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Abstract

Different Anopheles spp. are able to transmit the Plasmodium parasite, the causative agent of malaria. Malaria
results in over 600,000 deaths a year, predominantly in children and the immunocompromised. To combat
malaria, disease control relies heavily on strategies targeting the vectors populations, including the application
of insecticides for indoor residual spraying, and treated bed-nets. These interventions are believed to be
responsible for >65% of the reduction in malaria cases observed over the last 15 years. However, resistance to
commonly used insecticides is rapidly rising, threatening the World Health Organization targets of reducing
global malaria.

The detection of insecticide resistance in mosquitoes relies either on time-consuming phenotypic bioassays or
expensive and limited-target molecular assays. To address this, | have developed three species specific multi-
target amplicon sequencing (amp-seq) panels for high-throughput surveillance of insecticide resistance in An.
darlingi, An. funestus, and An. stephensi. The assays were validated using field isolates for each species, Ethiopian
An. stephensi, Brazilian An. darlingi, and An. funestus from the Democratic Republic of Congo. This work resulted
in the detection of known SNPs associated with insecticide resistance, including a pyrethroid resistance
associated 2bp deletion in the CYP6P9a gene in An. funestus, alongside the kdr-L1014F and rd/-A296S SNPs in
An. stephensi. Several putatively novel missense SNPs were also identified in genes associated with resistance
for all three species.

The availability of genomic data for many Anopheles spp is limited but can be used to provide insights into
ongoing selective pressure, potentially due to insecticides, as well as unravelling population dynamics. This thesis
expands the available sequence data for An. stephensi and An. darlingi to provide insights into the genomic
landscape of these vectors. | generated whole genome sequencing (WGS) data and performed population
genetics analysis on An. darlingi (n=31) and An. stephensi (n=72) isolates. For An. stephensi, the study included
isolates from Ethiopia (n=27), India (field 21; colony 16) and Pakistan (n=8). An ancestral analysis revealed shared
ancestry between Ethiopian and Indian field isolates. Further, insecticide resistance linked mutations were
identified, including the kdr- L1014F and rdI/-A296S in the Ethiopian isolates, and the rd/-A296S and rd/-V3271 in
the Indian isolates. For An. darlingi, the study included samples from Ronddnia state in Brazil (colony 8, field 23).
No known insecticide resistance associated mutations were identified in the Brazilian An. darlingi, either by amp-
seq or WGS. To find other mechanisms, population genetic tests of selection were applied, and identified
candidate regions for insecticide resistance, such as CYP4c1, CYP4c3, and CYP307al.

Overall, these investigations have increased our understanding of An. darlingi and An. stephensi genomic
diversity and provide baseline data and analysis for much needed larger studies. The high-throughput
sequencing-based assays developed will inform insecticide resistance surveillance. Their utility was
demonstrated through their role in identifying putative novel mutations involved in insecticide susceptibility,
which can be followed up in functional studies. Overall, genomics-based approaches, such as those developed
here, have the potential to inform control strategies across a range of vector borne diseases. Through the
integration of low-cost and high-throughput approaches within vector control programs, it will assist with the

urgent need to disrupt transmission, and thereby reduce the high burden of disease.
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Ace-1 Acetylcholinesterase 1

ACT Artemisinin Combination Therapy
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Malaria

Malaria is a significant global health problem and is caused by parasites from the genus
Plasmodium. Six Plasmodium species can cause disease in humans: P. falciparum, P. vivax, P.
ovale curtisi (Poc), P. ovale wallikeri (Pow), P. malariae and P. knowlesi. These parasites can
be found across the subtropical and tropical regions in Africa, Asia, and Central and South
America. Of these six species, most mortality results from P. falciparum infections. Historically
concentrated in Sub-Saharan Africa, this species results in an estimated 233 million infections
in the World Health Organization (WHO) African Region®. In total, malaria causes ~593,000
deaths a year, the majority the result of P. falciparum infection®. Children under the age of 5
years, pregnant woman and the immunocompromised are the most vulnerable groups.

P. vivax, the second most virulent parasite species, is the most prevalent cause of malaria
outside Africa. This parasite has a wider geographic distribution and is found in Asia, South
America, Middle East, and Oceania and in some regions in Africa. P. vivax was originally
thought to rarely occur in African populations due to the absence of the Duffy antigen on red
blood cells surface?. Caused by an alteration in the Duffy antigen receptor for chemokine
gene, this protective mutation was believed to prevent parasite entry into red blood cells
(RBCs)**. However, many studies have detected P. vivax infections in Duffy negative
individuals®. Research has implicated further proteins such as host transferrin receptor 1
(TfR1) in P. vivax entry into RBCs>™. It is believed that the severity of P. falciparum malaria
has prevented the detection of P. vivax which can often appear asymptomatically®.

P. knowlesi, a zoonotic malaria and accounts for up to 95% of malaria cases in certain areas
in Southeast Asia, particularly in Malaysia, with some severe and fatal outcomes®*°. Infections

with the neglected malaria parasites Poc, Pow and P. malariae are rarely life threatening but
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can also cause substantial morbidity, it is commonly detected as a co-infection with P.
falciparum and P. vivax.

The life cycle of these parasites’ species is similar (Figure 1), involving two hosts: humans and
female Anopheles mosquitoes. The asexual stages of the Plasmodium parasite occur in
humans, but the sexual stages occur when both male and female gametocytes are ingested
by the Anopheles mosquito during a blood meal from an infected host, this is known as the
sporogenic cycle!?,

Following ingestion, the malaria gametocytes activate into gametes (gametogenesis) in the
midgut lumen. The gametes fuse to form a zygote, meiosis and genetic recombination then
occur to transform the zygote into an ookinete and invades the midgut epithelium. Here they
develop into oocysts with sporozoites forming inside, which eventually are released into the
mosquito haemocoel and transported, via haemolymph, to the mosquito salivary glands?.
Where, when the mosquito takes its next bloodmeal, the sporozoites will be released from
into the blood stream of the mammal to continue the infection cycle.

In humans, these sporozoites move to the liver and infect hepatocytes to begin maturation
and asexual replication. It is here the parasite lifecycle varies in P. vivax and P. ovale spp., in
that dormant liver hypnozoites are established!?!3, This extra liver stage can remain
undetected and reactivate weeks, months or even years after initial infection clearance#*>,
After 1-2 weeks the matured schizonts move out of liver cells via vesicles, into the
bloodstream where they burst releasing merozoites, that invade RBCs. The merozoites then
multiply, and mature into trophozoites or gametocytes. Trophozoites evolve into schizonts,
which continue to invade and rupture RBCs, which results in clinical malaria symptoms?®.
Whilst the gametocytes are taken up in blood meals by female Anopheles spp mosquitoes to

continue the reproductive cycle.
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Figure 1. Lifecycle of malaria parasite P. falciparum through vector and host!®.

Malaria Control

Malaria is a complex, and multi-faceted disease, with parasite, human, and vector needing to
be accounted for when attempting to control it. Control of malaria typically relies on
transmission prevention, including early diagnosis using microscopy and rapid diagnostic tests
(RDTs), and easy access to antimalarial drugs such as chloroquine, sulphadoxine-
pyrimethamine (SP), artemisinin-based compounds and primaquine. Arguably the control of
Anopheles spp mosquitoes has made the most significant contribution to reducing the burden
of malaria since 2000. The use of indoor residual spraying (IRS), larval-breeding site spraying,
and long-lasting insecticide treated bed nets (LLINs) are estimated to be responsible for 68%
of malaria case aversions between 2000 and 2015’. Other more novel vector control

14



60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

methods currently under development include, release of sterile males, or the release of
mosquitoes infected with Wolbachia — a bacterium that prevents the ability of Plasmodium
spp to reproduce in the mosquito midgut preventing onward transmission of malaria®23,

The WHO currently has the target of reducing global malaria incidence and mortality rates by
at least 90% by 2030%*. Great progress has been made in the reduction of malaria cases and
deaths over the last two decades. However recently, the annual reduction of malaria
morbidity and mortality has started to stagnatel. Between 2015 and 2020 cases were still
decreasing, although at a slower rate, but disruptions caused by the COVID-19 pandemic saw
cases rise in the subsequent years. Research has suggested that COVID-19 reduced access to
malaria testing, LLIN distribution, and drug administration, resulting in a 6% increase in
malaria infections from 232 million in 2019 to 247 million in 2021%2>, The impact of the
pandemic will be felt within the next decade, but as mentioned above, the decrease in rates
of mortality and infection were slowing prior to 2020. This has been attributed to the
emergence of resistance to front line drug treatments such as Artemisinin Combination
Therapy (ACT) across South-East Asia and Africa, alongside rising rates of insecticide
reistsance?6=28, Insecticides still remain an effective control method, even in areas with
reported resistance, but this data demonstrates the need for surveillance of both insecticide

and anti-malarial drug resistance, in the race to eliminate malaria®.

Anopheles spp.

Female Anopheles mosquitoes are responsible for the transmission of malaria, with half the
Plasmodium lifecycle occurring in the mosquito midgut (Figure 1). Anopheles spp., have

different host feeding preferences and transmit various forms of mammalian malaria.
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There are over 400 species of Anopheles mosquitoes, all with varying vectoral capabilities,
geographical distributions, and morphological variations3°. Around 30-40 of these species are
believed to be vectors for human malaria parasite species3. There has also been evidence of
Anopheles mosquitoes transmitting other pathogens such as the O’Nyong O’Nyong virus3..
Currently this mosquito genus puts an estimated 3.3 billion people at risk from malaria3?3.
However, with rising climate temperatures this number is likely to increase due to increase in
areas with high enough temperatures to sustain malaria reproduction in vectors34.
Sub-Saharan Africa represents the region with the highest number of malaria infections and
deaths!. The high mortality burden in this region is a result of the large proportion of
infections caused by P. falciparum. The primary vector in Africa is Anopheles gambiae, which
is responsible for a large proportion of malaria transmission®. An. gambiae sensu lato (s.1.) is
part of a species complex with at least nine species within it, representing a
morphologically similar sub-group of Anopheles species3®3’. Of this complex, five are believed
capable of transmitting Plasmodium to humans: An. gambiae s.l.; An. arabiensis; An. coluzzi;
An. merus; and An. melas3’-38,

Other primary vectors in Africa include An. arabiensis (also part of the An. gambiae species
complex), and An. funestus sensu stricto (s.s.). Species such as An. melas, An. merus and An.
nili, are highly anthropophilic and efficient vectors, and can also contribute to malaria
transmission across the continent3%3,

Recently, An. stephensi, has moved from Asia into Africa, and has demonstrated the ability to
transmit local strains of both P. vivax and P. falciparum??. Originally An. stephensi was a
dominant vector species (DVS) across South Asia, acting as a primary malaria vector in India
and Pakistan3%4°, In the Asian-Pacific region there are high amounts of diversity amongst

vector species, with many primary and secondary vectors contributing to malaria
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transmission. An. culicifacies occupies a similar geographical distribution to An. stephensi in
South Asia. Whilst in South-East Asia, species such as An. dirus s.l., An. minimus s.l., An.
sinensis, An. punctulatus s.l., and An. faurauti s.l. are largely responsible for malaria
transmission3941,

There are few vectors for human malaria in South America, with An. darlingi being the most
dominant and responsible for the majority of malaria transmission across Venezuela, Peru,
Colombia, and Brazil®°. Other vectors such as An. albimanus also occupy this region, and An.
albitarsis s.l., is found in Brazil and Northern Argentina. The latter two species are less
efficient vectors than An. darlingi, but nevertheless contribute to the region’s malaria
burden®.

Although many Anopheles species can transmit malaria, as most mortality occurs in Africa,
most vector control methods are designed around An. gambiae behaviours e.g., the use of
LLINs as An. gambiae predominantly demonstrates night-time biting, or larval spraying of
habitats preferred by An. gambiae*®*. These methods have been largely successful at reducing
the An. gambiae population?44>,

There are large behavioural differences between Anopheles spp., and even within species,
regarding their feeding and resting behaviour. An. gambiae is a nocturnal feeder, whilst An.
darlingi often demonstrates peak biting at twilight*®. An. darlingi is a good example of
behavioural plasticity in a vector, as various populations have been observed to highly
selective anthropophilic vectors, but also displays opportunistic zoophily*”*8. An. arabiensis
feeds and rests outdoors (exophagic and exophilic), whilst An. gambiae is largely
endophagic*>*°. These examples of behavioural variations in Anopheles spp, highlights the
need for species specific vector control methods, which requires knowledge of the biology,

behaviour, ecology, and susceptibility to insecticides of local Anopheles spp.
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This thesis will focus on three species of Anopheles: An. darlingi, An. funestus, and An.

stephensi.

Anopheles darlingi

An. darlingi, or Nyssorhynchus darlingi is distributed throughout Central and South America
(Figure 2). An. darlingi predominantly transmits P. vivax, with this species of malaria
accounting for the majority of infections in South America®>2. This mosquito species is also
capable of transmitting P. falciparum, however this parasite is less prevalent across the South
America continent compared to Africa®®!. Found across Colombia, Peru, Venezuela, and
Brazil, An. darlingi has recently moved more into focus due to the increasing proportion of P.
falciparum malaria cases across South Americal. The increased severity of P. falciparum
malaria, coupled with lower rates of immunity could cause significant morbidity and mortality

in the continent, and the need to control this vector is increasingly important.
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Figure 2. Estimated distribution of An. darlingi throughout the Central and South Americas*.

An. darlingi is a proficient vector and can support Plasmodium transmission even when
parasites are at low densities3. It is both endo- and exophagic, it generally rests outside
houses or in animal outhouses, and typically feeds on humans in the early morning and
evening>*. These behaviours allow An. darlingi to avoid traditional vector control methods
such as LLINs. An. darlingi is a highly adaptable species and can often fill ecological niches left
when other Anopheles species are unable to survive environmental changes such as

deforestation, which is increasingly common in the Amazon region®3>* Studies have
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demonstrated that in these “frontier” areas, An. darlingi numbers increase along-side malaria
transmission®>. Typically, An. darlingi breeds during the rainy season when riverbeds expand
and become flooded, and during this time species abundance would peak along with malaria
cases. However, An. darlingi’s adaptability is leading to potential year-round malaria
transmission, with human-made environmental changes resulting in permanently available
larval habitats which could lead to perennial malaria transmission#®°¢, Published reports of
the genetic diversity of An. darlingi are inconsistent, with countries such as Brazil reporting a
high genetic diversity in the population, whilst others such as Colombia reporting the
opposite?®>’. Genetic diversity between different geographical locations has been
demonstrated to be high, whilst within regions is low>%°°. This difference could be the result
of localised geographical isolation, due to geographic barriers such as the Amazon River or
mountain ranges resulting in a lack of gene flow.

Limited work has been conducted on this vector, so our understanding of its genetic structure,

and the mechanisms involved in insecticide resistance need further investigation.

Anopheles funestus

Anopheles funestus s.s (hereafter known as An. funestus), is a highly competent vector for
both P. falciparum and P. vivax. This mosquito species is the dominant vector in the An.
funestus species complex. The complex comprises of 9 species, of which four others have
been implicated in the transmission of human malaria: An. parensis, An. longipalpis, An.
vaneedeni and An. rivulorum*®0. An. funestus is the most abundant and widely distributed of
the complex and is found across Sub-Saharan Africa (Figure 3). It is a primary vector in
Tanzania, where it contributes to almost 90% of the malaria transmission burden even in

areas with low abundance®®2, Other countries where it acts as a primary vector include
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Kenya, Malawi, Burkina Faso, Cameroon, Zambia, and the Democratic Republic of the

Congo®.
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Figure 3. Geographical Distribution of the different members of the An. funestus species
complex. Window A shows the widespread distribution of An. funestus s.s., while window B
and C indicate the distribution of other members of the An. funestus complex, of these An.
longipalpis, An. vandeeni, An. rivulorum and An. parensis are the only species that have

demonstrated malaria transmission3°>:63.64,

This vector is anthropophilic with endophilic resting behaviour, and like An. gambiae s.I.
predominantly bites during at night®>®. However, unlike An. gambiae, it prefers more
permanent aquatic habitats for breeding, such as rivers, ponds, and swamps. This behaviour
allows it to sustain population numbers, and malaria transmission, year-round**®2, It has been
identified that after successful efforts to reduce An. gambiae populations, An. funestus and
An. rivulorum often fill the ecological gap that remains®..67.68,

An. funestus is predominantly a rural vector but has been found to contribute to malaria

transmission in urban areas also®. It is the most geographically widespread species of its
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complex due to its suitability across a wide range of climate conditions. This climate
adaptability is believed to stem from the variety of ecotypes present, potentially arising from
the high numbers of chromosomal inversions occurring in this species®®®>7°, This adaptability
is of significant concern as climate change impacts Sub-Saharan Africa, it could lead to a much
larger geographical distribution for this vector. Other variations in phenotypic traits linked to
these structural variants include mating behaviour, insecticide resistance, resting behaviour,
and malaria transmission’?. Analysis of An. funestus mitochondrial genes, ND5 and cox-1, has
indicated two distinct genetic lineages (I and 1l). One lineage was distributed across Sub-
Saharan Africa, and the other in Southeast Africa throughout Madagascar, Mozambique and
Tanzania, amongst others®. There were also genetic groupings visible from East, West and
Central Africa indicating a limited gene flow between these populations’%72. Analysis of the
entire mitochondrial genome also demonstrated two distinct lineages, as well as indicating
species introgression within the An. funestus species complex’7374, The analysis suggested a
significant genetic exchange (31.6 Mb) between An. funestus s. s. and An. parensis’®.
Although, the introgression of mitochondrial DNA can occur without the exchange of nuclear
material’>7®.

An. funestus is one of the most studied Anopheles species, but more work is needed to
identify insecticide resistance mechanisms and the vectoral capacity of species within the An.

funestus complex.

Anopheles stephensi
Historically, An. stephensi has been found across South Asia and the Middle East®. A primary
vector across large parts of India and Pakistan, An. stephensi is responsible for large amounts

of P. vivax transmission in these regions. Three forms of An. stephensi have been identified
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with varying vectorial capacities and geographical distributions. The forms are distinguishable

through their morphology and molecularly with the odorant binding protein, intron 177. The

three forms are: type, intermediate, and mysorensis’®. Type and intermediate forms are

found in urban environments, predominantly feeding on humans, both are proficient vectors

of P. falciparum and P. vivax ”°. Whereas the mysorensis form of An. stephensi is a poor vector

for human malaria, mainly zoophagic, and is found in rural areas®°.

Figure 4. Geographical

identified invasions®!

Vector occurrence

@® Invasive
Native

@® Not found

distribution of An. stephensi in native regions, and locations of

In 2012, An. stephensi was found in the Horn of Africa (HOA), specifically in Djibouti®.

Between 2012 and 2017 malaria cases in Djibouti city increased five-fold, attributed to the

arrival of this vector3®83, Since 2012, An. stephensi has migrated further within the continent

(Figure 4) to Ethiopia, Sudan, Somalia, Nigeria and Kenya8-84%’ This spread has raised

significant concerns for the eradication of malaria in the region, due to An. stephensi’s ability
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to transmit regional strains of Plasmodium spp so proficiently. Whilst An. arabiensis and An.
funestus are associated with malaria transmission in rural regions of Sub-Saharan Africa, An.
stephensi’s behaviour differs, and is regularly found in cities and towns where population
density is higher, leaving more people are at risk from malaria infection®8889, Estimates have
suggested An. stephensi could easily spread across Sub-Saharan Africa, putting an estimated
126 million new people are risk from infection®. An. stephensi was named on a WHO vector
alert due to its expanding geographical distribution coupled with its high vectoral capacity®.
Our understanding of the invasive African An. stephensi population is limited, and multiple
theories have been presented concerning which area in Asia these mosquitoes originated
from and how they entered the HOA. Initial theories suggested An. stephensi was imported
from Asia through shipping lanes and ports, as Aedes aegypti and Aedes albopictus did®%°%°2,
Dijbouti city is only 5 miles from the coast, and as the site of original discovery implicates this
as a probable importation event. Other theories have suggested the geographical proximity
of the HOA to the Middle East meant the mosquitoes could have easily moved on their own®.
Others have hypothesised this invasive population originated from India®*. Sri Lanka has also
recently experienced the introduction of this species - sparking concerns for malaria
transmission due to its proximity to India. Genetic studies have demonstrated a high
haplotype diversity of Ethiopian An. stephensi, which implies either a large initial invasion
event or several small invasion events that have led to the long-term establishment of this
species in the country®®. The need to control this highly capable vector is clear and elucidating

its origins may help us to better understand the threat it poses in the African continent.
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Insecticides

Insecticides are often routinely used in countries at risk from malaria or other arthropod
transmitted diseases (e.g., Dengue or Zika). Insecticides offer a low-cost method to reduce
vector populations and thereby disease transmission. The use of insecticides varies between
countries, and often by region within countries. Insecticides can be split into larvicides and
adulticides. Larvicides target mosquito larval stages and are used for spraying of water bodies
used as mosquito breeding grounds. Whereas adulticides target adult mosquitoes, and are
used for IRS, and the impregnation of bed nets (LLINs).

There are six classes of adulticides used: pyrethroids, organochlorines, organophosphates,
carbamates, neonicotinoids, and pyrroles. Each class of adulticides has a different mode of
action, but typically target parts of the arthropods nervous system. Pyrethroids work by
binding to the voltage-gated sodium channel (vgsc), preventing inactivation and causing
consistent depolarisation of the membrane resulting in insect paralysis®. There has been
research to suggest pyrethroids can also act on voltage-gated chloride and calcium
channels®®%. The exact mode of action of organochlorines is unknown, but DDT-like
organochlorines are believed to work by preventing sodium and calcium gated channel
closure creating repeating neuronal discharges®. They also block the gamma-aminobutyric
acid (gaba) receptor preventing GABA neurotransmission®.

Organophosphates work by irreversibly phosphorylating residues on acetylcholinesterase’s
and thereby inactivating them and causing consistent muscle contractions!%910!, Carbamates
also inhibit acetylcholinesterase’s but through carbamylation instead and is also reversible

101

unlike organophosphate inhibition'®!. Both pyrroles and neonicotinoids represent new

classes of insecticides, with no cross-resistance due to their modes of action102-104,
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Neonicotinoids work as agonists causing an irreversible blockade of nicotinergic acetylcholine
receptorsi®. They are also a selective class of insecticide, as they only function in arthropods
with specific acetylcholine receptors. Pyrroles are the only class where these chemicals act by

106 However there have been observed variations in

disrupting mitochondrial function
efficacy across time of day, as pyrroles are activated by the process they inhibit: oxidative
phosphorylation. This process is dependent on insect metabolism, which varies by climate
and time of day. LLINs containing pyrroles are thereby particularly effective at night when the
mosquito’s circadian rhythm means metabolic activity is highest!?’. These newer classes of
insecticides, alongside being unlikely to be affected by cross-resistance are also less toxic than

the four traditionally used classes: organochlorines, organophosphates, carbamates, and

pyrethroids108109,

Insecticide Resistance

Resistance to at least one class of insecticide has been reported in 90 countries globally.
However, most countries have resistance to multiple insecticide classes, thereby

threatening the basis of many malaria control programmes (Figure 5)8Z.

Monitoring the emergence and frequency of resistance to each insecticide class is key to

informing local public health policy to select the best method for vector control.
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Figure 5. Identification of resistance to four main adulticides classes over time!0.
The increase in resistance across the globe in 60 years is a cause for concern due
to the impact insecticides have has on reducing the malaria burden. There has
been a clear increase in pyrethroid resistance globally, likely due to the heavy

usage of this insecticide, but also increased bioassay testing.

The five main mechanisms that cause insecticide resistance, defined by WHO, are:
1. Target site insensitivity: The protein targeted by the insecticide has been structurally
altered, so the insecticide is unable to bind to the protein in the intended way reducing

its efficacy and resulting toxicity. These structural alterations are typically the result
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of non-synonymous (NS) single nucleotide polymorphisms (SNPs) or
insertions/deletions (INDELs) that cause changes to amino acid sequences112,

2. Metabolic resistance: The upregulation of the activity of a detoxifying enzyme e.g.,
cytochrome P450s and glutathione-S-transferases, causing the insecticide to be
metabolised faster making it less effective!'*'!2, This can be driven by genetic
polymorphisms in gene promoter regions, increased gene copy numbers or gene
overexpression.

3. Cuticle modification: Insecticides are absorbed through the mosquito cuticle - a hard,
protective layer surrounding its body. Increased cuticle thickness results in reduced
insecticide penetration. Mosquito cuticles naturally become thicker with age but also
can be caused by the overexpression of cuticular proteinst'112,

4. Avoidance: Mosquitoes alter their behaviour to avoid insecticide sprayed surfaces, for
example, living in cattle dwellings, avoiding landing on inside walls, or changing typical
biting times!t1112,

5. Microbiome Alterations: Strains of bacteria commonly found in mosquitoes midgut
microbiome appear capable of metabolising insecticides, thereby reducing the
efficacy of the insecticide!!3-11>,

The most well-studied of these mechanisms are target-site resistance and metabolic

resistance.
Target Site Resistance

Several missense SNPs associated with insecticide resistance have been identified in
Anopheles mosquitoes. Such SNPs result in amino acid changes that can reduce the binding

affinity or completely prevent a given insecticide from binding to its target protein.
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The kdr (knock-down resistance) or L1014F/S alteration in the vgsc is the most researched of
these mutations. This SNP results in pyrethroid resistance and is one of many missense SNPs
observed in the vgsc!'®. Two variants, East (F) and West (S) have been identified, their names
based on where they were first identified in East and West Africa''”1¥, However recently, the
geographical distinction between the two has become muddled with the spread of both
alleles across the African continent!'9120, |n fact, both these SNPs have been found in multiple
Anopheles spp., globally. For example, across the WHO Eastern Mediterranean and Central
Asia regions, in species including An. stephensi, An. sinensis, and An. culicifacies®-1?17123 |t has
also been observed in Central and South America in An. albimanus?4128,

However, kdr mutations have not been universally characterised in all Anopheles species. This
may be due to a lack of research as suspected with An. darlingi, or in the case of An. funestus
there may be alternative molecular mechanisms at work (e.g., metabolic-based resistance).
Other SNPs that alter pyrethroid susceptibility in the vgsc, have predominantly been
identified in An. gambiae. They include the V402L identified in An. gambiae and An. coluzzii
in West Africat?’712°. The F1529C mutation was first described in An. gambiae from Ivory
Coast. The 11527C, N1575Y, and A1746S mutations were again found in An. gambiae in West
and Central Africa.?>131, The high number of SNPs detected in An. gambiae is likely due to
the extensive research performed on this vector, and it is likely these SNPs occur in other
Anopheles spp.

The high number of SNPs identified in the vgsc may be due to the large size of the gene in
comparison to the others, but also pyrethroids are the most widely used insecticides globally
and so high selective pressure is applied to the gene resulting in these mutations.

Other commonly seen SNPs include the G119S mutation in the ace-1 gene, resulting in

organophosphate and carbamate resistance. This SNP is detected less frequently than the
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kdr-L1014 mutation, but has been detected across Africa, East Asia and South America in An.
gambiae, An. sinensis, and An. albimanus respectively®132-134  The other ace-1 SNP
associated with carbamate resistance is the N485I alteration, which has only been reported
in An. funestus thus fart3,

The A296S alteration in the gaba gene or the rd/ (resistant to dieldrin) is seen frequently, and
has been identified in An. funestus, An. gambiae, An. stephensi, An. arabiensis, and An.
sinensis species361%0, Since the banning of dieldrin use due to human health concerns, the
A296S mutation has become less relevant, but can still be found in recently collected
mosquitoes indicating the fixation of this SNP in some populations!38. This occurrence may be
due to the application of pesticides such as fipronil that also act on gaba receptors. Other
SNPs found in this gene include the V3271 and T345S, both of which were identified in An.

sinensis, and exist in tight linkage!36:137,

Metabolic Markers of Resistance

In instances where phenotypic resistance is present, but no target site mutations can be
detected, metabolic mechanisms are often responsible. Metabolic-based resistance is
mediated by different groups of enzymes — cytochrome P450’s (CYP), glutathione S-
transferases (GST), mixed-function oxidases, carboxy/cholinesterase’s, and other non-specific
esterase’s12141-144 Increased activity, or expression of these enzymes results in increased
metabolism of insecticides thus reducing their efficacy.

Gene duplication events often result in the increased expression of these enzymes that cause
resistance. Examples of this include the ace-1 duplication in An. gambiae s.s., which then
introgressed into An. coluzzi, which causes resistance to pirimiphos-methyl (an

organophosphate)!#>146, Duplication of CYP6P9 and CYP6P4 cause pyrethroid resistance in
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An. funestus**’. In An. stephensi, duplications of GST2 and GST4 genes have been found and
require further investigation to be linked to a DDT resistant phenotype48,

Other metabolically mediated mechanisms of resistance include the occurrence of amino acid
substitutions that result in increased insecticide breakdown. The L119F GSTe2 mutation is an
example of this, where the mutation is coupled with over-transcription of the GSTe2 gene,
and allows for increased DDT binding and metabolism, reducing the insecticide
effectiveness'®. Originally identified in An. funestus, L119F has since been detected in An.
gambiae and An. coluzzii in Africa'®. Similarly, the 1114T and F120L mutations have also been
linked to DDT and pyrethroid resistance in An. gambiae®®°.

There are further metabolic markers for resistance including the presence of mutations in the
CYP6P9a and CYP6P9b genes. In the CYP6P9a gene, a 2bp insertion was found 359bp from
the start codon and was associated with reduced efficacy of pyrethroid treated LLINs*>'. Cis-
regulatory variants were identified in the CYP6P9b gene were tightly linked with pyrethroid
resistance. A 3bp deletion 703bp upstream from the gene start codon can be used as a marker
for this resistance®?. There has been substantial work conducted investigating the metabolic
basis of resistance in An. funestus, primarily due to the lack of kdr mutations found in the
species.

Similarly, in the CYP6P4 gene in An. gambiae, the 1236M mutation was strongly predictive of
pyrethroid resistance®. The L43F amino acid alteration in the CYP4J5 gene is linked to
resistance to pyrethroids in An. gambiae and An. funestus also'®*>>. The contribution of
increased insecticide metabolism on resistance should not be underestimated. Studies have
found evidence of metabolic resistance in many species, including An. darlingi, An. funestus,

and An. stephensi amongst many others'>6-18,
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Detection of Insecticide Resistance

The current gold-standard for detecting insecticide resistance is through biochemical
susceptibility assays or bioassays!!l. These tests are time consuming, require multiple repeats
for validation, and can be insensitive. They often only detect resistance when the frequency
of resistant phenotypes is already high. PCR-based assays are used to detect these molecular
changes associated with insecticide resistance. However, these assays are often limited to
single regions in particular genes or SNPs, so are difficult to implement as a cost-effective
method of detecting resistance. Capillary or Sanger sequencing is used as a sequence-based
method of insecticide resistance SNP detection but can be expensive for large numbers of
samples, and again requires the SNP to be at a high enough allelic frequency for detection. So
often these mutations are not identified until they are occurring at high frequencies in the
population.

The confirmation of metabolic-based resistance is more difficult as it cannot be easily
detected using classic sequencing or PCR methods. The development of gPCR assays are an
easy way to measure expression of these enzymes, but this requires knowledge of the genes
involved in resistance, and for many species these mechanisms are still unknown!>>10 The
use of WGS and RNA-sequencing (RNA-seq) has helped to identify many more duplications
and overexpression events in Anopheles spp. that can be linked to insecticide resistance, but
these approaches are expensivel6162,

The monitoring of insecticide resistance is key component in reducing malaria transmission.
The development of high-throughput molecular assays to detect resistance with potential in-
field applications could help inform insecticide usage in real-time to optimise vector control.
These assays used in tandem with phenotypic bioassays, can also support the identification
of new genetic variants associated with resistance.
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Genomics of Anopheles spp.

The development of high-throughput molecular assays for the detection of insecticide
resistance markers, requires a robust understanding of the organism’s genomic landscape.
The first An. gambiae genome was published in 2002, and since then 38 other Anopheles spp
now have reference genomes assembled to at least contig level'®3. The Anopheles spp
genome is made up of 3 chromosomes, along with a mitochondrial genome. The length of the
genome varies dependent on which species, with the most complete assembled Anopheles
genome is An. gambiae, having a total length of 265Mbp. Of the three Anopheles spp.
examined here, An. darlingi has the smallest genome at 181.6Mbp, while An. funestus s.s and
An. stephensi have genome lengths more similar to An. gambiae at 250.7Mb, and 243.5Mb
respectively®*1> The variations in length are predominantly due to differences in intronic
variants, intergenic regions, and the number of transposable elements present across the
genomes.

All three of these species have chromosomal level assemblies, which gives a more complete
view of the organism’s genome. The previous An. darlingi reference genome was assembled
to a contig level and was 60Mbp smaller than the current reference grade assembly

available?®®.
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448  Low quality reference genomes often contained mis-assembled regions or are missing genes
449  entirely. This poor-quality impacts on the identification of genetic elements that are
450  potentially functionally relevant for malaria transmission or insecticide resistance. Genomic
451  regions with copy number variants or have highly repetitive sequences are often missed or
452  incorrectly assembled. These sequences often play important functional roles or help shape
453  the genetic diversity of organisms and are key to understanding population dynamics and the
454  emergence of resistance. Figure 6 demonstrates the genetic diversity visible from just the

455  mitochondrial genomes of a few Anopheles species.
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456  Figure 6. Maximume-likelihood tree generated from all available Anopheles species
457  mitochondrial genomes. Sequences were aligned in MAFFT software. The tree was created

458  using RAXML software with 1000 bootstraps, and visualised in iTOL67-169,
459

460 Large scale population genetics studies conducted on An. gambiae, An. funestus, An. minimus,

461  An. sinensis and An. coluzzii have helped to improve our understanding of these mosquitoes,
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demonstrating the high genetic diversity of these vector populations and identifying genomic
regions involved in insecticide resistance under selective pressure!62170-174,

However, there are limited sequences available for other species. For example, for An.
stephensi there are <50 available samples with WGS data, and there is no such data for An.
darlingi. This leads to large knowledge gaps and limits our understanding of these vectors.
The limited WGS data available for some Anopheles spp., is predominantly due to the high
cost of applying next-generation sequencing techniques along with the need for high
guantities of DNA from single mosquitoes to enable good coverage over their large genomes.
Targeted amplicon sequencing (“amp-seq”) provides an alternative to WGS. This technique
applies next-generation sequencing to PCR amplicons, coupled with a dual-index barcoding
system to provide a high-throughput, low-cost screening method targeted to multiple
genomic loci. The cost of amp-seq per amplicon works out around $0.50 per amplicon due to
the ability to pool samples, in comparison capillary sequencing costs ~$4 an amplicon. It can
be used to screen insecticide resistance associated SNPs in candidate genes, or to gain insight
into population structure. This approach has previously been applied to An. gambiae, An.
coluzzii, and Ae. aegypti*?>17>17¢ Amp-seq can be conducted on both short-read lllumina
platforms, and long-read Oxford Nanopore Technology platforms (e.g., MinlON). Assays
based on amplicon sequencing have the potential to identify emerging resistance, by
detecting low frequency alleles, and to support population genetic analysis of vectors to

understand how resistance genotypes spread throughout Anopheles populations.
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Hypotheses

Anopheles stephensi

Resistance to pyrethroids, carbamates, organochlorides, and organophosphates was found in
An. stephensi from Awash Sebat Kilo in the same year (2019) these isolates were collected®?.
So, it is highly likely the samples analysed in this research were phenotypically resistant to a
range of insecticides. Given that target site mutations such as kdr have previously been
identified in resistant Indian and Afghanistan An. stephensi, it is expected these SNPs would
be found here also?%177-172 Ethiopia relies heavily on pyrethroids for vector control via IRS
and LLINs, so there would likely be large amounts of selective pressure on this mosquito to
evolve resistance'®. Although, it could be argued An. stephensi’s exposure to these chemicals
may be limited due to its crepuscular biting behaviour and propensity to rest indoors in cattle

dwelling, but this is clearly not the case as phenotypic studies have demonstrated®!18%182,

Anopheles darlingi

Little is known about the resistance status of An. darlingi, particularly in Brazil. Phenotypic
studies are either sparsely done, or not reported. Resistance to pyrethroids (cypermethrin
and deltamethrin) has been reported in Cruzeiro du Sol, State of Acre Brazil, but this is the
only data available for Brazilian An. darlingi®'. Cruzeiro du sol is >1000km from the collection
sites of the isolates used in these studies, so gene flow between these populations is likely
limited. Only anecdotal information is available for these isolates about the likelihood of
insecticide exposure. In Porto Velho insecticides are routinely used, whereas in Candeias dos
Jamari there was minimal usage. As discussed earlier, An. darlingi displays great behavioural
plasticity with variations in resting and feeding behaviour present even in locations within
small distances. As a vector, it is highly anthropophilic exhibiting unimodal, bimodal, and even
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trimodal biting patterns. Biting times vary based on location tested, and even within Brazil
variation was seen between endo/exophagic and endo/exophilic biting>3. This behavioural
variation makes it difficult to speculate on what will be observed on a phenotypic and
molecular level in these An. darlingi isolates. This is exacerbated by the lack of molecular
markers found in An. darlingi populations, these studies have been small and sparse so may
have missed low frequency SNPs that appear as a heterozygous genotype!®18, But the
application of WGS and amp-seq to these isolates may yet find known markers of insecticide

resistance in this species or find putatively novel mutations.

Anopheles funestus

The phenotypic status of the isolates tested were unknown, but resistance to pyrethroids has
been detected in the province these isolates were collected in8%. An. funestus typically
exhibits bimodal biting behaviour, at night and in the morning, although recent reports have
suggested it preferentially bites in the early morning8>18_ Such behaviour would mean they
would likely be exposed to insecticide treated nets. This mosquito also tends to rest and feed
indoors, indicating if IRS is carried out, they would likely be exposed to insecticides. Unlike
An. stephensi, and An. darlingi, this species behaves in way that would indicate they would
routinely be exposed to insecticides and as such would have a higher chance of being
resistant. As demonstrated by the previously testing carried out on thesis isolates using
established methods such as RFLP, 82% of isolates analysed here were found to have the
CYP6P9a marker for pyrethroid resistance>. As such we would expect to find this marker at

a similar frequency, alongside other novel SNPs.
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Thesis Structure

In this thesis, | investigate the genomics of three Anopheles spp.: An. darlingi, An. funestus,
and An. stephensi. | developed a species-specific amplicon sequencing assay for each species.
In addition, | applied whole genome sequencing methods to An. darlingi and An. stephensi
and used the resulting data to investigate the genetic diversity and insecticide resistance

status of these vectors.

Chapter 2 (Published paper)

In chapter 2, | develop a high-throughput, multiplexable amplicon sequencing assay for An.
stephensi. This assay targets nine genomic regions, seven within four genes (ace-1, GSTe2,
vgsc, and rdl) associated with insecticide resistance. The remaining two targeted genes, cox-
1and ITS2, were chosen for species identification and/or phylogenetic analysis. The panel was
applied to Ethiopian field isolates and SDA500 colony strains of An. stephensi. We identified
two known molecular markers for insecticide resistance in the invasive Ethiopian mosquitoes,
as well as putatively novel missense mutations in genes of interest. Shared haplotypes

between An. stephensi from Ethiopian and Pakistan were also identified.

Chapter 3 (Manuscript yet to be submitted)

Here, for the first time, | apply WGS to field isolates of An. stephensi from Ethiopia and SDA500
colony strains. In the context of publicly available Indian and Pakistani isolates, | utilised
population genetics analysis methods such as phylogenetics, principal component analysis,
and admixture, to unravel the population dynamics of An. stephensi. | identified 3 molecular

markers of insecticide resistance and gained greater resolution into the ancestry of the
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invasive Ethiopian populations of An. stephensi, including identifying shared ancestry with

west coast Indian field and Pakistani colony isolates.

Chapter 4 (Manuscript submitted, under review)

In chapter 4, | design a next-generation sequencing amplicon assay specifically for An.
darlingi. This assay consists of 11 amplicons, covering four key genes (ace-1, GSTe2, vgsc, and
rd/) associated with insecticide resistance, and two loci (cox-1 and /TS2) informative for
speciation and phylogenetic analysis. The amplicons are multiplexable and can be sequenced
in a high throughput manner using dual-index barcoding. This approach resulted in the
identification of 10 putatively novel missense mutations in An. darlingi (n=200) collected

within the state of Ronddnia, Brazil, as well as insights into the genetic diversity in that region.

Chapter 5 (Manuscript yet to be submitted)

This chapter contains the first instance of WGS being applied to An. darlingi. 1solates collected
from the State of Rondo6nia, were sequenced using lllumina technology, and population
genomic analyses were performed on the resulting data. Genome-wide tests of selective
pressure were applied to identify regions that could be linked to insecticide resistance. The
molecular mechanisms of resistance in An. darlingi are poorly understood, and this analysis

identified several regions including CYP genes with recent or ongoing selection pressure.

Chapter 6 (Manuscript submitted, under review)

In this chapter, | design an amplicon sequencing panel for An. funestus, suitable for next
generation sequencing and dual-tandem barcoding. The panel targets 17 amplicons, across

nine genes; six of which have been previously associated with insecticide resistance, and a

39



576  further three for phylogenetic inference and speciation. The amp-seq assay was used on An.
577  funestus isolates collected in the DRC. Two markers of resistance were identified, one
578  associated with pyrethroid resistance, and the other with carbamate resistance. We identified
579  a further 18 non-synonymous SNPs in insecticide resistance associated genes and gained
580 insight into the genetic diversity of this population.
Thesis Chapter | Manuscript Title Authors Status
Chapter 2 Identification of two Holly Acford-Palmer, Jody E. Published: Sci Rep.
insecticide resistance Phelan, Fitsum G. Tadesse, Mojca | 2023; April 5; 13:
markers in Ethiopian Kristan, Emma Collins, Anton 5612
Anopheles stephensi Spadar, Thomas Walker, Teun
mosquitoes using a multiplex | Bousema, Louisa A.
amplicon sequencing assay Messenger, Taane G.
Clark & Susana Campino
Chapter 3 Genome-wide population Holly Acford-Palmer, Emilia To submit
genetics, and molecular Manko, Jody Phelan, Fitsum G.
surveillance of insecticide Tadesse, Mojca Kristan, Ashley
resistance in Ethiopian Osborne, Matthew Higgins, Teun
Anopheles stephensi Bousema, Louisa A. Messenger,
Taane G. Clark & Susana Campino
Chapter 4 Application of a targeted Holly Acford-Palmer, Alice O. Submitted
amplicon sequencing panel Andrade, Jody E. Phelan, Rosa A.
to screen for insecticide Santana, Stefanie C.P. Lopes,
resistance mutations in Jansen F. Medeiros, Taane G.
Anopheles darlingi Clark, Maisa S. Araujo, Susana
populations from Brazil Campino
Chapter 5 Genome -wide population Holly Acford-Palmer, Emilia To submit
genetics of Anopheles Manko, Alice O. Andrade, Jody
darlingi, a malaria vector Phelan, Rosa A. Santana, Stefanie
from the State of Rondoénia, C. P. Lopes, Matthew Higgins,
Brazil Jansen F Medeiros, Taane G.
Clark, Maisa S. Araujo, Susana
Campino
Chapter 6 Detection of insecticide Holly Acford-Palmer, Monica Submitted
resistance markers in Campos, Janvier Bandibabone,
Anopheles funestus from Sévérin N'Do, Chimanuka
the Democratic Republic of Bantuweko, Bertin Zawadi,
the Congo using a targeted Thomas Walker, Jody E. Phelan,
amplicon sequencing panel Louisa A. Messenger, Taane G.
Clark, Susana Campino
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Since its first detection in 2012 in Djibouti, Anopheles stephensi has invaded and established in the
Horn of Africa, and more recently Nigeria. The expansion of this vector poses a significant threat to
malaria control and elimination efforts. Integrated vector management is the primary strategy used
to interrupt disease transmission; however, growing insecticide resistance is threatening to reverse
gains in global malaria control. We present a next-generation amplicon-sequencing approach, for
high-throughput monitoring of insecticide resistance genes (acel, GSTe2, vgsc and rdl), species
identification and characterization of genetic diversity (its2 and cox1) in An. stephensi. Ninety-five
An. stephensi mosquitoes, collected in Ethiopia, were screened, identifying 104 SNPs, including

the knock-down mutation L958F (L1014F in Musca domestica), and for the first time in this vector
species, the A296S substitution (A301S in Drosophila melanogaster) in the rdl locus. Two other amino
acid substitutions (ace1-N177D, GSTe2-V189L) were also identified but have not been previously
implicated in insecticide resistance. Genetic diversity in the mitochondrial cox1 gene revealed shared
haplotypes between Ethiopian An. stephensi with samples from Pakistan, Sudan, and Djibouti.
Overall, we present a reliable, cost-effective strategy using amplicon-sequencing to monitor known
insecticide resistance mutations, with the potential to identify new genetic variants, to assist in the
high-throughput surveillance of insecticide resistance in An. stephensi populations.

The first confirmed finding of the Asian mosquito, Anopheles stephensi, in Africa was reported in Djibouti City
in 2012, and it has now spread throughout the Horn of Africa into Ethiopia, the Republic of Sudan, Somalia,
and recently Nigeria (2020) and Yemen®~’. Anopheles stephensi is a highly competent vector for both Plasmodium
falciparum and P. vivax malaria parasites. A primary malaria vector in South Asian countries such as India and
Pakistan, An. stephensi also present in the Middle East'. The spread of this vector into Africa has sparked concerns
for the control and elimination of malaria, particularly since its first report in Djibouti malaria cases drastically
increased from only 1,684 cases in 2013 to 73,535 in 2020**'°. Whilst not confirmed, this drastic increase is
potentially a result of this vector’s ability to occupy different ecological niches compared to other mosquito species
in the region. The primary malaria vector in the Horn of Africa, An. arabiensis, transmits malaria in rural areas
or extensive areas of urban agriculture '°-'2. However, An. stephensi is a proficient vector in urban areas, being
able to use artificial water sources such as water tanks and polluted water sources for larval habitats'’. As the
continent of Africa becomes increasingly urbanised, the spread of An. stephensi is predicted to put 126 million
Africans, with little to no acquired immunity, at risk of malaria without immediate control'%.
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Over the last two decades, interventions to control mosquito vectors have greatly contributed to the decline
in malaria morbidity and mortality. Long lasting insecticidal nets (LLINs) and indoor residual spraying (IRS)
have been successfully used to control African malaria vectors such as An. funestus and An. gambiae sensu lato
complex species. However, An. stephensi exhibits different feeding (outdoor, evening biting) and resting behav-
iours (animal shelters are common dwellings) rendering methods such as IRS less effective'>'*. In addition, the
effectiveness of insecticides is threatened by increasing resistance in Anopheles vectors, which has been reported
in almost all African countries'®'¢.

The main mechanisms associated with insecticide resistance are target site insensitivity and metabolic
resistance'”. Several substitutions in the voltage-gated sodium channel (vgsc) gene, have been associated with
resistance to pyrethroids and dichlorodiphenyltrichloroethane (DDT) (knock down resistance; kdr)'*'°. Muta-
tions and duplications in the acetylcholinesterase 1 (acel) gene have been associated with resistance to both
carbamates and organophosphates®*!, whereas mutations in the GABA receptor (dieldrin-rdl locus) have been
associated with resistance to phenylpyrazoles and organochlorides, particularly dieldrin**-*. GABA receptors
are also believed to be a target of pyrethroids**?°. Metabolic resistance resulting from enhanced detoxification
of insecticides has been reported as one of the causes of resistance to insecticides from diverse classes and are
usually associated with the over-expression of detoxification enzymes?. Other mechanisms of insecticide resist-
ance identified include mosquito microbiome components and cuticle alterations”~*". Resistance to several
insecticides of all major classes has been reported in An. stephensi in India, Sri Lanka, many countries of the
WHO Eastern Mediterranean Region and also in Ethiopia®**'-*, Besides the use of susceptibility bioassays and
biochemical techniques to characterize insecticide resistance, the occurrence of the vgsc-V1014 kdr mutation has
also been investigated in An. stephensi populations®**'-*. In Ethiopia, the L1014F mutation was reported at low
frequencies. In a cohort of permethrin-resistant An. stephensi the kdr mutation was not detected, this suggests
other molecular mechanisms maybe involved with pyrethroid susceptibility in this vector. Therefore, additional
candidate genes need to be explored to better understand the wider landscape of insecticide-associated muta-
tions in An. stephensi populations.

The use of whole genome sequencing (WGS) gives more insight into the genomic landscape of organisms,
however limitations such as high cost and low DNA quantities make it an unsuitable method for high-throughput
surveillance. The application of multiplex amplicon sequencing with next generation sequencing (NGS) tech-
nologies provides a good, high throughput alternative to screen target regions of interest in large datasets, in
a cost-efficient manner. Target amplicon sequencing (Amp-seq) is based on the sequencing of pools of PCR
amplicons of interest and has been applied in malaria surveillance to characterise P. falciparum® and An. gam-
biae s.1. populations®*®, Here we designed and validated a targeted Amp-seq assay, combined with dual index-
ing barcodes and Illumina sequencing, for profiling An. stephensi across vgsc, rdl, gste2 and acel loci related to
insecticide resistance. Further, we included amplicons in the assay for species identification and phylogenetic
analysis, specifically the internal transcribed spacer (its2) and the mitochondrial gene (cytochrome c oxidase
subunit 1, cox1). Using this approach, it is possible to pool multiple samples across several loci, distinguishing
individual samples based on the unique index barcodes, increasing efficiency, and decreasing costs. Amp-seq can
be used to screen for known and novel mutations, which when used in combination with phenotyping assays,
can identify genetic variants predictive of resistance to interventions/insecticides. The assay is easy to implement
and can be applied to many samples at low cost, achieved through PCR multiplexing and dual barcoding. It is a
promising tool to confirm species, support the surveillance of insecticide resistance in An. stephensi and inform
vector control strategies targeting this invasive species in the African continent.

Results

Detection of SNPs in genes associated with insecticide resistance. The amplicon data gener-
ated from 95 An. stephensi sourced from Ethiopia, identified a total of 104 high quality SNPs and 20 indels
(Table 1, Supplementary Table 1). The average coverage per amplicon was high (range: 437.54 to 14,483.47 reads)
(Table 1). Most of the SNPs identified were synonymous, not leading to any changes in the protein sequence.

ACE1_I 13,624.74 15 |12 6

ACEL_II 614.67 14 14 11
CO1 14,483.47 6 6 2
GSTe2 2394.67 16 13 12
ITS2 2231.35 2 2 0
Rdll 1499.71 20 19 7
Rdl2 1241.53 27 25 14
VGSCI 1242.09 3 2 1
VGSCII 437.54 21 16 12
VGSCIII 75055 6 | 4 |6
VGSCIV 1841.83 12 11 3

Table 1. Average amplicon coverage, and number of genetic variants detected.
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Only four SNPs were found to result in a missense mutation, with two previously described to be associated with
insecticide resistance (Supplementary Table 2). The kdr mutation L958F (L1014F in M. domestica) in the 2nd
domain of the vgsc locus, was detected in 13 Ethiopian samples (13.8%). The other known SNP was a A296S sub-
stitution (A301S in D. melanogaster) in the GABA-gated chloride channel (rdl locus), which has been previously
reported in Anopheles species but not An. stephensi*®. In our study, A296S was detected in 21 (22.1%) Ethiopian
samples. Two putatively novel missense variants were identified in our study. First, a SNP in the acel gene
(N177D) found in 19 (57.8%) Ethiopian samples and in the insecticide susceptible colony populations (n=2).
Second, a SNP in the GSTe2 gene (V189L) was detected at low frequency (n=3). Sanger sequencing confirmed
that these SNPs were true polymorphisms and not sequencing artifacts.

Genetic diversity of An. stephensi populations from Asia and Africa. Amplicon sequences of the
ribosomal DNA internal transcribed spacers its2 and mitochondrial cox1 gene were analysed alongside publicly
available data. Across 81 Ethiopian samples, 38 publicly available sequences and 1 colony (SDA500 colony speci-
men, descended from a Pakistani isolate), only two SNPs were identified in its2, one present only in 6% of Ethio-
pian samples, and the other present in all Ethiopian samples and a few samples from India. A few singletons were
also found. Phylogenetic analyses revealed a clade that includes all Ethiopian samples and three samples from
India (Fig. 1), while the samples from other geographic regions clustered together with no specific geographic
cluster observed, reflecting the limited genetic diversity at this locus, also supported by the low nucleotide diver-
sity (m=0.00169). For the coxI gene, 49 Ethiopian samples, 41 publicly available sequences and 1 colony sample
were analysed. Two SNPs were identified in Ethiopia (22%; 38%), and some singleton SNPs were also observed.
For the phylogenetic analysis, additional cox1 sequences from other Anopheles species, (An. albimanus, An.
arabiensis, An. coluzzii, An. darlingi, An. dirus, An. funestus, An. gambiae, An. minimus), were also included. The
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Figure 1. Neighbourhood joining tree constructed using ITS2 gene sequences generated from this study,
alongside publicly available sequence data. The tree was built using the maximum-likelihood method assuming
GTR model of nucleotide substitution, with the gamma model of heterogeneity rate. This tree was generated
using RAXML, and visualised with iTOL®>,
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phylogenetic analyses revealed a clade that separated the non-An. stephensi samples, including a subclade with
3 samples from the An. gambiae complex. For the remaining An. stephensi, due to the limited genetic diversity
at this locus, supported by the low nucleotide diversity (m=0.00521), there were no specific geographic clusters
observed (Fig. 2). The nucleotide diversity was in accordance with data previously reported for this species at
this locus™.

Haplotype networks were constructed to analyse and visualize the relationships among the DNA sequences
(Fig. 3). For its2, nine haplotypes were identified, with >72% of Ethiopian samples sharing a single haplotype.
The samples from other geographic regions also shared a core haplotype. More haplotypes were identified for
coxI (n=24), with a core haplotype present in almost all samples from the different countries, except Saudi
Arabia that did not share any haplotypes with other populations. A single sample from India also shared a less
frequent haplotype with a Sri Lankan specimen. For the samples from Ethiopia, besides the core haplotype,
other haplotypes were also observed, particularly one shared with samples from Pakistan and Sudan, and a less
frequent haplotype shared with samples from Djibouti.

Discussion

The introduction of An. stephensi mosquitos into the Horn of Africa is a significant threat to malaria control.
Vector control strategies have been successful in reducing malaria transmission*""*? and surveillance of insecti-
cide resistance is essential to inform malaria control programmes. To assist surveillance activities, we evaluate
an Amp-seq assay to screen for known and novel mutations associated with a range of insecticides. In the An.
stephensi specimens screened, the kdr mutation L958F (L1014F in M. domestica; L1014F kdr-west) was present
at a frequency of 10.2%. The L1014F kdr-west mutation was first detected in An. gambiae in West Africa. It was
reported at a low frequency (5.7%) in Ethiopian An. stephensi specimens collected in 2018 from other regions
(Bati, Degehabur, Dire Dawa, Gewane, and Semera)**. The same study also screened samples from Awash Sebat
Kilo, the region where this studies samples were collected, but did not detect this mutation. However, a year later,
we have detected the L1014F kdr-west mutation. This may be a result of this studies larger sample size (n=95),
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Figure 2. Neighbourhood joining tree constructed using cox1 gene sequences generated from this study,
alongside publicly available sequence data from An. stephensi and a variety of other Anopheles spp. This includes
An. albimanus, An. arabiensis, An. coluzzi, An. darlingi, An. dirus, An. funestus, and An. gambiae. The tree was
built using the maximum-likelihood method assuming GTR model of nucleotide substitution, with the gamma
model of heterogeneity rate. This tree was generated using RAXML, and visualised with iTOL®>.
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Figure 3. Haplotype or minimal-spanning network constructed using cox-1 sequences (A) and its2 sequences
(B) generated in this study alongside publicly available data. Each node represents a haplotype, with each
segment in the node representing a country, proportionally sized to the number of samples present in the
segment and node. The number of nucleotides differences between haplotypes is represented by the number of
ticks between nodes.
compared to n=8. This mutation has also been confirmed in populations of An. stephensi in the Middle East and
South Asia, with both kdr-west (L1014F) and kdr-east (L1014S) being described?®31:32:43-45,
In this study we also identified the A296S mutations in the GABA gene (rdl). This mutation has not been
reported previously in An. stephensi, likely because this locus has not been screened in this mosquito species.
Dieldrin, alongside other cyclodienes that target the GABA receptor, are no longer officially used due to environ-
mental toxicity and the potential impact on human health. However, the A296S mutation may confer resistance
to other insecticides, such as fipronil; and broflanilide. These are newly discovered GABA-gated chloride channel
allosteric modulators under evaluation as an IRS tool*®", so it remains important to identify and document its
presence. We targeted two other mutations in the rdl gene (V3271 and T345S), which are seen in tandem with the
A296S SNP*#8% However, we found no evidence of these non-synonymous SNPs in the specimens analysed.
These secondary SNPs have been described in both Asian and African Anopheles mosquito populations, but
always in the presence of the A296S mutation®*®*. No other commonly reported mutations, such as the acel
G119S, were identified in the specimens analysed. However, two new mutations were detected in the Ethiopian
samples: N177D in the acel gene, and V189L in the GSTe2 gene. Both were also present in insecticide susceptible
colony samples, suggesting these mutations are not involved in insecticide resistance.
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The genetic analysis using data from its2 and coxI genes revealed a low level of genetic diversity, consistent
with studies of native An. stephensi populations in Sri Lanka and India, where few variants and minimal genetic
differentiation in these loci was observed'***-*2, For its2, the Ethiopian samples cluster together and separate
from the An. stephensi from other countries. The Ethiopian samples were all collected in the same village, likely
explaining the clustering pattern observed. More haplotypes were observed for the coxI gene, with a core haplo-
type shared by all samples, except those sourced from Saudi Arabia. Ethiopian samples shared haplotypes with
samples of Pakistan origin, as previously reported™, but also shared haplotypes with samples from neighbouring
countries (Sudan, Djibouti), supporting evidence of the spread of this vector across the Horn of Africa. It is pos-
sible that this vector is already present in other regions in Africa, as recently reported in Nigeria and Kenya (year
2020)>**. Strengthening the surveillance activities of this species, through large-scale genetic characterisation
of this vector, is urgently needed to rapidly implement targeted control strategies.

Overall, the cost-effective and high throughput Amp-seq approach presented here, can be implemented
by vector control programs to screen An. stephensi mosquitoes for both known and putative novel insecticide
resistance mutations. A limitation of our approach is that it only targets loci that are established mechanisms of
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insecticide resistance. However, it is easy to add other targets to the Amp-seq method as new loci are detected.
This approach can be used to complement diagnostic bioassays, by providing genotyping data alongside phe-
notypic information, to detect new genetic variants underlying insecticide resistance. Our approach is highly
flexible, with the easy addition of genomic regions of interest to the panel, for example, to include loci related
to metabolic resistance or that can target pathogens such as malaria parasites, thereby enhancing surveillance
activities.

Conclusion

This study validated the use of an amplicon sequencing panel to perform molecular monitoring of An. stephensi
insecticide resistance and explore genetic diversity. The identification of two known SNPs associated with insec-
ticide resistance, alongside other non-synonymous SNPs not previously described in any mosquitoes highlights
the potential for this technology to find existing and novel mutations that could affect insecticide response. Here
we confirm the presence of the vgsc-L1014F kdr mutation and, for the first time in this species, the A296S rdl
mutation. We were also able to investigate the genetic structure of An. stephensi and haplotype sharing between
this Ethiopian population and neighbour countries. The extension of the approach to other loci can further assist
with supporting control strategies of vector-borne diseases and reducing their global burden.

Materials and methods

Mosquito collection and identification.  An. stephensi mosquitoes were obtained from the LSHTM col-
ony (Sind Kasur strain, from Pakistan), and field samples were collected in Awash Sebat Kilo, Ethiopia. Samples
collected in Ethiopia were caught between April and September 2019, in one of three ways: CDC mini light traps,
aspiration from cattle shelters, and human landing collection. The mosquitoes were first identified morphologi-
cally as An. stephensi, before undergoing a qPCR targeting the ITS2 and coxI genes for molecular confirmation
using previously described methods’.

DNA extraction. Individual mosquitoes were suspended in 1X PBS and lysed mechanically for 30 s or until
all body parts were no longer visible using a Tissue Ruptor II (Qiagen, Hilden, Germany). The DNA was then
extracted using Qiagen DNAeasy Blood and Tissue kits, according to manufacturer’s instructions. DNA for each
sample was quantified using Qubit 2.0 fluorimeter HS DNA kit (ThermoFisher, Waltham, MA, USA) and stored
at-20 °C.

Primer design for Amp-seq. Sequences were downloaded from VectorBase (https://vectorbase.org/vecto
rbase/app). The primers were designed using Primer3°® and aimed to amplify an approximately 500 bp region,
which contained previously described SNPs associated with target site resistance in Anopheles and other vec-
tors (Supplementary Table 3). Primers were designed to bind to exonic regions where possible. Primers were
designed to target 7 genomic regions in SNPs previously associated with insecticide resistance: 4 different
domains of the voltage-gated sodium channel (vgsc DI-IV), one partial sequence of the gene acetylcholinesterase
I (acel), one sequence in the resistance to dieldrin gamma-amino butyric acid receptor (rdl), and another in the
gste2 gene (Supplementary Table 4). Two genomic regions were targeted for species identification and/or phy-
logenetic analyses: the nuclear ribosomal internal transcribed spacer 2 (ITS2) and the mitochondrially encoded
cytochrome c oxidase I (cox1), (Supplementary Table 3). The primer sequences were concatenated with unique
5’ tag barcode (6 bp long) to discriminate individual samples and enable multiplexing, along with sequences
complementary to Illumina adapters for sequencing as described previously*®. Prior to PCR amplification, each
sample was assigned one unique barcode in each forward and reverse primer to be used for amplification of all
loci. To identify primers suitable for multiplexing, ThermoFisher Scientific Multiple Primer Analyser was used
with sensitivity set to one to identify potential primer dimerization events.

Amplicon generation and next generation sequencing. Amplicons were generated using NEB Q5
Hot-start polymerase (NEB, New England Biolabs, UK) in 25ul final reactions. Final primer concentration aver-
aged 0.5um for all assays, and 1 ul (around 2 ng/pl) of sample extract was used. The cycling conditions were as
follows: hot start polymerase activation for 3 min at 95 °C, then 30 cycles of 95 °C for 10 s, 58 °C for 30 s and
72 °C for 45 s, followed by a final elongation step of 72 °C for 5 min. After gene-specific multiplex PCR reactions,
amplicons were visualized in a 1% agarose gel to check for band size and intensity. Each PCR multiplex from
each mosquito sample were pooled together, and then pooled with other mosquitoes that had different 5’tag
barcodes to reach a maximum of 200 amplicons per pool. Pools were purified with using Kapa beads (Roche)
as per the manufacturer’s instructions in a 0.7:1 bead to sample volume ratio to remove excess primers and
PCR reagents. The concentration of each pool was then measured using the Qubit 2.0 fluorimeter HS DNA kit
(ThermoFisher, Waltham, MA, USA). The final pool containing 200 amplicons was then used as the template
in the indexing PCR (second PCR step), which was performed to introduce the Illumina adaptors and barcode.
This 2nd PCR step was performed as part of the Illumina-based Amplicon-EZ service (Genewiz, UK), followed
by sequenced using Illumina MiSeq, on a configuration of paired end 2250 bp. A minimum of 50,000 reads
were obtained per pool (250 reads per amplicon in a pool of 200 amplicons) using the Genewiz service (< US$
0.5 per amplicon).

Amplicon bioinformatic analysis. Raw sequences were de-multiplexed based on the barcode combi-
nation assigned to each sample using an in-house python script (https://github.com/LSHTMPathogenSeqLab/
amplicon-seq). The resulting raw sequence data was then analysed using an in-house pipeline, where raw
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sequence data for each sample was trimmed using Trimmomatic software, mapped to the reference sequence
(UCI_ANSTEP_V1.0) using bwa-mem software, and reads clipped using Samclip package with a maximum clip
length of 50°7-*°. Sample fastq files are available at European Nucleotide Archive website (Project ID: PRJEB57331,

Accession numbers: ERR10484018—ERR10484147).

Multiple variant callers were utilised to maximise the number of mutations identified, and as an additional
quality control procedure. SNPs and small indels were called using freebayes (v1.3.5, ~haplotype-length -1) and
GATK HaplotypeCaller (v4.1.4.1, default parameters) software tools®>*!. The variants were then filtered (DP > 30)
using bcftools software to ensure only high-quality variants were included. High quality SNPs were identified
using filters that included a minimum phred quality of 30 per called base, minimum depth of 30 reads, and
minimum alternate allele depth of 10. Finally, only SNPs that were present in > 1 sample, and present across two
independent pools were retained. Variant annotation was carried out using the SnpEff tool, combined with a
database based on the UCI_V 1 reference genome®®*. The percentage of alternative allele to total depth coverage
was used to classify genotypes to homozygous reference (<25% alternate allele reads), homozygous alternate
(>75% alternate allele reads) or heterozygous (25-75% alternate allele), as described previously®®.

Phylogenetic analysis. For the ITS2 and cox1 amplicons, following SNP calling, all bam files from sam-
ples with >50-fold coverage for these genes were converted to fasta files using an in-house pipeline (https://
github.com/LSHTMPathogenSeqLab/fastq2matrix). The FASTA files were then aligned using MAFFT for each
gene. The alignments also included 37 ITS2 An. stephensi nucleotide sequences public available (accession num-
bers: India (n=22, EU359661, EU359662, EU359665, EU359668-EU359671, U359674, EU359676, U359679,
EU359680, EU359681, KT921409, MW 676288-MW 676295, MW732930), Iran (n=11, AY157316, AY157678,
AY 365049, AY365050, AY702482, AY702483, AY702484, AY702485, AY702486, AY702490, DQ662409, Iran
(n=2, EU346653, EU346652), Saudi Arabia (KM052589), UAE (FJ526599)). For cox1, alignments also included
40 nucleotide sequences public available (accession numbers: Saudi Arabia (n=38, KJ528887- KJ528894), Dji-
boutin=1(MK170098), Ethiopia (n=5,MH651000, MN826067-MN826070), India (n=9, LR736010, LR736013-
LR736015, MH538703, MH538704, MK726121, MN329060, MN660044) Iran (FJ210893), Pakistan (n=7 ,
KF406680, KF406693, KF406694, KF406699, KF406704, KF406704), Sri Lanka (n=6, MF975728, MF975729,
MG970564-MG970567), Sudan (n=3, MW197099-MW197101), UAE (MK170098)). For COI other Anoph-
eles species were included (An. albimanus (MW339703), An_arabiensis_MK628480, An. coluzzii (MK330882),
An. darlingi MN997585, An. dirus JQ728302, An. funestus MK776732, An. gambiae_LC507832, An. minimus
MH535927). The resulting alignment was then viewed and trimmed on Aliview software®’. Following this, a
phylogenetic tree was constructed using RAXML software®. RAXML uses a maximum-likelihood approach,
and the GTRGAMMA option applied which assumes GTR model of nucleotide substitution, with the gamma
model of heterogeneity rate. A bootstrap value of 500 replicates was used to construct the tree. Trees were then
visualised in the iTOL tool®.

Haplotype networks. The aligned FASTA files for ITS2 and cox! genes, were used to construct haplotype
networks using the Pegas package in R%. The same package was also used to calculate nucleotide diversity, hap-
lotype diversity and Tajima’s D statistic.

Data availability
All raw sequence data is listed in the European Nucleotide Archive (Project ID: PRJEB57331,
Accession numbers: ERR10484018—ERR10484147).
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Supplementary Table 1. Variants Identified in each population

Sample Sample Number Number of SNPs No. of Missense Number of
SNPs INDELs
All 127 115 4 27
Ethiopia 95 104 4 20
Colony 33 63 1 11

Supplementary Table 2. Locations of the four missense SNPs identified in all samples

Gene Chromosome Position Amino Acid
acel NC_050202.1 60913884 N177D
gaba (rdl) NC_050203.1 8353055 A296S
vgsc NC_050203.1 42817709 L958F
gste2 NC_050203.1 70580373 V189L
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Supplementary Table 3. Locations of insecticide resistance associated SNPs with targeted

amplicons
Target Amplicon Target SNP Reference Location in An. | Described in An. First described in
Gene Species stephensi stephensi
acel ACE1 | G119S T.californica G276S N D. melanogaster!
ACE1_II N485| N639I N Anopheles funestus?
gste2 GSTe2 L119F An. funestus L119F N An. funestus®
vgsc VGSCI V410L M.domestica V371L N Aedes aegypti*
VGSCII L1014F L958F Y >6 An.gambiae’”
VGSCIII F1552C F1569C N Ae.aegypti®
VGSCIV D1794Y D1783Y N Ae. aegypti®,
gaba RDL1 A302S D. A296S N D. melanogaster’®
(rdl) RDL2 V3271 melanogaster V327 N An. funestus™?
RDL2 T3455/M T345S N Anopheles sinensis'?
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Supplementary Table 4. Amplicon Primer sequences with target SNPs

Associated | Target ) ) Exon ) ) Product Size
) g Amplicon | Accession ID Target SNP Forward primer Reverse Primer
with Gene Span (bp)
VGSCI V410L 9 TTTCTCCAGCACCAAACATT TGCTCCAAAAATGAACAAAAA 499
VGSClI L1014F 26 GATTGTGTTCCGTGTGCTGT GGTTGGTAGCGGTAAGGTGA 498
VoS Tygscm | ASTEI08I6L F1152C 36 TCTTCGGATCGTTCTTCACC AGATTCCACGGCTCGATAAA 496
VGSCIV D1794Y 39 AAGAGTGGTCTGGACGATGTG GTAGTCGTCGTCGGTCAAGC 523
Insecticide ACE1_| G119 3 AGGTTCCGTCATCCTCGAC GGAAACAGCACCAGCACTCT 483
Resistance acel ASTE007197
ACE1_Il N485| 5 GTGGGCGATTACCATTTCAC GGTGCTGCCACTTGTAGGTT 452
gste2 GSTe2 ASTE016034 L119F 3 ATCATTACCGAGAGCCATGC CACCGTTAGCCTCCTCGTAG 490
rdl1 A2965/V327I 7 AGTTTGTACGTTCGATGGGTTA | AGTGGCAGAAAGTGGTGTCC 498
gaba ASTE016089
rdI2 T3455 8 GTCGTTCAGCGCACCACT GTGAGCTTTCGGGTCGTG 399
cox1 col AF116835.1 n/a n/a AATTAGGACACCCAGGAGCA | GCTCCAGCTAATACAGGTAATGA 490
Phyl
viogeny M Ts2 AY157678.1 n/a n/a TCGATGAAGACGCAGCTAAA GCAACTGGATGCGAGGAA 292
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Abstract

Since the first detection of the Asian mosquito Anopheles stephensi in Dijbouti in 2012, this malaria vector
has spread throughout the Horn of Africa. This invasive vector has continued to move across the continent,
occupying a new niche in urban areas, it is becoming an increasing problem for malaria control
programmes. Methods for vector control, e.g., the use of insecticide impregnated bed nets and insecticide
spraying, have substantially reduced the global malaria burden. However, the increasing prevalence of
mosquitos resistant to these measures, including An. stephensi populations, are threatening the reductions
made so far. In this study, we generated whole genome sequencing data for An. stephensi sourced from a
town in Ethiopia (n=27) and compared with populations in South Asia (n=45; India and Pakistan) to assess
differences in genomic diversity, population structure, and uncover the presence of insecticide resistance
markers. Using genome-wide single nucleotide polymorphisms (n=15,533,476), analysis of population
structure revealed that the Ethiopian isolates cluster together forming a distinct ancestral group, separate
from South Asian isolates. Three SNPs associated with insecticide resistance (gaba gene: A296S and V327,
vgsc L1014F) were detected. The rd/-A296S SNP was found in all populations analysed. Whilst the kdr-
L1014F mutation was only identified in Ethiopian isolates, and the rd/-V327] SNP occurred only in Indian
field samples. Evidence of ongoing selection was found in several loci, including genes previously associated
with pesticide use (neonicotinoids), ivermectin resistance, as well as DDT and pyrethroid resistance.
Notable genes included acetylcholine receptors (nAChR) subunits, glutamate-gated channel, cytochrome
P450 307a1-like (CYP307al), and the gaba subunit beta. Overall, this study represents the first genome-
wide population genetics study of the invasive An. stephensi mosquito in the Horn of Africa, and reveals
genomic differences from South Asian populations, which can be used for future assessments of vector

movement and molecular surveillance of insecticide resistance.
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Introduction

The Asian malaria mosquito vector, Anopheles stephensi, was first detected in Africa in Djibouti in 2012%.
Since then, this mosquito species has spread throughout the Horn of Africa (HOA), including Somalia,
Ethiopia, and South Sudan, as well as Kenya, and with recent reports in Nigeria and Ghana?™®. Historically,
An. stephensi was distributed across South Asia and throughout the Arabian Peninsula. It is a primary vector
in India and Pakistan, proficiently transmitting both Plasmodium falciparum and P. vivax”®. Its movement
into the HOA and rapid expansion across the region has coincided with a surge in malaria cases and urban
outbreaks. in Djibouti, malaria cases increased 40-fold between the years 2012 and 2020, likely due to the
presence of An. stephensi®®, In Ethiopia, the role of An. stephensi in regional urban malaria transmission
was recently confirmed in an outbreak of P. falciparum in Ethiopiall. The species is filling a currently empty
ecological niche, namely, the ability to breed and transmit malaria in urban environments by demonstrating
the ability to breed in both small artificial water sources, and natural aquatic habitats near human dwellings
1213 The current primary vector in the Horn of Africa is An. arabiensis, which typically occupies rural areas
or areas of high agricultural activity. An. stephensi is occupies. An. arabiensis takes advantage of the
availability of large bodies of unpolluted water, however An. stephensi can make use of smaller artificial
water sources as larval habitats!#. Increasing urbanisation occurring across the African continent, coupled
with the expanding geographical range of An. stephensi, means a further 120 million Africans are estimated
to be at risk from malaria®'3>, With the World Health Organization’s (WHQ’s) target to reduce the global

malaria burden by 90% by 2030, the need to control this vector has never been more crucial®.

Vector control currently relies on long-lasting insecticide treated nets (LLINs), indoor residual spraying (IRS),
and larval breeding site spraying. There are four main classes of adulticides in use: pyrethroids,
organochlorides, organophosphates, and carbamates, each with varying modes of action. However,
resistance to all four major adulticide classes have been reported for many Anopheles species, including for
An. stephensi across the HOA, India, Pakistan, Sri Lanka, and the WHO Eastern Mediterranean region3%7-1°,

Resistance to insecticides can arise through multiple mechanisms: target site resistance, metabolically
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mediated, behavioural changes, microbiome alterations, and thickening of the insect cuticle.
Predominantly, resistance results from metabolic or target site alterations. Target-site resistance arises
from single nucleotide polymorphisms (SNPs) that alter the targeted protein’s amino acid sequence and
result in conformational changes that prevent the insecticide binding correctly. The target site mutation
A296S in the GABA receptor has been reported in An. stephensi from Ethiopia, and is associated with
resistance to dieldrin (rdl), an organochloride banned in the 1990s due to concerns about its impact on
human health?®-22, The L1014 knockdown resistance (kdr) mutation in the voltage-gated sodium channel
(vgsc) is linked to pyrethroid resistance and has been reported in An. stephensi from Ethiopia, Afghanistan,
and India?>%-%6, However, there have been examples of pyrethroid resistance in An. stephensi in the
absence of this mutation, implying other mechanisms may contribute to the development of resistance®®?’.
These alternative mechanisms could include metabolically mediated resistance, characterized by increased
detoxification of insecticides through the overexpression of glutathione-s transferases or cytochrome

P450s, thereby reducing insecticide efficacy?2°

To date, the detection of insecticide resistance markers and the population genetics of the invasive An.
stephensi species has been limited to the examination of a few candidate genes. Its emergence in Africa is
not fully understood, but one hypothesis is that An. stephensi was transported through either human
mediated travel or transport ships carrying cattle3%31, An. stephensi is both anthropophilic and zoophilic as
a vector, and the mosquito was first found in Africa in Djibouti city, located 20 kilometres from a trade

port®®. Other theories include long-distance wind-borne migration32.

The application of whole genome sequencing (WGS) provides a holistic view of the genomic landscape,
allowing for insights into mosquito ancestry, ongoing genetic selection, and the identification of insecticide
resistance markers. The availability of increasingly affordable and high throughput platforms for WGS, are
resulting in a growing number of Anopheles species with available genomic data33-3°. Here, we generate the

first whole genome sequence data from An. stephensi collected in Africa and conduct population genetic
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analysis of these Ethiopian An. stephensi WGS data (n=27) alongside publicly available data sourced from
South Asia (India and Pakistan, n=45), to gain a deeper understanding of this vectors’ genomic architecture,

and gain insight into its ancestry, phylogenetics, and uncover loci under selective pressure.

Results

Whole Genome Sequence Data and Nucleotide Diversity

Whole genome data was generated from 28 mosquito isolates sourced from Ethiopia; mapping data
identified one isolate as non-stephensi which was excluded from further analysis. This non-stephensi isolate
was likely an An. arabiensis mosquito, with 96.28% of reads mapping to the An. arabiensis genome. The
number of sequenced paired-reads across the 27 samples, ranged between 26,841,458 and 85,763,451,
and after mapping to An. stephensi’s three chromosomes, this resulted in an average coverage of 33.7-fold
(standard deviation 7.5-fold). A further 45 isolates with publicly available WGS data from India (Bangalore
and Mangalore, N= 21; Colonies, N=16) and Pakistan (Colony, N=8) were also mapped, and across the
combined dataset (N=72), 15,533,476 high quality SNPs were identified. Sliding window analysis (size
100kbp) revealed low nucleotide diversity with 1 averaging < 0.03 across An. stephensi’s three

chromosomes (Supp Fig. 1).

Population Differentiation and Ancestral Analysis Reveals Distinct Geographic Groups

Using the 15,533,476 high quality SNPs, both principal component and phylogenetic analysis revealed that
the Ethiopian, Pakistan colony, and Indian field An. stephensi isolates formed distinct clusters (Figure 1a
and 1b). The Indian field isolates also clustered with a subset of Indian colony mosquitoes, whilst the
remaining (n=5) Indian colony isolates appear genetically closer to the Pakistani SDA500 colony isolates.
This separation is based on their origin, the five clustering with Pakistani colony samples are the Walter
Reid colony strain; and those appearing with the Indian field isolates are a different laboratory-reared
colony strain. Application of the pairwise Fst population differentiation metric, which quantifies differences

in allele frequencies, confirmed that the greatest genetic distinctness was between Ethiopia and Pakistan
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Colony samples (70,898 SNPs with Fsr> 0.8; 3,472 SNPs with Fst = 1) (Table 1). The most genetic similarity
was between Indian field and colony samples (2,411 SNPs with Fsr > 0.8, 354 SNPs with Fst =1), and Ethiopia

(7539 SNPs with Fst > 0.8, 194 SNPs with Fst =1) (Supplementary Table 1).

The admixture analysis was performed to identify any potential ancestral relationships between the
isolates, and revealed five ancestral populations: Ethiopian, Indian field, Pakistani colony, and the
separation of Indian colony isolates, as observed in the phylogenetic tree. The Ethiopian isolates consisted
of one population (K1) (Figure 2). The K1 ancestral population was also observed in a single Pakistan colony
and Indian isolates (14/21; mixed with K3). In the Indian isolates the K4 ancestry was dominant, and no
clear distinction could be seen between Bangalore and Mangalore isolates. The K3 ancestry appeared as
the only ancestry present in a subset of Indian colony samples. In the remaining Indian colony samples, K5
was dominant, although two isolates shared K2 ancestry that was predominant in colony samples from
Pakistan. The single Pakistani colony sample sharing K1 ancestry with Ethiopia, also had K3 and K5 ancestral
types seen in Indian wild-type and colony samples. This sample had been previously morphologically

identified as the intermediate form of An. stephensi.

Selection Analysis Reveals Genes Involved with Insecticide Resistance

Genome-wide selection scans were performed across and within populations to identify signals of recent
positive selection. In an across-population analysis, 275 SNPs were identified as having ongoing directional
selection (XP-EHH > 4.0), with 148 SNPs across 81 genes, and 127 SNPs within introns (Supplementary Table
2). One gene was identified as a candidate potentially involved in insecticide resistance (acetylcholine
receptor (nAChR) subunit beta-like 2) (two SNPs, XP-EHH values > 5.3) in a comparison of Indian and

Ethiopian field samples (Table 2).

In single population (iHS) analysis, a total of 997 loci were identified as having significant iHS scores, 439
were within non-coding regions and the remaining 559 occurred across 325 different genes (Supplementary

Table 3). Of these, five were candidate genes that had loci with iHS scores indicative of selection, including
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the nAChR subunit beta-like 2 in the Indian isolates. The remaining four genes (IHS values > 4.0) were nAChR
alpha-like (Ethiopia and Indian wild samples), glutamate-gated chloride channel (Pakistani Colony),
cytochrome P450 307a1l-like (CYP307a1) (Indian isolates), and gaba subunit beta (India field samples and

Pakistan colony).

Identification of Three Insecticide Resistance Associated SNPs

A total of 25 missense SNPs were identified across four genes previously associated with insecticide
resistance in Anopheles mosquitoes (ace-1, gaba (rdl), GSTe2, and vgsc) (Table 3). Three of these are SNPs
known to be associated with target-site mediated resistance (vgsc L1014F; gaba A296S and V327l1). The
vgsc L1014F SNP mediates resistance to pyrethroids and was identified exclusively in the Ethiopian
population. It was only identified as a heterozygous genotype in 2 samples (allelic frequency of 7.4% (2/27
samples)). The gaba A296S mutation was found in all 4 populations (allelic frequency of 18.8%; 27/72
samples), with almost all samples heterozygous at this position. Whilst the V327l alteration was only
present in the Indian field and colony populations (5 samples). This SNP was also present as the
heterozygous genotype, and only in samples that also had the gaba A296S mutation. A further 22 missense
mutations were identified across the four key insecticide resistance associated genes (ace-1 (n=5), gaba

(n=9), GSTe2 (n=9), vgsc (n=2)), with allelic frequencies ranging from 1% to 83% (Table 3).

Detection of Structural Variants: Copy Number Variants and INDELs

For coverage-based analysis, only one significant deviation from the median genome coverage for the
Ethiopian population was observed (Supp fig 2). A possible copy number variant (CNV) was detected in a
region containing a cluster of cytochrome P450 genes (CYP). The CYP6a cluster on chromosome two
(NC_050202.1) was observed to have elevated coverage, in comparison to both the median coverage and

other populations.

From analysis with Delly, a total of 57,815 deletions were identified after quality control filtering. Of these,

36 were identified across 18 genes previously identified as involved in insecticide resistance, or as belonging
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to a gene family possibly involved in insecticide metabolism. Two of these deletions, in CYP307a1 and
CYP6al genes, were annotated as resulting in significant structural alterations. For CYP307al, it was
identified as a gene fusion event resulting from a 494bp deletion that was present in one Ethiopian sample,
but upon further inspection was identified as an intronic variant. For CYP6al, a frameshift variant was
identified in a single Indian colony sample (SRR1529388). There were 2,901 duplications originally found
across 44 genes and 25 intergenic regions. Of these, 351 (12.1%) resulted in a frameshift variant. One 181bp
duplication event was identified in the CYP9f2 candidate gene in one Indian colony sample (SRR1529388,
see above), but was annotated as a non-coding transcript. Delly did not detect any Copy Number Variants

(CNVs) in the chromosome 2 CYP6a cluster with elevated coverage identified in Supplementary Figure 2.

Discussion

The invasion of An. stephensi into the Horn of Africa is a significant threat to malaria control and elimination
efforts in Sub-Saharan Africa. Understanding the origins of this invasive species and ongoing gene flow can
provide greater insight into its emergence in this region and improve predictions of future spread. Here we
explore the genomic landscape of An. stephensi and demonstrate, using population structure analysis, that
our Ethiopian field isolates are genetically distinct from Indian and Pakistani colony populations. Ancestry
analysis indicated that each field population constituted a distinct ancestral population. The Indian field
isolates, despite the large geographical distance between the regions (Bengaluru and Mangaluru, around
350km), shared an ancestral population (K4) in the presence of several minor ones. The Indian colony
samples were divided in two groups, based on their origin, (Walter Reid or laboratory-reared strains). All
samples from Ethiopia inherited the K1 ancestry, which was present at a minor proportion in some wild-
caught Indian samples, and a single Pakistan SDA500 colony sample (intermediate form). This observation
suggests a possible South Asian origin of the Ethiopian samples, as previously reported?. Previous studies
using candidate gene analysis have identified high levels of genetic diversity across Ethiopian populations,

implying either a one large invasion incident, or multiple smaller colonisation events3. The samples
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analysed here were collected in the same market town, which could have resulted from a population

expansion in this area, resulting in the homogenous ancestry observed.

The ancestry observed in Ethiopia might have been dominant in other areas in South Asia at the time of the
importation event. A similar relationship is observed between the Indian laboratory-reared and field
isolates, where the former was collected in 2016 in Chennai, India and have only K5 ancestry. This K5
ancestry also appears in 14 Indian field samples with the K1 Ethiopian ancestry, suggestive of shared
ancestry between the Indian populations, despite the large geographical distance between Chennai,
Bengaluru, and Mangaluru. Other studies have indicated that Anopheles spp. population structure remains
stable over time, and physical distance is a larger driver of genetic variation3®3’, To further understand the
origins of the An. stephensi in the Horn of Africa, further WGS should be performed on more field isolates
from An. stephensi’s native geographical regions, including India, Pakistan, Afghanistan, Iran, as well as

elsewhere in the Horn of Africa.

The kdr L1014F insecticide resistance mutation was detected at a low frequency in this Ethiopian
population, and absence in the Indian field samples. This kdr mutation confers resistance to pyrethroids
and has been found previously in Indian populations of An. stephensi collected in 2016, and in Afghan
populations, collected in 2018%%. The kdr L1014F mutation is absent in the Mangalore and Bangalore
populations analysed here, despite evidence of extensive pyrethroid resistance in both these cities338. The
low proportion of Ethiopian isolates with this SNP, along with its presence as a heterozygous genotype,
implies it has recently arisen in this population. The kdr L1014F mutation has been previously identified in

Ethiopian samples at a similar frequency to our study?..

The other known target site mutation identified in the Ethiopian isolates was gaba A296S, which confers
resistance to dieldrin?>22, This substitution was also identified in the Indian field populations, highlighting
its prevalence, despite the insecticide being banned since the 1990s. The presence of this mutation

corroborates the historical shared ancestry of the isolates analysed here. The gaba V327| mutation was also
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identified, and has a strong association to the A296S alteration, with five Indian field and colony samples
carrying both SNPs3%4, A further 22 putatively novel SNPs were identified in genes associated with
insecticide resistance. Six of these SNPs appeared in two Pakistan Colony samples (Ste32 and Ste58) known
to be insecticide susceptible. Two of these SNPs occurred in the ace-1 gene (N177D and V59A), and four in
GSTe2 (F196Y, C146S, H97A, and G66A). The remaining 16 missense SNPs occur in populations where the

resistance status is unknown, so it is not possible to infer any impact on insecticide susceptibility.

Of the genes identified as having ongoing directional selection, five could be potentially involved in
insecticide resistance. The nAChR receptor subunit beta was found under selection by both within (iHS) and
between (XP-EHH) population analysis. The nAChR receptor subunit alpha was also identified using the iHS
metric as being under ongoing selection in Indian and Ethiopian populations. These two subunits of the
receptor are the result of splicing of the nAChR gene; the presence (alpha) or absence (beta) of two
cysteines determines their type*!. Mutations within nAChR have been reported to result in resistance to
neonicotinoids, which are pesticides that mediate synaptic transmission via nAChR, resulting in insect
mortality*>43. This type of pesticide usage has been reported to result in neonicotinoid resistance in other
Anopheles species**. Worryingly, neonicotinoids are considered an alternative to pyrethroids, for vectors
with high levels of resistance to pyrethroids®>#°-%’. In Ethiopia, the President’s Malaria Initiative have using
SumiShield, which contains a neonicotinoid since 2021. In addition, significant directional selection was
detected in glutamate-gated channel genes in the Pakistan colony. Mutations in these loci have been
associated with ivermectin resistance in Drosophila®®=°°. lvermectin is an anti-parasitic, often used in mass
drug administrations, which also kills Anopheles spp. mosquitoes when they ingest the blood of a treated
host>L. Ivermectin has been trialled as a vector control method using mass drug administration to help

reduce malaria cases®2.

Distinct signals of selection in a gaba gene were identified in India field and Pakistan colony samples, fipronil
is an insecticide that acts on gaba receptor subunit beta to cause neurotoxicity>3. This phenylpyrazole that

has been suggested as a one health approach to vector control®*. Similarly to ivermectin, fipronil can be
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used in mass drug administration, particularly in livestock (e.g., cattle targeting zoophilic vectors (e.g., An.
stephensi), where this approach has been trialled successfully>~>7. Resistance to fipronil has been reported
in Iranian An. stephensi isolates, with both kdr and rd/ mutations hypothesised to be involved®8. Mutations
within GABA receptors have been associated with reduced insecticide efficacy of fipronil, although this has
not been observed in Anopheles spp>°-5. Further surveillance of this gene could provide valuable insights

into its potential involvement in fipronil resistance.

Another notable gene exhibiting strong directional selection by iHS was CYP307a1, identified in the Indian
field populations. A 494bp deletion was detected in the intronic region of this locus in one Ethiopian
isolate, and may impact on gene expression or result in alternative splicing®. CYP307a1 is a member of
the cytochrome P450 gene family, and has previously been linked to resistance to both DDT and
pyrethroids in An. funestus®4. Similarly, in other insect species (Cydia pomonella), the upregulation of
CYP307a1 has been associated with deltamethrin (a pyrethroid) resistance®®. Typically, CYP307a1 is
involved in ecdysteroid hormone biosynthesis, these hormones control mosquito behaviour, nervous
system development, and reproduction®®, This gene has not been confirmed to directly result in

insecticide resistance but warrants further investigation.

Other structural variants were detected that resulted in amino acid alterations, including a 67bp deletion
in the CYP6al gene, found in a single Indian colony sample. This deletion was one of two detected in this
gene, where the other was a 3’ UTR variant found in both Indian colony and field samples. Altered
expression levels of CYP6al have previously been associated with deltamethrin resistance in D.
melanogaster and C. pipiens®”®8. With the absence of kdr mutations in these Indian field samples, but
phenotypic pyrethroid resistance reported near the collection sites, it is likely other mechanisms contribute

to resistance; such as metabolically mediated resistance31%27:6%,

This CYP6a1 gene identified here is not in the CYP6a cluster that was observed to have elevated coverage

proportional to the genome median in Ethiopian isolates. To further investigate this gene cluster, read
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orientations and breakpoints would need to be identified to confirm whether this increased coverage was

due to a copy number variation in the population.

Further investigations, using WGS or targeted amplicon sequencing, in tandem with susceptibility
bioassays, are needed to investigate the impact of these mutations on insecticide response. The novel
missense SNPs potentially linked with resistance should be used as targets in high-throughput molecular
assays, to support surveillance and assist functional work to understand and validate underlying

mechanisms associated with resistant phenotypes.

In conclusion, this study gives greater insight into the population genetics of cross-continental An.
stephensi. Applications of WGS analysis to larger An. stephensi sample cohorts, across different
geographical regions, will be key to understanding gene flow and identifying insecticide resistance markers.
Such insights will enable public health authorities to make informed choices about vector surveillance and

insecticide usage.

Methods

Mosquito Collection and Identification

An. stephensi mosquitoes were sourced from an LSHTM colony (Sind Kasur strain, originally from Pakistan
in 1982). Field samples were collected in Awash Sebat Kilo, Ethiopia, between April and September 2019.
They were collected in one of three ways: CDC mini light traps, aspiration from cattle shelters, and human
landing collection. All mosquitoes were identified morphologically as An. stephensi before a multiplex gPCR

with ITS2 and cox-1 genes was used for molecular confirmation”7°,

DNA Extraction
Mosquitoes were individually suspended in 1X PBS, before being mechanically lysed with a Tissue Ruptor I

(Qiagen, Hilden, Germany) for 30 seconds, or until all body parts were no longer visible. DNA was extracted
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using the Qiagen Blood and Tissue kits, according to manufacturer’s instructions. DNA concentrations for
each sample were quantified using the Qubit 2.0 fluorimeter HS DNA kit (ThermoFisher). DNA was then

stored at -20°C.

Whole Genome Sequencing and Bioinformatic Analysis

The DNA of 30 An. stephensi isolates were sequenced on the lllumina MiSeq using 2 x 250bp paired end
configuration. Twenty-eight of these isolates were collected in Ethiopia, and the remaining two were colony
mosquitoes. Publicly available An. stephensi WGS data was included in the population analyses, this
includes 21 wild-type Indian samples (11 from Bangalore, and 10 from Mangalore). A total of 24 publicly
colony samples were included in analysis, 16 of which were Indian colony samples, and eight Pakistan
colony samples. The raw WGS sequence data was first trimmed using trimmomatic software (version 0.39),
before being aligned to the UCI_ANSTEP_V1.0 (An. stephensi) reference genome, using bwa-mem software
(with default parameters)’*73. The isolate identified as non-stephensi was then mapped to available
genomes from Anopheles species known to be present in the region. These included An. gambiae (AgamP4),
An. arabiensis (AaraD3), An. funestus (idAnoFuneDA-416_04) and An. coustani (idAnoCousDA_361_x.2).
and coverage statistics from the resulting bam files were calculated using samtools’®. Variants (SNPs and
INDELs) were called and validated using GATK software with the HaplotypeCaller’®. Once individual VCF files
had been generated, a multi-sample VCF was created using GATK’s GenomicsDBImport and
GenotypeGVCFs function. The multi-sample VCF was then filtered to contain only chromosomal variant
using bcftools, this package was also used to sort and normalise multi-allelic variant sites. Further filtering
was conducted using vcftools, removing variants with a depth > 5, more than 50% missingness’®. A total of
16,580,599 SNPs were initially identified from the remaining 72 samples but reduced to 15,533,476 after

filtering.
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Identification of Insecticide Resistance Associated SNPs

A bed file containing genes associated with insecticide resistance was created based on a literature search.
This search included the para, gaba, and ace-1 genes associated with target site resistance, along with
cytochrome P450’s, and esterase’s linked to metabolic-based resistance. The bed file included the 500bp
before the gene start codon, and 500bp after the stop codon to identify any variants within the promoter
or terminator regions. The bed file was then applied to the filtered multi-sample VCF using bcftools. The
package snpEff was then used to annotate these variants, using a custom-built database from the

UCI_ANSTEP_V1.0 gff file7%77.

Population Genetic Analysis

A pairwise-genetic distance matrix was generated from the filtered multi-sample VCF file, using an in-house
script’®. This distance matrix was used as the basis for the generation of a neighbourhood joining tree, and
principal component analyses generated in R using ape and ggman packages’#. The resulting NJ tree was
visualised and annotated using iTOL®. ADMIXTURE software (v1.3) was used to conduct admixture
analysis®2. PLINK package was first used to convert the VCF file to a bed file for these analyses®. The
optimum K value (estimated number of ancestral populations) was calculated by cross-validation of 1-10
dimensions of eigenvalue decay (k=5). This value along with the bed file was used by ADMIXTURE software
to identify shared ancestral populations. The output was then visualised in R. To investigate the genetic
diversity in An. stephensi Fst was calculated using the Weir and Cockerham estimator between Ethiopian
and Indian field populations, using vcftools and visualised in the R statistical tool. Nucleotide diversity was
also calculated across the genome, using 100kb windows. Genomic regions under directional selection,
were detected with the R-based package rehh®. The Integrated haplotype statistic (iHS) was used to find
selection within populations, and extended haplotype homozygosity (XP-EHH) was used to identify

selection ongoing between populations.
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Identification of Large Structural Variants

Two methods were utilised to detect copy number variants for this date set. First, a coverage-based method
was used focussing on clusters of CYP genes identified in the genome (Supplementary Table 4). Sample
coverage was averaged by collection location resulting in four populations: Ethiopia, Indian field, Indian
Colony, and Pakistani Colony. Coverage for each population was normalised using Kernel-smoothing, and

then plotted against to the median genome coverage depth for that population.

Secondly, Delly software was used to identify large structural variants (SVs) >60bp®°. For individual samples
that had insertions and deletions, sample BCF format files were merged and filtered based on sample
missingness (<50%), followed by the removal of heterozygous calls. As described above, the population
differentiation statistic Fst was calculated using vcftools, to identify SVs unique to populations. To confirm
any SVs occurring in genes associated with insecticide resistance, the bcftools software was used for visual

inspection.
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Tables and Figures

Table 1. Number of SNPs with significant Pairwise Fst Calculations

Populations Fst > 0.8 Fst = 1.6Y/
Ethiopia vs India Wildtype 7539 194 ¢og
Ethiopia vs India Colony 30567 938

Ethiopia vs Pakistan Colony 70898 3472 609
India Wildtype vs India Colony 2411 355 .4
India Wildtype vs Pakistan Colony 35077 2942

India Colony vs Pakistan Colony 34479 3390 611

Table 2. Genes identified as undergoing directional selection with either XP-EHH or iHS statistics

XP-EHH
Chromosome Position Score Gene Populations
NC_050202.1 68720664 5.30439559 acetylcholine receptor subunit beta-like 2 Ethiopia|India
NC_050202.1 68720666 5.30439559 acetylcholine receptor subunit beta-like 2 Ethiopia|India
iHS
Chromosome Position Score Gene Population
gamma-aminobutyric acid receptor subunit .
NC_050201.1 13607505 4.157532377 . Pakistan colony
beta-like
NC_050202.1 68736715 4.16320592 acetylcholine receptor subunit beta-like 2 India wildtype
NC_050202.1 68736717 4.24447916 acetylcholine receptor subunit beta-like 2 India wildtype
NC_050202.1 68789775 -4.5335888 acetylcholine receptor subunit alpha-like India wildtype
NC_050202.1 68790027 -4.2056141 acetylcholine receptor subunit alpha-like India wildtype
NC_050202.1 68790037 -4,5254523 acetylcholine receptor subunit alpha-like India wildtype
NC_050202.1 68790043 -4,5118037 acetylcholine receptor subunit alpha-like India wildtype
NC_050202.1 68874338 3.97023238 acetylcholine receptor subunit alpha-like Ethiopia
gamma-aminobutyric acid receptor subunit L
NC_050203.1 8347167 4.26288047 beta India wildtype
NC_050203.1 20668384 3.94395547 glutamate-gated chloride channel Pakistan colony
NC_050203.1 20668385 3.94395547 glutamate-gated chloride channel Pakistan colony
NC_050203.1 67922600 4.0921626 cytochrome P450 307al-like India wildtype
NC_050203.1 67925612 3.91798343 cytochrome P450 307al-like India wildtype
NC_050203.1 67925620 3.92503232 cytochrome P450 307a1l-like India wildtype
NC_050203.1 67925893 4.3089353 cytochrome P450 307al-like India wildtype
NC_050203.1 67926103 4.25137268 cytochrome P450 307al-like India wildtype
NC_050203.1 67926118 4.03362144 cytochrome P450 307al-like India wildtype
NC_050203.1 67926235 4.11747932 cytochrome P450 307al-like India wildtype
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Table 3. Missense SNPs identified across four main insecticide resistance associated genes

Chromosome Position Amino acid | Populations Allele frequency Genotype frequency
alteration 0 1 0/0 0/1 1/1
NC_050202.1 60913808 Val189lle E,IC&IW 0.91 0.09 0.83 0.16 0.01
NC_050202.1 60913844 Asn177Asp All 0.17 0.83 0.07 0.21 0.72
NC_050202.1 60916071 Gly94Ser All 0.22 0.78 0.07 0.31 0.63
NC_050202.1 60916173 Gly60Ser PC 0.99 0.01 0.99 0.01 0.00
NC_050202.1 60916175 Val59Ala All 0.24 0.76 0.13 0.22 0.65
NC_050203.1 8349210 Met349lle PC 0.99 0.01 0.99 0.01 0.00
NC_050203.1 8352962 Val327lle IC & IW 0.97 0.03 0.93 0.07 0.00
NC_050203.1 8353055 Ala296Ser All 0.81 0.19 0.63 0.36 0.01
NC_050203.1 8380167 Leul01Ser IC 0.98 0.02 0.96 0.04 0.00
NC_050203.1 8391526 Pro77Ala Ethiopia 0.97 0.03 0.93 0.07 0.00
NC_050203.1 8391528 Pro76GIn W 0.99 0.01 0.97 0.03 0.00
NC_050203.1 8391529 Pro76Thr Ethiopia 0.99 0.01 0.99 0.01 0.00
NC_050203.1 8395314 Gly74Glu IC 0.95 0.05 0.90 0.10 0.00
NC_050203.1 8395317 Tyr73Cys Ethiopia 0.96 0.04 0.93 0.06 0.01
NC_050203.1 42808541 Alal1955Cys Ethiopia 0.96 0.04 0.97 0.03 0.00
NC_050203.1 42817709 Leu958F Ethiopia 0.99 0.01 0.94 0.06 0.00
NC_050203.1 70580273 Thr222Ala E&PC 0.97 0.03 0.90 0.10 0.00
NC_050203.1 70581404 Phel96Tyr E&PC 0.95 0.05 0.08 0.06 0.86
NC_050203.1 70581440 11e184Thr IC 0.11 0.89 0.98 0.01 0.01
NC_050203.1 70581534 Arg153Cys All 0.98 0.02 0.57 0.26 0.17
NC_050203.1 70581555 Cysl46Ser All 0.70 0.30 0.08 0.10 0.82
NC_050203.1 70581607 Asp128Glu E&PC 0.93 0.07 0.90 0.06 0.04
NC_050203.1 70581621 Pro124Thr Ethiopia 0.98 0.02 0.96 0.04 0.00
NC_050203.1 70581766 His97Asn All 0.21 0.79 0.14 0.14 0.72
NC_050203.1 70581858 Gly66Ala All 0.24 0.76 0.18 0.11 0.71
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Figure 1. Neighbourhood joining tree, and principal component analysis plot generated from pairwise distance matrix of available An. stephensi WGS isolates

(Ethiopia (n= 27), Indian colony (n=21), Indian wildtype (n=16), and Pakistan colony (n=8)
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Supplementary Table 1. Positions within genes identified as having significant XP-EHH scores.

Chromosome Position XPEHH Reference Alternate Gene_name category_name
Score allele Allele

50201 9465180 -5.005665328 A C sodium channel protein Nach Ethiopia|India Wildtype
50201 9465180 5.005665328 A C sodium channel protein Nach Ethiopia|India Wildtype
50201 9465189 -4.444481662 G A sodium channel protein Nach Ethiopia|India Wildtype
50201 9465189 4.444481662 G A sodium channel protein Nach Ethiopia|India Wildtype
50201 9467621 -4.616753578 T G sodium channel protein Nach Ethiopia|India Wildtype
50201 9467621 4.616753578 T G sodium channel protein Nach Ethiopia|India Wildtype
50201 9480436 -4,458442882 A G sodium channel protein Nach Ethiopia|India Wildtype
50201 9480436 4.458442882 A G sodium channel protein Nach Ethiopia|India Wildtype
50201 9480437 -4.458442882 A C sodium channel protein Nach Ethiopia|India Wildtype
50201 9480437 4.458442882 A C sodium channel protein Nach Ethiopia|India Wildtype
50201 13100960 -4.709717919 T G AF4/FMR2 family member lilli-like India Colony| Ethiopia
50201 13100960 4.709717919 T G AF4/FMR2 family member lilli-like India Colony|Ethiopia
50202 1055305 -5.113814473 C A POU domain, class 6, transcription factor 2 India Colony|India Wildtype
50202 1055305 5.113814473 C A POU domain, class 6, transcription factor 2 India Colony|India Wildtype
50202 2083985 -4.55636738 C T endoribonuclease Dicer Ethiopia|India Wildtype
50202 2083985 4.55636738 C T endoribonuclease Dicer Ethiopia|India Wildtype
50202 4742060 4.599331789 C A uncharacterized LOC118508163 Ethiopia|India Wildtype
50202 4742060 -4.599331789 C A uncharacterized LOC118508163 Ethiopia|India Wildtype
50202 5592348 -4.530278196 T A limbic system-associated membrane protein India Colony| Ethiopia
50202 5592348 4.530278196 T A limbic system-associated membrane protein India Colony| Ethiopia
50202 12062186 -4.727903879 G T speract receptor India Colony|India Wildtype
50202 12062186 4.727903879 G T speract receptor India Colony|India Wildtype
50202 12064274 -4,521993755 C T speract receptor India Colony|India Wildtype
50202 12064274 4.521993755 C T speract receptor India Colony|India Wildtype
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50202 12064324 -5.091355371 C T speract receptor India Colony|India Wildtype
50202 12064324 5.091355371 C T speract receptor India Colony|India Wildtype
50202 17196920 -4.762553453 T G meiotic recombination protein SPO11 Ethiopia|India Wildtype

50202 17196920 4.762553453 T G meiotic recombination protein SPO11 Ethiopia|India Wildtype

50202 21207678 -4.516864651 C A ankyrin repeat domain-containing protein 17 India Colony|India Wildtype
50202 21207678 4.516864651 C A ankyrin repeat domain-containing protein 17 India Colony|India Wildtype
50202 21207681 -5.094011005 C T ankyrin repeat domain-containing protein 17 India Colony|India Wildtype
50202 21207681 5.094011005 C T ankyrin repeat domain-containing protein 17 India Colony|India Wildtype
50202 21356934 -4.510156561 G A ankyrin repeat domain-containing protein 17 India Colony|India Wildtype
50202 21356934 4.510156561 G A ankyrin repeat domain-containing protein 17 India Colony|India Wildtype
50202 21385853 -5.059016074 A G ankyrin repeat domain-containing protein 17 India Colony|India Wildtype
50202 21385853 5.059016074 A G ankyrin repeat domain-containing protein 17 India Colony|India Wildtype
50202 25400970 -4.421035661 T C protein germ cell-less India Colony|India Wildtype
50202 25400970 4.421035661 T C protein germ cell-less India Colony|India Wildtype
50202 27087057 -4.537178445 G A growth factor receptor-bound protein 2 India Colony|India Wildtype
50202 27087057 4.537178445 G A growth factor receptor-bound protein 2 India Colony|India Wildtype
50202 35316698 -4.497163664 G C uncharacterized LOC118506318 India Colony|India Wildtype
50202 35316698 4.497163664 G C uncharacterized LOC118506318 India Colony|India Wildtype
50202 36554735 -4.670777572 A T N-acetylgalactosaminyltransferase 4-like India Colony|India Wildtype
50202 36554735 4.670777572 A T N-acetylgalactosaminyltransferase 4-like India Colony|India Wildtype
50202 36622449 -4.425557617 A C protein gooseberry-neuro India Colony|India Wildtype
50202 36622449 4.425557617 A C protein gooseberry-neuro India Colony|India Wildtype
50202 36622455 -4.464974184 C G protein gooseberry-neuro India Colony|India Wildtype
50202 36622455 4.464974184 C G protein gooseberry-neuro India Colony|India Wildtype
50202 37475265 -4.453004824 G T F-box/SPRY domain-containing protein 1 India Colony|India Wildtype
50202 37475265 4.453004824 G T F-box/SPRY domain-containing protein 1 India Colony|India Wildtype
50202 38473284 -4.708242107 C T homeobox protein abdominal-B-like India Colony|India Wildtype
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50202 38473284 4.708242107 C T homeobox protein abdominal-B-like India Colony|India Wildtype
50202 39404435 -4.555763217 T C uncharacterized LOC118507833 India Colony|India Wildtype
50202 39404435 4.555763217 T C uncharacterized LOC118507833 India Colony|India Wildtype
50202 39818059 -4.595908924 C T uncharacterized LOC118507877 India Colony|India Wildtype
50202 39818059 4.595908924 C T uncharacterized LOC118507877 India Colony|India Wildtype
50202 41527499 -4.41754895 C T dopamine D2-like recepto India Colony|India Wildtype
50202 41527499 4.41754895 C T dopamine D2-like recepto India Colony|India Wildtype
50202 41861815 -4.,796144402 T C lethal(2) giant larvae protein India Colony|India Wildtype
50202 41861815 4.796144402 T C lethal(2) giant larvae protein India Colony|India Wildtype
50202 48706614 -4.800396475 C G centrosomin India Colony|India Wildtype
50202 48706614 4.800396475 C G centrosomin India Colony|India Wildtype
50202 52988816 -4.641803851 T A cell wall protein AWA1 India Colony|India Wildtype
50202 52988816 4.641803851 T A cell wall protein AWA1 India Colony|India Wildtype
50202 52996720 -4.562666071 G A cell wall protein AWA1 India Colony|India Wildtype
50202 52996720 4.562666071 G A cell wall protein AWA1 India Colony|India Wildtype
50202 53039951 -5.773605556 C A cell wall protein AWA1 India Colony|India Wildtype
50202 53039951 5.773605556 C A cell wall protein AWA1 India Colony|India Wildtype
50202 53047183 -4.441675247 C T cell wall protein AWA1 India Colony|India Wildtype
50202 53047183 4.441675247 C T cell wall protein AWA1 India Colony|India Wildtype
50202 59287030 -4.516720667 C A nicotinamidase India Colony| Ethiopia

50202 59287030 4.516720667 C A nicotinamidase India Colony|Ethiopia

50202 59667235 -4.431415707 A G cubilin India Colony|Ethiopia

50202 59667235 4.431415707 A G cubilin India Colony|Ethiopia

50202 60835853 -4.475126562 C T pre-mRNA 3' end processing protein WDR33 India Colony|Ethiopia

50202 60835853 4.475126562 C T pre-mRNA 3' end processing protein WDR33 India Colony | Ethiopia

50202 61257455 -4.509738748 T C TBC1 domain family member whacked India Colony|India Wildtype
50202 61257455 4.509738748 T C TBC1 domain family member whacked India Colony|India Wildtype
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50202 61257491 -5.300927412 G A TBC1 domain family member whacked India Colony|India Wildtype
50202 61257491 5.300927412 G A TBC1 domain family member whacked India Colony|India Wildtype
50202 61259531 -4.517148456 T G TBC1 domain family member whacked India Colony|India Wildtype
50202 61259531 4.517148456 T G TBC1 domain family member whacked India Colony|India Wildtype
50202 68720664 -5.304395585 G A acetylcholine receptor subunit beta-like 2 Ethiopia|India Wildtype
50202 68720664 5.304395585 G A acetylcholine receptor subunit beta-like 2 Ethiopia|India Wildtype
50202 68720666 -5.304395585 A G acetylcholine receptor subunit beta-like 2 Ethiopia|India Wildtype
50202 68720666 5.304395585 A G acetylcholine receptor subunit beta-like 2 Ethiopia|India Wildtype
50202 76811040 -4.434506507 T C hemicentin-1 India Colony|Ethiopia
50202 76811040 -5.089076007 T C hemicentin-1 India Colony|India Wildtype
50202 76811040 4.434506507 T C hemicentin-1 India Colony| Ethiopia
50202 76811040 5.089076007 T C hemicentin-1 India Colony|India Wildtype
50202 76811043 -5.495219203 C T hemicentin-1 India Colony|Ethiopia
50202 76811043 -6.217604889 C T hemicentin-1 India Colony|India Wildtype
50202 76811043 5.495219203 C T hemicentin-1 India Colony| Ethiopia
50202 76811043 6.217604889 C T hemicentin-1 India Colony|India Wildtype
50202 76811044 -5.394962388 G A hemicentin-1 India Colony|Ethiopia
50202 76811044 -6.110186512 G A hemicentin-1 India Colony|India Wildtype
50202 76811044 5.394962388 G A hemicentin-1 India Colony|Ethiopia
50202 76811044 6.110186512 G A hemicentin-1 India Colony|India Wildtype
50202 76811048 -5.97789318 C T hemicentin-1 India Colony|India Wildtype
50202 76811048 5.97789318 C T hemicentin-1 India Colony|India Wildtype
50202 76811059 -4.8361411 A G hemicentin-1 India Colony|India Wildtype
50202 76811059 4.8361411 A G hemicentin-1 India Colony|India Wildtype
50202 76811061 -4.927425796 T G hemicentin-1 India Colony|India Wildtype
50202 76811061 4.927425796 T G hemicentin-1 India Colony|India Wildtype
50202 78746627 -4.445383926 G T putative transcription factor capicua India Colony|India Wildtype
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50202 78746627 4.445383926 G T putative transcription factor capicua India Colony|India Wildtype
50202 78964825 -4.637697645 G T serine/threonine-protein phosphatase PP1-beta India Colony| Ethiopia
catalytic subuni
50202 78964825 4.637697645 G T serine/threonine-protein phosphatase PP1-beta India Colony| Ethiopia
catalytic subuni

50202 80145364 -4.551285507 G T Kv channel-interacting protein 1 Ethiopia|India Wildtype
50202 80145364 4.,551285507 G T Kv channel-interacting protein 1 Ethiopia|India Wildtype
50202 80281624 -5.668252926 C A angiopoietin-related protein 1-like India Colony|India Wildtype
50202 80281624 5.668252926 C A angiopoietin-related protein 1-like India Colony|India Wildtype
50202 80281625 -5.755461491 G A angiopoietin-related protein 1-like India Colony|India Wildtype
50202 80281625 5.755461491 G A angiopoietin-related protein 1-like India Colony|India Wildtype
50202 80281630 -5.180678507 G T angiopoietin-related protein 1-like India Colony|India Wildtype
50202 80281630 5.180678507 G T angiopoietin-related protein 1-like India Colony|India Wildtype
50202 80295481 -4.573458762 C T connectin-like India Colony|India Wildtype
50202 80295481 4.573458762 C T connectin-like India Colony|India Wildtype
50202 80374058 -4.830799954 A C connectin-like India Colony|India Wildtype
50202 80374058 4.830799954 A C connectin-like India Colony|India Wildtype
50202 80374072 -4.462623292 A T connectin-like India Colony|India Wildtype
50202 80374072 4.462623292 A T connectin-like India Colony|India Wildtype
50202 80377015 -4.552850054 T C connectin-like India Colony|India Wildtype
50202 80377015 4.,552850054 T C connectin-like India Colony|India Wildtype
50202 80377018 -4.55744321 T G connectin-like India Colony|India Wildtype
50202 80377018 4.55744321 T G connectin-like India Colony|India Wildtype
50202 80378945 -4.680565057 T G connectin-like India Colony|India Wildtype
50202 80378945 4.680565057 T G connectin-like India Colony|India Wildtype
50202 80378948 -4.612051821 A T connectin-like India Colony|India Wildtype
50202 80378948 4.612051821 A T connectin-like India Colony|India Wildtype
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50202 80385412 -4.441177488 A G connectin-like India Colony|India Wildtype
50202 80385412 4.441177488 A G connectin-like India Colony|India Wildtype
50202 85249950 -4.441874871 A T CCA tRNA nucleotidyltransferase 1, mitochondrial India Colony|Ethiopia
50202 85249950 4.441874871 A T CCA tRNA nucleotidyltransferase 1, mitochondrial India Colony| Ethiopia
50202 86768223 -4.816762081 A T coiled-coil domain-containing protein lobo India Colony|India Wildtype
50202 86768223 4.816762081 A T coiled-coil domain-containing protein lobo India Colony|India Wildtype
50202 86768493 -4.595960863 A G coiled-coil domain-containing protein lobo India Colony|India Wildtype
50202 86768493 4.595960863 A G coiled-coil domain-containing protein lobo India Colony|India Wildtype
50202 86771047 -4.601367228 A G coiled-coil domain-containing protein lobo India Colony|India Wildtype
50202 86771047 4.601367228 A G coiled-coil domain-containing protein lobo India Colony|India Wildtype
50202 86771072 -4.674419435 T A coiled-coil domain-containing protein lobo India Colony|India Wildtype
50202 86771072 4.674419435 T A coiled-coil domain-containing protein lobo India Colony|India Wildtype
50202 86771101 -4,556824774 T C coiled-coil domain-containing protein lobo India Colony|India Wildtype
50202 86771101 4.556824774 T C coiled-coil domain-containing protein lobo India Colony|India Wildtype
50202 86771140 -4.560784184 C A coiled-coil domain-containing protein lobo India Colony|India Wildtype
50202 86771140 4.560784184 C A coiled-coil domain-containing protein lobo India Colony|India Wildtype
50202 90739286 -4.545661488 A T E3 ubiquitin-protein ligase TRIM33 India Colony|India Wildtype
50202 90739286 4.545661488 A T E3 ubiquitin-protein ligase TRIM33 India Colony|India Wildtype
50203 53153112 -4.817793589 C A 1-phosphatidylinositol 4,5-bisphosphate India Colony|Ethiopia
phosphodiesterase classes | and |l
50203 53153113 -4.542803026 T C 1-phosphatidylinositol 4,5-bisphosphate India Colony | Ethiopia
phosphodiesterase classes | and |l
50203 53153112 4.817793589 C A 1-phosphatidylinositol 4,5-bisphosphate India Colony|Ethiopia
phosphodiesterase classes | and |l
50203 53153113 4.542803026 T C 1-phosphatidylinositol 4,5-bisphosphate India Colony| Ethiopia
phosphodiesterase classes | and Il
50203 31749273 -4.569502324 C T potassium voltage-gated channel subfamily KQT India Colony|India Wildtype

member 1-like
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50203 31749273 4.569502324 C T potassium voltage-gated channel subfamily KQT India Colony|India Wildtype
member 1-like

50203 31873994 -4.577619538 A G potassium voltage-gated channel subfamily KQT India Colony|India Wildtype
member 1-like

50203 31874076 -4.909721832 G A potassium voltage-gated channel subfamily KQT India Colony|India Wildtype
member 1-like

50203 31890671 -4.710033064 G A potassium voltage-gated channel subfamily KQT India Colony|India Wildtype
member 1-like

50203 31873994 4.577619538 A G potassium voltage-gated channel subfamily KQT India Colony|India Wildtype
member 1-like

50203 31874076 4.909721832 G A potassium voltage-gated channel subfamily KQT India Colony|India Wildtype
member 1-like

50203 31890671 4.710033064 G A potassium voltage-gated channel subfamily KQT India Colony|India Wildtype
member 1-like

50203 36632733 -4.451344621 A G hillarin India Colony|India Wildtype

50203 36632739 -4.427059512 T C hillarin India Colony|India Wildtype

50203 36632788 -4.709684319 G A hillarin India Colony|India Wildtype

50203 36632821 -4.433101043 G A hillarin India Colony|India Wildtype

50203 36632823 -4.531065587 A G hillarin India Colony|India Wildtype

50203 36632827 -4.446273504 G A hillarin India Colony|India Wildtype

50203 36632733 4.451344621 A G hillarin India Colony|India Wildtype

50203 36632739 4.427059512 T C hillarin India Colony|India Wildtype

50203 36632788 4.709684319 G A hillarin India Colony|India Wildtype

50203 36632821 4.433101043 G A hillarin India Colony|India Wildtype

50203 36632823 4.531065587 A G hillarin India Colony|India Wildtype

50203 36632827 4.446273504 G A hillarin India Colony|India Wildtype

50203 37105747 -4.463267349 A G ankyrin repeat domain-containing protein SOWAHB India Colony | Ethiopia

50203 37127258 -4.53341508 G A ankyrin repeat domain-containing protein SOWAHB India Colony|India Wildtype
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50203 37105747 4.463267349 A G ankyrin repeat domain-containing protein SOWAHB India Colony|Ethiopia

50203 37127258 4.53341508 G A ankyrin repeat domain-containing protein SOWAHB India Colony|India Wildtype

50203 36445500 -4,575575657 A T uncharacterized LOC118509705 ( India Colony|Ethiopia

50203 36445500 4.575575657 A T uncharacterized LOC118509705 ( India Colony| Ethiopia

50203 28008767 -5.283229508 C T uncharacterized LOC118510096 India Colony|India Wildtype

50203 28008767 5.283229508 C T uncharacterized LOC118510096 India Colony|India Wildtype

50203 5005839 -4.459142803 A C DNA N6-methyl adenine demethylase India Colony | Ethiopia

50203 5005845 -4.460652716 G T DNA N6-methyl adenine demethylase India Colony | Ethiopia

50203 5005839 4.459142803 A C DNA N6-methyl adenine demethylase India Colony|Ethiopia

50203 5005845 4.460652716 G T DNA N6-methyl adenine demethylase India Colony|Ethiopia

50203 7684853 -4.521264918 T A neogenin India Colony|India Wildtype

50203 7684853 4.521264918 T A neogenin India Colony|India Wildtype

50203 7808325 -4.695531329 G A uncharacterized LOC118510486 India Colony|India Wildtype

50203 7808325 4.695531329 G A uncharacterized LOC118510486 India Colony|India Wildtype

50203 7822198 -4.437732051 C T putative mediator of RNA polymerase Il India Colony| Ethiopia
transcription subunit 26

50203 7822268 -4.681329214 G C putative mediator of RNA polymerase Il India Colony|Ethiopia
transcription subunit 26

50203 7822328 -4.458668577 C A putative mediator of RNA polymerase Il India Colony|Ethiopia
transcription subunit 26

50203 7822268 -4.852902721 G C putative mediator of RNA polymerase Il India Colony|India Wildtype
transcription subunit 26

50203 7822328 -4.613152098 C A putative mediator of RNA polymerase Il India Colony|India Wildtype
transcription subunit 26

50203 7832999 -4.542523371 C A putative mediator of RNA polymerase Il India Colony|India Wildtype
transcription subunit 26

50203 7822198 4.437732051 C T putative mediator of RNA polymerase Il India Colony|Ethiopia

transcription subunit 26

116



50203 7822268 4.681329214 G C putative mediator of RNA polymerase Il India Colony| Ethiopia
transcription subunit 26
50203 7822328 4.458668577 C A putative mediator of RNA polymerase Il India Colony|Ethiopia
transcription subunit 26
50203 7822268 4.852902721 G C putative mediator of RNA polymerase Il India Colony|India Wildtype
transcription subunit 26
50203 7822328 4.613152098 C A putative mediator of RNA polymerase Il India Colony|India Wildtype
transcription subunit 26
50203 7832999 4.542523371 C A putative mediator of RNA polymerase Il India Colony|India Wildtype
transcription subunit 26
50203 7853974 -4.435484555 T A ATPase family AAA domain-containing protein 5 India Colony|India Wildtype
50203 7853974 4.435484555 T A ATPase family AAA domain-containing protein 5 India Colony|India Wildtype
50203 7858613 -4.653240286 G A cytochrome b5-like India Colony|India Wildtype
50203 7858613 4.653240286 G A cytochrome b5-like India Colony|India Wildtype
50203 8485166 -5.763886396 T G glutamate receptor 1-like India Colony|India Wildtype
50203 8485168 -5.90966027 A G glutamate receptor 1-like India Colony|India Wildtype
50203 8485172 -5.412882141 T G glutamate receptor 1-like India Colony|India Wildtype
50203 8485166 5.763886396 T G glutamate receptor 1-like India Colony|India Wildtype
50203 8485168 5.90966027 A G glutamate receptor 1-like India Colony|India Wildtype
50203 8485171 5.810627055 G C glutamate receptor 1-like India Colony|India Wildtype
50203 8485172 5.412882141 T G glutamate receptor 1-like India Colony|India Wildtype
50203 77326077 -4.419417499 C A P protein India Colony|India Wildtype
50203 77326077 4.419417499 C A P protein India Colony|India Wildtype
50203 73673505 -4,535296303 A G apoptosis-resistant E3 ubiquitin protein ligase 1 India Colony|India Wildtype
50203 73673505 4.535296303 A G apoptosis-resistant E3 ubiquitin protein ligase 1 India Colony|India Wildtype
50203 15276293 -4.680159147 T G trithorax group protein osa India Colony|India Wildtype
50203 15276293 4.680159147 T G trithorax group protein osa India Colony|India Wildtype
50203 2895486 -4.590372242 C T uncharacterized LOC118511244 India Colony| Ethiopia
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50203 2895486 4.590372242 C T uncharacterized LOC118511244 India Colony| Ethiopia
50203 46918232 -4.530998326 T G serine-rich adhesin for platelets-like India Colony|India Wildtype
50203 46918232 4.530998326 T G serine-rich adhesin for platelets-like India Colony|India Wildtype
50203 27625615 -4.475598481 G A dead ringer-like India Colony|India Wildtype
50203 27625615 4.475598481 G A dead ringer-like India Colony|India Wildtype
50203 65163599 -4.692754597 C A paxillin India Colony|Ethiopia
50203 65163599 4.692754597 C A paxillin India Colony | Ethiopia
50203 40136361 -4.903095958 A G myb-like protein Q India Colony|India Wildtype
50203 40136361 4.903095958 A G myb-like protein Q India Colony|India Wildtype
50203 40679757 -4.444395417 C T NACHT domain- and WD repeat-containing protein India Colony|Ethiopia
1
50203 40679757 4.444395417 C T NACHT domain- and WD repeat-containing protein India Colony| Ethiopia
1

50203 1538814 4.710636611 C T lysophospholipid acyltransferase 1 Ethiopia|India Wildtype
50203 1538814 -4.710636611 C T lysophospholipid acyltransferase 1 Ethiopia|India Wildtype
50203 1445974 -4.804446916 A C uncharacterized LOC118512080 India Colony|India Wildtype
50203 1445974 4.804446916 A C uncharacterized LOC118512080 India Colony|India Wildtype
50203 69463786 -4.521174362 C T T-box protein H15-like India Colony|India Wildtype
50203 69463786 4.521174362 C T T-box protein H15-like India Colony|India Wildtype
50203 15561768 -4.,709458944 A G platelet binding protein GspB India Colony|Pakistan Colony
50203 15561771 -4.610603285 A G platelet binding protein GspB India Colony|Pakistan Colony
50203 15561772 -4.565390713 G A platelet binding protein GspB India Colony|Pakistan Colony
50203 15561775 -4.422688562 C G platelet binding protein GspB India Colony|Pakistan Colony
50203 15561776 -4.556652629 A T platelet binding protein GspB India Colony|Pakistan Colony
50203 15561768 -4.478021367 A G platelet binding protein GspB India Colony|India Wildtype
50203 15561768 4.709458944 A G platelet binding protein GspB India Colony|Pakistan Colony
50203 15561771 4.610603285 A G platelet binding protein GspB India Colony|Pakistan Colony
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50203 15561772 4.565390713 G A platelet binding protein GspB India Colony|Pakistan Colony
50203 15561775 4.422688562 C G platelet binding protein GspB India Colony|Pakistan Colony
50203 15561776 4.556652629 A T platelet binding protein GspB India Colony|Pakistan Colony
50203 15561768 4.478021367 A G platelet binding protein GspB India Colony|India Wildtype
50203 54844619 -4.474442724 A G protein outspread India Colony| Ethiopia
50203 54844623 -4.608394092 C T protein outspread India Colony|Ethiopia
50203 54844631 -4.634456523 T C protein outspread India Colony | Ethiopia
50203 54844619 4474442724 A G protein outspread India Colony | Ethiopia
50203 54844623 4.608394092 C T protein outspread India Colony|Ethiopia
50203 54844631 4.634456523 T C protein outspread India Colony|Ethiopia
50203 71907635 -4.421811549 T G signal-induced proliferation-associated 1-like Ethiopia|India Wildtype
protein 2
50203 71907635 4.421811549 T G signal-induced proliferation-associated 1-like Ethiopia|India Wildtype
protein 2

50203 17396549 -4.467277364 G C AF4/FMR2 family member lilli-like India Colony| Ethiopia
50203 17396549 4.467277364 G C AF4/FMR2 family member lilli-like India Colony|Ethiopia
50203 86803105 -4.443099736 T G F-box/LRR-repeat protein 20 India Colony|India Wildtype
50203 86803105 4.443099736 T G F-box/LRR-repeat protein 20 India Colony|India Wildtype
50203 12067769 -4.689398922 C T polypeptide N-acetylgalactosaminyltransferase India Colony|India Wildtype
50203 12067783 -4.486559527 T A polypeptide N-acetylgalactosaminyltransferase India Colony|India Wildtype
50203 12067769 4.689398922 C T polypeptide N-acetylgalactosaminyltransferase India Colony|India Wildtype
50203 12067783 4.486559527 T A polypeptide N-acetylgalactosaminyltransferase India Colony|India Wildtype
50203 12052275 -4.529419893 A G uncharacterized LOC118514496 India Colony|India Wildtype
50203 12052275 4.529419893 A G uncharacterized LOC118514496 India Colony|India Wildtype
50203 67833037 -4.558188554 G T atrial natriuretic peptide receptor 1 India Colony|India Wildtype
50203 67833043 -4.688324454 T C atrial natriuretic peptide receptor 1 India Colony|India Wildtype
50203 67833116 -4,997379153 G T atrial natriuretic peptide receptor 1 India Colony|India Wildtype
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50203 67833037 4.558188554 G T atrial natriuretic peptide receptor 1 India Colony|India Wildtype

50203 67833043 4.688324454 T C atrial natriuretic peptide receptor 1 India Colony|India Wildtype

50203 67833116 4,997379153 G T atrial natriuretic peptide receptor 1 India Colony|India Wildtype

50203 50219557 -4.554666695 G C lipopolysaccharide-induced tumor necrosis factor- India Colony|India Wildtype
alpha factor-like

50203 50219557 4.554666695 G C lipopolysaccharide-induced tumor necrosis factor- India Colony|India Wildtype

alpha factor-like
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Chapter 4: Application of a targeted amplicon
sequencing panel to screen for insecticide
resistance mutations in Anopheles darlingi

populations from Brazil
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Abstract

Large-scale surveillance and informed vector control approaches are urgently needed to ensure that
national malaria programs remain effective in reducing transmission and, ultimately, achieving
malaria elimination targets. In South and Central America, Anopheles darlingi is the primary malaria
vector, responsible for the majority of Plasmodium species transmission. However, little is known
about their molecular markers associated with insecticide resistance. Here we developed a low-cost,
high throughput amplicon sequencing (“amp-seq”) panel, consisting of 11 amplicons that target genes
linked to mosquito species (cox-1 and its2) and insecticide resistance (ace-1, GSTe2, vgsc and rdl).
Used in tandem with dual index barcoding of amplicons, our approach permits high numbers of loci
and samples to be sequenced in single runs, thereby decreasing costs, and increasing efficiency. By
screening 200 An. darlingi mosquitoes collected in Brazil, our amp-seq approach identified 10-point
mutations leading to amino acid alterations in ace-1 (V243l, N194H, S673N, S674N/T) and GSTe2 genes
(1114Vv, D128E, T1661, T179l, and T205A). Overall, our work has demonstrated the utility of amp-seq
to provide insights into the genetic diversity of An. darlingi mosquitoes. The amp-seq approach can
be applied as a wide-scale insecticide-resistance surveillance technique to better inform vector-
control methods.

Word count: 194
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Background

Malaria, caused by Plasmodium parasites and transmitted by Anopheles mosquitoes, is one of the
most severe public health problems in the Americas, where ~597,000 cases were diagnosed in 2021
alone!. Approximately 1 in 5 of those malaria cases occurred in Brazil!, where the number of cases
rose by 3% between 2015 and 2020 (137,982 vs. 142,112)2. The transmission of Plasmodium spp. in
Brazil predominantly occurs in the Amazon region?3. Plasmodium vivax parasites cause the majority
(~83%) of malaria cases, followed by P. falciparum (~17%), and then other Plasmodium spp. (0.1%).
Over the last 7 years, the proportion of cases caused by P. falciparum, the species that causes most

severe disease, has increased by 7%?2.

The primary malaria vector in Brazil, Anopheles darlingi (also called Nyssorhynchus darlingi), is highly
susceptible to Plasmodium infection and can maintain malaria transmission even when parasites are
at low densities*®. This mosquito species is highly adaptable to recently anthropized environments
and exhibits both exophagic and endophagic behaviour. An. darlingi primarily feeds on humans and
can occupy ecological niches left empty by other Anopheles spp®'°. Since 2017, deforestation has
increased in the Brazilian Amazon, with previous studies showing these newly deforested areas or
“frontiers” have higher An. darlingi abundance and increased malaria transmission'!. The adaptability
of An. darlingi mosquitoes is believed to be leading to year-round malaria transmission. Previously,
forest populations of An. darlingi would peak during, and towards the end of the rainy season due to
the increased availability of larval habitats in flooded areas near rivers. However, environmental
changes produced by humans have created permanently available larval habitats, thereby supporting
perennial malaria transmission'?%3. These challenges represent a clear risk to Brazil to accomplish its
National Elimination plan and achieve the World Health Organization (WHO) goal of reducing malaria

cases by 90% within the next 7 years 4,
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Typical malaria control practice in Brazil uses insecticides, especially indoor residual spraying (IRS) or
long lasting insecticide treated nets (LLINs)*>6, Pyrethroids have been the insecticide class applied in
recent years, but organophosphates (malathion) and carbamates are used on Aedes aegypti as part
of arbovirus control. Since the reintroduction of dengue in Brazil and the occurrence of outbreaks of
other arboviruses (e.g., Zika and chikungunya), Ae. aegypti has been part of a national insecticide
resistance screening programme to optimise elimination strategies, but no such programme exists for
Anopheles spp'”'8. Resistance to pyrethroids has been reported across Anopheles spp. globally, and
for An. darlingi in countries surrounding Brazil, including Bolivia, Peru, Colombia, and French Guiana®®-
21 Resistance to carbamates has also been reported in Peru and Bolivia, and organochloride resistance
has been observed in Peru and Colombia??%3. No resistance has been reported for organophosphates
in Brazil, and no data is available for pyrroles or neonicotinoids. The lack of reporting on insecticide
resistance in An. darlingi is a cause for concern, due to the high levels of associated Plasmodium spp.

transmission by this vector.

The main insecticide resistance mechanisms observed by mosquito species are target site, metabolic
and cuticular, and behavioural avoidance?*. Target site resistance is mediated by mutations in
insecticide target genes, such as the acetylcholinesterase-1 (ace-1), y-aminobutyric acid (GABA)
receptor (rdl), and voltage-gated sodium channel (vgsc), as well as mutations in glutathione-s-
transferase epsilon (GSTe2), which encodes an insecticide metabolising enzyme. Particularly well-
studied are the knockdown resistance (kdr) mutations associated with
Dichlorodiphenyltrichloroethane (DDT) and pyrethroid-based insecticides, including the L1014
mutation in vgsc 2>%. Point mutations in the GSTe2 gene are also associated with these insecticides,
and the L119F and 1114T mutations lead to resistance to permethrin in An. funestus?”?8, Mutations
and duplications in the ace-1 gene result in organophosphate and carbamate resistance, and amino
acid alterations in rd/ have been associated with resistance to organochlorines, particularly dieldrin 2°-

31, Molecular surveillance studies of insecticide resistance mutations in An. darlingi are scarce, with
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only a few investigations exploring vgsc and ace-1 genes®>33. None of the single nucleotide
polymorphisms (SNPs) previously found to be associated with insecticide resistance in other
Anopheles species have been observed in An. darlingi, including in pyrethroid resistant populations33.
However, only limited regions of these two genes have been analysed. It is possible that genetic

variants in other gene regions are present, or other mechanisms are involved.

Whole genome sequencing (WGS) has been applied to many vectors to better understand their
genomic landscapes and identify candidate genes to unravel mechanisms of insecticide resistance.
However, Anopheles genomes are large (~300 Mbp), and WGS is an expensive method that requires
high quantities of DNA to gain suitable genomic insights, meaning it is inappropriate as a high-
throughput surveillance method. The application of next-generation sequencing to targeted PCR
amplicons, in tandem with dual-index barcoding, has been successfully used in other Anopheles spp.,
Aedes spp., and Plasmodium spp., as a high-throughput and low-cost screening method for insecticide
or drug resistance mutations in target loci 34, Targeting several candidate genes in many samples
permits the tracking of emerging resistance and spread of known mutations in the population. This
approach also allows for an analysis of genotype-phenotype associations to identify novel mutations

linked to insecticide phenotypic assays.

Here we have designed an amplicon-sequencing (“amp-seq”) assay, consisting of a panel of 11
amplicons (each ~500bp) covering the 4 genes (vgsc, ace-1, rdl, and GSTe2) commonly associated with
insecticide resistance, and a further 2 genes (/ts2 and cox1) used for species identification and
phylogenetic analysis. The assay was used to screen 200 An. darlingi mosquitoes collected in Brazil,
revealing new mutations. Our assay represents a cost-effective method to confirm mosquito species
and conduct insecticide resistance surveillance, with the potential to inform control strategies for an

understudied vector responsible for high levels of malaria transmission in South America.
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Methods

Sample Collection, Species Identification and DNA extraction

An. darlingi field mosquitoes were mostly collected from localities in Rondonia state (n=171; Candeias
do Jamari 116, Porto Velho 55) but also include four samples from the Amazonas state (n = 4; Manaus
1, Manacapuru 3) collected to established a An. darlingi colony3®3° . The collections were performed
during studies of vector density in malaria endemic areas of Rondo6nia in 2005-2006 and 2018-
201933, Mosquitoes from the An. darlingi colony of Porto Velho/Rondénia (colony generations : F2-
F4, F9-F11, F21, F33-F35, F39, F40-F42) were also included in the study (n=25)*. In total, 200
mosquitoes were screened. The field samples were selected based on whether the localities had used
insecticides (Porto Velho) or had little/no recent insecticide usage (Candeias do Jamari). The
specimens were initially identified by stereoscopic microscopy, using the established dichotomous
keys #'. Genomic DNA was extracted from whole mosquitoes using the Qiagen DNeasy ® Tissue and
Blood kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. Briefly, each

mosquito was grounded with 30 pL and the DNA extract was resuspended in 50 pL elution buffer.

Primer Design

Amplicon primers were designed using Primer3 software, against sequences downloaded from
VectorBase*?. The primers aimed to amplify an approximate 500bp region containing SNPs previously
described as associated with insecticide resistance in Anopheles or Aedes mosquito’s species. This
resulted in a panel of 9 primers targeting 4 genes: (i) vgsc (4 amplicons, targeting four domains); (ii)
rdl (2 amplicons, targeting 3 SNPs); (iii) ace-1 (2 amplicons, targeting two SNPs, including A280S3?);
and (iv) GSTe2 (1 amplicon, targeting a single SNP). When possible, these primers were designed to
bind to exonic regions. Two other amplicons were designed to target genes commonly used for species
identification and phylogenetic investigation: the ribosomally encoded gene internal transcribed
spacer 2 (its2); and cytochrome c oxidase | (cox1), a locus found in the mitochondria. This resulted in

a final panel of 11 assays, covering 6 genes (Table 1). Each primer sequence was concatenated with a
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unique 5’ barcode (8bp), to enable sample pooling during sequencing. Samples were assigned a
unique forward and reverse barcode combination used for the generation of each amplicon. To
identify amplicons suitable for multiplexing the ThermoFisher Scientific Multiple Primer Analyser was

used with sensitivity for dimmer detection set to one.

Amplicon Generation

Multiplex Polymerase chain reactions (PCR) were performed using NEB Q5 hot start polymerase (New
England BioLabs, UK) with a total volume of 25ul per reactions. Sample volume of 1uL (~¥2ng/uL) was
used, with an average final primer concentration of 0.5um in each PCR. The amplification was
conducted as follows: hot-start polymerase activation for 3 minutes at 95°C, followed by 30 cycles of
95°C for 10 seconds, 58°C for 30 seconds and 72°C for 45 seconds, followed by a final elongation step
of 72°C for 5 minutes. Post-multiplex PCR reaction, amplicons were visualised on a 1% agarose gel to
confirm amplification, alongside band size and intensity. The multiplex PCR amplicons consisting of 11
amplicons were first pooled by sample, and subsequently pooled with other samples that had
different 5’ barcode tags. Sample pools were purified using Roche Kapa beads following
manufacturer’s instructions. A bead to sample ratio of 0.7:1 was used to remove excess primers and
PCR reagents. The Qubit 2.0 fluorimeter HS DNA kit was used to quantify the pool concentration.
Illumina adaptors and barcodes were added as part of the indexing PCR to the sample pool as a part
of the Illumina-based Amplicon-EZ service (Genewiz, UK). Pools contained a maximum of 200
amplicons to maximise coverage. Each indexed pool was sequenced using a 2 x 250bp (paired-end)
configuration on an lllumina MiSeq. A minimum of 50,000 paired-end reads were attained per pool,
which equates to at least 450 reads per amplicon in a pool of 110 amplicons, at a cost of <US$0.5 per

amplicon.

130



178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

Amplicon Analysis
Raw fastq files were de-multiplexed using the unique barcode combination assigned to each sample,

using an in-house python script (https://github.com/LSHTMPathogenSeqlLab/amplicon-seq). The

resulting sample fastq files were then analysed using another in-house pipeline, where files are first
trimmed using Trimmomatic software, then mapped to the reference sequence idAnoDarIMG_H 01
(from NCBI) using the bwa-mem package, and reads are then filtered using Samclip software*3-%,
GATK HaplotypeCaller (v4.1.4.1, default parameters) and Freebayes (v1.3.5, --haplotype-length -1)
software were used to call variants *¢*7. The SNPs and small insertions/deletions (INDELs) identified
were then filtered using bcftools*. To pass quality control checks, a minimum depth of 30 reads, phred
score of > 30 per base, and a minimum allele depth of 10 was required. Variants had to be present in
>1 sample, and across >1 of the sample pools sequenced. The SnpEff tool was applied to annotate
variants using a database built from the idAnoDarlMG_H_01 reference genome®. Variants were then
genotyped based on the proportion of alternative allele to total depth coverage, called as homozygous
reference (<20% alternate allele reads), heterozygous (20-80% alternate allele), or homozygous

alternate (>80% alternate allele reads)3*.

Phylogenetic Analysis

For the /ts2 and cox1 amplicons, SNP calls with >50-fold read depth were converted to fasta files using
an in-house pipeline (https://github.com/LSHTMPathogenSeqLab/fastg2matrix). Only sequences with
SNP calls that reached this depth were included in phylogenetic analysis. For each gene, sequence
data was aligned using the MAFFT tool. Sequences from the NCBI other countries were included in the
resulting alignments>. For cox-1, 62 sequences were added from Brazil, Honduras, Belize, Colombia,
Panama, Ecuador, and Peru. For its2, an additional 27 sequences were aligned from Brazil, Colombia,
Belize, and Bolivia. For tree generation, sequences from both genes were concatenated, and the
resulting alignments were viewed and trimmed using Aliview>!. Phylogenetic trees were constructed

using RAXML software®?. The trees were built using a maximum-likelihood method, with the
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GTRGAMMA option. This approach assumes a GTR model of nucleotide substitution, and a gamma
model of rate heterogeneity. A bootstrap value of 1000 was used for tree construction, and the

resulting tree was visualised using iTOL software®3.

Haplotype networks and Maps

To construct the haplotype network, fasta sequences for each gene were aligned for all samples, and
then the Pegas package in R>* was applied. The same package was used to calculate nucleotide
diversity, haplotype diversity, Tajima’s D statistic, fixation indel (Fst), heterozygosity and linkage

disequilibrium.

Results

Detection of novel SNPs in genes associated with insecticide resistance

A total of 200 An. darlingi samples were sequenced, with the resulting average amplicon coverage
ranging from 171.17- to 5621.32-fold (Table 2). From the alignments, 246 SNPs and 20 INDELs passed
all quality control measures, the majority of which were either synonymous (37.8%) or intronic
variants (45.9%). Ten SNPs and one INDEL were annotated as non-synonymous and resulted in an
amino acid change (Table 3). Missense SNPs were only found in ace-1 and GSTe2 genes, and all were
present in at least two samples and in two or more populations (Table 3). These SNPs have not been
previously reported. In the ace-1 gene, 111 SNPs were found across the two amplicons, including five
missense SNPs (V243l, N194H, S673N, S674N, and S674T), with S674N occurring at the highest
frequency (22.3%). Three of these five mutations (V243l, N194H and S674T) occurred only in field
populations, while S673N and S674N appeared in field populations and colony samples (Table 4). A
further five non-synonymous SNPs were found in the GSTe2 gene. Three of the missense SNPs (1114V,
T1661, and T179I) occurred at frequencies below 23%, and two others (D128E and T205A) appear to
be at or approaching fixation as no samples were genotyped as homozygous reference, and over 90%

were homozygous alternate for both amino acid alterations. Two of these amino acid alterations in
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the GSTe2 gene were found only in field populations (1114V and T166l), and the remaining three

(D128E, T191l, and T205A) were also observed in colony samples.

For vgsc, the analysis revealed a INDEL caused by a 3bp deletion, resulting in an isoleucine deletion at
position 422 in the first domain. This mutation has not previously been reported and occurred at a
frequency of 25% across field and colony samples. Sanger sequencing confirmed these mutations,

ruling out sequencing artifacts. No missense polymorphisms were detected in the gaba gene (rdl).

Genetic diversity of An. darlingi populations in Brazil

Sequences for mitochondrial cox-1 gene and ribosomal its2 were generated for genetic diversity
analysis. In the its2 gene, six SNPs were identified. Originally a total of 91 SNPs were identified in the
cox-1 amplicon, but upon further inspection, 71 of these SNPs were present in one sample (AnDar600),
which was subsequently identified as an An. peryassui isolate (Blast score: 99.2% identity) and
excluded from further analysis. Twenty SNPs were identified in the cox-1 gene, 19 of which appeared
in the Candeias do Jamari population, 13 in colony samples, 10 in the Porto Velho populations, and six
in the State of Amazonas samples. A fixation index analysis for each SNP revealed no significant

population differentiation across these genes (Fst < 0.032).

Phylogenetic analysis with the its2 gene reflected the small number of SNPs shown in these
populations, and very little differentiation was observed between Brazilian isolates and those from
other countries (Figure 1). The tree separated into two main clades, the first of which contains three
publicly available samples from Brazil, Belize, and Bolivia. The second clade contained several
subclades that included all sequences generated in this study (n=198) along with the remaining
publicly available Brazilian and Colombian samples (n=26). No differentiation between the different
Brazilian populations was observed, which was supported by low nucleotide diversity (1=0.00536)

(Table 6).
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For the cox-1 gene, a total of 128 sequences from this study alongside 67 publicly available samples
were analysed. (Figure 2). Using this gene, it was possible to see clusters separating most Colombian,
Honduran and Brazilian samples. Although, sequences from other countries can be seen interspersed
particularly within the Brazilian cox-1 sequences. There was both low genetic and nucleotide diversity

(0.00697) in Cox-1 (Table 5), similar to the its2 results.

A phylogenetic tree based on concatenated its2 and cox-1 sequences revealed little differentiation
between samples across the geographical regions (Supplementary figure 1). Both loci demonstrated
high haplotype diversity (Table 5, Table 6), with 44 haplotypes identified for the cox-1 gene, and 31
for its2. Most of the haplotypes, 77.3% for cox-1 (n=34), and 54.8% for Its2 (n=17), were present in
only one sample (singletons). The high number of singleton haplotypes reflects the high proportion of
SNPs occurring at low frequency in the populations. Haplotype 34, representing the cox-1 gene, was
the most frequent, and present in samples from the colony, and states of Amazonas and Rondbnia
(Supplementary Figure 2). A higher number of its2 haplotypes (n=14, 45.2%) were present in more
than one sample, compared to cox1 (n=10, 22.7%). Haplotypes 1 and 9 were the most frequent,
present in both colony and state of Rondénia populations (Supplementary Figure 3). The samples
from the state of Amazonas shared haplotypes with both colony and state of Rondénia samples. The
networks revealed shared haplotypes for both genes across the three populations and included

several other samples available from other Brazilian states.

Discussion

The application of our amp-seq panel to Brazilian field and colony An. darlingi samples has
demonstrated its potential utility for species identification, and the discovery of SNPs in genes
associated with insecticide resistance. Whilst no previously reported SNPs associated with insecticide
resistance in other Anopheles species were found in this study, ten other non-synonymous SNPs were

detected. Of the five SNPs found in the GSTe2 gene, all except one (D128E) are either in amino acid
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positions that are highly variable across Anopheles spp. or the mutation results in a change to anamino
acid that is present in the reference of another Anopheles spp. The 1114V substitution is in the same
location as a previously reported amino acid alteration in An. gambiae®®. In An. gambiae, the mutation
results in a 1114T alteration, which is hypothesised to cause resistance through the introduction of
hydroxyl (-OH) group on the substituted threonine. The hydroxyl group decreases product affinity in
the hydrophobic DDT binding site, thereby increasing metabolic turnover of the insecticide. In this
instance the valine substitution does not introduce this same hydroxyl group, and valine is present as
a reference amino acid in An. atroparvus. The D128E mutation occurs at a highly conserved site across
Anopheles spp., with aspartic acid (D) present as the reference for all. The alteration to glutamic acid
results in a similar amino acid structure with the addition of an extra carbon. This mutation appears
to be near fixation as 92% of samples were genotyped as homozygous alternate, and the remaining

8% as heterozygous.

Pyrethroids are the predominant insecticide class being applied for malaria-focussed vector control in
Brazil'®. This implies that if target site alterations were to arise, they would predominantly occur in
vgsc and GSTe2 genes, as these are the proteins pyrethroids interact with. However, in Brazilian
dengue control programmes, Aedes spp. are targeted with both pyrethroids and organophosphates,
and this usage could impact Anopheles spp also present. This could explain the three non-synonymous
SNPs found in the ace-1 gene, a target for organophosphates. The previous reported target-site
mutations G119S and N485I (positions in Torpedo califonica, G305S and S642l) alter susceptibility to
the organophosphate and carbamate classes of insecticide?®. Resistance to carbamates has been
reported in Bolivia, close to the Brazilian border??. Of the five amino acid alterations detected here in
Ace-1 (V2431, N294H, S673N, and S674N/T), none have been previously reported. The S673N and
S674N/T ace-1 mutations occur near one of the three catalytic sites (H440; H625 in An. darlingi), so
may impact the binding of insecticides. The N294H alteration occurs 9 amino acids upstream of the

G119S (G305S) mutation, and results in a change from an amino acid with a polar uncharged side chain
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(asparagine) to one with a charged side chain with an aromatic imidazole ring. For all five of these
amino acid alterations, the reference amino acid is conserved across other Anopheles species. Futher
studies, which include bioassays, are needed to confirm if these mutations result in organophosphate
or carbamate resistance. It is not possible at present to exclude potential candidate SNPs on the basis
of their presence in the colony samples, as these have demonstrated resistance to both carbamates

and pyrethroids, data that is currently being confirmed with bioassays.

The four study locations had varying insecticide usage, with Porto Velho (State of Rondénia), and
Manaus (State of Amazonia) sites having a history of intensive use of pyrethroids and carbamates
previously through IRS. Whilst Candeias do Jamari (State of Rond6nia) and Manacapuru (State of
Amazonas), had little to no insecticide usage. All missense SNPs identified in this study were found in
locations with intensive insecticide usage, and locations with little to no insecticide usage. Additional
studies, combining phenotypic and molecular surveillance data, are needed to understand the impact

of the SNPs detected here on insecticide resistance in An. darlingi.

The lack of SNPs found in the rd/ gene is unsurprising. Mutations in gaba result in dieldrin resistance,
an organochloride that has been prohibited from use for at least the past decade, due to its adverse
effects on human health. In relation to the vgsc gene, no kdr mutations were detected in the
populations surveyed here. This observation was also reported in pyrethroid resistant populations of
An. darlingi from Colombia33. The lack of kdr mutations suggests that SNPs in vgsc may play a reduced
role in An. darlingi insecticide resistance. An INDEL resulting in isoleucine deletion at position 422 was
detected in 25% of sample, across both field and colony sources. Further studies are needed to

understand the involvement of this deletion in insecticide resistance.

The lack of known resistance associated SNPs in An. darlingi could be due to the amount of gene flow

between geographically close populations. The mixing of possible resistant urban populations with

136



334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

insecticide-sensitive forest populations on the borders of urban areas may minimise the frequency of
resistant alleles®®. An alternative hypothesis is other genetic variants are important for this species, or

the involvement of other mechanisms, such as differential expression of genes.

In relation to the genetic diversity across populations, there was little differentiation between An.
darlingi from Brazil and other regions using its2 gene data. However, the phylogenetic tree
constructed using cox-1 gene data revealed that samples generally grouped by country. It has been
hypothesised that physical barriers like the Atlantic forest mountain range or the Amazon River,
prevent the mixing of these populations and so they appear genetically distinct>®>°. Data from the cox-

1 gene revealed an outlying sample, which coincided with another species (An. peryassui).

Within the Brazilian population, low nucleotide diversity was seen in tandem with high haplotype
diversity for both cox-1 and its2 genes, indicating many low frequency variants. This observation is
consistent with previous studies conducted on cox-1 across Central and South American, and within
Brazilian and Colombian An. darlingi populations 13576°, The geographical proximity of the collection
sites of these mosquitoes may also contribute to the low genetic diversity observed here. The inclusion
of study sites that are more geographically distant or from other countries may give greater resolution

to the population dynamics of this species.

Overall, our amp-seq panel provides a tool for the better understanding of the genomic landscapes of
this understudied An. darlingi vector. It is a high-throughput, low-cost assay for species identification
and the detection of novel SNPs in insecticide resistance associated genes. Further investigation is
required to identify whether these SNPs contribute to insecticide resistance in An. darlingi. A clear
limitation of this method is that it currently only targets known loci, however the panel is easily
adaptable to new targets, including metabolic markers. The panel can be used in tandem with

phenotypic assays to identify SNPs that result in functional changes. Large-scale surveillance methods
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are urgently needed to inform malaria vector control methods in Brazil, particularly to assist initiatives
to reduce malaria transmission. Our panel represents the first steps towards a molecular surveillance

method to track known and identify potencial markers of resistance.
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Figure 1. Maximum-likelihood tree constructed using Its2 gene sequences generated in this study
(total=198, Br_Rondonia=171, Br_Amazonas=4, Br_Colony=23), alongside other publicly available An.
darlingi1TS2 sequences (n=26, Brazil, Colombia, Belize, and Bolivia). The tree was built using the maximum-
likelihood method assuming GTR model of nucleotide substitution, with the gamma model of
heterogeneity rate.
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Figure 2. Maximume-likelihood tree constructed using Cox-1 gene sequences generated in this study
(total=129, Br_Rondonia=106, Br_Amazonas=3, Br_Colony=20), alongside other publicly available An.
darlingi cox-1 sequences (n=67, Brazil, Honduras, Belize, Colombia, Panama, Ecuador, and Peru). This
tree also has a group of Anopheles spp. including An.albimanus, An.arabiensis, An.coluzzi, An.dirus,
An.funestus, and An.gambiae. The tree was built using the maximum-likelihood method assuming GTR
model of nucleotide substitution, with the gamma model of heterogeneity rate.
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Table 1. Primers and targets of An. darlingi amp-seq panel

Anopheles darlingi Primers

. Target . . Exon . . Product
Aim Amplicon Accession ID Target SNP* Forward primer Reverse Primer .
Gene Span Size (bp)
VGSCI V41leL 9-10 GCCTTTCGTCTAATGACTCAAGA GCCAAGATTAAATTTACAAGGTAAAAC 500
VGSCII L1014F 20-21 ACCGTTTCCCCGATAAAGAC ACGGACGCAATTTGACTTGT 450
vgsc ADACO011160
VGSCIII F1511C/ N1552Y 30 TTTTCCAGGTTGCCACTTTC ATTGCTTGTGGCCTCCACT 475
VGSCIV D1739Y 32-33 AAAATATTTCGTTTCCCCAACA TCCCAGGATAACCTTTGTCG 447
IRnse_c:mde ACE1_1 G305S 2 TAAGAAGGTGGACGTGTGGC AGAGCAAGGTTCTGATCGAA 450
esistance | yce-1 ADAC000377
ACE1_lI N642| 4-5 GACGGGGTACGTCGACAA AAGGCGCTACTTTCACACG 500
GSTe2 GSTe2 ADACO008205 L119F 3 TTCGAATCCGGTGTGATCTT TGGTCACGATCATCTTTATTGG 471
RDL1 A296S/ V371l 7 CACCAACACCAGTCTGATCG TGGCAAATACCATGACGAAG 490
rdl ADACO005672
RDL2 T345S 8 TGGTTTTTCCCAATCGTTTT CTGCCCATCTGCTGCTTC 492
cox-1 COX-1 HMO022406.1 n/a n/a TCTCCAGGGATTACTTTAGATCG GCTGGGCTGTATGTTAATTGAG 494
Phylogeny
ITS2 ITS2 KF436940.1 n/a n/a GACTCAGTGCGAGGTACACA GAGGCCCACTTGAGATCCTA 455

*Target SNP loci in An. darlingi
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Table 2. Average amplicon coverage, and number of genetic variants identified
Amplicon Average Number of Number of Non- Number of Number of Non-
coverage SNPs synonymous SNPs INDELs synonymous INDELs
ACE1_| 3190.40 43 2 0 0
ACEZL_II 1415.81 68 3 12 0
col 1996.52 20 0 0 0
GSTe2 3196.05 40 5 1 0
ITS2 5621.32 6 0 0 0
VGSCI 272.17 9 0 3 1
VGSCII 216.81 4 0 0 0
VGSCIII 780.34 4 0 0 0
VGSCIV 1620.89 1 0 2 0
Rdl1 171.17 16 0 1 0
RdI2 895.84 35 0 1 0
Table 3. Locations and allelic frequencies of detected non-synonymous variants
. . Sample . Genotype Frequencies Allele Frequencies
Chromosome Amplicon Position Annotation
Number o0 | o1 | 121 0 1
SNPs
15679573 191 Val243lle 92.67 6.81 0.52 96.07 3.93
ACEL 15679726 191 Asn294His 97.38 2.62 0 98.70 1.30
15681121 149 Ser673Asn 95.30 4.03 0.67 97.32 2.68
ACEZL_II 15681124 148 Ser674Asn 77.70 19.60 2.70 87.50 12.50
NC_064874.1 15681124 145 Ser674Thr 98.64 0.68 0.68 98.97 1.03
89825807 129 llel14Val 95.35 4.65 0 97.67 2.33
89825922 129 Asp128Glu 0 7.75 92.25 3.88 96.12
GSTe2 89826035 128 Thrl66lle 87.50 12.50 0 93.75 6.25
89826074 128 Thr179lle 78.91 19.53 1.56 88.67 11.33
89826151 129 Thr205Ala 0 6.20 93.80 3.10 96.90
INDELs
NC_064875.1 VGSCI 35317107 40 lle422del 67.5 30.0 2.5 82.5 17.5
Table 4. Number of genetic variants identified per population
Population Sample Number of Number of Non- Number of Number of Non-
Number SNPs synonymous SNPs INDELs synonymous INDELS
All 200 246 10 20 1
Amazonas State 4 91 7 14 0
Rondonia State 171 241 10 19 1
Colony 25 133 6 16 1
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Table 5. Nucleotide and haplotype diversities of cox-1 per population

Population Nucleotide Haplotype
diversity diversity
All (n=129) 0.00653 0.856
Amazonas (n=4) N/A N/A
Ronddnia (n=105) 0.00688 0.867
Colony (n=20) 0.00611 0.837

Table 6. Nucleotide and haplotype diversities of ITS2 per population

Population Nucleotide Haplotype
diversity diversity
All (n=198) 0.00536 0.893
Amazonas (n=4) N/A N/A
Rondoénia (n=172) 0.00607 0.883
Colony (n=23) 0.00639 0.913
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Table 7. Genotype frequencies of NS SNPs in the four collection sites
Amplicon | SNP Amino State of Rondonia State of Amazonas
Position Acid
Change Porto Velho* (50) Candeias do Jamari (n=113) Manacapuru (n=3) Manaus* (n=1)
0/0 0/1 1/1 0/0 0/1 1/1 0/0 0/1 1/1 0/0 0/1 1/1
ACE1_| 15679573 Val243lle 90.0% 8.0% 2.0% 93.8% 6.2% 0.0% 66.7% 33.3% 0.0% 0.0% 100% 0.0%
15679726 | Asn294His | 96.0% 4.0% 0.0% 97.3% 2.7% 0.0% 100% 0.0% 0.0% 100% 0.0% 0.0%
ACE1_II 15681121 | Ser673Asn | 100% 0.0% 0.0% 96.4% 2.4% 1.20% 66.7% 33.3% 0.0% 0.0% 100% 0.0%
15681124 | Ser674Asn | 78.3% 17.4% 4.3% 77.4% 20.2% 2.40% 100% 0.0% 0.0% 100% 0.0% 0.0%
15681124 | Ser674Thr | 97.7% 0.0% 2.3% 98.8% 1.2% 0.0% 100% 0.0% 0.0% 100% 0.0% 0.0%
GSTe2 89825807 | llel14Val 97.6% 2.4% 0.0% 93.3% 6.7% 0.0% 100% 0.0% 0.0% 100% 0.0% 0.0%
89825922 | Asp128Glu | 0.00% 4.9% 95.1% 0.0% 10.7% 89.3% 0.0% 0.0% 100% 0.0% 0.0% 100.0%
89826035 | Thri6é6lle 90.2% 9.8% 0.0% 86.5% 13.5% 0.0% 66.7% 33.3% 0.0% 100% 0.0% 0.0%
89826074 | Thrl79lle 80.5% 17.1% 2.4% 77.0% 23.0% 0.0% 66.7% 0.0% 33.7% 100% 0.0% 0.0%
89826151 Thr205Ala 0.00% 4.8% 95.2% 0.0% 8.0% 92.0% 0.0% 0.0% 100% 0.0% 0.0% 100%

*Indicates insecticides are regularly used in this location
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Supplementary figure 1. Maximume-likelihood tree constructed using concatenated /TS2 and cox-1 gene
sequences generated in this study (n=127). This included samples from Rond6nia (n = 106), Colony
(n=18), Amazonas (n=3). The tree was built using the maximum-likelihood method assuming GTR model
of nucleotide substitution, with the gamma model of heterogeneity rate.
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Supplementary Figure 2. Haplotype or minimal-spanning network constructed using cox-1 sequences generated in
this study. Each node represents a haplotype, each segment within the node represents a region, and is
proportionally sized to the number of sequences present in the segment and node. The number of number of ticks
between nodes represents the number of genetic differences between nodes.
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Supplementary Figure 3. Haplotype or minimal-spanning network constructed using ITS2 sequences generated in
this study. Each node represents a haplotype, each segment within the node represents a region, and is
proportionally sized to the number of sequences present in the segment and node. The number of number of ticks
between nodes represents the number of genetic differences between nodes.
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Chapter 5: Genome-wide population genetics
of Anopheles darlingi, a malaria vector from
the State of Rondonia, Brazil
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Abstract

Anopheles (Nyssorhynchus) darlingi is a primary malaria vector in Central and South America and
contributes to the majority of the area’s malaria transmission, particularly in the Amazon region. The
importance of An. darlingi’s contribution to the region’s malaria burden, incentivises efforts for the
genomic investigation of this mosquito to support new opportunities for vector control and identify
markers of insecticide resistance. Here, for the first time, we applied whole genome sequencing (WGS) to
field (n=23) and colony populations (n=8) of An. darlingi, sourced from different locations in the State of
Rondodnia, Brazil. A total of 16.7 million high-quality single nucleotide polymorphisms (SNPs) were
identified across 31 An. darlingi isolates. Population genomic analysis revealed the colony and field isolates
are genetically distinct from each other, consistent with their geographical differentiation, and
homogenous within each isolate type. No SNPs previously associated with insecticide resistance were
detected, but several non-synonymous mutations were observed in the four genes linked to insecticide
resistance (ace-1, gaba receptor (rdl), GSTe2, and vgsc). Signals of selection were detected in genes
previously associated with resistance in Anopheles mosquitoes and other insects (e.g., CYP4c1, CYP4c3,
and CYP307a1), which require follow-up investigation to assess their contribution to insecticide resistant
phenotypes. Overall, this work provides the first catalogue of genome-wide polymorphisms in An. darlingi,
thereby guiding the identification of resistance drivers in this vector species and support new efforts for

vector control.

Word count: 230
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Introduction

The Anopheles darlingi (or Nyssorhynchus darlingi) mosquito is a key malaria vector throughout South and
Central Americas®. In Brazil, one of the countries with highest malaria burden in the region, this vector
species is responsible for a substantial proportion of the country’s malaria transmission. An. darlingi is a
very efficient malaria vector due to its high susceptibility to Plasmodium spp infection. It can maintain
Plasmodium transmission even with low parasite densities, and is highly anthropophilic in behaviour?3.
This vector is both exophagic and endophagic, primarily feeding on humans®. As a species, it’s highly
adaptable, often filling ecological niches left empty by other Anopheles spp'*. These niches are often
recently deforested areas or “frontiers”, which tend to have higher abundances of An. darlingi comparative
to other species®. The ongoing anthropization of these areas is believed to be causing perennial
transmission of malaria, due to the increased availability of larval habitats®’. Typically, forest populations
of An. darlingi would be highest during or at the end of the rainy season, due to increased flooding.
However, human-led changes have made these once temporary larval habitats more permanent, thereby

promoting longer-term malaria transmission, leading to a greater public health risk®’.

In 2021, one-fifth of the 600,000 malaria cases diagnosed in South America, occurred in Brazil®. Since 2015,
the number of malaria cases in Brazil have risen 3% from ~138,000 to in excess of 142,000, with the vast
majority occurring within the country’s Amazon region®1°, Almost all (99%) of malaria cases in Brazil are
caused by Plasmodium vivax (83%), followed by P. falciparum (16%)2. Any increase in malaria cases is a
public health concern, but particularly in Brazil as the proportion of cases caused by P. falciparum has
increased by 7%'°. P. falciparum causes the most severe disease and results in the highest mortality,
particularly in children. Malaria control in Brazil has never been more crucial to prevent further increases
in transmission, and deliver on the country’s own National Elimination Plan alongside the World Health

Organization’s goal of reducing malaria infection by 90% by 2030**.

160



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

Current malaria control efforts in Brazil rely on indoor residual spraying (IRS) of insecticides, and the use
of long-lasting insecticide treated nets (LLINs)!?'3, Pyrethroids are the most used insecticide class for
Anopheles spp. in Brazil, but carbamates and organophosphates are also applied for Aedes spp. mosquitoes
in arbovirus control programmes'#>. Screening for insecticide resistance is key to optimising insecticide
usage to reduce malaria transmission. However, there is currently no national screening in place for
insecticide resistance in Anopheles, despite the existence of such a programme for Ae. Aegypti'®.
Resistance to some classes of adulticides (carbamates, organochlorides, and pyrethroids) in An. darlingi
has been reported in countries neighbouring Brazil, such as Bolivia, Colombia, French Guiana, and Peru'®'’,
However, no resistance to insecticides in An. darlingi has been reported in Brazil, likely due to a lack of

surveillance and reporting?®.

Insecticide resistance can arise through multiple mechanisms including, target site resistance,
metabolically mediated resistance, behavioural avoidance, cuticle thickening, and microbiome
alterations!®®°. The most observed mechanism is target site resistance, where selective pressure results in
single nucleotide polymorphisms (SNPs), causing amino acid changes in the proteins targeted by the
insecticide. Of the few studies screening for molecular mechanisms of resistance in An. darlingi mosquitos,
none have identified known SNPs associated with resistance in other Anopheles vectors?®-2*, Markers such
as the knockdown resistance (kdr) mutation or L1014F/S, in the voltage-gated sodium channel (vgsc) linked
to pyrethroid and Dichlorodiphenyltrichloroethane (DDT) resistance; or the G119S alteration in the
acetylcholinesterase (ace-1) gene causing carbamate resistance, have been absent in An. darlingi*>=2’.
Other commonly observed mutations include the L119F in the GSTe2 gene, which is a metabolic marker
for DDT and pyrethroid resistance?®. The A296, V327l, T345S markers are found in the gaba gene,
otherwise known as rd/ or resistant to dieldrin?°. Dieldrin belongs to a subgroup of organochlorides known
as cyclodienes, which were now banned due to human health concerns. None of the rd/ or GSTe2

mutations have been observed in An. darlingi thus far.
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The other frequently observed mechanism of resistance in insects is metabolic, where gene expression
changes result in increased activity of detoxification enzymes, reducing insecticide efficacy?®3%32, Due to
the lack of target site resistance mutations identified in An. darlingi, it has been hypothesised that

metabolic mechanisms may play a prominent role in resistance for this species than others33.

To date, molecular studies of An. darlingi have focused on screening a few regions in candidate genes (e.g.,
vgsc, ace-1), but genome-wide approaches are required to explore the entire genomic landscape and
support the identification of new candidate loci involved in resistance. The resulting insights can inform
the development of molecular tools to rapidly screen for the emergence of resistant alleles, which is key
to optimising vector control methods. Whole genome sequencing (WGS) has been applied to many
vectors, and specifically Anopheles spp., to better understand population dynamics, and insecticide
resistance mechanisms. The development of next generation sequencing techniques means the cost of
WGS has drastically decreased, and sequence quality has improved. This increase in throughput allows for
greater insight into the genomic architecture of vector populations, including the identification of genomic
regions under recent positive selection. However, WGS has never been conducted on An. darlingi, until

now.

Here we apply WGS to two Brazilian populations of An. darlingi, a wildtype population from Candeias dos
Jamari, State of Rondénia, and a colony population. Through examining ancestry, population structure,
and genetic regions under selection, we sought to gain insights into genomic diversity and molecular

markers of insecticide resistance3%.

Results

Whole Genome Sequence Data for An. darlingi

Forty An. darlingi isolates underwent WGS on an lllumina platform, of which 31 had average genome-wide
coverage of more than 5-fold, which were taken forward for further analyses. Of these 31, 23 were wild

isolates sourced from Candeias dos Jamari (State of Rondénia) and eight were colony samples originally
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collected from Porto Velho (State of Rond6nia) in 2016. The number of sequencing reads generated ranged
from 3,553,670 to 23,369,013, resulting in an average genome-wide coverage across of >8.5-fold (standard
deviation of 2.7-fold). For these 31 samples, 22,481,832 SNPs were called across three chromosomes,

reducing to 16,749,254 after quality control filtering.

An. darlingi colony samples are genetically distinct from State of Rondonia field populations

Using the 16.75 million high quality SNPs, a population and ancestral structure analysis demonstrated
limited genetic diversity within the colony (n=8) and wildtype (n=23) populations, but clear differentiation
between them. An admixture analysis indicated only two ancestral groups (K=2), separating clearly the
two populations analysed (Figure 1). The colony samples have only K1 ancestry, and State of Ronddnia
field isolates have K2 ancestry except for one sample (AnDar989) that had both ancestries present. This
sample also appeared to cluster closely to colony samples in a neighbour-joining (NJ) tree. The principal
component analysis plot indicates greater genetic diversity within the State of Ronddnia samples, than
within the colony population (Figure 1). The colony isolates cluster closely together, except for sample

AnDar1382, which on the NJ tree appears as its own clade, closer to AnDar989 (Figure 1).

Low nucleotide diversity (rt < 0.012) was observed across the chromosomes, especially in chromosome 1,
further demonstrating the limited genetic diversity across the An. darlingi genome (Figure 2). Similarly, a
population differential Fsr analysis revealed evidence of allele frequency differences between the two
populations (Supp Figure 1), with a total of 55,586 (<0.3%) SNPs with an Fsrof > 0.8, and 7,829 SNPs with
an Fst of 1 (Supp Table 1, Supp Figure 1). In a window based Fsr analysis (sizes: 1kb), two regions on
chromosome two appear to have high population differentiation (window average Fsr > 0.2). One spans an
intronic region (chr 2: 1897001-1898000) and the other encodes the monocarboxylate transporter 7

(MCT?) (chr 2: 2070001-2071000).
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No known insecticide resistance associated SNPs occur within these populations

A total of 133 genes of interest were initially identified as potentially involved in insecticide resistance.
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
glucornyltransferases. A total of 35,418 SNPs were identified in these genes, but no known SNPs resulting
in insecticide resistance in other Anopheles species were found. Within the four main genes associated
with resistance (ace-1, gaba, GSTe2, and vgsc), 9,379 SNPs were identified, of which 58 were missense

mutations (Table 1, Supp Table 2).

Several candidate genes are under selection

To infer any loci under recent positive selection, both the single population integrated haplotype (iHS) and
across-population extended haplotype homozygosity (XP-EHH) statistics were calculated. Evidence of
selection (absolute iHS values > 4) was found in the field (1,976 SNPs) and colony samples (207 SNPs) (Supp
Figure 2a). Of the 723 genes and 913 intergenic regions with significant iHS values, four were included in
genes potentially involved in insecticide resistance (glutamate gated chloride channel (colony), CYP307a1
(field), CYP4c1 (field), and CYP4c3 (colony)). Substantially fewer positions were identified in the across
population analysis, with only 26 positions identified over 8 genes and 12 intergenic regions (abs. XP-EHH
>4) (Supp Figure 2b). None of the genes had been previously identified as involved in insecticide resistance
in An. darlingi or other insects. Of the 26 positions, 14 had negative values suggesting they were under
positive selection in the State of Rondonia field isolates, and 12 had positive XP-EHH scores suggesting

they were under positive selection in the Colony population.

Linkage disequilibrium (LD; pairwise r?) plots by physical distance were generated to investigate long-range
haplotypes across chromosomes. LD decayed rapidly within 10kb as expected across the chromosomes for
both populations, indicating a lack of long-range haplotypes or selection (Figure 2). The plots were also
generated for the four genes originally known to be involved in insecticide resistance (ace-1, GSTe2, gaba

and vgsc), and the four genes further identified with significant iHS values. No significant long-term
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association was observed for any of these eight genes. To further investigate signatures of selection,
Tajima’s D (Tp) statistic was calculated in 100kb windows across the chromosomes for each population.
The average Tp for the colony and field isolates were 1.00 and -0.42, respectively (Supp Figure 3). For the
colony samples, more positive values were indicative of balancing selection or a recent population
bottleneck. The latter is more likely as these mosquitoes were collected from the field and then reared in
the laboratory after several generations. For the field isolates, it appears to be weak ongoing balancing
selection and an excess of low frequency polymorphisms, indicating population size expansion. No loci
were identified as significant (Tp of > 2.5 or <-2.5) for the State of Rondénia isolates. For the colony isolates,
a total of 35 loci, covering 220 genes, had a Tp value > 2.5. Seven of these occurred on chromosome 2 and
included candidate gene glutathione-S transferase 1 (GST1). A further 28 windows had a Tp value > 2.5 on
chromosome three, including one acetylcholinesterase-like (ace-like) gene, distinct from the ace-1 loci
associated with carbamate and organophosphate resistance. For these regions, sliding window analysis

was repeated in 1kb windows and resulted in high Tp scores for GST1 (2.73) and ace-like (2.60).

Discussion

This study presents whole genome sequence data from two An. darlingi populations sourced from the
State of Ronddnia (field and colony), Brazil. We have identified putatively novel missense SNPs, distinct
population structure between field and colony samples, and signatures of directional selection in genes
associated with insecticide resistance. We identified limited genetic diversity within these populations,
which was to be expected as the collection sites for each population was in a limited geographic radius.
The population structure analysis demonstrated a lack of gene flow between these populations, with them
appearing as two distinct ancestries. This was to be expected as one population were colony isolates that
likely had extensive inbreeding. However, this does demonstrate admixture’s ability to accurately
distinguish these ancestries, and thus its utility as part of this methodology to examine the ancestral groups
present in larger more diverse analysis of An. darlingi WGS data. The PCA plot and phylogenetic tree also
reflected this. Previous studies examining the genetic diversity of An. darlingi have used individual genes

such as cox-1 and found geographical distance is a great contributor of genetic distance, with physical
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barriers such as the Andes Mountain ranges or the Amazon River have also been hypothesised to prevent
population mixing3>-38. Expanding from singular genes to whole genome will help further illuminate the
population dynamics of this behaviourally complex species. The population differentiation (Fst) analysis
supported this with >55,000 SNPs having differences in allele frequency (Fst > 0.8) between the
populations®®. An MCT gene with high Fst was identified in the windowed analysis, MCT’s are involved in
cellular metabolism, but have not been linked to insecticide metabolism?°. Similarly, calculation of Tajima’s
D statistic with sliding window analysis, indicated two candidate genes were undergoing balancing
selection, including ace-like and GST1 genes. This ace gene varies significantly from ace-1, which has been
associated with carbamate and organophosphate resistance*#2. Glutathione S-transferases (e.g., GST1)
are known to confer resistance to organophosphates and DDT. Class 1 GSTs confer this resistance in M.
domestica and are believed to do the same in Anopheles spp, although further supporting evidence is

required*4>,

The lack of known insecticide resistance associated missense SNPs identified in this study is not
unexpected, as no previous studies have identified any such markers??324, |t is hypothesised that An.
darlingi relies more on metabolic mechanisms of detoxification to reduce the efficacy of insecticides:.
Three of the four candidate genes identified as under selection with the iHS metric, were part of the
cytochrome P450 superfamily of genes involved in xenobiotic detoxification (e.g., insecticides). These
genes, CYP307al, CYP4c1, and CYP4c3, have not been formally linked to insecticide resistance. Previously
CYP307al has been found to be overexpressed in pyrethroid and DDT resistant An. funestus, and
deltamethrin (a pyrethroid) resistant Cydia pomonella**=%. Functionally, CYP307al is involved in
ecdysteroid hormone synthesis, and these hormones regulate insect behaviour, nervous system
development, and reproduction®. The remaining two genes CYP4c1 and CYP4c3, are both members of the
CYP4 clan, which have been linked to insecticide resistance®®>'. They were both found to be upregulated
in DDT, pyrethroid and carbamate resistant Ae. aegypti and highly expressed in deltamethrin resistant C.
pomonella larvae®®52, CYP4c1 is believed to be involved in metabolism compensation in periods of

starvation in cockroaches and is hormonally regulated®>*. It was also found to be up regulated in
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Leptinotarsa decemlineata (a crop pest), after exposure to neonicotinoids®. Even less is known about the
function of CYP4c3, but it was reported to be upregulated in honeybees after amitraz treatment®®. Amitraz
is a formamidine, a pesticide and insecticide class used to eliminate ticks and mites. To further understand
the potential roles of these genes in insecticide resistance, it is necessary to have phenotypic data, which
was not available for the samples analysed here. Comparative RNA-seq analysis on insecticide resistant
and susceptible populations can also support to identify genes highly expressed in resistant populations,
and thereby involved in metabolic-based insecticide resistance.

There may be other reasons for known molecular markers of resistance not being identified. It’s not
implausible that the mosquitoes analysed here are completely susceptible to insecticides and this why no
insecticide resistance markers were found. As mentioned above, resistance data for An. darlingi is
extremely limited, with no reports in a >1000km radius of the collection sites for these isolates'®. Making
it difficult to hypothesise about the phenotype of the isolates analysed here. Typical vector control in Brazil
focusses on Aedes spp., so fogging and space spraying with organophosphates and pyrethroids are
commonly conducted in urban areas®’°. An. darlingi has been reported in peri-urban environments and
has a preference to rest indoors so could theoretically have been exposed to insecticides as part of
arbovirus control methods?. However, Candeias dos Jamari, has little to no insecticide use, so the isolates
collected there were likely susceptible. The colony isolates originated from Porto Velho in 2016, where
insecticides were in use, so the chances of those isolates being phenotypically resistant are higher. But
exposure to insecticides cannot be assumed to result in a resistant phenotype. Another reason known
target site mutations could be missing from this data set is An. darlingi mosquitos maybe similar to An.
funestus, which lacks the classic kdr mutation®-%4, Extensive investigation of An. funestus has led to the
identification of other molecular markers of resistance, and the same is needed for An. darlingi3%5>%,
Further WGS work with higher read depth could allow for the identification of copy number variants that
also play arole in the development of resistance*-%’. The 58 missense SNPs identified across the four genes
(ace-1, gaba, GSTe2, and vgsc) commonly associated with decreased insecticide susceptibility should also
be examined further. The lack of phenotypic resistance data available for these isolates limits any

conclusions that can be drawn from this data, but these SNPs offer opportunities for further studies to
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identify markers of resistance for An. darlingi. These mutations could be included as part of a high-
throughput molecular assays to screen larger size vector populations studies and support the identification

of the molecular mechanism underpinning resistance in this species

In summary, more work is needed to fully understand the population dynamics of An. darlingi and uncover
markers associated with resistance, but this study represents the first steps towards this. Our study is the
first application of WGS to An. darlingi and provides the blueprint for future studies with more expansive
sample sizes and greater field population representation. Large scale surveillance of An. darlingi is needed
to understand its molecular ecology and create high-throughput assays to inform control programmes and

work towards malaria elimination.

Methods

Mosquito Collection, Species Identification, and DNA extraction

Two populations of An. darlingi from the State of Rondénia were used in this study, one field population
from Candeias do Jamari, (n=28), and a cohort of colony isolates from Porto Velho (n=12)%. The field
isolates were collected during vector density studies in malaria endemic regions in Rondonia in 2018-19,
while the colony was initiated in 2018%-7°, The geographical distance between the colony isolates initial
collection point and the field isolate collection point is < 25km. Specimens were morphologically identified
via microscopy. Genomic DNA from the isolates were extracted from the whole mosquito using Qiagen
DNaeasy Blood and Tissue kit (Qiagen, Hilden, Germany), according to manufacturer’s instructions. DNA

was quantified on the Qubit 2.0 fluorimeter HS DNA kit (Thermofisher), and stored at -20°C

Whole Genome Sequencing, and Bioinformatics Analysis

A total of 40 An. darlingi isolates were sequenced using the lllumina MiSeq on 2x250bp paired end
configuration. There was no WGS data publicly available for An. darlingi to incorporate into analysis. The
raw paired fastq files were trimmed using trimmomatic software (version 0.39), and then aligned using

bwa-mem software to the AnoDar_HO1 (An. darlingi) reference genome using default parameters’*72,
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Genome coverage from the mapped bam files was calculated using samtools, and variants called and
validated using HaplotypeCaller and VailidateVariants from GATK software respectively’374. Once VCFs had
been generated for each sample, GATK was used to create a multi-sample VCF with GenomicsDBImport
and GenotypeGVCF functions. This multi-sample VCF was then filtered to contain only chromosomal
variants, sorted, and normalised to remove multi-allelic sites using bcftools. Further filtering was

conducted to remove variants with low depth (<5), and high sample and site missingness with vcftools?.

Population Genetic Analysis

From the filtered multi-sample VCF, a pairwise-genetic distance matrix was generated using an in-house
script’®. This matrix was used for the generation of a neighbour joining (NJ) tree, and principal component
analysis using R packages ape and qgman’”78. The NJ tree generated was annotated and visualised in
iTOL”®. Ancestry admixture analysis was conducted using ADMIXTURE software (version 1.3)%. The multi-
sample VCF was converted to a bed file using PLINK, and the optimum K value (estimated number of
ancestral populations) was calculated by cross-validation of 1-10 eigenvalue decay dimensions®. In this
instance, K of 2 was estimated, and this value along with the bed file was used by the ADMIXTURE software
to analyse the shared ancestral populations in these samples. The output was then visualised in R using

ggplot2 package®?.

Genomic regions under selection were identified with the R package rehh®. The Integrated Haplotype
Statistic (iHS) was used to find directional selection within populations, and extended haplotype
homozygosity (XP-EHH) between the two populations®2>, The Tajima’s D (Tp) statistic was also calculated
using vcftools in 100kb windows across chromosomes to identify any balancing selection that may be
occurring”>, Similarly, nucleotide diversity (1) was calculated in 100kb windows across chromosomes
using vcftools. These three statistics were then plotted in R. The Weir and Cockerham’s F statistic (Fst) was
estimated per SNP between the field and colony samples using vcftools’>®. Fsr was plotted by SNP and
averaged over 100kb windows using python. The outputs were then visualised in R. Linkage disequilibrium

(LD) was estimated using the pairwise r? statistic, and visualised in two ways: (i) LD decay across
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chromosomes, and in candidate genes, using PopLDdecay software®s; (ii) heatmaps for candidate genes

visualised in the R package Gaston®.

Examination of Insecticide Resistance Associated Genes

A bed file of genes commonly associated with target-site insecticide resistance SNPs (e.g., para, gaba, and
ace-1) was created. All annotated cytochrome P450’s and esterase’s linked to metabolically mediated
insecticide resistance were included. The bed file was then applied to the multi-sample VCF using bcftools
view function. The snpEff software was then used to annotate the effect each SNP would have on the
protein’s amino acid sequence®. A custom-built database was created for this, using the AnoDar_H01 GFF

file.

Data Availability

All raw data used in this work is publicly available (see PRJEB66076 for accession numbers).
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Table 1. Number of missense SNPs identified in each key gene associated with insecticide resistance.

Gene No. of missense SNPs identified
ace-1 14
GSTe2 26
gaba/rdl 2
vgsc 16
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Figure 1. (TOP) Ancestry analysis of An. darlingi colony or wildtype (State of Ronddnia) isolates. The
number of ancestral populations (K) was estimated to be 2. (BOTTOM left) Principal Component Analysis
plot (variation explained: PC1 17.5%, PC2 5.1%); (BOTTOM right) neighbourhood joining tree generated
from a pairwise genetic distance matrix with 16,749,254 SNPs, demonstrating two clear population
clusters for the Colony (n=8), and State of Ronddnia field (n=23) isolates.
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Supplementary Table A. Number and percentage of SNPs with population differentiation Fsrvalues
between colony and field samples at different thresholds.

Fsr value No. SNPs % SNPs
>0.15 2,670,704 15.94
>0.8 55,586 0.33

1.0 7,829 0.05
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Supplementary Table B. Missense SNPs identified in four key genes associated with insecticide

resistance.
An. darlingi An. gambiae )
Chromosome Position Gene Amino acid Amino acid R(.eferen.ce spe:c.les
change position amino acid position*
NC_064874.1 15676189 Ace-1 L6H n/a n/a
NC_064874.1 15676201 Ace-1 G10A n/a n/a
NC_064874.1 15676222 Ace-1 D17G n/a n/a
NC_064874.1 15676267 Ace-1 V32A n/a n/a
NC_064874.1 15676390 Ace-1 G73V n/a n/a
NC_064874.1 15679129 Ace-1 T123S Q8 n/a
NC_064874.1 15679222 Ace-1 G154S n/a n/a
NC_064874.1 15679232 Ace-1 V157G n/a n/a
NC_064874.1 15679234 Ace-1 G158S n/a n/a
NC_064874.1 15679235 Ace-1 G158V n/a n/a
NC_064874.1 15679465 Ace-1 A207T n/a V43
NC_064874.1 15679466 Ace-1 A207V n/a V43
NC_064874.1 15680528 Ace-1 T501S 1382 T338
NC_064874.1 15681124 Ace-1 S674N n/a S504
NC_064874.1 89825504 GSTe2 E33A T33 -
NC_064874.1 89825711 GSTe2 N82D D82 -
NC_064874.1 89825712 GSTe2 N82S D82 -
NC_064874.1 89825747 GSTe2 A94T A94 -
NC_064874.1 89825922 GSTe2 D128Q D128 -
NC_064874.1 89825962 GSTe2 E143K E143 -
NC_064874.1 89826035 GSTe2 T166I 1166 -
NC_064874.1 89826074 GSTe2 T179I H179 -
NC_064874.1 89826151 GSTe2 T205A n/a -
NC_064874.1 89827133 GSTe2 L217S n/a -
NC_064874.1 89827263 GSTe2 Q260H n/a -
NC_064874.1 89827280 GSTe2 R266L n/a -
NC_064874.1 89827309 GSTe2 V276L n/a -
NC_064874.1 89827367 GSTe2 A295V n/a -
NC_064874.1 89827414 GSTe2 T311A n/a -
NC_064874.1 89827415 GSTe2 T311l n/a -
NC_064874.1 89827426 GSTe2 V315I n/a -
NC_064874.1 89827429 GSTe2 N316Y n/a -
NC_064874.1 89827430 GSTe2 N316S n/a -
NC_064874.1 89827471 GSTe2 F330V n/a -
NC_064874.1 89827472 GSTe2 F330S n/a -
NC_064874.1 89827483 GSTe2 L334V n/a -
NC_064874.1 89827604 GSTe2 L353F n/a -
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NC_064874.1 89827755 GSTe2 A404T n/a -
NC_064874.1 89827816 GSTe2 A424V n/a -
NC_064874.1 89827869 GSTe2 A442T n/a -
NC_064875.1 35309547 vgsc T21 T2 T2
NC_064875.1 35309652 vgsc K37M K37 Q37
NC_064875.1 35313439 vgsc V177F V166 V167
NC_064875.1 35314187 vgsc W215L W204 W205
NC_064875.1 35317106 vgsc A421V A413 A415
NC_064875.1 35318429 vgsc P523L P515 A528
NC_064875.1 35328791 vgsc G1090E n/a n/a
NC_064875.1 35331900 vgsc G1254R G1217 G1276
NC_064875.1 35335129 vgsc W1407R W1370 W1429
NC_064875.1 35335134 vgsc L1408F W1371 W1430
NC_064875.1 35335624 vgsc V1524M V1487 V1546
NC_064875.1 35335757 vgsc P1568L P1531 P1590
NC_064875.1 35335762 vgsc P1570S P1533 P1592
NC_064875.1 35337347 vgsc G2027E G1992 G2030
NC_064875.1 35337353 vgsc G2029E G1994 52031
NC_064875.1 35337437 vgsc G2057E 52022 V2066
NC_064875.1 35337458 vgsc R2064H R2029 R2073
NC_064875.1 53427108 gaba/rdl S90N S90 -
NC_064875.1 53427135 gaba/rdl G81E G81 -

*reference species for ace-1 is the pacific electric ray (Tetronarce californica), and for vgsc is the
common house fly (Musca domestica). There is no reference species for gaba and GSTe2.

**n/a indicates position was not present in this species
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Abstract

Vector control strategies have been successful in reducing the number of malaria cases and deaths
globally, but the spread of insecticide resistance represents a significant threat to disease control.
Insecticide resistance has been reported across Anopheles (An.) vector populations, including species
within the An. funestus group. These mosquitoes are responsible for intense malaria transmission
across sub-Saharan Africa, including in the Democratic Republic of the Congo (DRC), a country
contributing >12% of global malaria infections and mortality events. To support the continuous
efficacy of vector control strategies, it is essential to monitor insecticide resistance using molecular
surveillance tools. In this study, we developed an amplicon sequencing (“Amp-seq”) approach
targeting An. funestus, and using multiplex PCR, dual index barcoding, and next-generation
sequencing for high throughput and low-cost applications. Using our Amp-seq approach, we screened
80 An. funestus field isolates from the DRC across a panel of nine genes with mutations linked to
insecticide resistance (ace-1, CYP6P4, CYP6P9a, GSTe2, vgsc, and rdl) and mosquito speciation (cox-1,
mtND5, and ITS2). Amongst the 18 non-synonymous mutations detected, was N485I, in the ace-1 gene
associated with carbamate resistance. Overall, our panel represents an extendable and much-needed

method for the molecular surveillance of insecticide resistance in An. funestus populations.

Word count: 202
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Background

Malaria, caused by Plasmodium parasites and transmitted by Anopheles spp. mosquitoes, is a major
public health problem contributing to substantial global morbidity and mortality®. The prevention of
malaria relies on vector control measures, particularly the distribution of long-lasting insecticidal nets
(LLINs)Y2. Whilst LLINs have contributed to significant drops in malaria burden since year 2000, there
has been a plateauing in improvements in case reductions, coinciding with the spread of insecticide

resistance across many Anopheles spp>*.

Species of the Anopheles gambiae (An. gambiae) group are the dominant malaria vectors across most
of sub-Saharan Africa, but other species from the An. funestus group (An. funestus sensu stricto, An.
parensis, An. vandeeni, and An. rivulorum) are also vectors and contribute to malaria transmission>~7.
An. funestus s.s. mosquitos make up the largest population in the complex and have the widest
geographical distribution®. This vector can thrive in varying climate conditions, is highly
anthropophilic, and has night-time biting and endophilic resting behaviour®®. These behaviours make
An. funestus highly susceptible to traditional vector control methods, but resistance to insecticides

has emerged10-12,

The Democratic Republic of Congo (DRC) is a malaria hotspot, with >25 million cases (12% of global
total), and transmission caused by both An. gambiae and An. funestus complex species?. Since 2015,
there has been a 15% increase in malaria cases in DRCY!3, with in-country vector control relying on
mass distribution of LLINs, complemented by smaller-scale indoor and outdoor (ORS) residual spraying
(IRS) in focal areas, by private mining enterprises. However, resistance to the four major classes of
insecticides (carbamates, cyclodienes, organophosphates, pyrethroids) has emerged in An. gambiae,

and An. funestus s.s.1314
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The underlying mechanisms of insecticide resistance across several mosquito species include target
site mutations and metabolic-based, but alterations in microbiome composition and cuticles, as well
as behavioural modifications, have been found to alter vector susceptibility>18, Target site resistance
results from single nucleotide polymorphisms (SNPs) that cause changes to the amino acid sequence
in proteins involved in insecticide binding. The most well-known are the kdr (knock-down resistance)
mutations in the voltage-gated sodium channel (vgsc), including kdr L1014F/S, V410L, F1508C,
N1549Y, and D1763Y%**22, which result in resistance to pyrethroids and DDT?3>?*. None of these
mutations have been described in An. funestus populations despite extensive studies®?>=28, Other
commonly observed mutations in Anopheles spp., including the G119S mutation in the
acetylcholinesterase-1 (ace-1) gene, leading to resistance to organophosphates and carbamates, but
has not been observed in An. funestus populations?®3!, However, the ace-1 N485] mutation was
identified in An. funestus samples from Malawi and linked to bendiocarb (carbamate) resistance2.
Similarly, the A296S mutation in the gaba receptor, also known as the rd/ (resistant to dieldrin)
mutation, has been observed in An. funestus populationsand linked to several insecticides, including

cyclodienes, a subgroup of organochlorides3,3334,

Metabolically mediated resistance mutations include the L119F mutation in the glutathione-S-
transferase epsilon 2 (GSTe2) gene, which is linked to DDT resistance, and has been found in An.
funestus3>3%, Other work in this vector has sought to identify resistance associated alleles in
cytochrome P450 genes (e.g., CYP6P9a and CYP6P4), with pyrethroid resistance linked to
overexpression of the CYP6P9a gene in isolates from Southern Africa, driven by cis-regulatory

polymorphisms3%37-39,

The increasing resistance to insecticides in An. funestus highlights the need for rapid molecular
surveillance techniques to identify underlying mutations, and thereby inform National Malaria Control

Program for appropriate decisions about insecticide usage. Whole genome sequencing is limited by a
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need for high DNA concentrations and the large size of mosquito genomes(~350Mbp) results in a high
cost per sample. Amplicon sequencing (“amp-seq”), which can simultaneously target many genomic
regions (each ~500bp) across candidate genes, has previously been applied to other vectors such as
An. gambiae, An. stephensi and Aedes aegypti*®=*3. Amplicon primers designed for An. gambiae were
tested in silico to check whether they were suitable for use on An. funestus, however the number of
mismatches (n=>4) per primer, when compared to the reference sequence, meant they were unlikely
to work efficiently on field specimens. Here we developed a targeted An. funestus amp-seq assay and
applied it to 80 wild caught mosquitoes from the DRC to screen for molecular markers of insecticide
resistance. The 17-amplicon panel covers regions in vgsc, ace-1, CY9P6a, CYP9P4, GSTe2 and rdl loci
for insecticide resistance profiling, as well as mitochondrial genes (cytochrome oxidase 1 (cox-1),
NADH dehydrogenase 5 (mt-ND5)) and the ribosomal locus ITS2 (internally transcribed spacer 2) for
speciation and phylogenetic analysis. The amp-seq assay uses a dual index barcoding system to
facilitate the pooling of amplicons across many samples, thereby increasing throughput and
decreasing costs. Our assay represents a promising strategy to support An. funestus vector control

surveillance.

Methods

Sample Collection

Adult Anopheles were collected from households in two sites in Sud-Kivu province around 145km
apart (Tchonka; 2°19’ 18" S, 27°32' 24" E and Tushunguti; 1°48' 19" S, 28° 45’ 00.5” E) using Centers
for Disease Control (CDC) light traps during the rainy seasons (Tchonka: April-June 2018; Tushunguti
December 2017-February 2018). Mosquitoes were identified morphologically as members of the An.
funestus s.l. group®. A total of 80 isolates were used for this study (Tchonka 70; Tushunguti 10).

Individual mosquitoes were homogenized in a Qiagen Tissuelyser |l with sterilized 5 mm stainless steel

197



119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

beads for 5 min at 30 Hz and incubated overnight at 56°C. DNA was extracted using a Qiagen DNeasy
96 blood and tissue kit (Qiagen, UK), according to the manufacturer’s protocol.

Primer Design

Amplicon primers were designed with Primer3 software, using sequences from the An. funestus
FUMO?Z reference strain downloaded from VectorBase**¢. The primers were designed to amplify a
region of around 500bp, typically around a SNP previously reported as associated with insecticide
resistance in Anopheles, Aedes, or Culex mosquitoes. Where possible, these primers were designed to
bind to exons. This panel comprised of 17 primer pairs (amplicons) targeting nine genes, including
vgsc (6 amplicons), gaba (2), ace-1 (3), GSTe2 (1), CYP6P4 (1), CYP6P9a (1) for insecticide resistance,
and the cox1 (1 amplicon), ITS2 (1), and mt-ND5 (1) for species identification or phylogenetic analysis
(Supplementary table 1). Primers for the CYP6P9a amplicon were taken from Weedall et al.,2019%.
Each primer was concatenated with one of ten unique 8bp barcodes at the 5’ end. Each sample was
assigned a barcode combination to be used throughout amplicon generation. This allowed for
amplicons from samples with different barcodes to be pooled. To assess their suitability for
multiplexing, samples were checked for potential dimer formation using ThermoFisher Scientific

Multiple Primer Analyser software with sensitivity set to one.

Amplicon Generation

Using NEB Q5 hot start polymerase (New England BioLabs, UK), amplicons (500bp) were generated in
25ul reactions. Sample volume of 1ul (~2ng/ul) was used, with an average final primer concentration
of 0.5uM in each PCR. The amplification was conducted as follows: hot-start polymerase activation for
3 minutes at 95°C, followed by 30 cycles of 95°C for 10 seconds, 60°C for 30 seconds and 72°C for 45
seconds, followed by a final elongation step of 72°C for 2 minutes. Post-multiplex PCR reaction,
amplicons were visualised on a 1% agarose gel to confirm band size. Multiplexed PCR amplicons were
first pooled by sample, and then with other samples with different 5’ barcode combinations. Sample

pools were purified using Roche Kapa beads following manufacturer’s instructions. A bead to sample
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ratio of 0.7:1 was used to remove excess primers and PCR reagents. The Qubit 2.0 fluorimeter HS DNA
kit was used to quantify the pool concentration. lllumina adaptors and barcodes were ligated to the
sample pool as a part of the lllumina-based Amplicon-EZ service (Genewiz, UK). The indexed pool was
then sequenced using a 2 x 250bp paired end configuration on an lllumina MiSeg. A minimum of
50,000 reads were attained per pool, equating to at least 290 reads per amplicon in a pool of 170

amplicons (at a low cost of <USS$0.5 per amplicon).

Amplicon Analysis

The multi-sample fastq files were first demultiplexed using an in-house python script
(https://github.com/LSHTMPathogenSeqlLab/amplicon-seq) into individual sample fastq files, through
the unique barcode combination previously assigned. The reads were trimmed using the Trimmomatic
package, then mapped to the reference sequence with bwa-mem and mapped reads clipped using the
Samclip package*’~#. Using the alighments, GATK HaplotypeCaller (v4.1.4.1, default parameters) and
Freebayes (v1.3.5, --haplotype-length -1) software were applied for variant calling®®>%. Any identified
SNPs or insertions/deletions (INDELS) were filtered using bcftools for a minimum allele depth of 20
reads. The Phred score was also used for filtering, where a score of >30 per base was required to pass
quality control checks. To determine the consequence of variants at an amino acid level, the SnpEff
tool was applied with a database built from the FUMOZ reference genome>2. The available reference
genomes, at the time of analysis, either had no information about insecticide susceptibility, or were
the pyrethroid resistant FUMOZ strain. Variants were genotyped using the proportion of alternate
allele reads to total position reads for each sample. Samples were genotyped as homozygous
reference (<20% alternate allele), heterozygous (20-80% alternate allele) or homozygous alternate

(>80% alternate allele)404%43,

Phylogenetic Analysis
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For the ITS2, cox1 and mt-ND5 amplicons, each sample bam file was converted into fasta format using
an in-house script (https://github.com/LSHTMPathogenSeqlLab/fastq2matrix). This analysis required
a depth of at least 20-fold in each position, and if samples had a large proportion (>90%) of uncalled
bases, they were excluded from this analysis. For each gene, sequences were aligned using MAFFT
software, along with publicly available sequences of An. funestus specimens from other countries®3,
For ITS2, this included 35 samples from Cameroon, DRC, Ethiopia, Kenya, Madagascar, Malawi,
Mozambique, and Zambia. The cox1 alighnment included 111 sequences from Cameroon, Central
African Republic, DRC, Gabon, Ghana, Kenya, Madagascar, Malawi, Mozambique, Tanzania, Uganda,
and Zambia. For mt-ND5, 66 sequences from DRC, Ghana, Kenya, Malawi, Mozambique, Tanzania,
Uganda, and Zambia were used. The alignments were then viewed and trimmed in Aliview>*. RAXML
software was used to construct maximum likelihood phylogenetic trees, with a bootstrap value of
1000, and gamma model of heterogeneity and GTR model of nucleotide substitution assumed>>. The

resulting tree model was visualised using iTOL software>®.

Haplotype Analysis

Specimen sequences were aligned using MAFFT software, and haplotype networks were constructed
using the R package Pegas®’. Amplicon nucleotide diversity and haplotype diversity were also
calculated using the Pegas package. The vcftools package was used to calculate nucleotide diversity
per SNP, fixation index, and linkage disequilibrium metrics. Linkage disequilibrium output was

visualised with the Gaston R package®®*°.

Results

Detection of SNPs associated with insecticide resistance

Eighty An. funestus specimens were sequenced resulting in the identification of 377 variants (351 SNPs
and 26 INDELs not previously described) across the 17 amplicons (Supplementary Table 2). The

average coverage of amplicons varied from 193- to 3684-fold. Of the 351 SNPs identified, 92% were
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either intronic variants or synonymous variants. A total of 18 missense SNPs were found, but no
INDELs resulted in amino acid changes (Table 1). Of these 18 non-synonymous SNPs, only one had
been previously reported — the N6431 mutation in the ace-1 gene (N485l in Torpedo californica
otherwise known as Pacific electric ray). The ace-1 N6431 SNP occurred in samples from both Tchonka
(7/70) and Tushunguti (1/10). The remaining 17 novel missense SNPs appeared in either the CYP6P4
(1288N, G289R, N291S/T, L294V, K295E, E297K, D404N, and 1414L), GSTe2 (G80A, V134M, and K146T)
or vgsc gene (domain 1) (F763L, 1768L/M, L788F, and G793C). All SNPs were detected at low
frequencies, with allelic frequencies varying from 0.7 to 13.6%. Also identified was a 2bp insertion in
the CYP6P9a amplicon, which occurs in a non-coding region, thereby not resulting in an amino acid
change, but has been identified previously as a marker for pyrethroid resistance3°. This insertion
occurred in 91.3% of samples, with 73.9% of specimen’s genotyped as homozygous alternate (R/R),

17.4% as heterozygous (R/S), and 8.7% as homozygous reference (S/S).

Linkage disequilibrium was calculated for each CYP6P4 and vgsc (domain II) amplicons due to the high
number of non-synonymous SNPs present. For the VGSClla amplicon, perfect linkage disequilibrium
(LD r?=1) was present between the 1768L and G793C mutations. High LD was observed in the VGSClla
amplicons between other sets of SNP pairs (F763L, 1768M; F763L, L788F; 1768M, L788F; 1768L, G793C;
all r>>0.75), suggesting a strong association between these mutations. In the CYP6P4 amplicons,
perfect linkage (r’=1) was observed between E297K and K295E, and L294V and N291T SNPs

(Supplementary Figure 1).

Genetic diversity of An. funestus in Eastern DRC

Low genetic diversity was observed at all three loci (Table 2). The cox-1 gene had the highest
nucleotide diversity (0.011) and number of SNPs identified (64/351). This high number of SNPs
resulted in high haplotype diversity, with 18 haplotypes identified and 50% being singletons. When

111 cox-1 sequences from 11 other countries were included, 54 haplotypes were identified, 32 (58%)
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of which were singletons. The mt-ND5 gene also exhibited high haplotype diversity, but from a smaller
number of SNPs (n=13), with 17 haplotypes identified (53% singletons). The number of haplotypes
identified expanded to 53 (66% singleton) when including in the analysis 66 publicly available mt-ND5
sequences covering seven countries. For ITS2 sequences from DRC, four SNPs were identified,
resulting in three haplotypes none of which had fewer than seven isolates present. When expanding
these networks to include publicly available /TS2 sequences (n=35; 8 countries), the number of
haplotypes remained the same (n=3), with >20 isolates per haplotype. The haplotype networks for
each gene (Figure 1 a-c), showed that most samples from the different countries shared a core
haplotype, including the DRC samples. For the ND5 sequences many DRC samples had haplotypes that

were not present in the other countries (Figure 1b).

The data from the three genes demonstrated little population differentiation within the phylogenetic
tree constructed (Figure 2; Figure 3; Supplementary Figure 2). Both mitochondrial genes
demonstrated an ability to speciate, with separate clades for each Anopheles spp (Figure 2; Figure 3).
The cox-1 gene was able to distinguish at a greater resolution, with samples likely to be incorrectly
identified through morphology as An. funestus (Anfun01, Anfun13, Anfun27 and Anfun71) appearing
within the other Anopheles spp. clade. Anfun71 was in a cluster with the An. arabiensis and An.
gambiae s.s. sequences, which was supported by a NCBI BLAST analysis that revealed it shares a 99.0%
identity with An. gambiae cox-1 isolates, and a 98.5% identity with An. arabiensis cox-1 sequences.
NCBI BLAST identified the remaining three samples (Anfun01, Anfunl13, Anfun27) as An. coustani
(identity >97%). In comparison, the mt-ND5 gene did not speciate these samples as non-An. funestus
but did reveal the clearest population differentiation between the DRC isolates and the publicly

available sequences from other countries (Figure 3).
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Discussion

The application of our amp-seq panel to An. funestus collected in Eastern DRC demonstrates its utility
as a surveillance technique for genotypic-based insecticide resistance and species identification.
Across the 80 DRC samples, we identified the ace-1 N643| SNP, alongside 17 other putatively novel
non-synonymous SNPs in genes associated with insecticide susceptibility. The ace-1 N643I resistant
allele, also known as N485l in Torpedo californica, was originally found in Southern African countries
such as Mozambique and Malawi, but appears to have spread or emerged independently in DRC32,
This SNP has been associated with increased resistance to the carbamate, bendiocarb32. Resistance to
bendiocarb has also been reported in other An. funestus isolates from DRC collected in Tchonka'*. The
original study in Southern Africa only found heterozygous (R/S) genotypes, but in Malawi homozygous
(R/R) were also detected, demonstrating higher resistance to bendiocarb than R/S genotypes®. In this
study, the resistant allele appeared in 14.7% of samples, with only one sample classified as R/R. Since
there are no reports of the use of carbamates or organophosphates in the DRC, it is possible that the
N643I mutation is playing another role in resistance/cross-resistance to other insecticides or imparts

a fitness advantage.

In the CYP6P4 gene, the 1288N, G289R, N291S/T, L294V, K295E, and E297K SNPs all occur within the
variable region of the protein, close to 1236M, which is a mutation linked to pyrethroid resistance in
An. gambiae s.s. and An. coluzzii*?. Some of these SNPs appear in a block of high linkage, probably due
to close proximity. Other genetic variants were detected in this gene, including in codon 414, where
an isoleucine changes to a leucine. This is unlikely to result in resistance to insecticides in An. funestus,
as leucine is the reference amino acid for both An. gambiae s.s. and An. arabiensis. The other detected
substitution D404N occurs in the conserved amino acid region, but is not proximal to the catalytic
sites, so probably not involved in resistance. Our CYP6P4 amplicon was designed based on the

identification of deltamethrin binding site described previously, and believed to bind around the
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Pro®’® Leu38%, and Ser3®16l, However, additional, or modified amplicons can be included for CYP6P4 if

other positions are found to be important.

Of the three missense SNPs (G80A, K146T, V134M) found in the GSTe2 amplicon, G80A is unlikely to
have an impact on resistance, as other Anopheles spp. such as An. sinensis and An. atroparvus have
alanine as the reference amino acid at this position. Similarly, the K146T alteration is present in other
Anopheles spp. that have threonine as the reference amino acid at this position. For the V134M
mutation, this position appears highly conserved across Anopheles spp. Codon position 134 exists
within the H5 helix in the GSTe2 protein, however H5 does not appear to play a part in DDT binding to
GSTe2%. Mutations at nearby codon positions 131 and 139 have been previously reported and are not
believed to alter insecticide susceptibility3>3¢. V134 was identified as a highly replaceable site across

the GST family.

The five non-synonymous mutations found in the vgsc gene (F763L, 1768L/M, L788F, and G793C) occur
in the l1IS1 domain of the VGSC protein. A T791M mutation has been previously reported in this region
in An. gambiae, but no association with insecticide resistance was established®?. In our work, the
F763L, 1768L, and G793C mutations all result in changes to amino acids found in other species at that
position. The 1768M and L788F mutations have not been observed in other Anopheles spp. For the
I768M mutation, there was variation observed between species at codon 768, but methionine was
not present. Whilst the leucine at codon 788 was highly conserved across species with no
phenylalanine being reported previously. Future studies involving the analysis of genotype-phenotype
associations in An. funestus populations could identify the possible involvement of these SNPs in

insecticide resistance.

The absence of previously reported vgsc-kdr mutations and the ace-1 G119S SNP 2730 is not

unexpected, as these have not yet been observed in An. funestus populations. Other molecular
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mechanisms are involved in resistance to pyrethroids in this vector species. However, the continued
attempts to detect the classic kdr mutations in An. funestus are necessary due the speed this highly
favourable polymorphism can spread through the population, as seen with An.gambiae?”®3. In DRC,
An. funestus populations resistant to pyrethroid have been reported, likely due to the use of
pyrethroid-only LLINs in the country®. It is therefore essential to investigate the genetic variants
involved in insecticide resistance in An. funestus, due to the speed with which some of these highly
favourable polymorphisms can spread through a population, as observed previously with An.

gambiae?’ %,

The cytochrome P450 genes were included in our panel because of their association with metabolic-
based insecticide resistance. The previously described 2bp insertion within the CYP6P9a promoter
region was detected in >90% of our samples. This frequency is consistent with estimates based on
applying a restriction fragment length polymorphism (RFLP) CYP6P9a diagnostic assay to a cohort of
Tchonka and Tushunguti samples (82-98%)%3. The 2bp insertion has been identified as a potential
marker for pyrethroid resistance, being tightly linked with a resistant phenotype?. Other cytochrome
P450 genes, such as CYP6P9b, have also been involved in insecticide resistant phenotype, particularly
associated with elevated gene expression®. These loci can be integrated in the amplicon assay,
particularly when genetic markers in these genes are uncovered to be involved in the resistance

phenotype.

Of the phylogenetic markers included in the amplicon panel, those in ITS2 showed the least utility for
investigations into genetic diversity or relatedness. In contrast, the mitochondrial genes, cox-1 and
mt-ND5, showed more promise for speciation and population delineation. The cox-1 gene was able to
identify four samples that had been misclassified as An. funestus. Visual identification of mosquito
species requires skilled, and experienced individuals, but such identification can often be of limited

use due to sample degradation. The non-An. funestus isolates were found to be An. gambiae and An.
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coustani, both known vectors in the region. An. gambiae is the focus of many vector control strategies
across Sub-Saharan Africa, due to its large contribution to malaria transmission. Anopheles coustani is
considered a secondary malaria vector across Central and Southern Africa. It is highly zoophilic and
endophilic, differs sufficiently enough in behaviour to avoid many traditional vector control methods,
and therefore its capacity for transmitting malaria is beginning to be taken more seriously®%’. Also
such ability to escape IRS and LLINs through its behaviour, might be the origin of a future epidemic
resurgence of malaria after the main malaria vector An. gambiae has been controlled. Whilst the
occurrence of these species in this study could be the result of incorrect morphological identification,
it may also be an example of species introgression®. BLAST analysis of the cox-1 sequences for these
misclassified samples revealed a 91-94% identity to An. funestus, compared to the 97-98% identity to
the other species. Introgression of genes in An. funestus has previously been reported, but to confirm
it is occurring here would require whole genome sequencing combined with a comparative genomic

analysis®°.

For both mitochondrial genes, high haplotype diversity was observed in the context of the very low
nucleotide diversity. This suggests a high number of low frequency variants, which has been observed
for other Anopheles spp.*3. The smaller sample size tested here may contribute to the low frequencies
observed, so increasing the number of specimens screened with this amplicon panel would provide

greater insights into the population dynamics.

Our study has demonstrated the utility of an amp-seq panel as a viable screening technique for SNPs
associated with insecticide resistance. The detection of previously unreported missense SNPs also
demonstrates its potential usage for the identification of new SNPs that may be involved in insecticide
resistance, if used in tandem with phenotypic studies. Currently the use of this panel in a field setting
may be limited by access to sequencing platforms, and a lack of bioinformatics expertise, and as such

could be of more use in a research setting. However the use of a portable sequencer such as the long-

206



351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

read MinlON could help to overcome this, along with a graphical web interface platform for data
analysis. Which has been done, and successfully implemented with both malaria and Tuberculosis’®"2.
Importantly, informed vector control methods are needed to meet the World Health Organization
goals of reducing malaria mortality by 90% within the next seven years. Whilst gains have been made
since this target was established, in recent years the number of cases has stabilised. New impetus is
needed for large-scale surveillance studies with high throughput molecular tools to rapidly inform
policy choices and reduce malaria cases. Our assay, which can be easily extended to other loci,
represents a tool and opportunity to perform molecular surveillance in a vector heavily involved in

malaria transmission across Africa.
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Figure 1. Haplotype or minimal-spanning network constructed using a) cox-1, b) mt-ND5, and c) ITS2
sequences generated in this study and publicly available samples. Each node represents a haplotype,
each segment within the node represents a country, and is proportionally sized to the number of
sequences present in the segment and node. The number of number of ticks between nodes represents
the number of genetic differences between nodes.
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Figure 2. Maximum-likelihood tree constructed using cox-1 gene sequences generated in this study
(n=84), alongside other publicly available An. funestus cox-1 sequences (n=111), (Cameroon = 2,
Central African Republic = 3, DRC = 7, Gabon = 3, Ghana = 2, Kenya = 16, Madagascar = 2, Malawi =
11, Mozambique = 21, Tanzania = 10, Uganda =4, Zambia = 30). This tree also has a group of Anopheles
spp. (n=7), including An. arabiensis, An. darlingi, An. dirus, An. gambiae s.s, An. minimus, An. sinensis
and An. stephensi. The tree was built using the maximum-likelihood method assuming GTR model of
nucleotide substitution, with the gamma model of heterogeneity rate.
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Figure 3. Maximum-likelihood tree constructed using mt-ND5 gene sequences generated in this
study (n=67), alongside other publicly available An. funestus mt-ND5 sequences (n=66), (DRC = 6,
Ghana = 2, Kenya = 1, Malawi = 7, Mozambique = 7, Tanzania = 10, Uganda = 3, Zambia = 30). This
tree also has a group of Anopheles spp. (n = 7), including An. arabiensis, An. darlingi, An. dirus, An.

gambiae s.s, An. minimus, An. sinensis and An. stephensi. The tree was built using the maximum-
likelihood method assuming GTR model of nucleotide substitution, with the gamma model of

heterogeneity rate.
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Table 1. Location and frequencies of non-synonymous variants detected

Allele frequencies
Amplicon Position Sample Annotation Non- Nu.cleot.ide
Number* Reference on Diversity
reference

ACE1ll 19555221 68 Asn643lle 91.9 8.1 0.25
8560733 66 lle414Leu 97.7 2.3 0.07

8560763 66 Asp404Asn 93.2 6.8 0.16

8561152 66 Glu297Lys 92.4 7.6 0.19

8561158 66 Lys295Glu 92.4 7.6 0.19

CYP6P4 8561161 66 Leu294val 96.2 3.8 0.14
8561169 66 Asn291Ser 97.8 2.2 0.07

8561169 66 Asn291Thr 94.7 5.3 0.14

8561176 66 Gly289Arg 98.5 1.5 0.06

8561178 66 lle288Asn 91.7 8.3 0.18

75252570 70 Lys146Thr 93.6 6.4 0.18

GSTe2 75252607 70 Vall34Met 99.3 0.7 0.03
75252839 70 Gly80Ala 86.4 13.6 0.27

42339660 71 Phe763Leu 99.3 0.7 0.14

42339675 71 lle768Leu 97.9 2.1 0.11

VGSClla | 42339677 71 lle768Met 98.9 1.4 0.14
42339735 71 Leu788Phe 97.2 2.8 0.15

42339750 71 Gly793Cys 97.9 2.1 0.11

Table 2. Haplotype and nucleotide diversity of genes in DRC

Gene No. of haplotypes Haplotype diversity Nucleotide diversity E
ITS2 3 0.60 0.002 ‘
Cox1 18 0.82 0.011
ND5 16 0.93 0.006

220




Supplementary table 1. Amplicon targets, primers sequences, and size (bp)

Anopheles funestus Primers Information

Product Sl2e
Targei Gene Amalican Accesskon ID Target SHP Foraard primer Reverse Primer ibp]
VG5 nfa TGCTTGE TTAASCCGAATAAAR GETTCGAACAATOGARATEA 473
VESClE va1o® TTTTCTTCGATGET GTE0AA ATGTGETTGGECATTGETTICA 439
VG5O nfa AATGCTOSOCTADGATGITE CETTGCTETRAAGAALTGEA 263
wgsc AFUNDODASE -
VESCIE L1Da4F/55%4 AGTGCTGETGALCGICTAAT CATTTGLTATGITCGELTTG 284
VGSCHI F1524C% N1575v | GOGACATTCAASGGATGEAT GAAGCLGATGAACAACATEE 513
VESCIY D173V TETACTGOGTTTIGETGASGS CITCCGTTGCT TEEGEANTAR 528
ACE1 2 AFUNDL1ELS nfa CATCACTACCACTACCACTA EOCANGLTACACATCTACCT 500
Insecticke
Resslskance ace-] ACEL Ib AFUNDL1ELS G119 GAGOEECARABAGE TAGATE GCTGATAGCACACTTCIACA 295
ACEL I AFUNDL1ELS ReB5I= GCTACALTEAGGACGAGANA CTAGCAGTACAMTTAGATCN, 380
G5Ted EETez AFUNDL5809 L1153 CCTTCTGECTGETGATCATT ACCCAGARCARNGTCATOD 296
A0L1 AFUND1EIZA AZOES] WITLAM AACTOGCLCACRATGARRAR TTTAATGGECAAALGRAASS ags
rdi
R0LZ AFUNDLEI33 Ta455H BACACTIGTGATECTTTTOET GAALCGTACCTCCTGGANCA a8z
"__?T:;ul CYPESga® AFUNDLS792 aa irsertion™ AGGTTATTTGEADGAADGTGA, CAARACARG TTANGTEOCTETANGA 296
F450 (CTPEP4| CYPEPY FUBSZE51.1 PTG, L350, & 5381F | AGGITATTTGEADGAADGTGA CTGGETAMAACTOGEEATCA 296
COK-1 nfa GAGOCCCTGATATAGCTTTCD AAATTTCTGEGETE TOCAARAR 26E
Mitochondria
228 Nwe AF15KAPD-00E
Phylogeny | 122 / Mt-N DS nfa TOITITGETTTTATTGATITCATCG TOCTGCTGTAACCARAGTTEAN 296
sz ITs2 MK129243.1 nfa TCTAGTETOGTGEEGEGARAT AGCACGTTGTCCGASTATCA 258

*These primess weare designed by Weedall et al_, 20199
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Supplementary Table 2. Average coverage, and number of variants identified for each amplicon

Amplicon Coverage SNPs NS SNPs INDELs
All - 351 18 26
ACE1_| 193.19 15 0 2
ACE1_lI 722.50 11 0 0
ACE1_IlI 671.56 23 1 0
col 2194.28 64 0 1
CYP9P4 574.96 35 9 0
CYP9P6a 938.42 55 0 6
GSTe2 846.42 18 3 2
ITS2 3684.57 6 0 0
mt-ND5 1059.01 13 0 0
VGSCla 1205.03 0 2
VGSClb 1012.69 0 2
VGSClla 2521.66 39 5 2
VGSCllb 839.73 7 0 0
VGSCIII 870.34 12 0 0
VGSCIV 512.47 8 0 0
Rdl1 1326.72 7 0 6
RdI2 843.04 18 0 3
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Discussion

To combat the global malaria burden, a multifaceted approach, underpinned by effective vector control
is essential. Insecticides are the most broadly used form of vector control, and monitoring of mosquito
genomes through next-generation sequencing is essential in identifying the emergence and spread of
DNA alterations that could result in insecticide resistance. Current molecular screening methods in
Anopheles spp., heavily relies on capillary sequencing of a few genes of interest (e.g., vgsc or ace-1).
These studies reveal important information about the genetic diversity of these genes and help inform
vector control efforts. However, this method is low-throughput, and screening known loci could mean

important changes occurring elsewhere in the genome are missed.

The need for multi-locus high-throughput molecular screening of Anopheles for insecticide resistance
has been highlighted many times, and this thesis demonstrates the development of several such panels.
However, also demonstrated in this thesis, is that a one assay fits all approach could be difficult, due to
the genetic variation between species. As observed with An. funestus, in Chapter 6, different molecular
mechanisms are at play that result in decreased insecticide susceptibility, including increased
occurrence of CYP-based resistance with an absence of commonly observed target-site mutations such
as kdrl2. Wide scale WGS studies are needed for a variety of different Anopheles species, to identify

SNPs, copy number variations and INDELs that can be used for molecular markers for resistance.

WGS has been successfully applied to several Anopheles spp. and has increased our understanding of
their genomic landscapes3>. In An. gambiae and An. coluzzii, WGS illuminated CNVs associated with
metabolically mediated resistance to pyrethroids, the same data set was also used to identify mutations
in the vgsc with a role in pyrethroid resistance3®. Studies examining Asian malaria vector An. minimus
identified diverging populations within Cambodia, this could impact on the effectiveness of malaria
control methods if this genetic diversity reflects behavioural diversity as it does in An. darlingi’.
Simultaneously understanding gene flow within mosquito species can indicate how resistance

associated mutations can move through a population®. However, knowledge of many other of Anopheles
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spp., is severely lacking, and with the high amount of genetic diversity observed within this genus, it is

clear there is more to learn.

At the time of writing this thesis there were fewer than 50 samples with WGS data available for An.
stephensi, and <5 for An. darlingi. There were over 100 for An. funestus, which is an important vector
for P. falciparum in Sub-Saharan Africa, which has substantially more research has focussed on it due to
its impact on the mortality burden. Whilst for An. gambiae s.I. there are >1,000 available due to genome

sequencing projects targeting this vector.

An. darlingi and An. stephensi have historically been P. vivax vectors, due to their geographical
distribution (South America and South Asia respectively), and P. vivax is typically not a research priority
due to the lower mortality burden. However, the spread of An. stephensiinto the HOA, occupying urban
areas and with its proficiency as a vector for both P. falciparum and P. vivax, has meant this vector has

become a higher research priority®-11,

Access to WGS is limited due to high costs, particularly when applied to large genomes, and the need
for high DNA concentrations, often not possible from vectors. The use of amp-seq panels provide an
appealing alternative to WGS, being both low cost and requiring smaller DNA quantities. Amp-seq also
has the benefit of being multiplexable, meaning it can be a high-throughput method of screening for
insecticide resistance mutations!213, |t can be easily adapted to include new loci to the panel relevant
to the targeted species, while also targeting highly variable genomic regions to gain insight into

population dynamics.

In Chapter 2, | describe the development of an amp-seq panel for An. stephensi, and its subsequent
application to both Ethiopian field and SDA-500 colony isolates. The nine-amplicon panel covers four
genes associated with insecticide resistance and a further two for phylogenetic and speciation analysis.
This work resulted in the identification of two known target site mutations: kdr-L1014F and rd/-A296S,
alongside a further two putatively novel missense SNPs in the ace-1 and GSTe2 amplicons. The L1014F

SNP or kdr west SNP, had previously been identified by Samake et al, in five locations throughout Eastern
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Ethiopial4. However, they did not identify the SNP in the Awash Sebat Kilo location where these isolates
were collected from. This may be a result of the higher sensitivity of next-generation sequencing in
comparison to capillary sequencing. The L1014F mutation was only detected as a heterozygous
genotype, which using capillary sequencing may be difficult to detect. The appearance of this SNP may
be due to the temporal differences in the two sample sets. Samake et al, collected mosquitoes August
to November 2018, whilst my study isolates were collected from April to September 2019. The temporal
difference may mean the kdr had risen to a higher allele frequency so was more easily detectable, or
gene flow had occurred with An. stephensi from nearby villages that had the L1014F mutation in the
population. My work had a larger sample size (n=8 versus n=95), and due to the low frequency this SNP
was present at (13.8%), it could have been missed previously!4. The detection of this kdr mutation is in
line with my hypotheses of the detected pyrethroid resistance in this area would likely indicate the
presence of this target site mutation. Although the identification of only this resistance marker despite
widespread resistance to the four main insecticide classes, may indicate other mechanisms are behind

this phenotypic resistance.

The rdl A296S mutation was also detected in this population, whilst this SNP is not typically looked for
in traditional molecular screening assays due to the removal of dieldrin as an insecticide. The occurrence

here may be a result of pesticide use by local farmers, or from allele fixation in the source population.

From the phylogeny and speciation markers, cox-1 and ITS2, the former demonstrated higher levels of
variation and therefore greater utility for phylogenetic inference. The work demonstrated that there
were multiple haplotypes present in the Ethiopian populations, suggesting multiple introduction events,
as seen previouslyl®. One of these haplotypes was shared with populations from Pakistan. Another
haplotype (denoted as IV) was shared with Pakistan, India, Iran, UAE, and Sri Lanka, which does not assist
the refining of the origins of this invasive species. Previous work has demonstrated Ethiopian isolates
share more similarity with South Asian An. stephensi, than those from the Arabian Peninsula.’® However
further sampling is needed from more locations in the HOA, along with more countries where An.

stephensi is native, to elucidate the origins of this species and migration patterns.
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This amp-seq panel demonstrated its utility as a high-throughput panel for screening insecticide
resistance and investigating population dynamics. Since publication, the amp-seq panel has
subsequently been used in a study examining potential applications of amplicon sequencing to
environmental DNA (eDNA), where it detected the same two putatively novel missense SNPs in colony

samples, also identified in this study in colony and Ethiopian isolates?!>.

Further investigation of Ethiopian An. stephensi occurred in Chapter 3. Here | applied WGS to 29
Ethiopian An. stephensi, and two SDA-500 colony samples. The resulting data was analysed in the
context of publicly available sequence data from three collection sites in India (Bangalore, Chennai, and
Mangalore), two colony strains from India, as well as further SDA-500 colony samples. | identified the
two known SNPs (kdr-L1014F and rd/-A296S) in the Ethiopian samples. The A296S mutation was also
detected in the India-wildtype isolates along with V3271, both in the gaba gene. The two SNPs identified
in the Ethiopian isolates are in line with the amp-seq results from Chapter 2. The two putatively novel
SNPs identified in that chapter by amp-seq were also found in this population. The identification of the
known gaba gene mutations in the Indian populations, represents the first time these SNPs have been
identified in Indian An. stephensi, and the V3271 SNP has only been observed in An. sinensis and An.
funestus thus far'617, As discussed above, the presence of insecticide resistance associated SNPs in the
gaba gene are likely the result of exposure to pesticides used in farming!8. As discussed above the
identification of only two target site mutations in the Ethiopian samples despite the likely phenotypically
resistant samples. Further target site mutations e.g., ace-1 G119S or GSTe2 L119F, would be expected,

indicating other mechanisms may be at play.

Several copy number variants (CNV) were identified in genes of interest, including CYP307a1, CYP6al,
and CYP9f2. The first two being a deletion events, and latter two a duplication. CNVs have been reported

to result in resistant phenotypes, so these alterations require further investigation®.

The ancestry analysis conducted on this data set identified shared ancestry between the Indian isolates
(Mangalore) and Ethiopian isolates. This ancestry was also observed in a single SDA-500 sample from
Pakistan. The shared ancestry between the Mangalore and Ethiopian samples would suggest a shared
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origin, and the similarity between HOA An. stephensi and South Asian An. stephensi has been noted
previouslyl0. The Ethiopian samples in this study appear genetically homogenous, with only one ancestry
present, whereas the Mangalore isolates all had at least three ancestries present. The Ethiopian isolates
were collected in one location, so expanding the sampling area may increase the genetic diversity and
number of ancestries observed in HOA populations. The WGS of An. stephensi collected across Central
and South Asia will help us to better understand the population dynamics of this species in its native
environment. Understanding these dynamics will help demonstrate how insecticide resistance is likely
to emerge and spread throughout the vector population and where this species is likely to appear next.
Understanding gene flow within a population can give insight into how alleles spread through a species,
e.g., resistance associated mutations; and identifying where An. stephensi came from will help us

understand how it moved and how it could move further.

Overall, this chapter represents the first report of results from the application of WGS to An. stephensi.
The sample size of this data set is limited but demonstrates the utility of such techniques even when
applied to a small number of isolates. The application of population genetics techniques has further
illuminated the ancestry of this invasive species and identified markers of insecticide resistance in field
isolates. It also resulted in the detection of many SNPs in candidate genes, and the resulting genomic

dataset is available for other researchers to utilise in the future.

Chapter 4 outlines the development of an amp-seq assay for An. darlingi, and its application to field
isolates collected from four sites in the State of Rondodnia, Brazil. The 11-amplicon panel covers nine
insecticide resistance associated SNPs across four genes (ace-1, gaba/rdl, GSTe2, and vgsc), as well as
two amplicons for speciation and phylogenetic analysis (cox-1 and ITS2). No known insecticide resistance
mutations were identified in the 200 samples this panel was applied to. Ten putatively non-synonymous
SNPs were found, five of these were in the ace-1 gene, and the remaining five in the GSTe2 amplicon.
The lack of phenotype data meant that it is not currently possible to determine if these SNPs are
associated with insecticide resistance. The absence of any known SNPs is in line with previous studies

looking for molecular markers of resistance in An. darling?°.
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Chapter 5 also focused on An. darlingi and had similar results to the previous chapter, in that no known
insecticide resistance associated SNPs were identified. The lack of known mutations could be a result of
the great genetic distinction observed between South American Anopheles spp., and African/Asian
Anopheles?'. There may be different molecular markers in An. darlingi that indicate resistance in this

species, similar to what is observed in An. funestus.

An. funestus and An. gambiae are relatively genetically similar in the global context of Anopheles species,
and yet the kdr mutations which play such a large role in An. gambiae are absent in An. funestus?%23,
This may be the case with An. darlingi and An. albimanus, where several known SNPs have been
identified in An. albimanus, but remain absent in An. darlingi despite their similar geographical ranges

and close genetic relationship24.

Both An. darlingi and An. funestus had no signals of selection ongoing in the vgsc, but while An. funestus
demonstrated a high diversity in the vgsc the reverse was true for An. darlingi®32>. Typically, the vgsc
gene is highly conserved due to its critical function, so An. darlingi reflects what is expected for
Anopheles spp mosquitoes. The existence of frontier regions was believed to be contributing to the lack
of resistance markers in An. darlingi, the high gene flow in these regions was hypothesised to be keeping
resistance associated SNPs at low enough frequencies they were undetected?62’. Conversely, in An.
funestus the lack of gene flow between central and southern African populations was thought to be

restricting resistance mutations from moving between populations2.

It was previously believed that the lack of insecticide resistance associated mutations identified in An.
darlingi was a result of the limited studies investigating this. However, recent large-scale studies have
also failed to find any of these known SNPs, these studies also lacked phenotypic data so it may be the
mosquitoes tested were completely susceptible to insecticides hence the lack of molecular markers?2>:28,
But it is important to consider that these mutations just may not play a role in resistance in An. darlingi.

To identify molecular markers of insecticide resistance in An. darlingi, further studies are needed with
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phenotyped isolates to identify mutations, INDELs, and copy number variants exclusively present in with

susceptible or resistant isolates.

The phylogenetic markers in cox-1 and /TS2 showed varying utility to explore genetic diversity, but both
loci revealed low nucleotide diversity. /ITS2 showed less genetic distinction between the Brazilian
isolates, and An. darlingi sequences from other South and Central American countries. Whereas cox-1
showed more distinction between An. darlingi isolates from other countries on a phylogenetic tree, but
still demonstrated low genetic diversity. However, the cox-1 gene was successfully used to speciate a
sample as an An. peryassui isolate, which had been incorrectly identified as An. darlingi during

morphological examination.

The use of WGS on An. darlingi in Chapter 5 focussed more on the identification of genomic regions
under selection, to potentially identify genes of interest that may be involved in insecticide resistance.
A total of 31 An. darlingi were successfully sequenced, including eight colony samples, and 23 field
isolates from Candeias dos Jamari, State of Ronddnia in Brazil. Again, the lack of phenotype data
available for these isolates meant associating any positions under selection with insecticide resistance
is not possible. However, it is possible to identify new genes or other genes that have previously been
associated with resistance in other vector species, to gain insight and provide targets for future studies.
Five candidate genes were identified as under some form of selection (directional or balancing) from
integrated haplotype statistic (iHS) or Tajima’s D analysis. One of these genes was the cytochrome P450
CYP307al. This gene has previously been associated with pyrethroid and DDT resistance in An. funestus,
and was also found to be under selection in the Indian An. stephensi field isolates in Chapter 32°. This
gene requires further investigation as to its potential role in insecticide resistance in both these species.
The lack of any selection ongoing in the four key genes known to be associated with insecticide
resistance (ace-1, gaba/rdl, GSTe2, and vgsc) could suggest that these loci are not involved in insecticide
resistance in An. darlingi. However, a similar lack of selection was observed in these genes in Chapter 3,

where the kdr-L1014F SNP was identified, so this is unlikely.
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Of the 10 missense SNPs identified in Chapter 4, five were identified in these isolates (S674N in ace-1,
and D128Q, T1661,T1791, and T205A in GSTe2). These variants all had high genotype frequencies, varying
between 13% and 100%, in the amp-seq data related to the samples from Candeias dos Jamari. Whereas
the other five non-synonymous SNPs not found in the WGS data were all present at frequencies ~7% in
the amp-seq samples. The number of isolates undergoing WGS may be too small to detect these lower

frequency variants.

It was difficult to hypothesis about the molecular landscape of these isolates due to the minimal data
available for these samples specifically, but also the lack of research on An. darlingi in general. We still
did not find any known insecticide resistance mutations in this sample cohort using amp-seq or WGS,
and neither have other capillary sequencing studies conducted since. The lack of selection ongoing
around any of the key genes associated with insecticide resistance could indicate they aren’t involved in
resistance in this species. But without the phenotypic data there is a strong chance the isolates tested

here were completely susceptible, so no assumptions can be made around this lack of selection.

I also applied other population genetics techniques, such as phylogenetic methods, principal component
analysis, and admixture ancestry analysis. Limited genetic diversity was observed within the colony and
field isolates, with only two ancestral populations identified. But the populations were genetically
distinct from each other, separating clearly on the phylogenetic tree, PCA, and admixture plot. Given
the geographical proximity of the field isolate collection site to where the colony isolates were originally
collected (<24km), 3 years prior, more genetic similarity between the two populations was expected.
The extensive inbreeding between colony isolates could contribute to the distinction. Additional WGS
of field isolates from Porto Velho, State of Ronddnia would be needed to truly understand the underlying
population dynamics at play. The lack of WGS data available for An. darlingi limits any conclusions that
can be drawn from this data. My results represent two small sample sets from State of Rondonia, and
sampling An. darlingi from geographically distant regions, would give greater insight into the population

dynamics of this species. However, this data represents the first steps towards fully understanding the
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genomic landscape of An. darlingi and is the first instance of WGS being applied to this important South

American vector.

My final chapter, Chapter 6, involves the development of the final Anopheles species specific amplicon
panel for An. funestus. The amp-seq assay was then applied to isolates from two villages in eastern DRC.
The 17-amplicon panel covers six genes (ace-1, CYP6P4, CYP6P9a, gaba/rdl, GSTe2, and vgsc) associated
with insecticide resistance in An. funestus, as well as three further loci (cox-1, ITS2, and mt-ND5) for
speciation and phylogenetic analysis. Two known markers for insecticide resistance were identified, the
N485I SNP in the ace-1 gene that results in bendiocarb resistance, and a 2bp deletion in the CYP6P9a
gene, a molecular marker for pyrethroid resistance. The original detection assay designed for the
deletion was a restriction-fragment length polymorphism (RFLP) assay, whose implementation can be a
complicated and laborious processl. My results demonstrate that amp-seq can be used as a high-
throughput method to screen many samples simultaneously and is an alternative to RFLP for large
molecular surveillance of vector populations. Data on some of these samples was previously analysed
using gPCR and RFLP, and the results published3°. The two bp CYP6P9a INDEL was identified at a slightly
higher frequency in the amp-seq data (91.3% vs 84.0%). This may be due to a higher proportion of
Tushunguti isolates being sequenced, where the resistant genotype was higher than in Tchonka (98% vs
82%). It could also be the result of increased sensitivity of the amp-seq assay compared to capillary

sequencing.

There were a further 17 missense SNPs identified in the amplicons, of which none appear to have been
reported previously. The identification of the two-insecticide resistance associated mutations in such
high frequencies, implies the mosquitoes tested here are at least pyrethroid resistant, but further
investigation of the new non-synonymous SNPs identified here is needed to confirm their involvement
with phenotypic resistance. The expansion of this amp-seq panel to include CYP genes demonstrates its

potential for adaptation in the future as more markers of insecticide resistance become known.

Both the mitochondrial genes, cox-1 and mt-ND5, gave the greatest insight into An. funestus population
structure and species identification. Mitochondrial genes do generally display the highest amount of
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variation and genetic diversity, in comparison to nuclear or ribosomal genes such as ITS2. The mt-ND5
amplicon gave the greatest differentiation between the DRC isolates and those from other countries.
Whilst cox-1 was able to identify three isolates as An. coustani, an understudied vector in the region,
one further sample closely identified with An. gambiae (99%) and An. arabiensis (98.5%). This sample
could be an example of species introgression occurring between the vectors. They have overlapping
geographical distributions, so the likelihood of interspecies breeding and interchange of genetic
elements is high31,32, Comparative genomics with WGS data would be needed to confirm this. The clear
distinction of the Anfun71 isolate on the cox-1 phylogenetic tree suggests that this isolate was
genetically distinct from the other An. funestus sequences. The similarity between An. gambiae and An.
funestus cox-1 sequences is ~“99% on average. But NCBI BLAST analysis for this sample demonstrated a
91.9% similarity with An. funestus compared with to a 99% identity with An. gambiae, suggesting it was
likely just misidentified morphologically. Overall, the panel demonstrated increased sensitivity
compared to capillary sequencing and provided an alternative diagnostic assay to detect known
insecticide resistance markers. The main aim of this study was to determine whether it was possible to
identify more complex markers such as the 2bp CYP6P9a insertion that typically requires more
complicated detection methods than standard PCR. Amp-seq appears more sensitive than the standard
RFLP assay and requires less laborious laboratory techniques. The results of this study are in line with
my hypotheses regarding the presence of these markers, and it also detected the N485I ace-1 alteration,

alongside other novel SNPS.

Limitations

Overall, my thesis demonstrates the utility of next generation sequencing in detecting known molecular
markers of insecticide resistance, and its potential to identify novel markers also. However, there are
still extensive limitations regarding the implementation of such techniques in the field, the accessibility
of WGS in malaria-endemic countries is often limited due to reasons discussed above. But also, the
bioinformatics skills and high-performance computing clusters required for data analysis can be difficult

to access in these settings. Amp-seq avoids the latter of these issues as the data generated is
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substantially smaller, and PCR-based methods of detecting SNPs associated with insecticide resistance
are routinely conducted in reference laboratories making it a more feasible alternative. But the issue of
sequencer accessibility remains an issue.

Despite the PCR-based methods of insecticide resistance associated SNPs being in use for decades,
phenotypic bioassays remain the gold standard for resistance detection. There are numerous reasons
for this, including a lack of species-specific knowledge of molecular markers of resistance, as seen with
An. darlingi. Simultaneously even if SNPs previously linked to resistance are found, this does not always
correlate with mosquito phenotype. Mutations such as kdr-L1014 and ace-1 G119S have been found in
phenotypically susceptible mosquitoes, and conversely, they can be completely absent in resistant
mosquitoes?%33, So, whilst these SNPs may be useful in surveillance, they are not diagnostic markers of

phenotypic resistance.

The main limitation of this thesis is the lack of phenotypic data available for all isolates, without this
information it is impossible to draw conclusions about how any of the genomic alterations identified
affect the samples resistance status. For An. funestus, this data was less crucial due to the pre-existing
information available about the insecticide resistance markers present in the sample cohort. In An.
stephensi the wide-spread resistance to carbamates, organophosphates, organochlorines, and
pyrethroids identified in isolates taken from the same village the isolates examined here would indicate
the samples were likely also resistant3*. However, we cannot be certain, so the signals of selection and
putatively novel SNPs identified in WGS and amp-seq analysis cannot be assumed to be related to
phenotype. The presence of insecticide susceptible colony isolates for An. stephensi were a useful

control group to help counteract this uncertainty.

However, for An. darlingi the susceptibility of even the laboratory-reared colony isolates was unknown.
Metadata indicated the isolates collected from the Porto Velho sites had been exposed to insecticides,
but exposure does not automatically indicate resistance. As such the importance of the information

gleaned from the An. darlingi analysis remains unknown.
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Conclusions

This thesis presents the application of genomics to three vector species, two of which have been
historically understudied. It includes the development of three species specific amp-seq assays for the
high-throughput detection of insecticide resistance, and the analysis of population dynamics. This thesis
also demonstrates the utility of applying WGS to characterise the genomic landscape of two species of

Anopheles mosquitoes for the first time, creating a blueprint for the future expansions of such studies.

WGS and amp-seq have the potential to have major impacts on our understanding of vectors and
contribute to the fight against malaria. Such techniques have been used to generate large amounts of
data about malaria parasites, and An. gambiae complex mosquitoes. This thesis has substantially
increased the amount of genomic data available for both An. darlingi and An. stephensi, enabling future
investigations into these species. The successful application of amp-seq to both An. stephensi and An.
funestus demonstrates the utility of this method for high-throughput detection of insecticide resistance.
The panel still resulted in an increase in genomic data for An. darlingi and insights into the species’
population dynamics. The lack of known markers found in this sample set, or any others tested so far,
indicates more studies are needed in tandem with phenotypic typing, to truly understand the genomic

underpinnings of insecticide resistance in this species.

Overall, the WGS studies here have given insight into the population dynamics of two historically
understudied malaria vectors. Whilst without key phenotypic data, the methodology used here to
analyse WGS data, provides a framework for future work that could identify important genetic markers
of resistance. These novel markers could also be incorporated into amp-seq assays used for insecticide

resistance surveillance by reference laboratories.

Despite the limitation discussed above, regarding the sometimes-tenuous link between mosquito
genotype and phenotype, the identification of such markers could be crucial in optimising insecticide

usage in malaria control policy.
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To summarise, vector genomics is a rapidly expanding field, and further wide-scale WGS studies are
needed for more Anopheles species, to understand each species unique genomic landscape and
molecular evolution. Such insights can be used to inform high-throughput assays, such as amp-seq, for

the detection of insecticide resistance markers as demonstrated here.

Future Perspectives

Genomic data has vastly improved our understanding of many infectious diseases, including malaria.
The application of WGS to Plasmodium parasites has helped identify drug resistance markers and
informed control methods to reduce disease burden. Malaria is a multi-faceted disease, that requires
transmission interventions for various parts of its lifecycle. Vector control is a key component of breaking

malaria transmission, and the need for efficient control methods has never been more crucial.

However, one concern for the future of insecticide-based vector control is the global emergence of
resistance. Other control methods such as sterile male release, Wolbachia spp. infection, or mass
administration of ivermectin, can help share the burden3>-37. However, none are as established or low
cost as IRS or the use of LLINs. The development of new insecticide classes such as pyrroles and
neonicotinoids will also reduce this pressure on traditionally used chemicals323°. Unlike typically used
insecticide classes like pyrethroids and organophosphates, the chances of mosquitoes developing cross-
resistance to these new insecticides is unlikely. But even with these novel compounds, resistance can
still emerge. This worrying outcome is why large scale high-throughput surveillance methods are so
important moving forward, to rapidly identify the emergence of new mutations associated with

resistance.

As discussed above, the need for WGS studies with large sample numbers from diverse locations will
help understand the molecular drivers of resistance, when paired with phenotypic data.
It will be crucial to conduct these studies in a timely manner, so such drivers can be quickly identified

with the resulting phenotypic alteration to inform malaria control programmes.
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It will also help us understand the population dynamics of the Anopheles species and illuminate how
resistance is likely to spread throughout the population. Chapters 3 and 5 outlined how such data could
be successfully utilised. The former presented a first of its kind study to look for resistance markers in
An. darlingi. Whilst the latter, presented an ancestry analysis of invasive An. stephensi to probe what
introductory invasion events could have taken place, as well as understand where this vector could
spread in the future.

The further investigation of putatively novel SNPs identified in this thesis in phenotyped isolates, would
help indicate whether these mutations result in resistance. The pairing of bioassay and genomic data is
key to moving forward with the methodologies developed in this thesis. The bioassay data would create
two sample cohorts — resistant and susceptible, which could allow for the identification of SNPs in genes
of interest associated with either phenotype, identified using amp-seq or WGS. The application of WGS
to a sample set like this would mean analysis could be done to identify genomic regions under selective
pressure associated with insecticide resistance. A further step could also be the incorporation of RNA-
seq technology to identify gene expression changes associated with metabolically mediated resistance.
For An. darlingi and An. stephensi no such studies exist, and so are an opportunity to expand our
knowledge of the genomic landscapes of these species. Particularly for An. darlingi, this could help
elucidate the mechanisms by which resistance occurs in this mosquito e.g., if target site mutations play
a reduced role in how this species develops resistance.

The amp-seq assay | developed here for An. darlingi, is now being used by collaborators in Brazil, in
combination with bioassays and other entomological data. This implementation will support the
understanding of the molecular basis of insecticide resistance in this species and local malaria control
programmes. The application to field samples by scientists in malaria endemic countries is the desired

outcome of the amp-seq assays designed in this thesis.

Moving forward, the creation of a pan-Anopheles amp-seq assay, incorporating well characterised
resistance markers commonly observed across Anopheles species, would be suitable for more well-
studied species. The development of a such an assay would remove the need to morphologically identify

the Anopheles species first, before selecting the correct assay to implement. In turn improving the
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accessibility and cost-effectiveness of such surveillance. The inclusion of molecular speciation markers
such as cox-1 is an alternative approach to morphological assessments, and amplicons for known
molecular markers should be included in the amplicon assays designed in this study. This would also
allow for applications from environmental DNA (eDNA), where water collected from Anopheles breeding
grounds could be tested for insecticide resistance markers and species identification. This has been
previously successfully implemented with specific Anopheles spp., using lllumina sequencing platforms
(Appendix 1)1,

The variations in intron lengths in Anopheles spp. would mean the creation of such a panel would likely
need longer read sequencing (e.g., MinlON). | have begun the development of such a panel, for the four
key genes: ace-1, gaba/rdl, GSTe2, and vgsc, following the markers in the amp-seq panels described
(Chapter 2). Testing of this multi-species target panel has begun on a range of species such as An.
funestus, An. darlingi, An. stephensi, and An. gambiae.

A major strength of MinlON technology is its portability and potential for in-field sequencing of vectors.
Another use is the possibility of real-time analysis of DNA sequences generated on the platform, which
could be used to identify insecticide resistance SNPs within the 48-hour sequencing run%41, Paired with
this could be the use of adaptive sampling, where only genes of interest are sequenced“2. An input FASTA
file containing the candidate genes instructs the nanopore pores to reject any sequences that are not
included in the file, and results in increased coverage of genomic regions of interest.

One of the more interesting questions remaining is, would it be possible to make these amp-seq assays
field applicable? These assays have been demonstrated to be run on the MinlON sequencing platform,
as well as lllumina. So as such, with a crude DNA extraction and access to a PCR machine this assay could
be run in field setting. The next key question is, would it be possible for someone with no bioinformatics
knowledge to analyse the data? Currently the script to analyse the data requires minimal programming
experience, however, the next step would be the development of a web-based graphic interface that
analyses the data with no bioinformatics knowledge necessary. The same thing has been developed for

malaria and requires only fastq files as input and will output the report with detected variants.
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These methods, particularly the multispecies amp-seq panel, in combination with the MinlON
sequencing platform, can facilitate the molecular surveillance of insecticide resistance, and could be

implemented in malaria endemic regions.

Whilst there is still plenty of work to do, this thesis represents some of the first steps into a brave new
world of the application of genomics to malaria vectors, helping to unravel the complexities of the
world’s deadliest animal.

The further development of novel detection assays, and in-depth investigations of the genomic
landscape of insecticide resistant mosquitoes will help usher in a new age of genomics-based vector
surveillance, to inform targeted vector control strategies that move us out of the dark ages of this

devasting parasitic disease, and into a world free of malaria.
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