCACACACTACTG 

Multiplex 2    

Forward Name Forward Reverse Name Reverse 

DomainIIS4_F1 TCTAGATTTAGYGACTCCAR DomainIIS4_R1 TACCGATGTAGTTCTTGCC 

DomainI_F1 TTTCGTCTAATGACCCAAGA DomainI_R1_N ARAGAWTTCGCTCACCCG 

DomainIIIExon35_F2 GGATCCAGATCATGAACGA DomainIIIExon35_R1 CATGTCGAACTTCTTATTGGT 

RDL_NF1 CTTCTAATTTCTCTCATCAC Primer-Aeg-R1 CTGGTTATTTGTACAAGTAGCA 

GSTE_150_F GAACCAATCCTTTTCGCC GSTE_150_R TGCCTTTTGAGCATTCTTCT 
*From Folmer et al, 1994 (16) 
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Supplementary 3 Table. Average coverage per amplicon, amplicon length, and described mutations found 

in that amplicon. 

Forward Amplicon 
Name 

Reverse Amplicon 
Name 

Mean 
Coverage 

Amplicon 
Size 

Insecticide Resistance 
mutations 

Ace_NF1 Ace_NR3 550.8 468 G119S 
DomainIIIExon35_F2 DomainIIIExon35_R1 304.3 474 T1520I, F1534C 
DomainIIS4_F1 DomainIIS4_R1 284.9 444 G923V 

DomainII_F5 II_NR1 61.2 466 L982W, S989P, I1011V/M, 
V1016I/G 

DomainIV_F1 DomainIV_R1 149.3 495 D1763Y 
DomainI_F1 Domain1_R1_N 244.5 464 V410L 
GSTE2_111 GSTE2_111_R1 7.3 462 L111S (Ae. aegypti), C155F 
GSTE2_150 GSTE2_150_R 256.0 321 L119F, I150V (Ae. aegypti) 
RDL_NF1 Primer-Aeg-R1 40.4 482 A301S 
LCO1490 HCO1298 6.5 709 - 

 
 
 
Supplementary 4 Table. Summary of synonymous mutations detected in the 178 samples screened. 

Chrom. Gene Position 
Nucleic 

acid 
change 

Annotation 
Genotype 

Alt. Allele 
Frequency (n) Homo. 

ref Hetero Homo. 
alt 

3 ace-1 161500076 T > A 506T† 0 7 97 96.6% (201) 
3 ace-1 161500136 C > T 486L† 102 4 0 1.9% (4) 
3 ace-1 161500262 G > A 444D† 100 4 0 1.9% (4) 
3 ace-1 161500301 G > A 431P† 100 4 0 1.9% (4) 
3 ace-1 161500361 T > C 411I† 45 100 0 34.5% (100) 
3 vgsc 315931749 T > C 1847Y‡ 16 91 0 42.5% (91) 
3 vgsc 315932072 G > A 1762L‡ 179 1 0 0.3% (1) 
3 vgsc 315932184 G > A 1724V‡ 88 2 0 1.1% (2) 
3 vgsc 315932226 G > C 1710L‡ 80 80 0 25.0% (80) 
3 vgsc 315984096 C > T 978L‡ 60 0 60 50.0% (120) 
3 vgsc 315984129 A > G 967F‡ 0 0 62 100.0% (124) 
3 vgsc 315984159 C > T 957K‡ 0 0 61 100.0% (122) 
3 vgsc 316080738 C > T 402L‡ 225 10 1 2.5% (12) 
3 vgsc 316081058 G > A 375D‡ 0 1 118 99.6% (237) 

†As per transcript AAEL000511-RG;  
‡As per transcript AAEL023266-RL 
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S5 Table. SNPs nomenclature based on reference organism and Ae. aegypti from this study. 
Gene Reference organism Mutation 

reference  
Mutation Ae. 
aegypti 

Ae. aegypti 
transcript 

vgsc Musca domestica V410L V408L AAEL023266-RL 
L994I L921I 
V1016I/G V1012I/G 
F1534C F1554C 

rdl Drosophila melanogaster A296S A301S AAEL008354-RF 
Ace-1 Torpedo californica NA NA AAEL034366-RD 

 
S6 Table. Filtered linked SNP position with R2 > 0.8 

Position 1 Position 2 R2 Position 1 Position 2 R2 

161500301 161500136 1 316080942 316080895 0.8559 

315984129 315983809 1 316080950 316080895 0.8559 

315984130 315983956 1 316080942 316080896 0.8559 

315998782 315998609 1 316080950 316080896 0.8559 

316080916 316080895 1 316080942 316080903 0.8559 

315983956 315983809 0.9855 316080950 316080903 0.8559 

315983973 315983809 0.9855 316080942 316080916 0.8559 

315984159 315983809 0.9855 316080950 316080916 0.8559 

315984129 315983956 0.9855 316080895 316080847 0.8445 

315984129 315983973 0.9855 316080896 316080847 0.8445 

315984159 315984129 0.9855 316080903 316080847 0.8445 

315984159 315984096 0.9715 316080916 316080847 0.8445 

315984159 315983956 0.9711 316080895 316080722 0.8163 

315984159 315983973 0.9711 316080896 316080722 0.8163 

315984096 315983809 0.9574 316080903 316080722 0.8163 

315984129 315984096 0.9574 316080916 316080722 0.8163 

316080942 316080722 0.9537 316080983 316080895 0.8163 

316080950 316080722 0.9537 316080983 316080896 0.8163 

316080983 316080942 0.9537 316080983 316080903 0.8163 

316080983 316080950 0.9537 316080983 316080916 0.8163 

316080895 316080830 0.9446 316080942 316080830 0.8085 

316080896 316080830 0.9446 316080950 316080830 0.8085 

316080903 316080830 0.9446 316080942 316080845 0.8085 

316080916 316080830 0.9446 316080950 316080845 0.8085 

316080895 316080845 0.9446    

316080896 316080845 0.9446    

316080903 316080845 0.9446    

316080916 316080845 0.9446    

315984096 315983956 0.9432    

315984096 315983973 0.9432    

315932226 315931749 0.9337    

316080983 316080722 0.9092    
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316081058 316080952 0.8568 
   

 
S1 Figure. The log coverage of each amplicon sequenced separated by the multiplex reaction in which they 
were combined (see Table 1). 
 

 
SI Figure 2. Alignment of protein for voltage gated sodium channel for Triatoma infestans (sensitive 
AGW21773.1 and resistant AWG21772.1 forms), Bemisia tabaci and two isoforms of Aedes aegypti and 
Drosophia melanogaster showing position of L921I mutation described to be associated with pyrethroid 
insecticide resistance 32,33. 
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Uncovering the genetic diversity 
in Aedes aegypti insecticide 
resistance genes through global 
comparative genomics
Anton Spadar 1,5, Emma Collins 1,5, Louisa A. Messenger 2,3, Taane G. Clark 1,4 & 
Susana Campino 1*

Aedes aegypti is vector of many arboviruses including Zika, dengue, yellow fever, West Nile, and 
Chikungunya. Its control efforts are hampered by widespread insecticide resistance reported in 
the Americas and Asia, while data from Africa is more limited. Here we use publicly available 729 
Ae. aegypti whole-genome sequencing samples from 15 countries, including nine in Africa, to 
investigate the genetic diversity in four insecticide resistance linked genes: ace-1, GSTe2, rdl and 
vgsc. Apart from vgsc, the other genes have been less investigated in Ae. aegypti, and almost no 
genetic diversity information is available. Among the four genes, we identified 1,829 genetic variants 
including 474 non-synonymous substitutions, some of which have been previously documented, as 
well as putative copy number variations in GSTe2 and vgsc. Global insecticide resistance phenotypic 
data demonstrated variable resistance in geographic areas with resistant genotypes. Overall, our 
work provides the first global catalogue and geographic distribution of known and new amino-acid 
mutations and duplications that can be used to guide the identification of resistance drivers in Ae. 
aegypti and thereby support monitoring efforts and strategies for vector control.

Keywords Aedes aegypti, Insecticide resistance, Vector-borne disease, Genomics

Mosquitoes of the genus Aedes, particularly Aedes (Ae.) aegypti, are responsible for the transmission of many 
arboviral diseases, including dengue, Zika, yellow fever, West Nile and Chikungunya, resulting in millions of 
infections globally per year with limited treatment and vaccination  options1. !e geographical distribution of 
Ae. aegypti has expanded considerably in recent years, predominantly due to adaptation of this vector to urban 
environments, climate change and the globalization of human activities, thereby increasing the risk of resurgence 
and spread of arbovirus  infections2–4. Compounding the problem is the global emergence of insecticide resistance 
among Ae. aegypti and other mosquito species, which is threatening to jeopardise the operational e"ectiveness 
of vector control campaigns.

Resistance to the four most common classes of insecticides used against adult mosquitoes (carbamates, 
organochlorines, organophosphates, and pyrethroids) has now been documented worldwide. Resistance in many 
mosquito species has been associated with target site mutations, metabolic detoxi#cation, cuticular alterations 
and behavioural  avoidance5,6 with a suite of alternative resistance mechanisms being  revealed7–10. Target site 
resistance is related to mutations in genes that code for insecticide target molecules, such as the voltage-gated 
sodium channel (vgsc also known as knockdown resistance; kdr), acetylcholinesterase-1 (ace-1 also known as 
AChE1) and γ-aminobutyric acid (GABA) receptor (resistance to dieldrin; rdl). Mutations in glutathione-s-trans-
ferase%epsilon two (GSTe2), which encodes an insecticide metabolising enzyme, have also been associated with 
 resistance5,11–13. !e vgsc is a large protein that is an integral part of the insect nervous system. DDT (dichloro-
diphenyl-trichloroethane) and pyrethroid insecticides interfere with the vgsc by prolonging the pore open state 
leading to insect paralysis and  death14. In the reference insect for this gene, Musca domestica, the most frequent 
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kdr resistance mutations are S989 and  L101415. In Ae. aegypti, the 1014 codon requires at least two mutations to 
change to a M. domestica amino acid known to cause resistance; thus, the substitution L1014F, seen pervasively 
in Anopheles mosquitoes, has not been observed in this  species11. Instead, F1534C/L, V1016I/G, I1011V/M and 
V410L mutations have been associated with pyrethroid resistance in Ae. aegypti and con!rmed  experimentally6. 
Other amino acid substitutions reported previously in Ae. aegypti include G923V, L982W, S989P, T1520I and 
 D1763Y11,16–18. Many of these mutations are o"en found in combination and appear only on speci!c continents. 
For example, V1016G and S989P appear limited to Asia, while V1016I has only been identi!ed in the Americas 
and Africa and 723T only in the  Americas19.

#e ace-1 gene encodes acetylcholinesterase (AchE1), which is responsible for hydrolysis of acetylcholine 
terminating the transmission of neural signals. Organophosphates and carbamates bind to the acetylcholinest-
erase active site which inhibits hydrolysis and consequently neural signal termination, leading to insect death. 
Unlike mammals and some insects (including Drosophila melanogaster), mosquitoes usually have two copies 
of the ace-1 gene. In Anopheles mosquitoes, the G119S amino acid substitution in ace-1 is generally associated 
with resistance (all coordinates are based on Torpedo californica)20,21. As with the vgsc, in Ae. aegypti such an 
amino acid change requires two mutations and has only been observed in one study in  India22. Despite the lack 
of described mutations in ace-1, resistance to organophosphates in Aedes is widespread in the Americas and 
Asia, while data from Africa is  limited6.

#e rdl mutation is found in the γ-aminobutyric acid (GABA) receptor gene that controls neural signal 
inhibition through opening and closing of the transmembrane chloride channel on the cells of the mosquito 
nervous system. Cyclodienes (e.g., dieldrin) prevent interaction of GABA with its receptor, leading to neuron 
hyperexcitation and eventual insect  death23–26. #e most common resistance mutation in this gene is A301S/G (D. 
melanogaster numbering) and is observed in multiple insects including mosquitoes of the Anopheles and Aedes 
 genera21,27. Despite a ban on the use of cyclodienes in  200128 due to their slow degradation and environmental 
persistence, rdl mutations have persisted for decades later in vector populations, suggesting that they impart 
limited !tness  costs29,30.

Unlike rdl, ace-1 and vgsc, which are targets of insecticides, the homodimer glutathione S-transferase (GST) is 
a detoxifying enzyme. Most organisms, including Ae. aegypti, have multiple GST enzymes of which epsilon two 
(GSTe2) has been associated with resistance to both DDT and  pyrethroids6,12,31,32. #e GSTe2 gene contributes 
to insecticide resistance through both enzyme overexpression and point mutations. Increased expression of this 
gene was linked to DDT resistance in An. gambiae5,25,26,33. #e L119F substitution in GSTe2 was observed to 
enhance resistance to both DDT and pyrethroids in An. funestus, and I114T exacerbated resistance to DDT in 
An. gambiae5,33–35. In Ae. aegypti, L111S and I150V mutations have been linked to temephos resistance in  silico36.

Despite observed phenotypic resistance of Ae. aegypti to all main insecticide classes across many countries 
in Africa, Americas, and  Asia6, the distribution of genetic variants in underlying candidate genes is less studied 
across Aedes populations compared to Anopheles species. Here, we examined a large (n = 729), globally diverse 
dataset of publicly available Ae. aegypti whole genome sequencing (WGS) data to uncover the genetic diversity 
present in vgsc, ace-1, rdl and GSTe2. #e diversity in insecticide resistance loci was interpreted alongside current 
global trends in phenotypic insecticide resistance in%Ae.%aegypti. #is data provides a catalogue of genetic vari-
ants that could be involved in insecticide resistance and supports further studies on the molecular surveillance 
of emerging and spreading insecticide resistance mechanisms amongst Ae. aegypti populations.

Material and methods
Aedes aegypti genomic data
We searched the NCBI SRA database for “Aedes aegypti” sample data and restricted results to WGS libraries 
where the number of bases contained implied at least !vefold coverage when mapped to the reference genome 
AaegL5 (GCF_002204515.2)32. We obtained a total of 703 WGS Ae. aegypti (non-AaegL5) libraries from 15 
countries, across Africa (n = 476, 8 countries), the Americas (n = 191, 3 countries), Oceania (n = 16, 1 country) 
and Asia (n = 20, 1 country), and 26 colony samples of which 20 had known country of collection. Additionally, 
we included 7 Ae. mascarensis samples from Madagascar (n = 4) and Mauritius (n = 3) as  outgroup37–41 (Table%S1).

Insecticide resistance phenotypic data
Insecticide response data was only available for the Bora-Bora susceptible reference strain, which has been main-
tained in the insectary for 134 generations without any exposure to  insecticides42 and the Nakon Sawan reference 
strain, which is resistant to deltamethrin and  temephos41,43, (Table%S2). Global insecticide resistance phenotype 
data was retrieved from the IR Mapper  tool44 (sourced on 19/04/2023), which covered 73 countries of which 8 
overlap with samples in this study. No data was available for 5 countries (Kenya, Madagascar, Mauritius, South 
Africa, and Uganda); an additional literature search in PubMed failed to retrieve additional publicly available 
phenotypic data for Ae. aegypti in these countries. We included the data where the phenotype was tested with 
World Health Organization (WHO) tube or bottle bioassay or Centers for Disease Control and Prevention (CDC) 
bottle bioassay. Phenotypic data based solely on PCR or RT-PCR methods were excluded. Overall, we analysed 
3172 data points for 19 di&erent insecticides across four insecticide classes (Pyrethroids, Organophosphates, 
Organochlorines and Carbamates) (Table%S3). Data points from IR mapper were reported as susceptible, possible 
resistance or resistant based on mortality as per WHO and CDC guidelines.

Bioinformatic analysis
We aligned the WGS libraries using bowtie2 (v2.4.1) so"ware (with a setting --fast-local)45. We processed the 
alignment !les using samtools (v1.7) so"ware and SNPs were called using the GATK HaplotypeCaller tool 
(v4.1.9) with default  settings46,47. A minimum coverage of 5-fold was used to accept SNPs. We merged the 
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individual VCF !les into a multi-sample !le using BCFtools (v1.9)48. "e impact of SNPs in the multi-sample 
VCF was predicted using snpE# so$ware (v5.0) with AaegL5 genome annotation (GCF_002204515.2)49. "e 
alignment process was performed against the mRNA sequences of twenty Ae. aegypti genes (Table%1). Four were 
loci linked to insecticide resistance [vgsc (XM_021852340.1), rdl (XM_021840622.1), ace-1 (XM_021851332.1) 
and GSTe2 (XM_021846286.1)] and the remaining sixteen genes were used to establish population structure. 
One of these was mitochondrial cox1 (YP_009389261.1) and the remaining !$een genes were evenly spread 
across all three Ae. aegypti chromosomes (Table%1). "ese 15 genes were determined to have unique genome-wide 
exon sequences (using NCBI BLASTn v2.9.0 with—word-size 28 and—evalue 0.01) which minimised potential 
mis-mapping of WGS reads to the Ae. aegypti genome known to contain many  duplications50. Read coverage 
per nucleotide per gene was calculated using the samtools “depth” function and was used to identify possible 
gene duplications in  samples48. We merged the coverage data into a single data matrix and removed all regions 
except gene exons, because intronic regions contained high numbers of repeats. For each sample, we divided 
each per base coverage value by that sample’s overall median coverage across all genes, except vgsc and GSTe2, 
which may have copy number variants. We applied UMAP (v0.5.1) so$ware (with a Euclidean distance metric) 
on this scaled matrix to identify gene clusters based purely on the  coverage51.

Population genetics analysis
To determine population structure, we used UMAP so$ware (with Russell-Rao distance metric) on the multi-
sample VCF, followed by application of HDBSCAN (v0.8.28)51,52 to determine sample clustering  (see53–55 for 
recent applications). "is work was performed in python (v3.7.6), with scripts available from https:// github. 
com/ AntonS- bio/ resis tance- Aedes Aegyp ti. Linkage disequilibrium was calculated using vc$ools on phased vcf 
!les created with beagle (v 22Jul22.46e) so$ware to provide a  R2 value for each combination of non-synonymous 
mutations by sample country. Plots of these values were visualised using the gaston (v1.5.9) package in R.

Protein structure modelling
Protein structure modelling was performed using AlphaFold Multimer so$ware with full protein  databases56,57. 
When referring to substitutions and their e#ects on proteins, we have followed the established nomenclature 
based on reference resistance linked proteins and structures in the protein databank: ACE1 (2C4H; Tetronacre 
californica), GABA receptor (NP_729462.2; Drosophila melanogaster), GSTe2 (XP_319968.3; An. gambiae) and 
VGSC (NP_001273814.1; Musca domestica)58,59. Unless otherwise speci!ed, all substitution coordinates are with 
respect to these reference sequences.

Table 1.  "e genes analysed. *"e annotation in GCF_002204515.2 assembly has missing start codon for 
mitochondrial cox1 and as a result snpE# did not distinguish between synonymous and non-synonymous 
SNPs. CDS = coding sequence.

Gene Product Chr CDS Len Resistance gene Unique missence SNPs
Unique synonymous 
SNP

XM_021851049.1 TATAmodulator NC_035107.1 3178 557 1040
XM_001648700.2 Ydcl NC_035107.1 2902 380 602
XM_021851750.1 LOC110678629 NC_035107.1 1095 35 13
XM_021857384.1 LOC5580295 NC_035107.1 2479 657 437
XM_001652683.2 PotassiumChannel NC_035107.1 1017 39 262
XM_021840622.1 GABA NC_035108.1 1653 Yes 64 180
XM_021841341.1 AngiogenicFactor NC_035108.1 1811 334 439
XM_001664194.2 TIFIID2 NC_035108.1 3755 217 738
XM_001662595.2 Mcm6 NC_035108.1 2429 99 167
XM_001657120.2 Cytochromeb-c1 NC_035108.1 797 48 122
XM_021846286.1 GSTE2 NC_035108.1 666 Yes 109 158

XM_021847043.1 Carbohydratesulfotrans-
ferase NC_035108.1 1330 194 291

XM_001657462.3 LOC5567548 NC_035109.1 1745 334 396
XM_021850261.1 ZincFinger NC_035109.1 1497 235 267
XM_021851332.1 ACE1 NC_035109.1 2102 Yes 99 144
XM_001649087.2 grpE NC_035109.1 676 63 59
XM_001649790.2 LOC5565494 NC_035109.1 2445 527 535
XM_021852340.1 VGSC NC_035109.1 6379 Yes 202 873
XM_021853012.1 LOC5579101 NC_035109.1 1836 378 208
YP_009389261.1 COX1 NC_035159.1 1536 1230* 0*
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Results
Genetic variation and population structure
Across the 729 Aedes samples from 15 countries, a total of 1829 SNPs (474 non-synonymous (NS)) were detected 
across the CDS of four insecticide resistance associated genes (vgsc, rdl, ace-1 and GSTe2), and 9673 SNPs were 
identi!ed across the CDS of 15 non-resistance associated genome-wide gene (Tables 1, 2, Table S4).

Using the SNPs from the CDS of 15 genes not associated with insecticide resistance, a UMAP clustering 
analysis revealed !ve distinct clusters (Fig. 1A), broadly linked to: (i) eastern Kenya and South Africa (n = 112); 
(ii) west, central Africa and west Kenya (n = 350); (iii) the Americas, #ailand, and other (n = 258); (d) the 
Bora-Bora mosquito line from French Polynesia (n = 9); (e) Ae. mascarensis from Madagascar and Mauritius (n 
= 7). Similar results were obtained when analysing only the 1829 SNPs in genes that are associated with resist-
ance (Fig. 1B). #ese results are broadly consistent with previous reported population structure of Ae. aegypti 
using SNPs and microsatellite data, where African samples formed one cluster and samples from Asia, America 
and the Caribbean comprised another  cluster60; however, more focused studies provide better understanding of 
population  structure38,60–63. As we observed a separation of most eastern Kenyan samples (n = 121) from west 
Kenya (n = 37), we investigated the genotype data in these groups independently. Some eastern Kenyan samples 
(n = 14/121) from a human- biting colony of domestic Ae. aegypti, originally collected indoors in  Rabai60,64, 
clustered with non-African samples (Americas and #ailand and other cluster), as previously observed. When 
including only non-African samples, the UMAP clustering analysis revealed modest separation of the samples 
from Brazil, Mexico, French Polynesia, American Samoa and #ailand. For the samples from Africa, clustering 
separated east Kenyan samples from the rest (Fig. S1). #e same patterns were detected across both resistance 
and non-resistance genes (Fig. S1). Clustering using mitochondrial cox1 gene was di$erent from the results 
based on chromosomal loci (Fig. 1C–F). In multiple samples, SNPs had heterozygous cox1 genotypes possibly 
multiploidy due to the presence of previously described copies of nuclear mitochondrial (NUMT) DNA which 
could confound  clustering65,66.

Genetic variation across insecticide resistance associated genes
Vgsc
In the vgsc gene, a total of 1075 SNPs (202 non-synonymous; NS) were identi!ed, of which 36 NS SNPs were 
present in > 1 sample, including eight mutations previously linked to insecticide resistance (V410L, G923V, S989P, 
I1011M, V1016I/G, T1520I and F1534C) (Table 2, Table S4). We did not observe any other pyrethroid resistance 
associated substitutions such as L982W, detected previously in Vietnam and Cambodia, and D1763Y reported 
in Taiwan. However, the D1763G mutation was present in a single USA  sample11,16–18. #e most frequent muta-
tions were F1534C (39%), S723T (23%), V410L (22%) and V1016I (22%) (Fig. 2). #e most prevalent F1534C 
mutations occurred in nearly all samples from the Americas (186/191) and #ailand (20/20). #e frequency of 
F1534C was lower in African samples, appearing only in Burkina Faso (n = 20/34), Ghana (n = 33/58), Nigeria 
(n = 1/19) and East Kenya (n = 8/107). #e F1534C mutation was accompanied by V1016I, S723T and V410L 
substitutions in most samples from USA, Burkina Faso, and Mexico, as well as in a single Nigerian sample. In 
#ailand, F1534C co-occurred in many samples with V1016G, T1520I and S989P (Table 2).

Table 2.  Missense mutations identi!ed in samples and occurring in more than 10 non-lab sample. #e full list 
of mutations is available in Supplementary Table B.
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Several mutations were found to be regionally speci!c. "e V1016G mutation was found only in Asia ("ai-
land) while V1016I was detected in USA, Mexico, and a few countries in  Africa19. "e M944V substitution was 
unique to East Kenya (n = 42/107), L946G was almost exclusive to Brazil (n = 15/16) except for one Nigerian 
sample. "e V1016G, T1520I (n = 10/20), S989P (n = 7/20), and S66F (n = 11/20) were also almost exclusive to 
"ailand, apart from a single Nigerian and a Brazilian sample (Table 2). Two conservative in-frame insertions 
occurred in ~ 20% of west and central African samples, which included an addition of amino acid Glycine (Gly) 

Figure 1.  Population structure using UMAP embedding of SNPs from non-resistance linked genes (A,C,D,E), 
and resistance linked genes (B) and cox1 (F).
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into a sequence of four consecutive Gly (positions 2047–2050), and an addition of Serine-Glycine (positions 
2016 and 2017).

Rdl (GABA receptor)
In the rdl gene, we identi!ed a total of 244 SNPs (64 NS), of which only 17 NS SNPs occurred in > 1 sample and 
the most frequent were G84A, S115T and A301S. "e S115T substitution was present in almost all samples (n 
= 733/736) including all Ae. mascarensis (Fig. 2, Table 2). "e T115 is the dominant allele in An. gambiae sug-
gesting that the common ancestor of both An. gambiae and Ae. aegypti had the 115T allele, and a mutation in 
the Ae. aegypti reference strain changed T to  S67.

"e previously described A301S substitution, associated with resistance to organochlorines, was frequent in 
the USA (n = 97/160) and "ailand (n = 11/20), and infrequent in a few countries in Africa (Table 2)21,27. "is 
substitution is located on the a-helix forming the protein pore (Fig. S2). "e only other notable mutation was 
E84D present in 18 samples (Africa n = 13, "ailand n = 5), and located on the outward facing section of the 
protein but could not be robustly modelled by the AlphaFold so$ware.

Ace-1
A total of 243 SNPs were identi!ed in the ace-1 gene, of which 99 led to amino-acid substitutions, with 30 present 
in > 1 sample (Table 2). Only 6 amino-acid substitutions (G12S, H35L, D131Q, L687F, S693A, C699S) occurred 
in > 10 samples (Fig. 2). "e most frequent mutation was C699S (n = 42/736), which was present in samples 
from west and central Africa (n = 29) and the Americas (n = 13). "e second most frequent substitution was 
H35L (5.0%) observed only in west and central African samples. "e third most frequent substitution was G12S 
(4.8%) found mostly in the Americas (n = 26/37) and "ailand (n = 7/37) (Table 2). All three substitutions are 
de!ned in Ae. aegypti coordinates because these amino acids are outside the range of the T. californica reference 
ACE1 (PDB: 2C4H). In fact, only 20 substitutions had a corresponding coordinate in the T. californica protein 
(Table 2). "e only substitution in Ae. mascarensis was T55P (T. californica coordinates) present in all samples of 
this species. We modelled the ACE1 protein structure in AlphaFold, and in line with results of crystallographic 
experiments, the residues 1–131 and 660–702 were disordered, likely re%ecting their role in anchoring the pro-
tein to the cellular membrane and receptor  proteins68. "e G119S resistance substitution commonly reported in 
ACE1 in other insect species was not detected in this dataset. "is absence is likely because G119S would require 
two nucleotide substitutions in Ae. aegypti. Further, instead of two ace genes commonly found in insects, the 
Ae. aegypti reference genome has four ace genes including one analysed here (LOC5578456) and three others 
(LOC5574466, LOC5575867, LOC5570776). "e mRNA encoding the cognate proteins had < 5% pair-wise 
coverage which rules out recent duplication as the origin of these genes. One of these loci (LOC5570776) had 
the 119S amino acid. We found that despite the very high prevalence of transposable elements in Ae. aegypti, 
this gene remains uninterrupted by them suggesting this locus might be  functional32.

Figure 2.  Allele frequency of each missense SNP across the insecticide resistance associated genes; vgsc, ace-1, 
rdl, and GSTe2, by country. Only SNPs with at least 10 samples with a non-reference allele are shown mutation.
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GSTe2
!e GSTe2 gene has a variable copy number in Ae. aegypti, and the reference genome contains four copies of this 
 gene32. !e variable copy number was also evident in our analysis. Because we used short read data, we could not 
robustly assign each mutation to individual GSTe2 loci. A total of 267 SNPs were detected in GSTe2 genes, with 
109 leading to amino-acid substitutions, of which 42 were present in >1 sample (Table 2). Seven substitutions 
were highly frequent: I150V (n = 670), A198E (n = 670), C115F (n = 542), L111S (n = 288), I169S (n = 172), 
L9I (n = 151) and C115S (n = 108) (Fig. 2). !e samples from !ailand had neither synonymous nor missense 
mutations in GSTe2, which we con#rmed by visual examination of the read alignments. !e C115F substitution 
was present in almost all countries (except !ailand and Mauritius). !e C115S substitution was most common 
in Africa (n = 101/353). In addition to C115F/S, we observed two other common substitutions (L111S, L9I) at 
the DDT binding  site69. !e L111S substitution (n = 288/736) appears globally distributed, and L9I was found 
mainly in Africa and USA, but not observed in Ae. mascarensis. !e I169S mutation was common in the presence 
of L9I. Based on a high con#dence AlphaFold protein structure model for GSTe2, the I169S mutation is not part 
of either glutathione or DDT binding site; however, it interacts with both F115 and M111, which are part of the 
glutathione binding pocket (Fig. S3).

Gene duplications
Gene variable copy numbers were identi#ed based on excess median-scaled read coverage. For the vgsc gene, a 
group of 26 samples had potential duplications, with a median-scaled coverage of 1.4-fold compared to 1.0-fold 
for the rest of the samples. !e samples in this set came from a disparate group of countries: Senegal (n = 13), 
American Samoa (n = 4), and USA (n = 3), Mexico (n = 2), Mauritius (n = 2), Kenya (n = 1) and !ailand (n = 
1) (Table S1).

For GSTe2, two groups of samples had likely copy number events. First, a group of samples with median 
4.2-fold median-scaled coverage consisting of samples from !ailand (n = 27/28) including samples from the 
Nakh lab strain, USA (n = 38/160), Mexico (n = 5/15), Brazil (n = 1/16) and two from the Vienna F4  colony70. A 
second group consisted of samples from USA (n = 15/160) and Mexico (n = 9/16) with median-scaled coverage 
of 9.3-fold compared to 0.9-fold for the rest of the samples (Table S1, Fig. S4). In our search of the literature, we 
did not identity previous reports of such high duplication rate; this #nding requires further validation. However, 
this result also shows that majority of Ae. aegypti reference sequence have single copy of GSTe2, in contrast to 
the reference strain which has  four32.

Linkage disequilibrium between missense mutations
We examined the geographical distribution of the non-synonymous SNPs across the four resistance genes and 
observed that many mutations co-occur together in certain populations (Fig. 2). For each locus, per population, 
we assessed the pairwise linkage disequilibrium (LD) of non-synonimous SNPs. We found twenty-seven pairwise 
SNPs that had, without adjusting for multiple testing, an  R2 value above 0.5 (GSTe2 n = 15, vgsc n = 9, ace-1 n 
= 2, and rdl n = 1) (Table S5). !e GSTe2 mutations L9I/I169S (Burkina Faso, Kenya, Gabon, Ghana, Uganda) 
and I150V/A198E (Kenya, French Polynesia, Mauritius) were detected with a  R2 > 0.5 in several countries. In 
the vgsc gene, several SNPs that have been associated with insecticide resistance also had  R2 > 0.5, particularly 
V410L, V1016I, V1016G and F1534C.

Geographical distribution of insecticide resistance mutations and phenotypes
!e IR mapper was used to obtain phenotypic data for 8 of the 15 countries examined in this study. !ese 
phenotypes show disparity between the availability of phenotypic and genomic data, for example, Brazil and 
!ailand have the highest number of bioassay records while only having 16 and 20 genomic sequences available, 
respectively. However, in some countries there was genomic data available with limited phenotypic data, such as 
Uganda and Kenya. Phenotypic data available for each country from IR Mapper was mapped to the co-occurrence 
of nine mutations previously associated with insecticide resistance (A301S (RDL) associated with organochlo-
rine resistance, and F1534C, T1520I, V1016I/G, I1011V/M, S989P, G923V, V410L (VGSC) all associated with 
pyrethroid resistance). !ailand, Burkina Faso, and the USA had the highest proportion of samples with several 
known insecticide resistance mutations (Fig. 3). !is is supported by the !ailand phenotypic data from IR 
Mapper, which shows reports of resistance to all four main insecticide classes in this country (Fig. 4), particu-
larly to organochlorines, carbamates and pyrethroids. Elevated levels of resistance have also been reported in 
southeast Asian regions, such as Indonesia, Malaysia, and !ailand; however, there are gaps in the genomic data 
from these  countries71–74. For the USA there is no information on phenotype data on IR Mapper, but resistance 
to pyrethroids has been reported in several  states75–77.

In Africa, 53% of samples from Burkina Faso had more than two insecticide resistance mutations, all in the 
vgsc gene. Burkina Faso also had the highest reported resistance to pyrethroids when compared to the other 
African samples in this data set (Nigeria, Senegal, Ghana, and Gabon). Levels of resistance to pyrethroids varied 
between the 8 countries analysed here. !e highest levels of resistance were also observed in Brazil, Mexico, and 
!ailand, coinciding with samples with the most mutations in the vgsc gene (excluding the USA, where limited 
phenotypic data is available) (Figs. 3, 4).

!e data from IR mapper showed that the largest number of reports of resistance involved insecticides of the 
organochlorine class. Mutations associated with this resistance include SNPs in the vgsc and rdl genes. However, 
countries with high resistance to organochlorines, such as Senegal and Nigeria have no or very low frequency of 
mutations in these loci. As the genomic data presented here do not have matching phenotypic information, it is 
possible that these samples were from a susceptible background or that there are other mechanism of resistance 
causing the observed phenotype. !e least resistance was reported against organophosphates, although resistance 
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is still high in Mexico, followed by Brazil and !ailand (Table 2). !ese countries only have 1 mutation, G12S, 
in the ace gene common across all of them.

Discussion
We explored the genetic diversity present in four genes (vgsc, ace-1, rdl and GSTe2) involved in insecticide 
response across 729 Ae. aegypti and 7 Ae. mascarensis samples from 15 countries. We identi#ed many known 
and unreported amino-acid substitutions which may be involved in insecticide resistance. !is catalogue of 
genetic variants is a valuable resource that can be explored to investigate molecular mechanism associated with 
insecticide resistance together with phenotypic information and used to design diagnostics genetic markers for 
molecular surveillance.

!e populations with greater numbers of amino acid substitutions linked to insecticide resistance were 
!ailand (RDL: A301S; VGSC: V410L, S989P, V1016G and F1534C) and the USA (RDL A301S; VGSC: V410L, 
Gly923V, I1011M and F1534C). In Africa, the substitutions most frequently observed were RDL A301S and 

Figure 3.  Proportion of samples with 1 or more mutations associated with insecticide resistance in each 
geographical population. Insecticide resistance SNPs included are: A301S (rdl), F1534L/C, T1520I, V1016I/G, 
I1011V/M, S989P, G923V, V410L (vgsc). Only populations with more than 10 samples were included.

Figure 4.  Publicly available phenotype data for Ae. aegypti showing the proportion of records that report 
resistance, possible resistance and susceptibility. Numbers denote total number of records for the insecticide 
class for that country  region44. Only data collected on Aedes aegypti a$er 2000 were included for countries that 
were present in the WGS data set.
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VGSC V410L and F1534C, but many countries had none of the reported mutations. We have also observed that 
VGSC V410L and S723T co-occur in all but one sample. None of the !ai samples had any mutations in the 
GSTe2 gene, despite having adequate read coverage. In other countries, we detected two common mutations in 
GSTe2 (C115F/S and L111S/F) in the DDT binding site. !e C115F and C115S mutations were most frequent 
in Kenya (n = 142, n =  20), the USA (n = 114, n = 20) and Senegal (n = 82, n = 35). Previous work involving 
DDT docking with An. gambiae GSTe2 has suggested that one of the DDT’s planar p-chlorophenyl rings can "t 
into a sub-pocket, but the other ring faces spatial hindrance from M111 and F115 in the side  chains69. In An. 
gambiae, the M111S substitution would require two nucleotide changes in contrast to one required for L111S/F 
in Ae. aegypti. To our knowledge, there are no reports of An. gambiae M111S or F115C/S; although the latter 
substitution requires a single amino acid change. !ese two substitutions were detected in almost all countries 
in this Aedes dataset.

We found only two mutations on the surface of the ACE1 pocket directly involved in hydrolysis (A81S, n = 
5; D85H, n = 2)13. Since we did not have phenotype data, we cannot determine if these mutations are associated 
with resistance, but their low prevalence would appear at odds with much higher rate and multiple instances of 
emergence of G119S in An. gambiae20. Nevertheless, further functional work can contribute to elucidating the 
involvement of these mutations in resistance phenotypes.

We have also explored the possibility of gene duplications, and detected such variants in GSTe2 in USA, 
Mexico, Brazil, and !ailand, which are of interest due to the high rates of permethrin resistance reported in the 
Americas and  Asia78,79. We found no duplications in west and central Africa or Eastern Kenya and South Africa 
 regions6, but bioassay data in these regions is lacking. !e possible duplication of the gene encoding VGSC is 
more puzzling. Previous research in D. melanogaster found that individuals lacking VGSC are not viable, but in 
contrast those with a single functioning gene copy are healthy apart from increased temperature  sensitivity80. 
However, DDT and pyrethroids both prolong the open state of VGSC, so the extra gene copy is unlikely to induce 
resistance through increased number of  pores14. Experimental work is required to explain the functional role of 
the extra copy and determine if it is associated with increased insecticide resistance. Long-read sequencing can 
help to validate the duplications detected and the di#erences between the vgsc sequences.

!e inferred population structure was broadly consistent with previous research based on chromosomal 
loci. We even identi"ed the two previously described distinct subpopulations of Ae. aegypti in Rabai District of 
 Kenya60, but we also observed inconsistency between the structure we inferred from 15 non-resistance genes and 
4 resistance genes (Fig. 1A,B). !is inconsistency is very clear in case of VGSC where the same four mutations 
were present in 18/34 samples from Burkina Faso, 133/160 from USA and 8/15 from Mexico. While these could 
have arisen independently, single emergence and introduction elsewhere appears more parsimonious especially 
since these samples also share synonymous mutations. Such separate introductions of Ae. aegypti have been 
examined in the  past38,62. However, the result may also be artefact of our methodology. !e clustering methods 
we used have two shortcomings. First, they don’t have a measure of con"dence; second, the relative distances 
between clusters and spread of points in cluster are usually not  meaningful53. As a consequence, it’s impossible 
to infer diversity of population within a cluster, nor to determine relatedness between clusters.

An important observation for future research is that the cox1 gene and other mitochondrial loci may be 
problematic for population studies in Ae. aegypti because of the unknown number of cox1 copies per  genome65,66. 
!is is the result of unknown numbers of mitochondria per cell, unknown number of mitochondrial DNA copies 
on chromosomes, and unknown allelic diversity of all these cox1 sequences.

While we focused on exploring the genetic diversity in four genes associated with target site insecticide 
resistance, there are many loci that could have an important role, particularly in metabolic resistance. Multiple 
P450 genes, particularly members of the CYP6 and CYP9 subfamilies, have been associated with resistance by 
overexpression when comparing insecticide-resistant to susceptible  strains81–83.

Having both phenotypic and genotypic data is fundamental for the full understanding of the link between 
phenotypic resistance and genetic mutations, as well as cross resistance mechanisms. Unfortunately, we did not 
have phenotypic data for all the countries with genotypic data in this study. We strongly advocate that where 
possible, phenotypic data be generated for samples with genomic sequences.

Further work on exploring genetic diversity in these gene families, particularly using long-read sequencing to 
support assembly and correct assignment of copy numbers to each individual gene, may reveal important molecu-
lar markers that can be involved in insecticide resistance. Genomic studies, like ours, can provide guidance to 
functional studies and inform the design of genotyping assays for large scale surveillance of insecticide resistance.

Data availability
All data in publicly available. Analysis scripts are available at https:// github. com/ AntonS- bio/ resis tance- Aedes 
Aegyp ti.
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Supplementary Information 
 
Supplementary 1 Table. Sample metadata and median coverage for VSSC, Ace1, GSTe2 and rdl and 
coordinates for Figure 1. 
 
Please find this table at link: 
https://www.nature.com/articles/s41598-024-64007-6#Sec19  
 
 
Supplementary 2 Table. Identified sources of resistance phenotype data for some samples in the study 

Samples Country 
of Origin 

Insecticide 
Status Reference 

Bora-Bora  French 
Polynesia Susceptible 

https://parasitesandvectors.biomedcentral.com/articles/10.1186/s13071-
019-3472-1 

Nakhon 
Sawan (Nakh-
R) 

Thailand 
Resistant to 
deltamethrin 
and temephos 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3961196/ 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4561493/ 

Thai-Mex 
(transgenic 
line) 

Thailand 
x Mexico Unknown 

 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9630976/ 

BRA-PAK 
(transgenic 
line) 

Brazil x 
Pakistan Unknown 

 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9630976/ 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9009520/ 

Liverpool-RED 
recombinant 

West 
Africa Unknown 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9630976/ 

Liverpool West 
Africa 

Reference 
(Susceptible) 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9630976/ 
https://www.tandfonline.com/doi/abs/10.1080/00034983.1962.11686134 
https://www.science.org/doi/10.1126/sciadv.abq7345 

 
 
Supplementary 3 Table. Phenotype data on insecticide resistance based on IR Mapper 
 
Please find this table at this link:  
https://www.nature.com/articles/s41598-024-64007-6#Sec19  
 
 
Supplementary 4 Table. All missense mutations identified in samples 
 
Please find this table at this link:  
https://www.nature.com/articles/s41598-024-64007-6#Sec19  
 
 
  

https://www.nature.com/articles/s41598-024-64007-6#Sec19
https://www.nature.com/articles/s41598-024-64007-6#Sec19
https://www.nature.com/articles/s41598-024-64007-6#Sec19
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Supplementary 5 Table. Pairwise linkage disequilibrium (LD) of non-synonymous SNPs in vgsc, ace-1, 

GSTe2 and rdl with an R2 value above 0.5   

Chrom Pos1 Pos2 R2 D D 
prime Country Csq1 Csq2 Gene1 Gene2 

3 315984009 315998458 1 0.11 1 
American 

Samoa Ile1011Met Gly923Val vgsc vgsc 

3 316014588 316080722 1 0.23 1 Burkina 
Faso Ser723Thr Val410Leu vgsc vgsc 

2 351633680 351634725 0.77 0.21 0.88 Burkina 
Faso 

Leu9Ile Ile169Ser GSTe2 GSTe2 

2 351633680 351634725 0.7 0.04 0.88 East Kenya Leu9Ile Ile169Ser GSTe2 GSTe2 

2 351634667 351634812 0.67 0.09 0.83 East Kenya Ile150Val Ala198Glu GSTe2 GSTe2 

2 351633680 351634725 1 0.03 1 
East Kenya 

Outlier Leu9Ile Ile169Ser GSTe2 GSTe2 

2 351634667 351634812 1 0.24 1 
East Kenya 

Outlier Ile150Val Ala198Glu GSTe2 GSTe2 

2 351634667 351634812 1 0.1 1 French 
Polynesia Ile150Val Ala198Glu GSTe2 GSTe2 

2 41755106 41847790 0.56 0.03 1 Gabon Glu84Asp Ala301Ser GABA GABA 

2 351633680 351634725 0.79 0.16 1 Gabon Leu9Ile Ile169Ser GSTe2 GSTe2 

2 351633796 351634739 0.65 0.03 1 Gabon Met47Ile Pro174Ser GSTe2 GSTe2 

3 161500299 161504294 1 0.01 1 Ghana Gln306Leu Asp4Glu ace-1 ace-1 

2 351633680 351634725 0.72 0.1 0.92 Ghana Leu9Ile Ile169Ser GSTe2 GSTe2 

3 315984077 316014588 1 0.08 1 LAB Ser989Pro Ser723Thr vgsc vgsc 

3 315938859 316000838 1 0.25 1 Madagascar Asp1633Glu Ala797Ser vgsc vgsc 

2 351634602 351634667 1 -0.14 -1 Mauritius Ala128Val Ile150Val GSTe2 GSTe2 

2 351634602 351634812 1 -0.14 -1 Mauritius Ala128Val Ala198Glu GSTe2 GSTe2 

2 351634667 351634812 1 0.14 1 Mauritius Ile150Val Ala198Glu GSTe2 GSTe2 

3 316014588 316080722 1 0.21 1 Mexico Ser723Thr Val410Leu vgsc vgsc 

3 315984077 315998389 1 0.03 1 Nigeria Ser989Pro Leu946Gln vgsc vgsc 

3 316014588 316080722 1 0.03 1 Nigeria Ser723Thr Val410Leu vgsc vgsc 

3 161499835 161500277 0.64 0.06 1 Thailand Glu460Gln Arg313Ser ace-1 ace-1 

3 315983762 315984077 0.75 0.16 1 Thailand Val1016Gly Ser989Pro vgsc vgsc 

2 351633680 351634725 0.63 0.13 1 Uganda Leu9Ile Ile169Ser GSTe2 GSTe2 

3 316014588 316080722 0.87 0.17 0.95 USA Ser723Thr Val410Leu vgsc vgsc 

2 41630424 351634748 0.66 0.03 1 West Kenya Ser20Thr Lys177Glu GABA GSTe2 

2 351633680 351634725 0.57 0.08 0.86 West Kenya Leu9Ile Ile169Ser GSTe2 GSTe2 

2 351633796 351634587 0.59 0.14 1 West Kenya Met47Ile Gly123Glu GSTe2 GSTe2 
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Supplementary 1 Figure. Population structure using UMAP embedding of SNPs for different geographical 

regions. 
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Supplementary 2 Figure. GABA receptor protein structure including mutations found in >10 isolates. 
 
A.       B. 

 

 

 

 

 

 

 

 

C.  

 

Supplementary 3 Figure. GSTe2 mutations specific to East Kenya and South Africa (A,B) and common 
substitutions (Cys115Phe/Ser and Leu111Ser) together with west and central Africa specific Ile169Ser 
substitution. The residue at position 111 is methionine because we used PDB 2IMI structure of An. gambiae to 
show accurate ligand docking 136.  
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Supplementary 4 Figure. Median per-base read coverage across samples for GSTe2 and other genes. The 
coverage was normalised for each sample using median coverage across the genes for that sample. Two peaks 
are visible in GSTe2 at 4 and 9 median gene read coverage. 
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Addendum 
 
Duplications of genes can be interesting in the field of insecticide resistance as they may act as a 
compensatory mechanism to aid resistance to insecticides, usually by increasing the amount of gene 
product produced. This has been described in rdl in Drosophila melanogaster, as well as ace-1 
duplication in Culex quinquefasciatus and Anopheles gambiae. Subsequently, it was noted that there 
are four genes within the Aedes aegypti genome (AaegL5.0, GCF_002204515.2) are annotated as 
‘acetylcholinesterase’; LOC5578456, LOC5575867, LOC5574466, LOC5570776 (Table 1). This was 
investigated further to assess if any of these other genes were functional copies. 
 
It is described that LOC5578456 is the main functional ace-1 gene. LOC5575867 has a 90.5% nucleotide 
identity and 38.4% protein identity (80% query coverage) with LOC5578456. While LOC5574466 has 
73.4% nucleotide identity and 31.9% protein identity (68% query coverage) with LOC5578456. Finally, 
LOC5570776 has no significant nucleotide similarity with 26.3% protein identity (73% query coverage).  
 
Table 1. Genes in the Aedes aegypti genome (AaegL5.0, GCF_002204515.2) annotated as acetylcholinesterase 

Chromosome: Position Gene Alias Length 
3:161486025-161871375 LOC5578456 AAEL000511 385,350 
1:142163173-42283642 LOC5575867 AAEL012141, AAEL8000045 120,469 
2:214207432-214234809 LOC5574466 AAEL002376 27,377 
3:29506807-29509153 LOC5570776 AAEL008532 2,346 

 
Given the limited protein identity between these genes, it is unlikely that they produce functional 
acetylcholinesterase enzyme. Given the differences in identity, they may be incorrectly annotated, or 
they could represent historic duplications that have since diverged significantly from the original 
sequence. Phylogenetic analysis reveals that the LOC5578456 gene is most similar to the AChE in 
Anopheles gambiae, where the mutation G119S we are investigating has been described, while the 
other genes are more distinct (Figure 1). The LOC5575867 gene is most like that of the AChE in 
Drosophila melanogaster. 
 

Figure 1. Phylogenetic tree comparing the protein sequences of the four acetylcholinesterase (AChE) 
annotated genes in Ae. aegypti, the AChE from An. gambiae and AChE from Drosophila melanogaster. 
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Aedes aegypti 
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Anopheles gambiae 
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Dmel_CG17907 
Drosophila melanogaster 
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Aedes aegypti 
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Aedes aegypti 
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Abstract 

 

Aedes aegypti is the predominant vector of many arboviruses, including dengue, Zika and 

Chikungunya. Effective control of these mosquitoes is paramount for human health in endemic 

regions and to prevent outbreaks; however, there has been a significant increase in resistance to 

commonly employed insecticides, which poses a considerable challenge to vector control efforts. 

Genomic analysis can provide valuable insights into the mechanisms underlying insecticide resistance, 

prevalence of mutations of concern, and population dynamics. In this study, we generated whole 

genome sequence data for 33 Ae. aegypti samples collected from six regions across Puerto Rico, where 

high levels of insecticide resistance have been reported. The data was analysed alongside WGS data 

from 215 Ae. aegypti samples from seven other countries: Burkina Faso, Uganda, Kenya, Thailand, 

USA, Mexico, and Brazil. Genome-wide population analyses revealed that the Puerto Rican samples 

clustered closely with Ae. aegypti from Mexico and, together with other American and Thai samples, 

they were genetically distinct from the African populations. Across all 248 samples, we identified 

281,889 missense single nucleotide polymorphisms. Five known insecticide resistance-associated 

mutations were detected (vgsc: V410L, V1016I, V1016G, F1534C; rdl: A301S) with particularly high 

frequencies in Puerto Rico (0.909, 0.909, 0.06, 0.924, 0.773, respectively). Notably, the V1016G 

mutation, previously only reported in Asian populations, was detected in Puerto Rico, marking the 

first report of this variant in the Americas. In contrast, these mutations were absent in Ugandan or 

Kenyan samples, likely due to differing vector control strategies. Additionally, several other non-

synonymous SNPs were identified in candidate genes potentially associated with insecticide 

resistance.  Signatures of selection were evident in genes crucial for nerve action, such as the gamma-

aminobutyric acid (GABA) receptor subunit alpha. Furthermore, selection signals were evident in 

genes from various enzyme families linked to resistance, such as glutathione S-transferases and 

cytochrome P450s. In summary, our research highlights a diverse array of genetic polymorphisms, 

identifies regions under selection pressure, and offers new genomic insights into the Ae. aegypti 

population in Puerto Rico. 

 

Word count: 326 
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Introduction 

 

The Aedes aegypti mosquito is a proficient vector of numerous arboviral diseases, including dengue, 

Chikungunya and Zika viruses, with its competence exacerbated by its anthropophilic nature and 

adaptability to live and breed in urban areas 1.  It is believed that urbanised Ae. aegypti originated 

from a forest-breeding population in sub-Saharan Africa, known as Ae. aegypti formosus 2. The global 

spread of this species likely occurred via ships traveling to the New World, with genetic data indicating 

a subsequent westward expansion to Asia and Australia3. The introduction of this vector in Asia may 

have occurred as late as the 19th century, coinciding with the first recorded cases of dengue in the 

region 4. Currently, Ae. aegypti is widespread in tropical, subtropical areas and some temperate 

regions, and its distribution continues to expand, driven by factors such as climate change and 

globalization 5.  

  

With the increasing interactions between Ae. aegypti and humans, the threat of disease transmission 

by these vectors has significantly risen 5–7. Insecticides have been crucial for vector control, 

substantially contributing to the reduction of mosquito-borne diseases 8. For the Aedes genus, primary 

control methods include habitat modification, space spraying and larviciding. However, the extensive 

use of insecticides has applied significant selective pressure on this vector, leading to the widespread 

emergence of insecticide resistance in Ae. aegypti populations worldwide. According to records from 

the Insecticide Resistance Mapper (IR Mapper; https://www.irmapper.com/), nearly 3,000 reports of 

resistance in Ae. aegypti have been documented across 40 countries since 2000 9. These accounts, 

based on larval or adult bioassays, indicate resistance to multiple classes of insecticides, including 

pyrethroids, carbamates, organophosphates, and organochlorines.  10.   

  

The four main mechanisms of insecticide resistance in mosquitoes are target site resistance, metabolic 

resistance, cuticular alterations, and behavioural changes. Target site resistance results from single 

nucleotide polymorphisms (SNPs) that reduce insecticide binding efficacy to the target protein 11. This 

mechanism of resistance is the most extensively studied, and numerous SNPs have been found across 

four key genes: voltage-gated sodium channel (vgsc), resistance to dieldrin (rdl), acetylcholinesterase 

1 (ace-1) and glutathione-S-transferase 2 (GSTe2) 12–14. Mutations in these genes have different effects 

on different insecticides. Specifically, mutations in vgsc are linked to pyrethroid resistance, mutations 

in rdl confer resistance to organochlorines (cyclodienes), and mutations in ace-1 are associated with 

resistance to organophosphates and carbamates 14. GSTe2 is a metabolic enzyme, and although it is 
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typically involved in metabolic resistance, a mutation (L119F) in this gene has been identified that 

alters the DDT binding site, reducing the insecticide's effectiveness15. 

 

Many knockdown resistance (kdr) mutations in the vgsc gene have been identified in Ae. aegypti to 

contribute to pyrethroid resistance 14,16. Metabolic resistance has been associated with increased 

expression of genes involved in insecticide detoxification, including cytochrome P450 

monooxygenases (P450s/CYPs), carboxyl/cholinesterase's (CCEs), glutathione S-transferases (GSTs) 

and UDP-glycosyl-transferases (UDPGTs) 17,18. In Ae. aegypti, metabolic resistance plays a significant 

role in insecticide resistance, although the genes identified so far vary between populations 19,20. 

Structural variants (SVs) have been identified to contribute to metabolic resistance in Anopheles 

species 21,22.  However, in Ae. aegypti, the characterization of SV has been limited, particularly due to 

this species' large genome (size: ~1.3Gb) and the presence of numerous repetitive regions 23.   

  

Advances in sequencing technologies, coupled with reduced implementation costs, have made WGS 

an increasingly valuable tool for investigating genetic diversity, including mutations involved in 

insecticide resistance, across multiple vector populations worldwide 16,24. There are likely many 

uncharacterized genes involved in the development of resistance, and a genome-wide approach can 

aid in the detection of new, previously unreported variants. 

  

In this study, we generated and analysed WGS data for Ae. aegypti mosquitoes (n = 33) from Puerto 

Rico, an island in the Caribbean where high levels of insecticide resistance have been reported 25–27.  

Ae. aegypti mosquitoes are endemic to Puerto Rico, where they transmit dengue, Zika, and 

Chikungunya viruses, which have caused several outbreaks in recent years 25,28,29. Control measures in 

the region included larval management, larviciding, and ultra-low volume spaying 30. 

  

We explored WGS data of Puerto Rican Aedes aegypti samples alongside WGS data available from 

seven other global Ae. aegypti populations (n = 215).  We investigated the presence of resistance-

associated mutations, high-frequency circulating mutations, gene selection, and population dynamics 

in Puerto Rico while contextualised this population within the broader genomic landscape of global 

Ae. aegypti 28. 
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Results 

 

Whole Genome Sequence Data and Nucleotide Diversity 

The genomes of 33 Puerto Rican samples collected across six sites (Figure 1A) were analysed alongside 

215 samples (total n = 248) from seven other countries across the globe (Uganda, Kenya, Burkina Faso, 

USA, Mexico, Brazil, Thailand) (Figure 1B). Among the 33 newly sequenced Puerto Rican samples, the 

average genome-wide coverage was 15.8-fold, with a mean mapping to the reference genome of 

97.0%. The average coverage for the 215 publicly available samples was 9.6-fold, varying between 

countries from 6.5-fold (USA) to 17.5-fold (Mexico). 

 

 

A.   B.  

Figure 1. A. Map of Puerto Rico’s location within the Caribbean and the sampling regions across the island. B. 

Number of sample sequences from each population.  

 

Mean nucleotide diversity (π), calculated in 100kb windows, was 0.000223 across all chromosomes in 

the Puerto Rican population, with chromosome 1 being the most diverse (π = 0.00024).  The average 

nucleotide diversity (π) of exon regions in the Puerto Rican population was greater than that of all 

other populations, followed by isolates from Mexico (π = 0.000216), USA (π = 0.000204), Thailand (π 

= 0.000193), and Brazil (π = 0.000191). African isolates exhibited the lowest levels of genome-wide 

nucleotide diversity (Burkina Faso; π = 0.000175, Kenya; π = 0.000173, Uganda; π = 0.000172). Overall, 

patterns in nucleotide diversity across chromosomes was consistent across all populations, with 

centromeric regions exhibiting the lowest diversity (Figure S1). 
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Population Differentiation and Ancestral Analysis  

Using 2,011,616 high-quality SNPs identified across exon regions (total samples = 248), a neighbour 

joining (NJ) tree was constructed (Figure 2A). Three distinct population clusters were observed: the 

Puerto Rican samples clustered with those from Mexico, forming a group closely related to 

populations from Brazil, Thailand, and USA, while the African samples (Burkina Faso, Uganda, and 

Kenya) formed a distinct cluster. To further investigate the African populations, an additional 

phylogenetic tree was constructed, revealing minimal structure between these countries (Figure S2).  

The corresponding principal component analysis (PCA) confirmed observations from the NJ tree; PC1 

separated the larger grouping of the Americas (including Puerto Rico and Mexico) and Thailand from 

the African cluster (19% variation explained). Within each cluster, evidence of separation was 

observed at the country level (PC2: 9% variation explained) (Figure 2B, Figure S3). 

 
A.      B. 

 
C. 
Figure 2. A. Phylogenetic tree showing genetic relatedness of different populations. B. Principal Component 
Analysis (PCA) plot showing distinct populations C. Admixture analysis showing ancestral relationships. 
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Ancestral relationships were inferred using an admixture analysis, which identified five ancestral 

populations (K1-K5) in line with the geographical origin of samples (Figure 2C, Figure S4). The African 

samples show high similarity with K1, K3, and K4 ancestries present.  K3 predominated in Uganda and 

Kenya, while K1 was more common in Burkina Faso. The K4 ancestral population was dominant in the 

USA and was also present in Brazil and Thailand. All American samples shared K5 ancestry, which was 

most prevalent in Puerto Rico, Mexico, and Brazil. Thai isolates were the most distinct, with a 

dominance of the K2 ancestry. Small proportions of K2 ancestry were observed in the Puerto Rican, 

USA, Mexican and Brazilian populations. 

 

Pairwise FST analysis was performed to investigate population differentiation by comparing variance 

in allele frequencies between populations. The FST results corresponded with the PCA, admixture, and 

NJ tree analysis, showing that Puerto Rico was most genetically similar to Mexico, USA, and Brazilian 

populations, as indicated by the low number of SNP sites with FST > 0.8 (Figure S5). This finding is in 

line with the principles of isolation by distance. Kenyan and Ugandan populations were most similar, 

with no sites with FST values > 0.8, whereas Ugandan and Mexican populations were most distinct, 

with 13,858 sites with values > 0.8 and 338 sites with a perfect differentiation (FST =1).  

  

As anticipated, countries within the same region had a lower proportion of sites with an FST above 0.8 

compared to countries from different regions, aligning with PCA results (Figure S6). When examining 

insecticide resistance genes, the top 20 positions within the vgsc gene had an FST ranging between 

0.932 and 0.971. One of the highest FST values was observed for position 315939224 (LOC5567355) in 

chromosome 3, where a SNP associated with resistance to pyrethroids (F1534C) was observed in 

several population comparisons. This SNP was particularly significant in comparisons between Kenya 

vs Mexico (FST = 0.932), Mexico vs Uganda (FST = 0.940), Puerto Rico vs Uganda (FST = 0.932), and Puerto 

Rico vs. Kenya (FST = 0.920). This mutation was not identified in the Kenyan or Ugandan populations. 

 

Population Differentiation within Puerto Rico 

A neighbour-joining tree of SNPs showed minimal genomic differences across the six sites where 

samples were collected in Puerto Rico (Figure 3). While most samples are grouped closely together, 

some from Ponce and Bayamon are separated from the main grouping.  PC1 indicated around 8.3% of 

the variation between the main group and the Bayamon outgroup, and PC2 showed 6.4% of variation 

between the main group and the Ponce outgroup. Additional component comparisons are available 

in Figure S6. As Culebra is an island off mainland Puerto Rico, we anticipated these samples would 

form a distinct outgroup. However, the Culebra samples cluster closely within the NJ tree, and the 

PCA revealed minimal genetic diversity compared to the mainland samples. 
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Figure 3. A. PCA illustrating the samples extracted from Puerto Rico regions, B. A neighbour joining tree based 
on SNPs for the Puerto Rican samples 
 

Structural variants 

High-quality structural variants (SVs) were identified in the WGS of the Puerto Rican samples using 

DELLY software, excluding intra-chromosomal variations 31. Using a literature search and annotation 

files (see Methods), we identified 756 genes with a potential role in insecticide resistance, and SV 

were detected in 610 genes. After filtering, a total of 5,664 were identified: 1,213 on chromosome 1, 

2,861 on chromosome 2, and 1,614 on chromosome 3. Most SVs were deletions (n = 4,841), followed 

by insertions (n = 413), duplications (n = 221), and inversions (n = 213), as illustrated in Figure 4A. 

 

Most SVs occurred in intronic regions (n = 4,676), with smaller proportions in upstream regions (n = 

340), downstream regions (n = 133), and inversions (n = 101) (Figure 4B).  Annotation using SnpEff 

classified the variants by predicted impact levels: high, moderate, low and modifier 32. High-impact 

SVs are defined as having a disruptive impact on the protein function, moderate variants may affect 

protein effectiveness, low-impact SVs are likely harmless, and modifier variants occur in non-coding 

regions with minimal or no functional consequences. A total of 296 SVs were classified as high impact, 

225 as moderate impact, 93 as low impact, and 5,512 as modifiers. 
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A.             B. 

  
Figure 4. Distribution and Function of SV.  

A. Frequency of each type of SVs within 756 genes of interest, B. breakdown of the impact of the SVs within 756 
genes of interest, the second pie chart shows a breakdown excluding intronic variants.  
 

In the list of 756 genes of interest, some genes had the highest frequency of SVs across the samples, 

including five genes associated with G-protein coupled receptors (Table 1). These receptors have been 

associated with insecticide resistance due to their link with regulating metabolic enzymes such as 

cytochrome P450s 33,34. Additionally, four genes from the phosphodiesterase family were highlighted 

as having a high frequency of SVs (Table 1). 

 

Table 1. Top 10 Structural Variants and Associated Gene Functions 
Chrom. Gene* Freq. Function 

3 LOC5572215 207 high affinity cGMP-specific 3',5'-cyclic phosphodiesterase 9A 

2 LOC23687794 205 probable G-protein coupled receptor Mth-like 1 

2 LOC5565389 173 leucine-rich repeat-containing G-protein coupled receptor 5 

2 LOC5577718 159 high affinity cAMP-specific and IBMX-insensitive 3',5'-cyclic phosphodiesterase 8 
2 LOC23687733 136 G-protein coupled receptor daf-37 

1 LOC5571510 127 cAMP-specific 3',5'-cyclic phosphodiesterase 

3 LOC23687755 112 G-protein coupled receptor 39 
2 LOC5573499 99 calcium/calmodulin-dependent 3',5'-cyclic nucleotide phosphodiesterase 1 

3 LOC5571895 94 no receptor potential A 

1 LOC5575945 93 G-protein coupled receptor moody 
* Within 756 genes of interest 

 

Within the rdl gene (LOC5570466), 70 SVs were identified, all classified as intronic modifiers. Several 

variants were found in the ace-1 gene (LOC5578456) (n=70), including one predicted to have high 

impact effects and 69 categorized as modifiers. The high-impact SV was a duplication spanning 

positions 161624050 – 161628997 (length = 4,948bp) with an estimated copy number of 1.98. This 

duplication has various potential effects, including splice acceptor, splice donor, splice region variant, 
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5' UTR variant, and intron variant. This SV was heterozygous in five samples (n = 32). This duplication 

is located 123,798 bp away from the described G119S mutation (XP_021707029.1) and does not occur 

in the coding region for this gene's binding site. No SVs were identified in the vgsc gene (LOC5567355) 

or GSTe2 gene (LOC110676855). The repetitive nature of the Ae. aegypti genome limits this analysis, 

therefore confirming SVs with longer read sequence data would be beneficial for more accurate 

characterization. 

 

Insecticide Resistance Associated Variant Detection 

Of the 2,011,616 high-quality SNPs identified, 4,711 (0.23%) were annotated by snpEff software as 

having a high impact, potentially resulting in significant functional alterations due to changes such as 

insertions, deletions, or inversions32. Across the data, a total of 281,889 SNPs were identified as 

missense variants. Within the 756 genes of interest, there were 64,579 SNPs, including 10,799 non-

synonymous SNPs. Among these, 136 were annotated as high impact variants. The number of 

missense SNPs varied between countries, with Puerto Rico having one of the fewest (n=5,528), similar 

to Mexico (n = 4,409), Brazil (n = 4,124), and Thailand (n = 4,336). In contrast, the USA had slightly 

more missense SNPs (n = 6,147). The African countries had the highest number of non-synonymous 

SNPs; Burkina Faso had 8,705, Kenya had 7,943, and Uganda had 8,263 missense SNPs. Table 2 

highlights the genes with the highest frequencies of missense SNPs. 

 
Table 2. Genes with the highest frequency of missense SNPs 

Gene Frequency of SNPs Gene Function 

LOC5577718 221 high affinity cAMP-specific and IBMX-insensitive 3',5'-cyclic 
phosphodiesterase 8 

LOC5575945 199 G-protein coupled receptor moody 
LOC5571525 123 Uncharacterised 
LOC5579144 115 Probable cytochrome P450 4ac1 
LOC5573499 108 calcium/calmodulin-dependent 3',5'-cyclic nucleotide 

phosphodiesterase 1 
LOC5578160 105 Esterase B1 

 

Across four insecticide resistance associated genes (vgsc, rdl, ace-1 and gste2) a total of 632 SNPs 

were identified in all 248 Ae. aegypti samples. Most mutations were identified in the ace-1 gene 

(n=219 SNPs), followed by vgsc (n = 203), rdl (n = 151), and GSTe2 (n = 59). Among these, 27 SNPs 

were missense variants, five of which have been previously described to be associated with insecticide 

resistance (A296S, F1534C, V1016I, V1016G, V410L; using reference species nomenclature) (Table 3, 

bold). Puerto Rico exhibited high allele frequencies for nearly all SNPs located in the rdl, vgsc, and 

GSTe2 genes (AF = A296S; 0.77, F1534C; 0.92, V1016I; 0.91, V1016G; 0.06, V410L; 0.91) compared to 

the other regions (AF = A296S; 0-0.33, F1534C; 0-0.91, V1016I; 0-0.61, V1016G; 0-0.13, V410L; 0-0.60) 
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(Table 3). The S110T mutation in rdl appeared at high frequencies across all populations and was fixed 

in the Puerto Rican, Brazilian, Mexican, and Kenyan populations.  Puerto Rico demonstrated a high 

frequency of SNPs associated with insecticide resistance, aligning with observed elevated levels of 

resistance in this population (Figure 5) 25–27,35. A further 152 synonymous mutations were identified 

across all populations in the main insecticide resistance genes (vgsc, rdl, ace-1 and gste2), the majority 

of these were in the vgsc (n = 72), followed by ace-1 (n = 36), GSTe2 (n = 26) and rdl (n = 18) genes. 

 
Table 3. Missense mutations identified in the four genes associated with resistance. Bold mutation indicated 
described mutation. Allele frequency is provided for each geographical region. 

Gene Chrom. Position Translation 
Allele Frequency 

Thailand Brazil 
Puerto 

Rico Mexico USA 
Burkina 

Faso Uganda Kenya 

rdl 2 41786063 S110T  0.85 1.00 1.00 1.00 0.88 0.97 0.95 1.00 

rdl 2 41847790 A296S  0.33 0.06 0.77 - 0.33 0.07 0.00 0.00 

ace-1 3 161487441 C699S  0.00 0.14 0.02 0.03 0.06 0.14 0.00 0.00 

ace-1 3 161510815 E71K  - - 0.08 - 0.01 - 0.00 0.00 

ace-1 3 161510992 G12S  0.10 0.08 0.05 0.44 - 0.01 - - 

ace-1 3 161679988 L3I  0.08 0.17 0.09 0.06 0.25 0.85 0.88 0.94 

ace-1 3 161680347 R83H  0.00 0.06 0.02 0.03 0.18 0.11 0.16 0.10 

ace-1 3 161680365 E89A  0.00 0.06 0.02 0.03 0.18 0.07 0.16 0.10 

ace-1 3 161694832 S21N  0.00 0.00 - - 0.00 0.03 0.12 0.05 

ace-1 3 161694834 I22L  0.06 0.00 0.03 0.09 0.07 0.33 0.08 0.10 

ace-1 3 161694840 R24Y  0.00 0.00 - - 0.00 0.01 0.00 0.03 

ace-1 3 161695278 F149V  0.00 0.00 - - 0.00 0.06 0.03 0.00 

vgsc 3 161695564 F224L  0.00 0.00 - - 0.00 0.03 0.11 0.19 

vgsc 3 315931672 Q1873R  - - 0.61 - 0.01 - 0.00 0.00 

vgsc 3 315939224 F1554C  0.62 0.58 0.92 0.91 0.48 0.42 0.00 0.00 

vgsc 3 315983762 V1012G 0.13 - 0.06 - - - - - 

vgsc 3 315983763 V1012I  0.00 0.00 0.91 0.28 0.61 0.36 0.00 0.00 

vgsc 3 316014588 S711T  0.00 0.00 0.86 0.25 0.62 0.29 0.00 0.00 

vgsc 3 316080722 V408L  0.00 0.00 0.91 0.22 0.60 0.33 0.00 0.00 

GSTe2 2 351633680 L9I  0.00 0.00 - - 0.02 0.21 0.13 0.11 

GSTe2 2 351633753 T33M  - - 0.02 - 0.00 - 0.03 0.00 

GSTe2 2 351634048 L111S   0.02 0.67 0.85 0.91 0.25 0.01 0.03 0.03 

GSTe2 2 351634049 L111S†  0.02 0.67 0.88 0.91 0.23 0.00 0.00 0.00 

GSTe2 2 351634667 I150V   0.00 0.56 0.85 0.94 0.49 0.39 0.39 0.32 

GSTe2 2 351634725 I169S  0.00 0.00 - - 0.03 0.08 0.05 0.00 

GSTe2 2 351634752 E178A  0.00 0.50 0.86 0.88 0.35 0.08 0.18 0.23 

GSTe2 2 351634753 E178A‡  0.00 0.50 0.85 0.88 0.35 0.08 0.18 0.23 

GSTe2 2 351634812 A198E  0.00 0.72 0.85 0.94 0.47 0.31 0.32 0.35 

† This mutation occurs in the same codon as Leu111Ser, and in this study was present with mutation in 351634048, the resulting change is 
leucine to serine. ‡ This mutation occurs in the same codon as Glu178Ala, and in this study was present with mutation in 351634752, the 
resulting change is from glutamine to Alanine. 
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The GABA A296S mutation (rdl, 41847790) linked to resistance to organochlorine insecticides, was 

found in five populations (54/232, 23.3%), with the highest allele frequency in Puerto Rico (77.3%), 

USA (33.0%) and Thailand (32.7%), and no mutations identified in Kenya or Uganda (no SNPs were 

called in this position in the samples from Mexico due to low coverage). The F1534C mutation (vgsc, 

315939224) associated with pyrethroid resistance was identified in 116 samples across all populations 

except Kenya and Uganda. This mutation was found in the highest proportion in Puerto Rico (92.4%), 

Mexico (90.6%) Brazil (84.6%) and Thailand (52.8%). Another vgsc mutation (V1016I, position 

315983763; n=91) was identified in these same four countries (Puerto Rico, USA, Mexico, and Burkina 

Faso), while the V1016G mutation (315983762) was detected in four samples from Puerto Rico and 

seven from Thailand. The V410L mutation (vgsc, 316080722), associated with pyrethroid resistance, 

was less frequent and only identified in populations from Puerto Rico, USA, Mexico and Burkina Faso 

(between 16.2-23.0% frequency). Figure 5 highlights the distribution of insecticide resistance 

mutations across populations, revealing that Puerto Rico, the USA, and Mexico have the highest 

proportion of samples harbouring multiple resistance mutations. 

 

 
Figure 5. Distribution of samples by number of insecticide resistance mutations (V401L, V1016I, F1534C 

in vgsc; A302S in rdl) 

 

  

Number of insecticide  
resistance mutations 
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Linkage Disequilibrium  

Within the Puerto Rico samples linkage disequilibrium (LD) analysis revealed linkage between a 

number of SNPs in the insecticide resistance genes (vgsc, ace-1, rdl, and GSTe2) (Figure 6). Most linked 

SNPS were identified on chromosome 2, where the rdl and GSTe2 genes are located. The strongest 

linkage was observed between 315634753 (GSTe2 - E178D) and 351634812 (GSTe2 - A198E). There 

are six positions in that gene region that had relatively high levels of linkage. There were no SNPs in 

significant linkage in the rdl gene. Within the ace-1 gene (chromosome 3) seven positions exhibited 

some level of association. Particularly notable were positions 161680347 (R38H) and 161680365 

(E89A), 161680365 (E89A) and 161487441 (C699S), and 161487441 (C699S) and 161680347 (R38H), 

all of which had an LD value of 1, indicating complete linkage. Additionally, on chromosome 3 within 

the vgsc gene, absolute LD was observed between positions 316080722 (vgsc - V408L (V410L in Musca 

domestica)) and 315983763 (vgsc - V1012I, (V1016I in Musca domestica)). 

 

 
Figure 6. Linkage disequilibrium R2 values for the Puerto Rician samples for positions within the rdl and 

GSTe2 gene on chromosome 2 and the ace-1 and vgsc genes on chromosome 3. Mutations with * indicate 

the mutation is associated with insecticide resistance. 

 

Identification of Regions Under Selection  

Environmental pressures, such as exposure to insecticides, can drive selective pressures that result in 

the frequency of certain alleles increasing across a population. To identify these selection signals, we 

conducted several analyses to identify regions under selection. 
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Tajima’s D 

Tajima’s D (TD) analysis was used to examine genetic diversity to distinguish alleles potentially under 

selection. We performed the TD analysis using 100kb windows across the Puerto Rican samples, 

obtaining a median TD of 1.70, with chromosomes 1-3 showing similar values (1: 1.68, 2: 1.69, 3: 1.71); 

none of these values indicate balancing selection (Figure S7A). At the country level, TD values did not 

significantly differ between populations at the exome level, with mean TD values ranging from 1.02 

(Kenya) to 1.70 (Puerto Rico). Across all populations, no significant differences were found in non-

overlapping 100kb windows (Figure S7B). 

 

However, at a more granular level, 17,627 windows showed a significant TD value (either > 2 or < -2) 

indicating possible selection (100kb windows) 36. The Puerto Rico and USA population had the highest 

number of significant windows (n = 3,801 and n = 3,506, respectively), while Kenya had the lowest (n 

= 1,037). Table 4 shows the genomic position in the top 10 and lowest 10 Tajima’s D values. Within 

the genes of interest, 574 genes had significant TD values. The highest values indicating balancing 

selection (TD >2) were observed in a cluster of probable cytochrome P450 genes in the USA population, 

including; P450 6a14 (LOC110674119, TD = 4.8713, LOC5565578, 4.8713), P450 6a8 (LOC23687481, TD 

= 4.8713), P450 4d8 (LOC5573388, TD = 4.6521), P450 6a13 (LOC5565579, TD = 4.4104). Several 

insecticide resistance-associated genes were also identified in the Puerto Rican population, including 

P450 b561 (TD = 4.5337, LOC5576849), esterase FE4 (TD = 4.3066, LOC5567206), and P450 6a14 (TD = 

4.0904, LOC5572936). The esterase FE4 gene was also highly significant in the Thailand population (TD 

= 4.0683). Genes showing potential positive selection (TD < -2) included a cuticle protein 16.5 in 

Mexico (LOC5571813, TD = -2.7568), two glutathione S-transferase 1 (LOC5569858, TD = -2.5194, 

LOC5569859, TD = -2.5194) and a cytochrome P450 4d8 (LOC5573388) in Thailand.  

 

Enrichment analysis (n = 10,181 genes with available gene name conversion) showed metabolic 

pathways were enriched from the Tajima’s D output, this covered 659 (6.5% of the inputted genes), 

with a Benjamini-Hochberg FDR adjusted p-value of 8.7x10-12. Gene ontology (GO) functional 

annotation further identified significant enrichments in genes linked to monooxygenase activity 

(n=155, p = 1.4x10-16), serine-type endopeptidase activity (n = 271, p = 9.3x10-16) and oxidoreductase 

activity (n = 131, p = 3.2x10-13).  The term “ABC-transporter activity” (n=41, p = 0.077) was also 

enriched, a function previously linked to insecticide resistance. 
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Table 4. Ten highest (A) and lowest (B) Tajima’s D values across all eight populations. 

A. 

Chrom. Population TD Genes Function 

2 USA 4.989 

LOC5578399 mismatch repair endonuclease PMS2 isoform X1 
LOC110675918 uncharacterized protein LOC110675918 
LOC5572764 WD repeat-containing protein 89 
LOC5578401 calcium and integrin-binding family member 2 
LOC5572766 mitochondrial thiamine pyrophosphate carrier 

1 USA 4.871 

LOC5576390 sodium/calcium exchanger 1 isoform X1 
LOC5565578 probable cytochrome P450 6a14 
LOC110674119 probable cytochrome P450 6a14 
LOC23687481 cytochrome P450 6a8 

3 USA 4.829 

LOC5577739 Ras-associated protein 2-like 
LOC5576911 product=trypsin 3A1-like 
LOC110678621 uncharacterised LOC110678621 
LOC110678619 uncharacterised LOC110678619 
LOC110678620 uncharacterised LOC110678620 

2 USA 4.789 

LOC5572766 mitochondrial thiamine pyrophosphate carrier 
LOC5572767 uncharacterized protein LOC5572767 
LOC5572768 SAGA-associated factor 29 
LOC5566366 polyadenylate-binding protein 2 

2 USA 4.757 
LOC5567854 acetyl-CoA carboxylase isoform X3 
LOC110675339 tctex1 domain-containing protein 1-A-like 
LOC5567866 uncharacterized protein LOC5567866 

2 Puerto Rico 4.694 LOC5574680 atrial natriuretic peptide receptor 1 isoform X1 
LOC5574679 fukutin-related protein 

2 USA 4.690 

LOC5565243 Nose resistant to fluoxetine protein 6 
LOC5565288 Nose resistant to fluoxetine protein 6 
LOC5578252 Nose resistant to fluoxetine protein 6 
LOC110675121 uncharacterized protein LOC110675121 

3 USA 4.678 

LOC5575100 39S ribosomal protein L41%2C mitochondrial 
LOC23687752 DNA topoisomerase 1 
LOC5575101 uncharacterized protein LOC5575101 isoform X1 
LOC5575098 endoribonuclease rege-1 isoform X1 

2 USA 4.672 

LOC5570661 Hemolymph protein 
LOC5570664 Hemolymph protein 
LOC5570673 Uncharacterised LOC5570673 
LOC5570671 Protein PBDC1 
LOC5570670 NADH dehydrogenase B18 subunit 

2 USA 4.652 LOC5573386 neuroendocrine protein 7B2 
LOC5573388 cytochrome P450 4d8 
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B. 

Chrom. Population TD Genes Function 

2 Kenya -2.811 
LOC5569978 Sushi, von Willebrand factor type A, EGF and pentraxin 

domain-containing protein 1 

LOC5569977 hyperpolarization activated cyclic nucleotide gated 
potassium channel Ih 

2 Puerto 
Rico -2.770 

LOC5574486 Gustatory receptor 

LOC5574489 potassium/sodium hyperpolarization-activated cyclic 
nucleotide-gated channel 4 

LOC110676696 Uncharacterised LOC110676696 

2 Mexico -2.763 LOC5571810 protein odr-4 homolog 
LOC5571811 uncharacterized protein LOC5571811 isoform X1 

2 Mexico -2.757 
LOC5571813 cuticle protein 16.5 
LOC110677262 uncharacterized protein LOC110677262 
LOC5571814 uncharacterized protein LOC5571814 

2 Thailand -2.730 LOC110676862 Collagen alpha-1 (IV) chain 
LOC5565334 SPRY domain-containing SOCS box protein SP555 

2 Mexico -2.718 LOC5567691 sex peptide receptor 
LOC110676393 Uncharacterised LOC110676393 

1 Mexico -2.686 LOC110674038 cadherin-87A 
LOC5577039 protein D3 

2 Mexico -2.646 
LOC5564742 Plexin-B 
LOC5564741 Protein-serine O-palmitoleoyltransferase por 
LOC5574639 Ca-channel protein alpha subunit D 

1 Brazil -2.645 

LOC5565616 zinc finger protein 35 
LOC5565617 adipocyte plasma membrane-associated protein 
LOC5565604 adipocyte plasma membrane-associated protein 
LOC5565593 F-box only protein 11 

3 Mexico -2.642 LOC110678585 Paired box protein pax-6-like 
 

 

Integrated haplotype score 

To further investigate selection within each population, we performed integrated haplotype score 

(iHS) and haplotype heterozygosity (H12) analysis. The iHS analysis identified 341 loci across all eight 

populations as having significant iHS scores (-log10 p value |iHS| ≥ 4).  The number of significant loci 

was relatively consistent across populations, ranging from 36 to 48 (Table 4).  Amongst the significant 

loci, 14 genomic positions occurred in at least two populations, as outlined in Table 5. This included a 

neuroglian gene (LOC5570456) occurring in 4 populations (Mexico, Puerto Rico, Thailand, and USA) 

and an uncharacterised gene (LOC5577087) which occurred in 3 populations (Kenya, Uganda, and 

Burkina Faso).  Analysis of significant genes indicated no genes were enriched regarding functional 

annotation, ontology, pathways or protein domains. 
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Table 5. Genes with iHS values significant in more than one population. 

Gene Function No. 
pops Countries 

LOC5570456 neuroglian 4 Mexico, Puerto Rico, Thailand 
and USA 

LOC5577087 Uncharacterized LOC5577087 3 Burkina Faso and Kenya 
LOC5564807 histidine decarboxylase 2 Mexico and Uganda 
LOC5566204 gamma-aminobutyric acid receptor subunit alpha-6 2 Puerto Rico and Kenya 
LOC5569249 protein lava lamp  Brazil and Kenya 
LOC5570454 nose resistant to fluoxetine protein 6 2 Mexico and Puerto Rico 

LOC5572005 carbamoyl-phosphate synthetase 2, aspartate 
transcarbamylase, and dihydroorotase rudimentary 2 Mexico and Thailand 

LOC5572967 karyopherin beta 3 2 Brazil and Mexico 
LOC5573437 facilitated trehalose transporter Tret1 2 Thailand and USA 
LOC5574699 MOXD1 homolog 2 2 Burkina Faso and Uganda 
LOC5576299 BTB/POZ domain-containing protein inc 2 Burkina Faso and Kenya 
LOC5578908 putative fatty acyl-CoA reductase CG5065 2 Puerto Rico and Thailand 
LOC5579439 Hecw ubiquitin protein ligase 2 Brazil and USA 
LOC5579505 protein NPC2 homolog 2 Kenya and Uganda 

 

  

No positions were identified in the four insecticide resistance genes; vgsc, rdl, ace-1 or GSTe2. 

However, nine of the significant genomic positions were identified within the 756 insecticide 

resistance genes of interest (see Table 6, Figure S8). The highest iHS values were observed in the 

Ugandan population in a probable cytochrome p450 gene (LOC5575901), these genes are linked to 

metabolic insecticide resistance 37–39. Positions within the gamma-aminobutyric acid receptor subunit 

alpha (LOC5566204) were highlighted in both the Kenyan and Puerto Rican populations. This gene 

may encode part of the GABA receptor complex that is a target for organochlorine insecticides 40,41. 

Three positions in a UDP-glucuronosyltransferase gene, which are linked to metabolic resistance 11, 

had significant iHS scores in the Kenyan population. The Thai population signaled a site within the 

sphingomyelin phosphodiesterase gene (LOC5567918). 

 

Table 6. Significant iHS values within insecticide resistance relevant genes. 

Population Chrom: Position iHS value Gene and Role 
Thailand 1:101126204 4.147 LOC5567918 

sphingomyelin phosphodiesterase 
Kenya 3:261441180 4.407 LOC5571109 

UDP-glucuronosyltransferase Kenya 3:361441195 4.180 
Kenya 3:261441198 4.231 
Kenya 1:28116470 4.532 

 
LOC5566204 
gamma-aminobutyric acid receptor subunit alpha 
 

Puerto Rico 1:28116530 4.751 
Puerto Rico 1:28116545 4.274 
Puerto Rico 1:28116641 4.575 
Puerto Rico 1:28116656 4.876 
Puerto Rico 1:28116683 4.809 
Uganda 2:232716649 5.326 LOC5575901 

probable cytochrome P450 303a1 Uganda 2:232716673 5.326 
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Within Puerto Rico, 45 loci were identified with iHS > 4, suggesting selection pressure. The highest iHS 

value (5.65) was identified in a gene encoding a fatty acyl-CoA reductase (LOC5598908), in the 

oxidoreductase family, two significant positions were identified in this gene. Additionally, three 

positions in a probable protein for S-acyltransferase (LOC5569080), a transferase enzyme, exhibited 

high iHS values (iHS = 4.95, 5.18, 5.35).  The gamma-aminobutyric acid receptor subunit alpha gene 

(LOC5566204) also showed high iHS values (iHS = 4.75, 4.81, 4.88) in Puerto Rico, further implicating 

its role in organochlorine insecticide resistance 42. A genome-wide selection scan of Garud’s H12 

across the three main chromosomes did not identify any clear selection signals in any of the 

populations (Figure S9). 

  

Cross population extended haplotype homozygosity 

To examine selection across populations, cross population extended haplotype homozygosity (XP-

EHH) analysis was performed. XP-EHH analysis revealed many differences between the populations. 

A total of 504 positions, comprising 236 genes, were identified as having significant XP-EHH scores 

(XP-EHH > 5 or < -5) across all population comparisons.  Notably, one position, located at 313184797 

in gene LOC5574943, was found to be significant in six population comparisons: Brazil vs Kenya, Brazil 

vs Uganda, Burkina Faso vs Kenya, Burkina Faso vs Uganda, USA vs Kenya, and USA vs Uganda. This 

gene is uncharacterized, limiting the functional insights that can be drawn from its selection signal. 

Additionally, 18 positions were found to be significant in four population comparisons.  

 

GO term analysis revealed significant enrichment of the cellular component 'plasma membrane' 

(GO:0005886) in the dataset, with 29 associated genes, indicating a fold enrichment of 16.7 (adjusted 

p = 0.00013), suggesting a strong association of these genes with plasma membrane-related functions. 

Another enriched term was 'stereocilium tip' (GO:0032426), which was enriched 1.7 times, associated 

with three genes (adjusted p = 0.0095). 

 

Within the 756 genes of interest, there were 14 genes with significant XP-EHH values (XP-EHH > |5|) 

Table 7. The ten highest XP-EHH values across all population comparisons were all amongst the African 

populations. Specifically, 18 positions were significant between Burkina Faso and Kenya, and two 

positions between Uganda and Kenya. These were across five genes: glutathione synthetase 

(LOC5571567), phosphodiesterase 12 (LOC5565275), glutathione S-transferase E14 (LOC5569853), 

cytochrome P450 4d1 (LOC5569662) and gamma-aminobutyric acid receptor alpha-6 (LOC5566204).  

Several genes had multiple positions under selection, including phosphodiesterase 12 (LOC5565275, 
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n = 15), cytochrome P450 4d1 (LOC5569662, n = 11), and glutathione synthetase isoform 

(LOC5571567, n = 7). No significant positions were identified within the four target-site resistance 

genes (vgsc, rdl, ace-1, and GSTe2). 

 

Table 7. Insecticide resistance genes of interest with significant XP-EHH positions between countries.  
Gene Name Description 
LOC5571567 glutathione synthetase 
LOC5565275 2',5'-phosphodiesterase 12 
LOC5569853 glutathione S-transferase E14 
LOC5569662 cytochrome P450 4d1 
LOC5567206 esterase FE4 
LOC5566915 probable cytochrome P450 313a4 
LOC110679003 flexible cuticle protein 12-like 
LOC5564749 probable cytochrome P450 9f2 
LOC5569919 cytochrome P450 4c3 
LOC5567232 cuticle protein 
LOC5575945 G-protein coupled receptor moody 
LOC5566204 gamma-aminobutyric acid receptor subunit alpha-6 
LOC5570386 cuticle protein CP14.6 
LOC5564760 cytochrome P450 9e2 

 

When comparing each population with Puerto Rico we identified 147 positions with significant XP-

EHH values (>|5|). None of these positions were located in the four main target site insecticide 

resistance genes. Furthermore, none of these positions were detected in multiple population 

comparisons. All the significant values occurred when comparing the Puerto Rican population against 

Mexico, Thailand, or Uganda. The highest XP-EHH value (XP-EHH = 5.3) was detected at position 

381006532 against the Thai population within a gene (LOC110679045) of uncharacterized function. 

The second-highest value (XP-EHH = 5.0) occurred at position 309385832 against the Mexican 

population, located in the probable pyruvate dehydrogenase E1 component subunit alpha 

(LOC5566309). Figure S10 shows all population comparisons to Puerto Rico. 

 

Across selection tests 

A total of 154 genes were identified as significant in both the iHS and Tajima's D analyses. Enrichment 

analysis of 111 of these genes (where conversion was possible) revealed no significant trends in terms 

of function, ontology, or protein domains. Among the 154 genes identified in both analyses, three 

genes were also included in the list of potential insecticide resistance genes: gamma-aminobutyric 

acid receptor alpha (LOC5566204), sphingomyelin phosphodiesterase (LOC5567918), and a probable 

cytochrome P450 303a1 (LOC5575901). Additionally, 20 genes were significant in all three selection 

analyses (Tajima’s D, iHS, and XP-EHH) (Table 8). However, enrichment analysis of these genes showed 

no significant link in terms of biological or molecular function or ontology. 

 



   
 

 127 

Table 8. Genes detected to be significant in Tajima’s D, iHS and XP-EHH analysis.  

Gene Description 

LOC110676664 uncharacterized 

LOC5576136 DNA-binding protein RFX2 

LOC5564807 histidine decarboxylase 

LOC5573900 intracellular protein transport protein uso1 

LOC5565181 Actin 

LOC5578603 uncharacterized 

LOC5565688 fibroblast growth factor receptor homolog 1 

LOC5566204 gamma-aminobutyric acid receptor subunit alpha-6 

LOC5566499 putative uncharacterized protein DDB_G0285119 

LOC5574807 probable chitinase 10 

LOC5577087 uncharacterized LOC5577087 

LOC5564637 centrosomal protein of 120 kDa 

LOC5564933 protein sickie 

LOC5578281 integrin alpha-PS2 

LOC5565823 ornithine decarboxylase 1 

LOC5568525 uncharacterized 

LOC110678439 uncharacterized 

LOC5569999 protein polybromo-1 

LOC5573728* Lrp4 LDL receptor related protein 4 

LOC5574019* Tbh Tyramine beta hydroxylase 
Genes with * were not included in the enrichment analysis because they were not able to be converted to DAVID format. 

 

 

Discussion 

 

Our results have highlighted genomic differences between Puerto Rican Ae. aegypti populations and 

seven other global populations. The ancestral analysis revealed the expected alignment with 

geographical source, as well as previously described similarities, such as samples from Thailand 

grouping more closely with the Americas than with Africa. This similarity is surprising given the 

physical distances and oceanic barriers between continents but is consistent with the theory that Ae. 

aegypti was introduced to Asia from the Americas 2. We also confirmed previous findings indicating 

that African populations have less distinct genetic differentiation between countries than the 

populations from the Americas, which may reflect higher levels of gene flow between these countries 

(Figure S2) 43,44. 

  

The Puerto Rican samples clustered most closely with Mexican samples, which may reflect historical 

trade movements, as Puerto Rico is a territory of the USA therefore, subsequently, there are strong 
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ties between these regions, with 76% of exports and 50% of imports occurring with the USA in 2020 
45. The lack of variation observed among Puerto Rican mosquitoes across different regions of the island 

was anticipated, likely attributable to the constrained temporal distribution and geographic dispersal 

of the collection sites, with maximum distances of approximately 140 km. 

 

The Puerto Rican, USA and Mexico populations showed the highest frequency of insecticide resistance 

SNPs. The Puerto Rican mosquitoes had a high frequency of target site resistance SNPs (V410L, V1016I, 

F1534C and A302S). This has likely arisen in response to intensive spraying during outbreaks on the 

island, including in recent years during a Chikungunya outbreak in 2014, a Zika outbreak in 2016 and 

the ongoing dengue outbreak 25,29,46,47 . The V1016I and V410L were in linkage disequilibrium in Puerto 

Rico (R2 = 1). In contrast, no insecticide resistance SNPs were detected in populations from Uganda or 

Kenya, which may be due to the primary focus on malaria control in these regions 48,49. Malaria vector 

control efforts are mainly directed towards insecticide-treated bed nets, which the day-biting Ae. 

aegypti mosquitoes may not frequently encounter. However, insecticide resistance mutations, 

including F1534C, were observed in Burkina Faso, where insecticide-based responses were 

implemented during major dengue outbreaks in 2013 and 201750,51. The F1534C codon within the vgsc 

gene exhibited one of the highest FST values in multiple population comparisons, particularly when 

comparing Kenyan or Ugandan populations (where the SNP was absent) with Mexican and Puerto 

Rican populations (where this SNP was prevalent). Although we detected the V1016I variant in 

multiple populations, the V1016G mutation was only identified in the Puerto Rican and Thailand 

populations. The V1016G variant has only been described in Asian Ae. aegypti populations thus far 
14,52 but was also detected in amplicon sequencing on this population from Puerto Rico, suggesting the 

emergence of the V1016G in the Americas 26. 

 

Several mutations were detected in the GSTe2 gene (e.g., L111S, I150V, E178A, and A198E) which have 

previously been described in DDT-resistant populations from Zanzibar, but with no strong evidence of 

genotype-phenotype association 53. An alternative study identified these mutations (L111S, I150V, 

E178A, and A198E) in a resistant Ae. aegypti strain (RecR) and protein modeling indicated that L111S 

and I150V mutations occur near the enzymatic pocket and therefore may enhance the ability to 

metabolise the substrate 54. It is not clear if these mutations may confer resistance to insecticide 

classes other than organochlorines or if these represent a divergence from the reference sequence, 

therefore further functional studies are required to confirm their effect. In Puerto Rico, these variants 

were both detected at high frequency (85%).  
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A GABA a mutation in the rdl gene was detected in all populations at high frequency. Investigation 

into this position reveals that in both Aedes albopictus and Anopheles gambiae reference genomes, 

the equivalent amino acid is threonine; this may indicate that the Aedes aegypti reference 

(GCF_002204515.2_AaegL5.0) has diverged from the dominant form and the threonine residue may 

represent the ancestral form of the amino acid.  A protein blast of the Ae. aegypti rdl protein revealed 

a single older sequence of the rdl gene (AAA68961) containing the threonine amino acid rather than 

serine, from 8 sequences analysed with over 90% identity. Similarly, a BLAST of Ae. aegypti rdl against 

the nucleotide database identified only one sequence with the T to A alleles to confer the change from 

serine to threonine (U28803.1). 

  

Structural variant analysis of the Puerto Rican samples revealed no duplications within cytochrome 

P450s as seen in Anopheles funestus 15, but several SVs were detected in phosphodiesterase and G-

protein-coupled receptor genes, which could be linked to insecticide resistance 55–57. No significant SVs 

were detected in key resistance genes (vgsc, rdl, or GSTe2), although a duplication (4,948 bp) was 

identified upstream of the coding region of the ace-1 gene, therefore, may be unlikely to mitigate 

insecticide effects. This analysis would benefit from longer sequencing reads to better explore SVs, 

given the repetitive nature of the Ae. aegypti genome. 

 

Selection analysis revealed numerous genes of interest. Notably, Tajima’s D analysis indicated several 

genes in balancing selection, including several cytochrome 450 genes. In the USA population, 

balancing selection was detected in P450 6a14, P450 6a8, P450 4d8, P450 6a13, and P450 b651. A 

number of these P450 6a14 (CYP6N9, CYP6BB2, CYP6M9) and P450 6a13 (CYP6N12) have been 

associated with metabolic insecticide resistance in transcriptomic studies 58–61. Balancing selection 

may indicate a fitness cost, suggesting that heterozygote advantages might drive the persistence of 

these genes in the population. Fitness costs relating to longevity and mating competition have been 

observed in Ae. aegypti with cytochrome P450 mediated resistance 62. It may also be that different 

genotypes have advantages in different environments. This analysis also revealed other genes under 

positive selection, including a gustatory receptor (LOC5574486) in the Puerto Rican population. These 

receptors are involved in taste in the mouthparts and legs and can influence feeding, mating, biting, 

and egg-laying 63. It is possible that alterations in sensing in this way could be used to avoid repellants 

or insecticides, there is evidence in Drosophila that gustatory receptors are used to detect DEET 

repellant 64. Another gene highlighted in the Mexican Ae. aegypti population was a cuticle protein 

(LOC5571813). Cuticle proteins are known to be involved in insecticide resistance in multiple mosquito 

species 65. These findings indicate that selection pressures might be influencing these genes to 
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produce beneficial phenotypes, although functional studies are needed for confirmation. Enrichment 

analysis of the significant Tajima’s D test indicated metabolic pathways that were enriched (p-value 

8.7x10-12). GO functional annotation also highlighted trends in monooxygenase activity (n=155, p = 

1.4x10-16) such as cytochrome P450s implicated in insecticide resistance 14, serine-type endopeptidase 

activity (n = 271, p = 9.3x10-16) which can have roles in digestion, development and immunity 66 and 

oxidoreductase activity (n = 131, p = 3.2x10-13), which have a wide range of functions including, 

involvement in stress response and in the olfactory system. 

 

Some genes implicated in metabolic resistance were also identified in iHS analysis, including 

cytochrome P450 (LOC5575901) in the Ugandan population (iHS = 5.326) and a UDP-

glucuronosyltransferase (LOC5571109) in the Kenyan population (3 positions, iHS between 4.231 - 

4.407) 39,67.  In the Thai population, a sphingomyelin phosphodiesterase was highlighted (iHS = 4.147). 

These enzymes are involved in producing ceramide, which has been speculated to be involved with 

viral resistance against dengue in the Cali-MB dengue-resistant strain of Ae. aegypti 68. Furthermore, 

this gene has been reported to be involved in metabolic processes in pyrethroid-resistant mosquitoes, 

along with other lipid biosynthesis genes 57. 

  

XP-EHH analysis identified a recurring position in the gene LOC5574943 across six population 

comparisons. This gene, with an uncharacterized function, warrants further investigation. Several 

genes potentially involved in insecticide resistance were prominently identified, especially in 

comparisons with African populations. Key genes include glutathione synthetase (LOC5571567), 

phosphodiesterase 12 (LOC5565275), glutathione S-transferase E14 (LOC5569853), cytochrome P450 

4d1 (LOC5569662), and gamma-aminobutyric acid receptor alpha-6 (LOC5566204). Among these are 

major enzymes within families associated with metabolic insecticide resistance, including cytochrome 

P450 monooxygenases (P450s), esterases, UDP-glycosyl-transferases (UDPGTs) and glutathione S-

transferases 15,39,54,69. The gamma-aminobutyric acid receptor is linked to nerve action and may be part 

of the receptor target for organochlorine insecticides 40,70. Gamma-aminobutyric acid receptor alpha 

was also highlighted in the iHS analysis. Conducting additional functional studies to explore these 

genes possibly under selection would be important for verifying their link to insecticide resistance or 

other biological functions. In the long term, this knowledge can facilitate the design of more effective 

vector control and surveillance measures.  

 

Across the three selection tests (Tajima’s D, iHS, and XP-EHH), 20 genes were consistently identified 

as significant. Enrichment analysis revealed no significant link between these genes in terms of 



   
 

 131 

function, ontology, or pathway. One gene highlighted across the analysis and in different populations 

was the gamma-aminobutyric acid (GABA) receptor subunit alpha (LOC5566204). BLAST and ortholog 

analysis indicate this gene may be equivalent to the CG8916 ortholog 71, which along with rdl 

(resistance to dieldrin), LCCH3 (ligand-gate chloride channel homolog 3), and GRD (GABA and glycine-

like receptor of Drosophila), may encode subunits of the ionotropic GABA receptor. Figure S11 shows 

a phylogenetic tree for the similarity between these proteins of various species. The CG8916 gene has 

been implicated in GABA receptor function in vitro and is sensitive to several insecticides in 

combination with LCCH3 72. This suggests that the observed selection on the GABA receptor alpha 

subunit may be driven by insecticide pressure, particularly from organochlorines like cyclodienes. 

 

Further analysis of LOC5566204 revealed that several of the positions identified by iHS in both the 

Kenyan and Puerto Rican populations occur within the ligand-binding region (synonymous mutations 

Y267, K287, R291, E324, M329, L338). A further three missense mutations were identified within the 

binding site (L220F, D225G, and L282F). This gene is especially noteworthy given the high prevalence 

(77.3%) of the A301S mutation in the Puerto Rican population within the rdl gene, which is also 

involved in GABAergic signalling. These findings underscore the potential role of LOC5566204 in 

resistance to GABA-targeting insecticides and highlight its relevance for further functional studies to 

understand its role in insecticide resistance mechanisms. 

 

 

Conclusion 

 

Here, we have generated and explored Ae. aegypti WGS data from Puerto Rico and compared with 

other populations to identify genetic differences between populations, with a focus on insecticide 

resistance genes.  A substantial number of single nucleotide polymorphisms (SNPs) and structural 

variants (SVs) were identified, including numerous non-synonymous SNPs in genes associated with 

insecticide resistance.  Given the genetic similarity between Puerto Rican, USA, and Mexican Ae. 

aegypti populations, the mechanisms underlying resistance may be likely to overlap. Insecticide 

resistance is complex, and many mechanisms may exist. In this study, we have highlighted many 

candidate genes under selection that warrant further exploration. These genes, along with phenotypic 

bioassays, should be investigated to validate their roles in resistance traits. Such research could inform 

more effective strategies for vector control and resistance management in Ae. aegypti. 

 

 



   
 

 132 

Methods 

 

Sample Collection  

We collected Ae. aegypti eggs using ovitraps across various sites in Puerto Rico, including San Juan, 

Dorado, Bayamon, Ponce and Guanica, in May 2022. These mosquitoes were reared in the insectary 

at the Puerto Rico Vector Control Unit (PRVCU). Mosquitoes were killed at 3-5 days old and stored at 

-20˚C. Mosquitoes were morphologically speciated. DNA was extracted using Qiagen DNAeasy kits 

using the standard blood and tissue protocol. The DNA of 33 Ae. aegypti isolates were sequenced on 

the Illumina MiSeq using a 2 x 250bp paired-end configuration. For this study, Puerto Rico will be 

treated as a separate region from the USA due to its geographical distance from the mainland, 

although it is a US territory. 

  

Further publicly available samples were downloaded from the National Centre for Biotechnology 

Information (NCBI) 73. Illumina genome sequences were selected from a range of geographical regions, 

including Mexico (n = 16), Brazil (n = 18), USA (n = 50), Thailand (n = 26), Kenya (n = 31), Burkina Faso 

(n = 36) and Uganda (n = 38). The collection dates of the samples were between 2012 and 2019, 

although some samples did not have collection dates available. The accession number of these 

sequences is listed (Table S1). 

 

Bioinformatics 

The sequence data for the Puerto Rico samples were combined with the 215 publicly available Ae. 

aegypti samples from Mexico, Brazil, USA, Thailand, Kenya, Burkina Faso, and Uganda to make a total 

of 248 sequences. The fastq reads were trimmed using trimmomatic (v0.39) software 74 and aligned 

to the NCBI reference (GCF_002204515.2_AaegL5.0) using a bed file to specify exon regions only for 

time and processing purposes using bowtie2 (v2.5.3) using default parameters 75.  

 

Identification of Insecticide Resistance Associated SNPs and Structural Variants 

Variants were called from the aligned files using GATKs HaplotypeCaller (V4.4.0.0) 76. Once VCFs were 

created for each sample, they were normalised to remove multi-allelic sites using bcftools and 

combined into a multi-sample VCF using an in-house pipeline 77. Further filtering on the final combined 

VCF was performed using vcftools 78 to remove minor allele frequency of >3, minimum quality of 30 

and maximum missingness of 50% per site. Vcftools was used to inspect missing sites per each country 

population and remove sites with more than 10% missing from the combined VCF.  
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Gene IDs used for genes associated with insecticide resistance (vgsc, rdl, GSTe2 and ace-1) were 

LOC5567355, LOC5570466, LOC110676855 and LOC5578456, respectively. These gene regions were 

used to subset SNPs identified to look for mutations associated with target site resistance. 

Additionally, a bed file containing a wider array of genes associated with insecticide resistance was 

created based on a literature search. A search for protein-coding genes involved in insecticide 

resistance included: “cytochrome”, “voltage sodium channel”, “sodium channel para”, “gamma-

aminobutyric”, “GABA”, “esterase”, “glutathione”, “cuticle” “G-protein coupled receptor”, “salivary”, 

“glucuronosyltransferase”, “acetylcholinesterase”, “cox”, “ATP-binding”, “ABC”, “odorant-binding”. A 

total of 606 genes in chromosomes 1, 2 and 3 were identified in this manner; these gene locations 

were used to identify SNPs and SVs of interest. These included genes where previously reported SNPs 

had resulted in reduced insecticide efficacy, including vgsc, ace-1, all gaba, cytochrome P450s, 

carboxylesterases, glutathione transferases, and glucuronosyltransferase, among others. The bed file 

was then applied to the filtered multi-sample VCF using bcftools. The package snpEff (v5.1d) 79 was 

then used to annotate these variants, using an adapted available database Aedes_aegypti_lvpagwg. 

This software designates an impact rating of the variant based on the predicted impact on the amino 

acid by assessing the change to the transcript that alteration occurs in. High-impact variants are 

designated as a change that has a potential large impact on the subsequent protein for example, 

alterations including exon deletion, frameshift and gene duplication are deemed high impact. For a 

full list, see SnpEff documentation 32.  

  

Structural variants (SVs) were investigated in the Puerto Rican samples only due to computation 

restrictions of mapping the whole genome. DELLY software (v1.1.8) was used to identify structural 

variants (SVs) 31. Bcf files were created for each Puerto Rican sample from their bam files using DELLY, 

which were then merged and filtered to include only calls where they passed quality control. Break-

end translocations were also filtered out due to the reliability of the use of short-read data. Filtered 

SVs were retained for analysis. 

 

Enrichment analysis was performed on a list of genes that has significant results from Tajima’s D, iHS 

and XP-EHH analysis. This analysis was performed with DAVID (Database for Annotation, Visualization 

and Integrated Discovery) 80,81. Gene lists were input using Vectorbase IDs and converted to ENTREZ 

gene IDs with the software. Functional annotation similarities, gene ontology, pathways and protein 

domain enrichment were investigated, and Benjamini-adjusted p-values were assessed. 
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To understand further what nucleotide positions under selection corresponded to in the protein, 

AliView and SWISS-MODEL were used. The sequence XM_021839247.1 for the gene LOC5566402 was 

translated in AliView 82 to identify the amino acid codon the nucleotide base corresponded to. The 

amino acid was identified and reflected in the structure of the protein in SWISS-MODEL 83; this was 

used for the GABA alpha receptor using model A0A6I8U9X2. 

 

Population Genetic Analysis  

A pairwise-genetic distance matrix was generated using PLINK (v1.90b6.21) 84 from the multi-sample 

VCF and subsequently processed in R using qqman (v0.1.9) 85 and ape (v5.7.1) 86 packages to produce 

principal component analysis and neighbour joining tree. The tree was visualised and annotated using 

iTOL. Admixture analysis was carried out using ADMIXTURE (v1.3.0) software 87. The estimated 

number of ancestral populations (optimum K-value) was computed through cross-validation (K from 

1-10) of eigenvalue decay (k=5) (Figure S3).  

  

Pairwise nucleotide diversity (π) was examined per population, both by site and 100kb window, using 

vcftools (v0.1.16) 78 to examine differences in populations. Average Tajima’s D was calculated using 

vcftools (v0.1.16) across the genome by population using windows of 100kb to identify areas of 

selection. Visualisations were created using 5Mb windows (Figure S1, S6). Genetic divergence was 

investigated with the fixation index statistic (FST). The statistics were calculated with vcftools (v0.1.16, 

weir cockerham) per site 78. Selection was assessed with several metrics, including H12, iHS and XP-

EHH. Garud’s H12 was computed using scikit-allel’s (v1.3.7) 88 moving_garud_h function using phased 

biallelic SNPs in windows of 1000 SNPs. The mean of 200 iterations of H12 was plotted. Similarly, iHS 

was calculated with scikit-allel (allel.ihs function) with the phased biallelic SNPs. The scores calculated 

were standardized, and p-values were calculated and plotted. XP-EHH was calculated using phased 

biallelic SNPs using the allel.xpehh function in scikit-allel. XP-EHH scores were standardised using the 

allel.standardize_by_allele_count function and plotted. 
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Data Availability 

Whole genome sequence data for the Puerto Rican samples is available on the European Nucleotide 

Archive under the project number PRJEB76974. 
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Supplementary Information 
 

Table S1. Accession numbers for publicly available sequences used 
ID Country Region Subregion 
SRR11006835 Brazil South America Brazil: Santarem 
SRR11006836 Brazil South America Brazil: Santarem 
SRR11006837 Brazil South America Brazil: Santarem 
SRR11006838 Brazil South America Brazil: Santarem 
SRR11006839 Brazil South America Brazil: Santarem 
SRR11006840 Brazil South America Brazil: Santarem 
SRR11006841 Brazil South America Brazil: Santarem 
SRR11006842 Brazil South America Brazil: Santarem 
SRR11006843 Brazil South America Brazil: Santarem 
SRR11006846 Brazil South America Brazil: Santarem 
SRR11006847 Brazil South America Brazil: Santarem 
SRR11006848 Brazil South America Brazil: Santarem 
SRR11006849 Brazil South America Brazil: Santarem 
SRR11006850 Brazil South America Brazil: Santarem 
SRR11006851 Brazil South America Brazil: Santarem 
SRR11006852 Brazil South America Brazil: Santarem 
SRR11006853 Brazil South America Brazil: Santarem 
SRR11006854 Brazil South America Brazil: Santarem 
SRR11006514 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006515 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006516 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006517 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006518 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006519 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006521 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006522 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006523 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006524 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006525 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006526 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006527 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006528 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006529 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006530 Burkina Faso Africa Burkina Faso: Ouahigouya 
SRR11006612 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006613 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006614 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006615 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006616 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006617 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006618 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006619 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006621 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006622 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006623 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006624 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006625 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006626 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006627 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006628 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006629 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006630 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006632 Burkina Faso Africa Burkina Faso: Ouagadougou 
SRR11006633 Burkina Faso Africa Burkina Faso: Ouagadougou 
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SRR11006686 Kenya Africa Kenya: Kakamega 
SRR11006687 Kenya Africa Kenya: Kakamega 
SRR11006689 Kenya Africa Kenya: Kakamega 
SRR11006690 Kenya Africa Kenya: Kakamega 
SRR11006691 Kenya Africa Kenya: Kakamega 
SRR11006692 Kenya Africa Kenya: Kakamega 
SRR11006694 Kenya Africa Kenya: Kakamega 
SRR11006695 Kenya Africa Kenya: Kakamega 
SRR11006696 Kenya Africa Kenya: Kakamega 
SRR11006699 Kenya Africa Kenya: Kakamega 
SRR11006701 Kenya Africa Kenya: Kakamega 
SRR11006703 Kenya Africa Kenya: Kakamega 
SRR11006706 Kenya Africa Kenya: Kakamega 
SRR11006887 Kenya Africa Kenya: Virhembe 
SRR11006888 Kenya Africa Kenya: Virhembe 
SRR11006890 Kenya Africa Kenya: Virhembe 
SRR11006891 Kenya Africa Kenya: Virhembe 
SRR11006892 Kenya Africa Kenya: Virhembe 
SRR11006893 Kenya Africa Kenya: Virhembe 
SRR11006894 Kenya Africa Kenya: Virhembe 
SRR11006895 Kenya Africa Kenya: Virhembe 
SRR11006896 Kenya Africa Kenya: Virhembe 
SRR11006897 Kenya Africa Kenya: Virhembe 
SRR11006898 Kenya Africa Kenya: Virhembe 
SRR11006899 Kenya Africa Kenya: Virhembe 
SRR11006901 Kenya Africa Kenya: Virhembe 
SRR11006902 Kenya Africa Kenya: Virhembe 
SRR11006903 Kenya Africa Kenya: Virhembe 
SRR11006904 Kenya Africa Kenya: Virhembe 
SRR11006905 Kenya Africa Kenya: Virhembe 
SRR11006906 Kenya Africa Kenya: Virhembe 
SRR11196610 Mexico North America Mexico: Tapachula 
SRR11196611 Mexico North America Mexico: Tapachula 
SRR11196612 Mexico North America Mexico: Tapachula 
SRR11196613 Mexico North America Mexico: Tapachula 
SRR11196614 Mexico North America Mexico: Tapachula 
SRR11196615 Mexico North America Mexico: Tapachula 
SRR11196643 Mexico North America Mexico: Tapachula 
SRR11196644 Mexico North America Mexico: Tapachula 
SRR11196645 Mexico North America Mexico: Tapachula 
SRR11196646 Mexico North America Mexico: Tapachula 
SRR11196647 Mexico North America Mexico: Tapachula 
SRR11196648 Mexico North America Mexico: Tapachula 
SRR11196649 Mexico North America Mexico: Tapachula 
SRR11196650 Mexico North America Mexico: Tapachula 
SRR11196651 Mexico North America Mexico: Tapachula 
SRR11196652 Mexico North America Mexico: Tapachula 
SRR11006487 Thailand Asia Thailand: Bangkok 
SRR11006598 Thailand Asia Thailand: Bangkok 
SRR11006660 Thailand Asia Thailand: Bangkok 
SRR11006671 Thailand Asia Thailand: Bangkok 
SRR11006682 Thailand Asia Thailand: Bangkok 
SRR11006693 Thailand Asia Thailand: Bangkok 
SRR11006704 Thailand Asia Thailand: Bangkok 
SRR11006845 Thailand Asia Thailand: Bangkok 
SRR11006856 Thailand Asia Thailand: Bangkok 
SRR11006867 Thailand Asia Thailand: Bangkok 
SRR11006878 Thailand Asia Thailand: Bangkok 
SRR11006889 Thailand Asia Thailand: Bangkok 
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SRR11006900 Thailand Asia Thailand: Bangkok 
SRR11006911 Thailand Asia Thailand: Bangkok 
SRR11006922 Thailand Asia Thailand: Bangkok 
SRR11006933 Thailand Asia Thailand: Bangkok 
SRR11006944 Thailand Asia Thailand: Bangkok 
SRR11006955 Thailand Asia Thailand: Bangkok 
SRR11006956 Thailand Asia Thailand: Bangkok 
SRR11006957 Thailand Asia Thailand: Bangkok 
SRR1548721 Thailand Asia Thailand: Pai Lom 
SRR1548726 Thailand Asia Thailand: Pai Lom 
SRR1548727 Thailand Asia Thailand: Pai Lom 
SRR1548728 Thailand Asia Thailand: Pai Lom 
SRR9959052 Thailand Asia Thailand: Chiang Mai 
SRR9986057 Thailand Asia Thailand: Chiang Mai 
SRR11006863 Uganda Africa Uganda: Kichwamba 
SRR11006864 Uganda Africa Uganda: Kichwamba 
SRR11006865 Uganda Africa Uganda: Kichwamba 
SRR11006866 Uganda Africa Uganda: Kichwamba 
SRR11006868 Uganda Africa Uganda: Kichwamba 
SRR11006869 Uganda Africa Uganda: Entebbe 
SRR11006870 Uganda Africa Uganda: Entebbe 
SRR11006871 Uganda Africa Uganda: Entebbe 
SRR11006872 Uganda Africa Uganda: Entebbe 
SRR11006873 Uganda Africa Uganda: Entebbe 
SRR11006874 Uganda Africa Uganda: Entebbe 
SRR11006875 Uganda Africa Uganda: Entebbe 
SRR11006877 Uganda Africa Uganda: Entebbe 
SRR11006879 Uganda Africa Uganda: Entebbe 
SRR11006880 Uganda Africa Uganda: Entebbe 
SRR11006881 Uganda Africa Uganda: Entebbe 
SRR11006882 Uganda Africa Uganda: Karenga 
SRR11006883 Uganda Africa Uganda: Karenga 
SRR11006884 Uganda Africa Uganda: Karenga 
SRR11006907 Uganda Africa Uganda: Kichwamba 
SRR11006908 Uganda Africa Uganda: Kichwamba 
SRR11006910 Uganda Africa Uganda: Kichwamba 
SRR11006912 Uganda Africa Uganda: Kichwamba 
SRR11006913 Uganda Africa Uganda: Kichwamba 
SRR11006914 Uganda Africa Uganda: Bundibugyo 
SRR11006915 Uganda Africa Uganda: Bundibugyo 
SRR11006916 Uganda Africa Uganda: Bundibugyo 
SRR11006917 Uganda Africa Uganda: Bundibugyo 
SRR11006918 Uganda Africa Uganda: Bundibugyo 
SRR11006919 Uganda Africa Uganda: Bundibugyo 
SRR11006920 Uganda Africa Uganda: Bundibugyo 
SRR11006921 Uganda Africa Uganda: Bundibugyo 
SRR11006923 Uganda Africa Uganda: Bundibugyo 
SRR11006924 Uganda Africa Uganda: Bundibugyo 
SRR11006925 Uganda Africa Uganda: Bundibugyo 
SRR11006926 Uganda Africa Uganda: Bundibugyo 
SRR11006927 Uganda Africa Uganda: Bundibugyo 
SRR11006928 Uganda Africa Uganda: Bundibugyo 
SRR11100105 USA North America USA: Chula Vista 
SRR11100109 USA North America USA: Calexico 
SRR11100110 USA North America USA: Calexico 
SRR11100111 USA North America USA: Fowler 
SRR11100112 USA North America USA: El Centro 
SRR11100113 USA North America USA: El Centro 
SRR11100115 USA North America USA: Brawley/Calipatria 
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SRR11100119 USA North America USA: Cathedral City/Palm Desert 
SRR11100120 USA North America USA: Mission Viejo 
SRR11100121 USA North America USA: Mission Viejo 
SRR11100136 USA North America USA: La Palma/Stanton 
SRR11100137 USA North America USA: Riverside 
SRR11100138 USA North America USA: Riverside 
SRR11100139 USA North America USA: Riverside 
SRR11100141 USA North America USA: La Habra 
SRR11100142 USA North America USA: La Habra 
SRR11100146 USA North America USA: Brea 
SRR11100147 USA North America USA: Brea 
SRR11100148 USA North America USA: Downey 
SRR11100149 USA North America USA: Downey 
SRR11100168 USA North America USA: Alhambra 
SRR11100169 USA North America USA: Alhambra 
SRR11100170 USA North America USA: Alhambra 
SRR11100171 USA North America USA: Arvin 
SRR11100172 USA North America USA: Arvin 
SRR11100173 USA North America USA: Exeter 
SRR11100174 USA North America USA: Corcoran 
SRR11100176 USA North America USA: Tulare 
SRR11100177 USA North America USA: Kerman 
SRR11100178 USA North America USA: Lenmoore 
SRR11100203 USA North America USA: Fresno 
SRR11237929 USA North America USA: Fresno/Clovis CA 
SRR11237930 USA North America USA: Fresno/Clovis CA 
SRR11237931 USA North America USA: Fresno/Clovis CA 
SRR11237933 USA North America USA: Fresno/Clovis CA 
SRR11237935 USA North America USA: Fresno/Clovis CA 
SRR11237936 USA North America USA: Fresno/Clovis CA 
SRR11237937 USA North America USA: Fresno/Clovis CA 
SRR11237938 USA North America USA: Fresno/Clovis CA 
SRR11237939 USA North America USA: Fresno/Clovis CA 
SRR11237955 USA North America USA: Fresno/Clovis CA 
SRR11237958 USA North America USA: Fresno/Clovis CA 
SRR11237959 USA North America USA: Fresno/Clovis CA 
SRR11237960 USA North America USA: Fresno/Clovis CA 
SRR11237961 USA North America USA: Fresno/Clovis CA 
SRR11237963 USA North America USA: Fresno/Clovis CA 
SRR11237964 USA North America USA: Fresno/Clovis CA 
SRR11237965 USA North America USA: Fresno/Clovis CA 
SRR11237966 USA North America USA: Fresno/Clovis CA 
SRR11237971 USA North America USA: Fresno/Clovis CA 
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A.       B.  
Figure S1. Nucleotide Diversity Across Chromosomes and Populations A. Nucleotide diversity across 100kb 
windows per population averaged and per chromosome (1, 2, 3). B. Nucleotide diversity across 5Mb windows for 
all eight populations per chromosome (1, 2, 3) 

 

A.                                                                                         B.  

Figure S2. Phylogenetic and Genetic Diversity Analyses  
A. An unrooted phylogenetic tree containing all samples showing African samples on a single branch. B. 
Phylogenetic tree with just African samples included in this study, with minimal branching observed. The African 
population was identified as less structured, possibly due to higher levels of gene flow. These results were 
reiterated by PCA analysis, admixture analysis and nucleotide diversity analysis. The nucleotide diversity 
indicated the least diversity in the African countries. While this trend cannot be explained by the disparity in the 
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number of SNPs, with African countries having more than other countries (Uganda; 1569841, Thailand; 785912, 
Mexico; 759572, Puerto Rico; 1010449, Kenya; 1518393, Burkina Faso; 1648271, USA; 1074961). 

A. B.  

Figure S3. Principal Component Analysis Across Samples 
A. Principal component analysis component 2 vs component 3 B. Principal component analysis component 1 vs 
component 3 for all autosomes for all samples. 
 

 
Figure S4. Cross-validation plot for K number for ancestry analysis  
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Figure S5. The proportion of sites with FST > 0.8 between different countries, in the same and across different 
regions.  
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. B.  

Figure S6. Principal Component Analysis Across Samples in Puerto Rico.  
A. Principal component analysis component 2 vs component 3 B. Principal component analysis component 1 vs 
component 3 for all autosomes for the Puerto Rican sample. 

  

Figure S7. Tajima's D Analysis Across Populations and Chromosomes  
A. TD by country population and per chromosome across 5Mb windows B. Distribution of TD metric by country. 
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Figure S8. iHS plots per chromosome for each population. 
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Figure S9. Garud’s H12 across each chromosome shows no signals of selection. 
 

 
Figure S10. XP-EHH comparisons with all populations against Puerto Rico show signals of selection between the 
populations. Positive values indicate selection in the Puerto Rican population, while negative values indicate 
selection in the other population. 
 

Puerto Rico vs Brazil 

Puerto Rico vs Burkina Faso Puerto Rico vs Kenya 

Puerto Rico vs Mexico 

Puerto Rico vs Thailand 

Puerto Rico vs Uganda 

Puerto Rico vs USA 

Chromosome 
 
        Chr 1 
        Chr 2 
        Chr 3 
        MT 
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Figure S11. Phylogenetic tree comparing protein similarity between rdl, LCCH3, Grd and CG8916 for Ae. 
aegypti, An. gambiae, D. melanogaster, created in COBALT 
(https://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi?CMD=Web). 
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DISCUSSION 

 
Effective vector control remains an essential tool to combat vector-borne diseases (VBDs), especially 

where no effective vaccines or treatments are available, as is the case for many arboviral diseases. 

Although insecticides remain widely used for vector control, their efficacy is threatened by the 

emergence and spread of insecticide resistance, an increasing concern for vector control programmes 

worldwide 1. Insecticide resistance is caused by a complex array of mechanisms 2, making it difficult to 

investigate. Traditional bioassays, although considered the gold standard, are both time-consuming 

and subjective 3,4. As we can learn a lot from molecular information about the mechanism behind 

insecticide resistance, the development of molecular tools to investigate insecticide resistance is 

useful to complement existing phenotypic testing 4. These additions would enhance vector control 

programmes by enabling monitoring of insecticide resistance status and spread in mosquito 

populations, as well as facilitating the discovery of potentially novel markers and mechanisms 

underlying insecticide resistance. 

 

Genetic techniques have already proven to be invaluable in the field of infectious diseases, across both 

research and clinical settings 5–7. Genomics, the study of an organism's whole genome, can be used to 

identify resistance and uncover diversity between populations 6–9. The development of sequencing 

platforms with a reduction in cost per genome has made genomics-centred studies more accessible, 

although there are still barriers to their implementation in lower resource settings 10. Despite these 

challenges, genomics has already made significant contributions to the knowledge and understanding 

in the field of vector-borne disease (VBDs). The Anopheles gambiae 1000 Genomes (Ag1000G) Project 

was a landmark genetic study of a medically important vector species 11,12.  The project used genomics 

to provide insights into both dispersal behaviour and genetic diversity across populations, as well as 

provide important insights into molecular mechanisms of pyrethroid resistance 13.  The Anopheles 

genomic data was made publicly available to support other researchers in their molecular studies, 

aiding in the identification of targets for genetic engineering of mosquito populations 14. 

 

In this thesis, I explore insecticide resistance in Aedes aegypti mosquitoes through the lens of genomic 

techniques, aiming to add to the information bioassays can provide. The findings outlined in this thesis 

underscore the advantages of integrating various molecular techniques with existing approaches to 

explore the insecticide resistance profiles of mosquito populations. In the face of increasing insecticide 

resistance, an integrated approach is vital for devising more effective vector control strategies 3.  To 

supplement this field of study, I developed a multiplex amplicon sequencing assay to uncover 
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genotypes linked to insecticide resistance in several locations, including Cabo Verde (Chapter 1) and 

Puerto Rico (Chapter 2). This method permits high throughput generation of sequence data at 

reduced costs and can be used to assist vector surveillance in the future.  In Chapter 2, I assessed 

various populations across Puerto Rico using intensity bioassays to ascertain their phenotypic 

resistance status to different concentrations of commonly used insecticides. This information was 

paired with the genotypic profiles to assess associations. 

 

In addition to targeted sequencing methodologies, I utilised whole genome sequence (WGS) data to 

reveal diversity in genes linked to insecticide resistance in publicly available samples (Chapter 3), 

covering 15 diverse Ae. aegypti populations worldwide, which can be used in future genomic 

comparisons and investigations. Finally, I generated WGS data to demonstrate how the Puerto Rican 

Ae. aegypti population differs from other global populations, examining over 750 genes which have 

been understood to be implicated in insecticide resistance across a variety of vectors (Chapter 4). 

  



   
 

 154 

Summary of Research Findings 
This section provides a brief overview of the findings of the thesis concerning the original objectives, 

followed by limitations and recommendations. For a detailed discussion, please refer to the discussion 

section of each research Chapter. 

 

Objective 1 

 

Create an amplicon sequencing insecticide resistance surveillance panel to capture SNPs 

(single nucleotide polymorphisms) associated with insecticide resistance and apply it to a 

population of field Ae. aegypti samples from Cabo Verde 

 
A next generation targeted amplicon sequencing method to screen for insecticide resistance 

mutations in Aedes aegypti populations reveals a rdl mutation in mosquitoes from Cabo Verde 
(Published 15) 

 
Chapter 1 demonstrates how to identify insecticide resistance associated mutations in a population 

quickly and effectively using a barcoded amplicon sequencing methodology. Whilst traditional 

Polymerase Chain Reaction (PCR) based methods target only specific mutations, this approach targets 

a 500bp region, allowing the detection of both known and novel mutations in a gene region that may 

contribute to resistance. Additionally, barcoding allows for the pooling of multiple amplicons across 

many samples, reducing time and cost constraints, which is key for surveillance applications in low-

income settings. I designed the amplicon sequencing panel to cover eleven regions across three genes 

associated with insecticide resistance for use on samples from Cabo Verde (n = 152). I hypothesised 

that we would identify several SNPs in this population associated with insecticide resistance due to 

previous dengue and Zika outbreaks in the area and subsequent intensive insecticide use prior to 

sample collection.  

 

I found four non-synonymous amino-acid substitutions (V977L, K1577T, N1595T, P1612H) in the vgsc 

gene as well as the L466V mutation in the ace-1 gene. Unfortunately, these variants have an unknown 

and undocumented impact. I also identified the rdl-A301 mutation associated with organochlorine 

resistance at high frequency (98%) in the mosquitoes screened. Therefore, due to the high frequency 

of this mutation, we can presume that the population is at least partially resistant to organochlorines. 

However, as there are many genes that contribute to the phenotype, we cannot ascribe the 

phenotype with certainty without bioassay data.  
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Since there are many mechanisms involved in causing phenotypic resistance, the correlation between 

a single SNP and a phenotype is not always direct, therefore, this study was limited by the lack of 

phenotypic data associated with the samples. Unfortunately, without this data, it is not possible to 

link other putative SNPs identified using amplicon sequencing with the mosquito’s 

resistance/susceptibility status, however, these SNPs can become part of a repository for candidate 

variants used to inform future studies.  

 

Previous studies have found insecticide resistance in Cabo Verde. A study in 2009 identified DDT 

(organochlorine) resistance but pyrethroid (deltamethrin, lambda-cyhalothrin, and permethrin) and 

organophosphate (fenitrothion) susceptibility 16. A later study in 2012 detected resistance to 

deltamethrin and cypermethrin (pyrethroids), as well as temephos (organophosphate) but not 

malathion (organophosphate) 17. Given we did not detect any mutations in the vgsc or ace-1 gene, this 

may suggest that there is inconsistent resistance to different organophosphates and that the 

resistance observed is mediated by metabolic resistance mechanisms.  

 

This amplicon sequencing panel demonstrated its utility as a cost-effective method to screen a 

population for molecular markers of insecticide resistance. This methodology was subsequently used 

to detect the presence of Ae. aegypti larvae in water sources; no mutations were identified in this 

application as a lab strain was used. One of the benefits of this technique is that it has the potential 

to be adapted for a variety of applications with the inclusion of novel or different loci. 
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Objective 2 
 

To pair an expanded amplicon sequencing insecticide resistance screening panel (created in 

Objective 1), with phenotypic testing on a field population of Ae. aegypti from Puerto Rico 

 

Profiling insecticide resistance phenotypes and genotypes in Aedes aegypti populations across 
four Regions in Puerto Rico  

(submitted, under peer review 18) 

 

In Chapter 2, I focused on refining the methodology outlined in Chapter 1. As the study in Chapter 1 

was limited by a lack of phenotypic data, I prioritised the inclusion of phenotype testing in this 

subsequent study by using CDC bottle bioassays to test insecticide resistance in a population of Ae. 

aegypti from Puerto Rico. Collection of Ae. aegypti eggs were carried out using ovitraps across four 

sites to rear adult mosquitoes for these bioassays. Bioassays were performed to test both 

deltamethrin and malathion at three different concentrations to gauge the intensity of resistance. This 

allowed for the quantification of phenotypes in terms of percentage mortality following exposure to 

deltamethrin and malathion of different populations across Puerto Rico. Through this, I identified that 

the Puerto Rico Ae. Aegypti population is highly resistant to both insecticides. Mortality ranged 

between sites from 2-40% to deltamethrin and 18-87% to malathion at diagnostic dose, well below 

the <90% mortality threshold to classify as insecticide resistant 4.  

 

Phenotypic assays were followed up by molecular screening, using the previously described barcoded 

amplicon sequencing technique, on 178 mosquitoes. I improved the amplicon sequencing insecticide 

resistance screening panel by optimising multiplex ability and increasing the number of genomic 

targets. This included adding amplicons that target GSTe2 mutations (L111S, L119F), as well as 

speciation targets in the cytochrome c oxidase I gene (cox1).  This application highlights the 

adaptability of the panel to detect many mutations associated with insecticide resistance in key genes 

associated with target site resistance. Of the 57 SNPs identified by the panel, 14 were non-

synonymous within the vgsc, rdl and ace-1 genes. Five of the non-synonymous mutations had 

previously been linked to insecticide resistance in Ae. aegypti populations: V410L (vgsc), L978F (vgsc), 

V1012I/G (vgsc), F1534C (vgsc) and A301S (rdl). The remaining non-synonymous mutations identified 

included vgsc-L921I. I hypothesised that accounting for the gene homology of different mosquito 

species, it may be possible to identify mutations in Ae. aegypti that had previously been described in 

other species to be associated with resistance. Through this, we were able to identify that the vgsc-
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L921I mutation may be equivalent to the L925I mutation, which has been previously linked to 

insecticide resistance in other medically significant vectors and agricultural pests (see Chapter 2 

results) 18–20. This, along with the identification of the V1016G mutation at low frequency in Puerto 

Rico, exemplifies how genomic methodologies can be used to identify new markers and contribute to 

cross-species knowledge of insecticide resistance mechanisms. 

 

I also hypothesised that there would be associations between the mutations identified and the 

phenotypic resistance of each population. However, the association between the resistance profiles 

identified and the quantitative trait phenotypes (e.g., concentrations) was less clear. As one would 

expect, there was a significant association between concentration and mortality (p = 2x10-16). It was 

revealed that malathion had a greater impact on mortality than deltamethrin (p = 1.46x10-7, 

coefficient estimate = 0.430, deltamethrin as reference). Associations between mortality and location 

were less convincing, with Ponce having a significantly higher mortality rate than Bayamon (coefficient 

estimate = 0.343, p = 1.8x10-5), but neither San Juan nor Dorado showed significant differences (p > 

0.07). Spearman’s rank analysis between mortality rate and allele frequency for each insecticide 

resistance SNP identified by location indicated no correlation (p > 0.05). Other mechanisms of 

resistance may be involved, including metabolic resistance or mutations in other genes. It is also 

possible that it highlights the limitations of insecticide bioassays to quantify the intensity of resistance. 

This study could have been improved with the application of synergist assays to assess the level of 

metabolic resistance in the population. Additionally, following synergist assays with qPCRs or RNA 

sequencing to quantify the differences in the expression of certain genes linked with resistance would 

be highly beneficial to further understand these profiles. 

  



   
 

 158 

 

Objective 3 
 

Use public Ae. aegypti whole genome sequences to investigate the genetic diversity of key 

insecticide resistance-associated genes (vgsc, rdl, ace-1, GSTe2) globally 

 
Uncovering the genetic diversity in Aedes aegypti insecticide resistance genes through global 

comparative genomics (Published 8) 
 

In Chapter 3, I investigated the genetic diversity across the four genes associated with target site 

resistance (vgsc, ace-1, rdl and GSTe2) utilising publicly available whole genome sequence data 

sourced from 729 sample sequences from 5 countries. This methodology allowed SNP analysis of these 

genes and the ability to investigate structural variation, which has also been implicated in resistance, 

particularly in An. funestus 21,22.  

 

I have illustrated the global diversity in these key genes that are involved in insecticide resistance, 

including through the identification of 1,829 genetic variants. A total of 474 variants were non-

synonymous substitutions, many of which have been implicated in insecticide resistance and other 

mutations whose phenotypic effect is currently unknown. I also identified putative copy number 

variations in GSTe2 and vgsc. I found that GSTe2 was not duplicated in the majority of the 729 samples, 

although there are four copies in the AaegL5 reference 23. Apart from vgsc, the other genes associated 

with insecticide resistance have, to date, been investigated to a lesser extent in Ae. aegypti compared 

to other mosquito species, and almost no genetic diversity information is available. The publication of 

this catalogue provides insights into these genes to inform further studies. By understanding these 

genes further, and in combination with other data such as bioassays and RNA data, we can start to 

untangle the interplay of mechanisms involved in insecticide resistance and improve control of VBD. 

 

I endeavoured to geographically pair global insecticide resistance phenotypic data with genotypes 

identified. However, I found inconsistencies in profile matching. I hypothesised that at this larger scale, 

I might find associations between mutations identified in the gene analysis and the phenotypes 

described in each geographical location. However, I did not find a significant correlation in this 

ecological study analysis. Furthermore, establishing standardized phenotypic and genotypic profiles is 

crucial for enabling meaningful comparisons across studies, particularly due to significant phenotype 

variations observed even among proximal geographical regions. Previous research has underscored 
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temporal variability in phenotypes within specific regions, both increasing and decreasing 

susceptibility 24. Moreover, studies have shown that phenotypes in one region can vary temporally.  

To gain further understanding, it would be beneficial to increase the sample size of the dataset of 

matched phenotypic and genotypic data and follow up with functional studies to validate the effect 

of the variants found. 
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Objective 4 
 

Generate and analyse whole genome sequence data from a population of Ae. aegypti from 

Puerto Rico and examine their signals of selection and relatedness to Ae. aegypti from other 

geographical regions. 

 
Genome-wide population genetics and molecular surveillance of insecticide resistance in Aedes 

aegypti mosquitoes from Puerto Rico (Submitted) 
 

Within Chapter 4, I expanded the investigation into the genomic diversity of Ae. aegypti by sequencing 

the whole genome of 33 samples from Puerto Rico and combining them with 215 publicly available 

sequences from seven countries across the globe. Only exon sequences were analysed due to the size 

and complexity of the Aedes genome (1.3Gb), with many repetitive intergenic regions that are 

intensive to map to the reference genomes. However, the whole genome sequences have been added 

to publicly available databases and were the first sequences from Puerto Rico to be added. 

 

A population structure analysis revealed that African samples grouped and diverged from American 

and Asian Ae. aegypti, which also formed a distinct combined group. This pattern supports previous 

findings that Ae. aegypti has spread from Africa to the Americas and subsequently to Asia 25. The newly 

sequenced Puerto Rican samples grouped closely with the other samples from the Americas, including 

USA and Mexico. These findings were also demonstrated with phylogenetic trees and principal 

component analysis. Population dynamics were investigated within the Puerto Rico samples, where I 

found minimal genetic variation between samples. This was unsurprising given they were collected at 

the same time and collection sites were not very geographically dispersed. However, I only had two 

WGS from Culebra, the island off the mainland. It is possible that if I had more samples, I could have 

observed more differences.  

 

Four known insecticide resistance mutations (vgsc: V410L, V1016I/G, 1534C and rdl: A301S) were 

identified across the ~250 samples. It confirmed the identification of the V1016G mutation in the 

Puerto Rican population, although it was identified at low frequency. I also identified multiple 

mutations in the GSTe2 gene (L111S and I150V) that have been speculated by modelling analysis to 

be associated with DDT resistance 26. The allele frequencies of the resistance mutations were elevated 

in the Puerto Rican samples, suggesting potential challenges in controlling this population with 

insecticides, a concern highlighted by the current ongoing dengue virus outbreak 27. Moreover, the 
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profile of this population (which has paired phenotype and genomic data) may serve as a useful 

reference when assessing profiles of other populations.  

 

Additionally, I investigated signals of selection across these populations and found various candidates, 

including multiple cytochrome P450’s and gamma-aminobutyric acid receptor alpha (GABA) genes. As 

discussed in Chapter 4, the GABA receptor is a receptor that is the target for organochlorine 

(cyclodienes) insecticides. It is thought to be composed of a combination of genes, and recently, it has 

been speculated that a fourth gene is involved in GABAergic signalling 28. This is the CG8916 gene, 

which is an orthologue of the GABA alpha subunit (gene: LOC5566204) 29 highlighted as being selected 

for in Puerto Rican and Kenyan populations. This may be due to an insecticidal environmental pressure 

in these populations. I also detected signals of selection in some gene families linked to metabolic 

resistance, including cytochrome P450s. These genes were interesting because they varied which 

were under between geographical regions, these differences have been reported elsewhere, with 

many studies producing different significant cytochrome P450s  30–37. This may indicate differences in 

environmental pressure or redundancy and subsequent variation in the detoxification system. 
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Overall Findings and Limitations 
 

The need for phenotypic data 

 
A limitation of this analysis is that genomic data is not often paired with phenotypic data, preventing 

comprehensive investigation of the multiple mechanisms of resistance. In Chapter 2 I address this 

issue by collecting phenotypic data, alongside genotypic assays, to provide a more comprehensive 

investigation of resistance. However, a limited number of CDC bottle bioassays were carried out due 

to the time-consuming nature of these experiments. Although two insecticides were tested and 

intensity assays were performed, this experiment could have been improved by increasing the number 

of replicates and testing a broader range of insecticides, with differing mechanisms of action, to gain 

more insight into the resistance profile. In Chapter 3, I used publicly available phenotypic data to 

complement the genetic data available. Phenotypic data and genetic data at the country level were 

unfortunately not geographically or temporally specific enough to generate as high of a resolution 

snapshot of a country’s resistance profile as anticipated. Insecticide resistance profiles are generally 

very localised, having arisen due to different environmental pressures. The thesis underscores the 

complexity of insecticide resistance, emphasizing the necessity for a comprehensive approach that 

addresses its primary mechanisms: target site resistance and metabolic resistance. The absence of 

data from synergist bioassays or expression studies represents a limitation of this study, as these 

mechanisms typically co-occur. Without this data, a holistic understanding of the insecticide 

resistance profile remains incomplete. Nevertheless, this study highlights the efficacy of next-

generation sequencing coupled with bioassay integration and identifies areas for improvement that 

could enhance future control programs. 

 

Aedes aegypti’s complex genome 

 
In each Chapter, I came across difficulties with the size and characteristics of the Ae. aegypti genome. 

Both the size and repetitive nature of their genome means that it requires a lot of computational 

power and time to analyse Ae. aegypti data 23. To accommodate this logistical problem, I have used 

amplicon sequencing, in which I extracted specific genes of interest and focused on exon sequences, 

or coding regions, to facilitate feasible analysis computation and timelines. These strategies come at 

the cost of potentially missing data, which may be valuable; however, they cover the most important 

regions of interest associated with insecticide resistance and population dynamics. Where possible, it 

is beneficial to use whole genome sequencing (WGS) data, either by generating it or utilising publicly 
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available data, as it can inform other methodologies, such as targeted amplicon sequencing or 

identifying candidate genes for resistance. In Chapter 4, I highlight the importance of generating WGS 

data by supplementing the globally available data with generated Ae. aegypti sequences from Puerto 

Rico. This new data will be publicly available and utilised in future studies to aid the design of tools 

that are appropriate for the target population. 

 

Chapters 3 and 4 revealed that some regions in the Ae. aegypti reference genome (AaegL5.0) does 

not map well to some of the sequences I generated 23, including within the vgsc gene, which is 

important in insecticide resistance. The misaligned sequence mapping finding had been previously 

reported, in which, upon mapping, studies found that some sequences diverge from the reference 38,39. 

The AaegL5.0 genome is based on an inbred strain of Ae. aegypti from West Africa, which was reared 

in Liverpool and is now maintained in the USA and may not be representative of other populations 40. 

This highlights that future studies would likely benefit from an improved Ae. aegypti genome, 

including the production of a pan Ae. aegypti genome or new reference genomes from diverse 

geographical regions to enhance the accuracy of genomic analysis. However, it is acknowledged that 

this is difficult given the size and complexity of the Ae. aegypti genome. 

 

Limited availability of genomic data 

 

Chapter 4’s analysis demonstrated the advantages of understanding the genomics of entire 

populations, as well as detecting insecticide resistance mutations and signals of selection. There are 

1,407 Ae. aegypti genome sequences publicly available on National Centre for Biotechnology 

Information (NCBI) 41. Unfortunately, one limitation of Aedes WGS data availability is the large size of 

the genome, which makes it expensive to achieve adequate coverage of the entire genome.  

 

Not all publicly available sequences provide the metadata for the country of origin of the mosquito, 

however, where available, the metadata shows that the data is from 33 countries. We have identified 

a need for more data, specifically from Asia, with only 30 genome sequences from the entire 

continent, despite this region being highly affected by the diseases Ae. aegypti transmits 42. Whilst Ae. 

aegypti is highly endemic to Asia, more focus has been put into Ae. albopictus, another common 

vector of arboviruses in the region. 

 

Another advantage of increasing the publicly available repository of WGS Ae. aegypti data is the 

posited impact of climate change will have on disease transmission in more currently temperate 



   
 

 164 

regions and the increasing importance of generating sequence data for these regions, such as Europe. 

In recent years, Zika, dengue, and Chikungunya have been detected in both France and Italy 43, while 

there are currently only five genome sequences from European Ae. aegypti. Increasing the amount of 

data available and understanding the resistance profile will be important in controlling the diseases 

these mosquitoes will inevitably import if climate change continues its current path. 

  

Chapter 3 and Chapter 4 showed that there is less resistance in Ae. aegypti in more African countries 

compared to American or Asian populations. However, this has highlighted countries of risk, such as 

Burkina Faso, where there is a strong genomic profile of resistance. Difficulties in controlling Ae. 

aegypti transmitting arboviruses in Africa is an emerging problem. There have been multiple dengue 

virus outbreaks in recent years in several African countries, including Burkina Faso, Ethiopia, and Cote 

d’Ivoire 43–46. These outbreaks may cause further strains on public health infrastructure and stretch 

limited resources for vector control across the continent, and active monitoring in the coming years 

will be crucial. 

 

Overall outcomes and advances 

 
This study has made numerous incremental advances in Ae. aegypti vector research in the field of 

insecticide resistance, many of which may apply to other mosquito species.  

 

Firstly, I developed and refined an amplicon sequencing panel to detect known SNPs associated with 

insecticide resistance in Ae. aegypti. This tool complements phenotypic bioassays and provides 

valuable data to surveillance programs, facilitating a deeper understanding of the mechanisms 

underlying insecticide resistance. Its semi-targeted approach not only identifies common SNPs but 

also detects previously undescribed variants, as demonstrated in Chapter 2 18. 

 

Further advances have been made by providing the first publicly available whole genome sequences 

of Ae. aegypti from Puerto Rico. Access to sequences from more diverse regions enables more 

nuanced global comparisons, offering insights into genetic diversity and the influence of 

environmental factors on this species. The data from these mosquitoes also has a matched phenotypic 

profile, which may be beneficial to future studies on insecticide resistance. This may be particularly 

valuable due to the highly insecticide-resistant nature of this island population of mosquitoes, 

comparisons to other susceptible populations may provide more power to highlight differences in key 

genes or variants.  
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To complement this, we utilised whole genome sequences for a global compare different Ae. aegypti 

populations, focusing on four genes associated with insecticide resistance. This work highlighted 

geographical trends in SNPs, both associated with resistance and others that indicate geographical 

divergence. Finally, a comparative genomics analysis was carried out utilising population genomics to 

demonstrate differences and similarities in global populations, as well as highlighting regions under 

selection within and between populations. This work identified 20 genes of interest, which were 

significant in three analyses, indicating alterations are under selection.  

 

The GABA alpha subunit was one of these genes, not much is known about this gene, however, there 

is evidence it may form part of the GABA receptor subunit 28 and, therefore may be a target for 

insecticides. Several positions were identified which occur in the binding site for insecticide binding. 

Further examination into the role of this gene and the alterations in protein structure that these 

variants confer would be interesting to investigate further. 
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Future Perspectives 

 

The next steps in the progression of this work would include the continuation of improving and 

validating the amplicon sequencing panel. With the continued discovery of new mutations attributed 

to insecticide resistance, it is key to keep updating the panel to capture important and emerging SNPs. 

To aid this, I have begun adjusting the amplicon panel for Oxford Nanopore sequencing platforms such 

as the MinION. These platforms allow the sequencing of longer reads, so fewer target amplicons are 

required, and it is possible to capture more information about the entire gene region. Adapting this 

potential surveillance tool to a portable platform, allowing in-field sequencing, would be highly 

advantageous for the application of this technique in low- or middle-resource settings. Moreover, I 

designed primers to be able to detect mutations in both Ae. aegypti and Ae. albopictus, as this is 

another important disease vector. I have not yet validated this technique with Ae. albopictus samples.  

I believe this, with the addition of a species ID amplicon such as cox-1, would be valuable in many 

regions where Ae. aegypti and Ae. albopictus are sympatric. 

 

Investigating the putative mutations identified in both amplicon and WGS studies would provide 

valuable insights for vector control programmes around the world. Understanding the role of these 

mutations in insecticide resistance will help to elucidate their function and inform resistance 

prevention tactics. There are a handful of possible methodologies that could be used for this. Protein 

modelling to examine the likely result of the mutation may identify the candidates with roles in 

insecticide receptor binding. Functional investigations using genome editing, such as site-directed 

mutagenesis in model organisms (e.g., Xenopus oocytes), could also be applied. This approach has 

been used previously to confirm insecticide resistance mutations, including the expression of the 

F1534C mutation (as identified in this study) that, when inserted into cockroach vgsc, showed reduced 

sensitivity to type I pyrethroids 47,48. These experiments are useful as they isolate the role of the 

specific mutation and remove confounding variables.  To demonstrate this, a study utilising these 

techniques could be carried out to investigate the L921I (L933I, Musca domestica) mutation identified 

in the Puerto Rican Ae. aegypti population. A mutation at this position has previously been detected 

in both Triatoma infestans (L925I) and Bemisia tabaci (L925I) 19,20. Alignment analysis indicated that 

amino acid 921 in Ae. aegypti may be the equivalent to amino acid 925 in these species. The L925I 

mutation has been implicated in pyrethroid resistance in Drosophila melanogaster by expressing the 

mutation in Xenopus oocytes. Confirming this mutation's function and its role in Ae. aegypti, would 
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be crucial in our understanding of this variant on insecticide resistance and help to investigate if it is 

specifically linked to pyrethroid resistance. 

 

Further work investigating the synergistic effects of mutations would be beneficial for the overall 

understanding of the profile of insecticide resistance. For example, it has been described that the 

combination of S989P, V1016G and F1534C mutations reduces permethrin sensitivity by over 1000-

fold 49. Other combinations of mutations have also shown high linkage, which may ameliorate fitness 

costs the mutations otherwise incur. This theory has been proposed for the L199F mutation in the 

vgsc, which may sterically compensate for the presence of the L982W mutation 50. Novel mutations 

identified in these studies may be found to have additional effects in combination with previously 

identified mutations, or amongst themselves and should be investigated further. 

 

The role and influence of the 20 genes under selection should be investigated further to understand 

their role and possible reasons for them to be under selection. In particular, the GABA alpha subunit 

would be interested to learn more about, particularly its potential role in the formation of some GABA 

receptors. This has been illustrated in vitro expression of the Chilo suppressalis GC8916 gene within 

the Xenopus oocyte system 28, however it would be interesting to test this with Ae. aegypti. As well as 

learning more about the sites identified and what exact role they may have in insecticide binding.  

 

If time and funds had permitted, additional RNA studies to investigate the mechanisms of metabolic 

resistance would have been beneficial. By extracting RNA from both resistant and susceptible 

mosquitoes, as well as both exposed and unexposed to insecticides, qPCR or RNA sequencing could 

be used to examine differential expression profiles between the phenotypes. This would enable the 

identification of genes and gene families that contribute to the resistance phenotype. However, the 

high levels of redundancy within and across these enzyme gene families mean that multiple 

modifications can lead to resistance and, consequently, may result in many profiles that can lead to 

resistance. This complexity is difficult to disentangle without large sample sizes from multiple 

populations. It would be interesting to see if RNA expression studies highlight genes that were 

identified in the selection analysis carried out in Chapter 4.  

  

As other mechanisms, such as cuticular thickening and effects of the microbiome, have also been cited 

as possible facilitators of resistance, they should also be investigated. These mechanisms are both 

linked to the over-expression of genes, so genomics can be utilised to explore this. The composition 

of the microbiome has been proposed to contribute to resistance by modulating the hosts detoxifying 

gene expression. This has been reported in multiple species, including Ae. albopictus and Ae. aegypti 



   
 

 168 

51–53. Cuticle changes, including thickening to slow penetration of insecticide and modification of 

cuticle composition, have also been implicated in insecticide resistance 54. A recent study has 

investigated cuticle differences between susceptible and resistant Ae. aegypti and found cuticle 

thickness of insecticide resistant Ae. aegypti increased over time and correlated with metabolic 

differences, suggesting the cuticle does have an impact on resistance profiles 55. 

 

Overall, genomics tools can aid control programmes to confirm the presence of mutations conferring 

resistance and allow adaptations of programmes to ensure they are effective. I have shown that with 

our current understanding of insecticide resistance, phenotypic assays are still essential to fully 

understand the impacts on control but can be supplemented by genomic data to confirm molecular 

targets and streamline programme design and target specificity. In the future, with this further 

understanding, it would be ideal to have a panel of targets that include both target site mutations, 

expression of enzymes involved in metabolic resistance, and copy number variants that could capture 

the complex genomic components causing the phenotype. Unfortunately, the current costs associated 

with molecular genomics are still prohibitive to many regions where VBDs are transmitted, particularly 

as Aedes has a large genome, which contributes to higher costs. Improvements in infrastructure 

capacity and training would be required to make these methodologies practical to implement in many 

low-resource countries, although the development of platforms such as the Nanopore MinION is 

making sequencing in remote areas more attainable. 

 

The future of mosquito control for Ae. aegypti is uncertain, and there remain limited treatments or 

vaccines for the diseases this species transmits. Due to this, insecticides remain the backbone of 

control. Insecticide resistance is a huge problem across much of the globe and is only going to 

deteriorate further with the continued intensive use of insecticides 3. However, in the interim, 

insecticides remain essential within the array of strategies used in an integrated vector control 

programme. Control programmes need to maintain surveillance of resistance mechanisms and levels 

within populations to ensure the ongoing effectiveness of control strategies. To achieve this, control 

programmes should involve both phenotypic and genotypic monitoring. Developing the role of 

genomics for the surveillance of insecticide resistance would be highly beneficial, however, the 

complexities of interplaying insecticide resistance mechanisms remain unclear, and further work is 

required. It is important to employ strategies such as mosaics, rotations, mixes, and combinations, 

which can delay the emergence and spread of resistance 56. 

 

These studies have helped to add to the catalogue of genomes and characterised genomic variants 

within Ae. aegypti, which may aid the development of new methodologies to control this vector.  In 
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the long term, it may be that other genomic strategies for control may become more prominent. 

Alternative techniques, such as the sterile insect technique, including genetic modification, gene 

drives and the release of Wolbachia-infected Ae. aegypti to prevent dengue transmission may become 

more developed and utilised 57. However, it is important to note that the resistance status of the 

released mosquitoes must be comparable to the wild population, so understanding this status is 

essential before widespread implementation.  

 

Finally, there is a critical need to raise awareness and foster proactive responses to information 

regarding insecticide resistance. In recent years, there has been increased emphasis on the 

importance of control programs understanding both the molecular markers of insecticide resistance 

and the associated phenotypes within their populations, allowing for the design of more targeted and 

effective vector control strategies with this in mind 58. However, studies have highlighted that control 

programs often lag in adjusting methods after detecting resistance 59. Furthermore, few programs 

incorporate effective resistance management strategies, such as using insecticides with diverse modes 

of action. As well as the generation of data informing insecticide resistance status and identifying 

markers, the resolve and capacity to implement robust resistance management practices is crucial for 

the success and sustainability of vector control programs. 
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Conclusion 

 

This thesis explores the use of various genomics and genetic techniques to enhance our understanding 

of the mosquito Ae. aegypti, a species that has received less attention compared to the Anopheles 

genus, with the aim of improving its control. I have demonstrated the development of a high 

throughput amplicon sequencing assay capable of detecting both known insecticide resistance 

mutations and novel mutations in key genes. This assay has been effectively paired with phenotypic 

assessments to enhance our understanding of resistance. Additionally, I have utilized whole genome 

sequencing (WGS) data to gain deeper insights into genes associated with resistance and illustrate the 

genomic landscape in the context of population dynamics. These methodologies can significantly 

contribute to the development of effective control strategies targeting mosquito populations. This 

thesis also presents the first full genomes of Ae. aegypti mosquitoes from Puerto Rico, making them 

the first whole genome sequences obtained from the Caribbean region. Collectively, this work 

provides valuable genomic resources and innovative tools that can significantly enhance the strategic 

management and control of Aedes aegypti populations, ultimately contributing to more effective and 

targeted public health interventions. 
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