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Abstract

In this thesis, I discuss population genomics of the major malaria vector, Anopheles

gambiae, with a focus on the evolution of insecticide resistance. In particular, I present a

series of computational tools, applicable to both genomic and transcriptomic technologies,

which I hope will enhance the research community's ability to perform effective genomic

surveillance.

In the first chapter, I provide an introduction to malaria as a disease and its vector, the

African malaria mosquito. I describe how we attempt to control the mosquito, the problem

of insecticide resistance and how genomic surveillance may help to mitigate this problem.

In the second chapter, I present RNA-Seq-Pop, a reproducible computational snakemake

pipeline applicable to Illumina RNA-Sequencing data of any organism. The workflow

performs typical transcriptomic analyses, but also calls SNPs and can extract population

genomic signals, relating to genetic diversity, selection, ancestry and karyotypes,

extending the utility of RNA-Seq and bridging the gap between transcriptomic and

genomic studies.

In the third chapter, I present a python package, AgamPrimer and an accompanying

Google Colaboratory notebook, which allows users to design primers and hybridisation

probes for An. gambiae whilst considering genetic (SNP) variation in primer/probe binding

sites.

In the fourth chapter, I describe an in-depth population genomic analysis of a locus under

intense selection in An. gambiae, which displays evidence of parallel evolution in An.

arabiensis, An. coluzzii, and Culex pipiens. I also present a snakemake workflow,

locusPocus, which implements many of the analyses contained therein, including

phylogenetic analysis, multi-allele phasing, indel calling and more.

In the fifth chapter, I describe a population genomic analysis of 485 whole-genome

sequenced An. gambiae mosquitoes collected from a small region of Obuasi, Central

Ghana. I identify ultra-fine-scale population structure and summarise the genomic basis of

1



insecticide resistance in Obuasi. I present a snakemake workflow, Probe, which automates

a subset of the analyses performed.

In the final chapter, I discuss the impacts of this work, and what work could be done to

take this research forward. I highlight some areas in mechanisms of resistance research

that may be interesting to explore in the future.

In the Appendix, I briefly describe a new software tool, AnoExpress, which summarises

gene expression across published RNA-Sequencing experiments into insecticide resistance

in Anopheles mosquitoes.
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1

Introduction

1.1 Malaria

Malaria is a vector-borne disease caused by protozoan parasites of the genus Plasmodium.

As well as humans, Plasmodium parasites infect a diverse array of taxa, including other

mammals, birds and even reptiles. Six Plasmodium species are known to cause human

malarial morbidity (Sato, 2021), however, the majority of the global disease burden is

caused by Plasmodium falciparum, primarily in sub-Saharan Africa (World Health

Organization, 2022).

It is estimated that since 2000, malaria control programmes have managed to halve the

deaths from malaria (Bhatt et al., 2015) and averted 663 million clinical malaria cases

between the years 2000 and 2015. However there is evidence that the numbers of malaria

cases and deaths have plateaued in recent years and may have even increased in some

high-burden countries (World Health Organization, 2022).

1.2 Vectors of malaria

The life cycle of the human Plasmodium parasite is intimately coupled with that of its

definitive host, the Anopheline mosquito - in humans, only Anopheles mosquitoes have

been implicated as vectors of the parasite (Cohuet et al., 2010). Over 430 species of

Anopheles have been classified, however, only around 50 of these species are known

vectors of human malaria (Pages et al., 2007), and only a handful are thought to contribute

substantially to the global disease burden. The most important vectors of human malaria

tend to be the species which have adapted to be highly anthropophagic - they

preferentially bite humans over other organisms (Macdonald, 1952; Besansky et al., 2004;
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Cohuet et al., 2010). These species tend to also be anthropophilic - they live and

reproduce in close proximity to human habitats. In Africa, these mosquito species are

Anopheles gambiae s.l (specifically An. gambiae, An. coluzzii and An. arabiensis), and An.

funestus (World Health Organization, 2022).

1.2.1 The Anopheles gambiae species complex

The species Anopheles gambiae was first described by Giles in 1902, named after the

location of its discovery, the Gambia Valley, in The Gambia, West Africa (Giles, 1902). It

was in the 1960s and 70s that this species was recognised to be a complex of multiple

closely-related sibling species, through laboratory crosses exploiting incompatibilities in

hybridisation (Davidson, 1964), and concurrently, with cytogenetic techniques (Coluzzi et

al., 1967) which exploited differences in fixed chromosomal inversions between species.

After extensive research and correspondence between the entomologists Hugh Paterson,

George Davidson, Mario Coluzzii and other colleagues (Miles, 2021), these species were

formally defined (Mattingly, 1977). Despite its etymology, members of the An. gambiae

species complex are found widely across sub-Saharan Africa (Figure 1)

Figure 1. The distributions of primary members of the Anopheles gambiae species
complex in sub-Saharan Africa. Adapted from (Fontaine et al., 2015).
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It was later recognised that within An. gambiae there existed five “chromosomal forms”

which were morphologically identical, but mated assortatively in areas of sympatry and

exhibited markedly different frequencies of chromosomal and molecular markers (Favia et

al., 1997; della Torre et al., 2001). These were referred to as Mopti, Savannah, Bamako,

Forest and Bissau (Coluzzi et al., 1985). Mopti and Savannah were later designated as M

and S forms of An. gambiae, and after it was demonstrated that they exhibited marked

differentiation across the genome (Lawniczak et al., 2010), these forms were later elevated

to species status, with the S-form retaining the name of An. gambiae and the M-form

becoming Anopheles coluzzii (Coetzee et al., 2013). These species are known to

occasionally hybridise in the wild, permitting the exchange of haplotypes across species

boundaries (Fontaine et al., 2015). This is particularly relevant to public health, as this

process of gene flow can be adaptive, with beneficial alleles that contribute to insecticide

resistance crossing from one species to another (Grau-Bové, Tomlinson, et al., 2020;

Grau-Bové, Lucas, et al., 2020).

After further discoveries of cryptic species in the complex, the Anopheles gambiae

complex is now considered to have eight recognised sibling species (Barrón et al., 2019;

Tennessen et al., 2021), although the true number is likely to be higher. Within the

complex, An. gambiae, An. coluzzii, and An. arabiensis are the major malaria vectors, with

other species having much more limited geographical ranges, ecological niches and

anthropophagic behaviour.

1.3 Controlling the insect vector

In 1998, Roll Back Malaria was established, a concerted, global partnership to

substantially reduce the malaria disease burden (Nabarro et al., 1998). The initial aim was

to halve the number of deaths from malaria in ten years, which was followed by the

Millennium Development Goals, setting further ambitious targets to achieve by the year

2015. These campaigns heavily emphasised the mass delivery of insecticidal nets to

control the insect vector. Long-lasting insecticidal bed nets (LLINs) are now the

cornerstone of malaria control - since the year 2004, over 2 billion insecticide-treated nets
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have been delivered worldwide (Roll Back Malaria, 2020). They provide both a physical

barrier to blood-feeding and a community-wide killing effect, thereby reducing the size of

the vector population (Unwin et al., 2022; Sherrard-Smith et al., 2022).

These initiatives were considered broadly successful, with modelling suggesting a halving

in the number of deaths from malaria between 2000 and 2015 (Bhatt et al., 2015). This

study also demonstrated that the most impactful strategies to reduce malarial disease had

targeted the insect vector rather than the parasite itself, with LLINs the primary driver of

the reduction in malaria (Bhatt et al., 2015). Until 2017, pyrethroid-only LLINs were the

only type of net approved for use by the WHO, however, pyrethroid-synergist nets, namely

Piperonyl butoxide (PBO), as well as nets with dual active ingredients (pyrethroids and

chlorphenapyr) have now come to market. Figure 2 shows the increase in LLIN distribution

from the years 2004 onwards and the current transition towards novel net types. PBO and

Dual-AI nets now make up more than half of the LLIN market globally.

Figure 2. The number of distributed LLINs globally by net type, 2004-2022. Data from
(The Alliance for Malaria Prevention, 2022). The year 2022 only includes data from Q1
to Q3. Standard nets refer to pyrethroid-only nets, PBO refer to combination
Pyrethroid-PBO nets, and Dual nets refers to combination pyrethroid-chlorphenapyr
nets.
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The second widely-used vector control technique is indoor residual spraying (IRS). This

involves the application of an insecticide to the inside walls of houses in order to kill the

female mosquito when it is resting. Typically more expensive and logistically challenging

than LLIN distribution, IRS use tends to be concentrated in areas of high transmission

(Tangena et al., 2020). Unlike in LLINs, the WHO has now approved five different

insecticide classes for use in IRS, with more in the pipeline (WHO, 2022).

Despite their success, both LLINs and IRS are limited in the sense that they typically target

endophilic mosquitoes, with LLINs only targeting night-time biters. Considering both the

persistence of malaria transmission even in areas of high LLIN and IRS coverage (Killeen,

2014) and escalating insecticide resistance (Hancock et al., 2020), it is widely recognised

that new vector control tools are urgently needed.

1.4 The problem of insecticide resistance

Highly anthropophilic vectors, such as An. gambiae and An. coluzzii, have been exposed to

extreme selection pressures due to ubiquitous, intensive insecticide use (Ranson et al.,

2011)⁠. This, alongside remarkable levels of standing genetic variation, large effective

population sizes, and a short reproductive cycle has led to rapid adaptation (Miles et al.,

2017)⁠. This emergence and spread of resistance threatens to curtail the impact of malaria

control programmes (Hemingway et al., 2016).

In to order to manage and mitigate insecticide resistance, alternative tools and chemicals

are required. Until recent years, only four classes of insecticides were approved for use in

public health, between them exhibiting just two modes of action. This limited arsenal of

vector control tools has slowed the adoption of insecticide resistance management (IRM)

strategies in public health (WHO, 2012; Chanda et al., 2017)⁠, and now, resistance is

widespread geographically (Ranson et al., 2016). Resistance to pyrethroid insecticides in

particular has been well documented in Anopheles mosquitoes, however, emerging

resistance to other classes, such as organophosphates and carbamates, is also a major

concern (Killeen et al., 2018).
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An early demonstration of the potential impact of insecticide resistance was in

KwaZulu-Natal, South Africa, in 1996. Due to pressure from environmental activist groups,

DDT – which had been used as an indoor residual spray for decades - was phased out.

Deltamethrin replaced DDT, and by the year 2000, the regions were suffering from a major

malaria epidemic (Craig et al., 2004). It was later realised that the cessation of DDT use

had allowed pyrethroid-resistant Anopheles funestus to re-invade the area, and alongside

emergent drug resistance, circulate malaria transmission. The epidemic was halted by the

re-introduction of DDT and effective anti-malarials, which reduced malaria cases from

42,000 in 2000, to less than 2100 in 2002 (Maharaj et al., 2005)⁠.

Recently, evidence for the impact of insecticide resistance has come from cluster

randomised-controlled trials of pyrethroid LLINs that incorporate the synergist

piperonyl-butoxide. This compound inhibits cytochrome P450s, a family of enzymes

commonly responsible for insecticide resistance. Trials in both Tanzania and Uganda have

shown substantial protective effects of PBO nets vs non-PBO, suggesting that resistance

may be hampering control efforts (Protopopoff et al., 2018; Staedke et al., 2020)⁠, however,

the PBO nets tested in these trials also happen to also include a higher concentration of

pyrethroids themselves, making any attribution to the PBO alone challenging.

Between 2019 and 2021, a resurgence of malaria was observed in five districts in Uganda,

despite LLIN distributions and regular IRS campaigns (Epstein et al., 2022). This

resurgence seemed to match the time which the active ingredient in IRS was changed as

part of a resistance management strategy, suggesting that pre-existing insecticide

resistance to a novel compound may be resulting in IRS failure. Further work needs to be

done to establish causality, however. Prior to this resurgence, IRS had been working

effectively, reducing malaria by an estimated 86% after four years (Namuganga et al.,

2021). A similar story was found during a trial in Sudan, in which mosquitoes were

resistant to pyrethroids but susceptible to carbamates. Switching from deltamethrin to

bendiocarb IRS was associated with an increase in protection, suggesting that

pyrethroid-resistance may have an effect on pyrethroid-based IRS (Kafy et al., 2017).
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Despite this, a recent multi-country study found no association between insecticide

resistance and malaria prevalence, demonstrating that the barrier effect of bed nets can

still be effective in the presence of insecticide-resistant mosquito populations

(Kleinschmidt et al., 2018)⁠. However, it may be that the current levels of resistance are not

impacting malaria control at this time, or that the phenotyping procedures themselves are

flawed and do not capture epidemiologically relevant metrics. Its possible that

WHO-based metrics of resistance, are not quantitative enough compared to

dose-response assays. Although there are now strong indications that insecticide

resistance is compromising vector control, the full epidemiological implications are still

unclear (Katureebe et al., 2016; Epstein et al., 2022).

1.5 Mechanisms of insecticide resistance

Mechanisms of insecticide resistance can be classified into four categories; Target-site,

metabolic, cuticular, and behavioural resistance (Ranson et al., 2016)⁠. In An. gambiae and

An. coluzzii, resistance intensities vary substantially in geographic space, with typically the

most extreme levels of resistance found in West Africa (Hancock et al., 2020). Some

resistance mechanisms have spread throughout sub-Saharan Africa, while others remain

localised to specific regions.

1.5.1 Target-site resistance

Target-site resistance involves one or more mutations in the target site of an insecticide,

which reduces the binding affinity of the insecticide, allowing the organism to avoid lethal

or sub-lethal effects (Hemingway et al., 2004)⁠. In some cases, overexpression of the

insecticide target can also confer resistance, allowing the organism to tolerate more of the

insecticide at any one time, without losing function (Sun et al., 2012).

One of the earliest observations of insecticide resistance in Anopheles gambiae was made

in 1954 during a malaria elimination programme in Northern Nigeria (Elliott et al., 1956).

Approximately 18 months after the introduction of dieldrin, an organochloride, resistant
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Anopheles gambiae mosquitoes were detected. It was 42 years later that the responsible

locus was mapped to within the 2la inversion (Zheng et al., 1996), and another decade

before the specific alleles were revealed (Du et al., 2005). Two mutations at the GABA

receptor subunit were discovered, A296G and A296S, which arose via two hard selective

sweeps and introgressed between species (from An. gambiae and An. arabiensis to An.

coluzzii), and also across karyotypes of the 2La inversion (Grau-Bové, Tomlinson, et al.,

2020). Despite the fact that dieldrin was banned in 1974, the Rdl mutations remain at

moderate frequencies in many An. gambiae populations (Grau-Bové, Tomlinson, et al.,

2020). Given the widely held assumption that derived target-site mutations will be

deleterious in the absence of insecticidal selection pressure (Ffrench-Constant et al.,

2017), it is surprising that this is the case. In many insects including Aedes aegypti, Rdl is a

target for the anthelmintic ivermectin (Meng et al., 2019; Wang et al., 2022). Rdl may also,

therefore, be an avermectin target in An. gambiae and the Rdl mutations may also confer

resistance to ivermectin or other avermectins widely used in agriculture. In support of this

hypothesis, a study in Helicoverpa armigera looked at the role of the GABA receptors in

exposure to multiple classes of insecticides, including cyclodienes and avermectins (Wang

et al., 2020). In H. armigera, two Rdl subunits exist, one which contains a ‘wild-type’

alanine residue at the homologous 296 position (HaRdl-1), and another subunit that

contains a ‘resistant’ glycine residue (HaRdl-2). Knockout of the ‘susceptible’ HaRdl-1

slightly increased resistance to both abamectin and emamectin benzoate, however,

HaRdl-2 knockout did not significantly affect susceptibility. This phenotypic pattern fits

with the fact the Rdl mutations are thought to be dominant or semi-dominant (Davidson et

al., 1962).

In response to selection pressures from DDT and pyrethroids, mutations have arisen at the

voltage-gated sodium channel (VGSC) across the Insecta, with mutations at the 1014

codon (Musca domestica codon numbering), labelled kdr (knockdown-resistant), found in

many species (Zlotkin, 1999; Khambay et al., 2005; Syafruddin et al., 2010). In An.

gambiae, two mutations at this codon have spread throughout sub-Saharan Africa to high

frequency, L995F (initially in West Africa, formerly kdr-west) and L995S (initially in East

Africa, formerly kdr-east), with both mutations now segregating in central African
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populations (Clarkson et al., 2021). The two mutations have been detected so far on 5

distinct haplotypic backgrounds each. An asparagine to tyrosine mutation, N1570Y, has

arisen on the L995F background and is found in both An. coluzzii and An. gambiae in West

Africa (Jones et al., 2012; Edi et al., 2017)⁠. In combination with L995F, this mutation

provides a synergistic effect, increasing the insensitivity of the sodium channel to

pyrethroids (Wang et al., 2015).⁠ Despite the highly conserved nature of the Vgsc, a

number of secondary mutations have now proliferated on the background of these

haplotypes, such as P1874L and P1874S, which are likely to enhance resistance or

ameliorate fitness costs (Clarkson et al., 2021).

In West Africa, a new haplotype not carrying an L995F/S mutation, but carrying V402L

and I1527T mutations, is seemingly spreading and replacing the L995F haplotypes in An.

coluzzii (Williams et al., 2022). The two mutations are in complete linkage, they are only

found together (Clarkson et al., 2021). Using CRISPR/Cas9, Williams and colleagues

expressed the V402L mutant, and showed that it confers resistance to pyrethroids, but at a

lower level than L995F (Williams et al., 2022). There were no fitness costs associated

with the mutant, however, in contrast with that of L995F (Grigoraki et al., 2021).

Unfortunately, the authors were unable to generate an I1527T mutant in conjunction with

the V402L mutation, and therefore it is not yet clear what phenotype the double mutants

display. A study in guinea also found I1527T to be associated with permethrin resistance

(Collins et al., 2019). The V402L mutation is homologous with Ae. aegypti V410L, which is

known to confer resistance to pyrethroid insecticides, and 1527 is homologous with the

Ae. aegypti 1532 codon, two codons distant from F1534C, which is also associated with

V410L and with resistance in Ae. aegypti.

In a recent RNA-Sequencing study I applied a computational pipeline, RNA-Seq-Pop

(presented in chapter 2 of this thesis), and observed the V402L and I1527T mutations at

moderate frequencies as far east as Chad and Niger; the eastern edge of the range of An.

coluzzii (Wiebe et al., 2017; Ibrahim et al., 2022). Given that this haplotype was first

discovered in Burkina Faso, this data suggests that the novel haplotype is now at

appreciable frequencies across the whole range of the species. It has not yet been found in
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An. gambiae, but given the history of insecticide resistance mutations introgressing

between species of the gambiae complex, it remains likely that this will occur in the near

future if it has not already.

The target of organophosphate and carbamate insecticides, Ace-1, is the site of both

non-synonymous mutations and gene duplications that confer resistance. The G280S

mutation (previously G119S - Torpedo californica codon numbering), occurs across many

taxa and is found in Anopheles gambiae s.l (Weill et al., 2003; Grau-Bové, Lucas, et al.,

2020). In isolation, this mutation has a high fitness cost, with the mutant enzyme

exhibiting low catalytic activity of the neurotransmitter, acetylcholine (Cheung et al.,

2017). Heterologous gene duplications have now occurred, pairing resistant Serine with

wild-type Glycine alleles, allowing individuals to retain both the wild-type catalytic activity

and the resistant phenotype (Labbé et al., 2007; Assogba et al., 2015)⁠. This duplication

originally spanned a large genomic region and 11 genes, but multiple subsequent

deletions of the other duplicated genes are now spreading throughout West Africa,

reducing the fitness costs thought to be associated with gene dosage imbalance (Assogba

et al., 2018)⁠. These alleles arose on a unique haplotype that has introgressed from An.

gambiae into An. coluzzii, and is now common in West Africa, at different levels of copy

number (Grau-Bové, Lucas, et al., 2020)⁠.

1.5.2 Metabolic resistance

Metabolic resistance involves the upregulation of detoxification enzymes that degrade or

eliminate the insecticide, typically cytochrome P450s, carboxylesterases or

glutathione-S-transferases (Djouaka et al., 2008; Kwiatkowska et al., 2013)⁠. As well as

overexpression, non-synonymous mutations may also enhance the catalytic activity of the

enzyme against a particular compound. This was initially demonstrated in Drosophila,

where Amichot and colleagues showed that a single point mutation in the CYP6A2 gene

could confer DDT resistance (Amichot et al., 2004)⁠. It has since been shown in Anopheles

funestus - where common polymorphisms in the CYP6P9a and CYP6P9b alleles enhance

the metabolism of pyrethroids (Riveron et al., 2014; Ibrahim et al., 2015)⁠. In Anopheles

gambiae, non-synonymous mutations conferring resistance have been rare.
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The first detoxification enzymes to be linked to insecticide resistance in An. gambiae were

glutathione-S-transferases (GSTs). Early work identified GSTs that mapped to a

DDT-resistance locus on chromosome 3R (Ranson et al., 2001), containing a cluster of

GSTs. Evidence in Ae. aegypti suggested Gste2, an epsilon class glutathione-S-transferase

as an important gene in DDT resistance (Lumjuan et al., 2005). This was later confirmed to

also be true in An. gambiae, where two mutations, Gste2-114T and Gste2-119V have

been associated with resistance (Mitchell et al., 2014; Lucas, Rockett, et al., 2019).

Gste2-114T was found to be associated with a gene duplication (Lucas, Rockett, et al.,

2019), and in a later genome-wide scan for copy number variants, at least 11 independent

amplifications were found encompassing this gene (Lucas, Miles, et al., 2019), with some

also encompassing other genes in the Gste cluster.

Esterases have also been associated with insecticide resistance in many insects. Esterases

are involved in a diverse number of biological processes, including the synthesis of

essential hormones and pheromones, which are integral to insect development and

reproduction (Oakeshott et al., 2005). Chemically, esterases catalyse the hydrolysis of

ester bonds, a common bond found in organic compounds and in many insecticides

(Aldridge, 1993). The most well documented example of metabolic resistance in

mosquitoes comes from esterases in Culex pipiens (Raymond et al., 1998), where multiple

independent gene amplifications around two genes Est-2 and Est-3 have spread around

the world, potentially in response to organophosphate insecticides (Raymond et al., 1996;

Guillemaud et al., 1997). In chapter 4, we show that the orthologous genes are also under

selection in An. gambiae, and explore their role in insecticide resistance.

In many organisms, cytochrome P450s are the front line of defence against xenobiotics.

One of the largest gene families across all organisms, as well as protecting against

xenobiotics have a vast array of functions (Feyereisen, 1999). There are 111 annotated

P450s in the An. gambiae genome (Ranson et al., 2002), compared to around 105 in Ae.

aegypti and 160 in Cx. pipiens (Liu, 2015). Since the development of the first An. gambiae

microarray chip (David et al., 2005), P450s have been repeatedly implicated as playing a
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role in insecticide resistance. In field populations, the P450s CYP6P3, CYP6AA1, CYP6M2,

CYP9K1, CYP6Z1, and CYP6Z2 have all been reported as overexpressed and validated to

metabolise insecticides in vitro (Müller et al., 2008; Mitchell et al., 2012; Chandor-Proust

et al., 2013; Vontas et al., 2018; Njoroge et al., 2022)⁠. They are primarily implicated to

metabolise pyrethroids, however, activity against other classes, such as organochlorines,

carbamates, juvenile hormone analogues, and novel classes of insecticides has also been

demonstrated (Mitchell et al., 2012; Edi et al., 2014; Yunta et al., 2016; 2019).

ABC-transporters have also been linked to resistance in various insect species (Denecke et

al., 2017). They are transmembrane ATP-dependent efflux pumps, which mediate the

transport of compounds in and out of the cell. They can transport a wide range of

endogenous and exogenous compounds, and also have a diverse range of functions

(Denecke et al., 2017). Expression of a cluster of ABC transporters has been shown to be

enriched in the legs of An. gambiae mosquitoes, and may be involved in lipid biosynthesis

at the cuticle (Pignatelli et al., 2018; Kefi et al., 2021).

Beyond the role of the major detoxification families, there are many other families of genes

that consistently appear in transcriptomic studies of insecticide resistance. Ingham et al.,

found that specific chemosensory proteins were induced in the legs after exposure to

pyrethroids and that these genes, particularly Sap2, bound strongly to pyrethroids to

reduce mortality (Ingham et al., 2020). A meta-analysis of microarray studies found

Hexamerins, UGTs and alpha-crystallins repeatedly implicated (Ingham et al., 2018). A

meta-analysis of more recent RNA-Sequencing studies is briefly described in Appendix A

and should enhance the discovery of resistance-associated genes.

1.5.3 Copy Number Variants

Copy number variants (CNVs) are a type of mutation that involves an amplification or

deletion of a genomic region. These can be duplications, where two copies of the gene or

genomic region are carried on a single haplotype, or the genomic region can be amplified

many times to produce multiple copies. When amplifications occur, these may occur in
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tandem, or in reverse orientation, and CNVs may be ‘clean’, or they may also have extra

insertions of genetic sequence at the CNV breakpoints (van Binsbergen, 2011).

In the context of insecticide resistance, CNVs can play two major roles in sustaining a

resistant phenotype. Most commonly, the amplification of detoxification genes can lead to

overexpression of the amplified genes, meaning that more of the insecticide can be

detoxified (Njoroge et al., 2022). Alternatively, or in combination with this process, CNVs

can pair wild-type alleles with mutant alleles, allowing them to co-exist on the same

haplotype in a state of permanent heterozygosity (Weetman et al., 2018; Lucas, Rockett, et

al., 2019). Notably, this has occurred at the Ace-1 locus in Anopheles gambiae (Grau-Bové,

Lucas, et al., 2020), and the Rdl gene in Drosophila melanogaster (Remnant et al., 2013),

in which functional wild-type alleles are paired with ‘resistant’ mutant alleles.

In An. gambiae and An. coluzzii, recent sequencing efforts have highlighted large numbers

of CNVs at metabolic resistance genes (Lucas, Miles, et al., 2019). At the Cyp6 locus,

where Cyp6p3 had previously been the major candidate gene, 16 independent

amplifications were found, of which the majority covered the entirety of the Cyp6aa1 gene,

which had previously been overlooked in An. gambiae.

1.5.4 Cuticular resistance

Often thought to work in synergism with metabolic mechanisms, cuticular resistance is a

thickening or change in the composition of the insect cuticle, slowing the rate of insecticide

penetration (Bass et al., 2016; Yahouédo et al., 2017; Simma et al., 2019). The cuticle is

the outermost part of the insect, and as well as providing structural support, protects

against desiccation, and is important in sensory perception of the environment

(Balabanidou et al., 2018)⁠.

Two P450s, CYP4G16 and CYP4G17, have been implicated in the cuticular hydrocarbon

synthesis pathway (Balabanidou et al., 2016)⁠, and further work has uncovered these

processes in greater detail, focusing on oenocytes, specialised cells at the cuticle surface

(Grigoraki et al., 2020).⁠Grigoraki and colleagues performed RNA-Sequencing specifically
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on oenocytes and revealed a set of genes working in concert to produce cuticular

hydrocarbons, including fatty acid synthases, reductases and elongases. Another

transcriptomic study focused on legs, and found that insecticide detoxification is likely to

be occurring in the legs alongside cuticular modifications (Kefi et al., 2021). In many insect

species, cuticular resistance has been observed to lead to high resistance ratios (Ahmad et

al., 2006).

1.5.5 Behavioural resistance

Behavioural adaptations allow mosquitoes to evade or minimise contact with insecticides,

independent of physiological or biochemical changes (Gatton et al., 2013)⁠. Female

Anopheles gambiae mosquitoes are thought to host-seek and blood-feed almost

exclusively indoors at night when humans are sleeping. A change from indoor to outdoor

biting, and shifts to crepuscular biting patterns where humans are not protected by bed

nets represents a major obstacle to malaria control (Reddy et al., 2011; Killeen et al.,

2014).

In a recent study from urban Bangui, Central African Republic, Ayala and colleagues

performed the Human landing catch (HLCs) over a period of 48 continuous hours, rather

than the typical convention of 12 hours between 6pm to 6am. They detected a high

proportion of Anopheles bites occurring inside, during the day (Sangbakembi-Ngounou et

al., 2022). Other studies have also found An. funestus biting much later than

conventionally thought (Moiroux et al., 2012; Sougoufara et al., 2014), however, it is not

clear whether this behaviour has changed due to exposure to insecticidal interventions.

Strong evidence for behavioural resistance is lacking, particularly due to the need for

robust temporal data, ideally before and after an intervention. New technologies, such as

infrared video-tracking of mosquitoes may shine a light on these processes (Parker et al.,

2015)⁠. Although this thesis primarily focuses on aspects of physiological resistance rather

than behavioural resistance, the evolution of novel and insecticide-avoiding behaviours is a

major concern and should be a focus of future studies of malaria vectors.
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1.6 Managing insecticide resistance

The evolution of insecticide resistance can be managed and mitigated (Roush et al., 2012;

Sparks et al., 2015), with strategic usage of control interventions. These techniques were

pioneered in agricultural systems in which crop pests threaten food security (Tabashnik,

1989), however, in vector control, the limited number of available chemical classes makes

insecticide resistance management (IRM) even more essential. In 2012 the WHO

established the GPIRM, the global plan for insecticide resistance management (WHO,

2012), aiming to prolong the usefulness of the current and future vector control arsenal.

This document summarised the problem of insecticide resistance and contained information

for malaria-endemic countries on how to perform insecticide resistance management (IRM).

For malaria vectors, the main strategies are outlined below:

1. Reduce the use of insecticides. If we are able to reduce mosquito populations

without the use of chemicals, for example, with larval source management, the

selection pressure to evolve resistance will be removed. This is a primary objective

of integrated vector management (IVM) (Chanda et al., 2017).

2. Ensure a killing dose of insecticide. If an insect is exposed to a high, killing dose of

insecticide, it can not go on to pass on genetic material to the next generation.

However, if mosquitoes are exposed to moderate or weak doses of insecticides,

some will survive, and those that survive are likely to contain mutations which

increase their ability to survive insecticides. This allows resistance to spread in a

population.

3. Use insecticides in rotations, mixtures, or mosaics. Rotations and mosaics aim to

reduce the evolution of resistance by providing regions in time or space in which the

mosquito is unexposed to the chemical. As the insecticide resistance mutation

should theoretically have a fitness cost in the absence of insecticide, its spread will

be slowed. The idea behind mixtures of insecticides is that the additive effect of the

AIs should kill the insect, or that at least one of them will.
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The looming threat of pyrethroid resistance has led malaria stakeholders to search for new

active ingredients and combinations of chemicals that mitigate the risk of resistance. As

described in chapter 2.3, Dual AI Pyrethroid LLINs have recently come to market, which

integrate the pyrrole chlorfenapyr or the juvenile hormone analogue, pyriproxyfen. In 2022,

PBO and Dual AI nets now represent more than half of the LLINs delivered globally. Novel

active ingredients for vector control are also in development (IVCC, 2021). The

introductions of these new products to the vector control market should allow for

pre-emptive insecticide resistance management (IRM) strategies to be employed.

Effective insecticide resistance management programmes will need to detect resistance

rapidly in vector populations. Robust systems for regular phenotyping will play an

important role, however, genomic approaches have the potential to provide an early

warning system for the detection of novel and known resistance variants.

1.7 Genomic surveillance

1.7.1 Genomic surveillance of infectious diseases

The Covid-19 pandemic irrefutably demonstrated the value of genomic surveillance (Mercer

et al., 2021). Genomic sequencing of Coronavirus strains allowed scientists to study the

spread, evolution and pathogenicity of the virus with unprecedented resolution (Robishaw

et al., 2021). Nationwide genomic surveillance networks were rapidly established

(COVID-19 Genomics UK, 2020; Msomi et al., 2020; Michaelsen et al., 2022) to accelerate

research on the virus - to track transmission, and to identify viral mutations and risk factors

for the disease in a concerted manner (Robishaw et al., 2021). These efforts have been

underpinned by open data-sharing principles and standardised lineage definitions

(Rambaut et al., 2020), allowing scientific organisations to define stable transmission

lineages. At the time of writing, 14,247,918 SARS‑CoV‑2 genome sequences have been

submitted to the GISAID, the Global Initiative on Sharing Influenza Data.

Similar approaches have been applied to malaria research. In 2005, the Malaria Genomic

Epidemiology Network (MalariaGEN) was established, a data-sharing network of partners
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in over 40 countries, who build and share large-scale human, malaria and mosquito

resources (MalariaGEN, 2008). Through successive phases of the parasite project, over

21,000 samples of Plasmodium falciparum have been whole-genome sequenced and

released to the research community (Manske et al., 2012; MalariaGEN et al., 2021;

MalariaGEN, 2023). By comparing genetic variation data, researchers can estimate the

relatedness of parasites in different hosts, reconstructing its spread to investigate

transmission dynamics (Amato et al., 2018), or explore population structure (Hamilton et

al., 2019; Amambua-Ngwa et al., 2019). The genomic data has been used to study

resistance to front-line antimalarials (Miotto et al., 2013; 2015; MalariaGEN et al., 2015),

and how the parasite may avoid the human immune system (Claessens et al., 2014). These

studies are now beginning to feed back into malaria control programmes, highlighting how

if performed in a timely manner, genomic surveillance can provide policymakers with

actionable evidence to make decisions.

1.7.2 Genomic surveillance of malaria mosquitoes

In an analogous manner to surveillance of the Plasmodium parasite, it is possible to

discover and track insecticide and gene-drive resistance mutations in the Anopheles

mosquito. However, in vectors like An. gambiae, genomic surveillance is challenging. Partly

this is due to the sheer size of the genome, which makes sequencing a single specimen

more costly - Plasmodium genomes are around 18 to 30 Mb, whereas the Anopheles

gambiae PEST reference genome is approximately 278 Mb in size (Holt et al., 2002; Bushell

et al., 2017). Also, the number of genes is higher, around 13,000 in Anopheles compared to

less than 5,000 in Plasmodium species. In addition, like all mosquito species, An. gambiae

are diploid (Matthews et al., 1994), and sexually recombine. Lastly, the sheer scale of

genetic diversity in the major malaria vector (Leffler et al., 2012; Miles et al., 2017) can

mean analytical techniques developed for the analysis of other organisms with much lower

levels of diversity, typically humans, may not be directly applicable.

After the initial studies on population structure in An. gambiae using polymorphic

chromosomal inversions (Coluzzi et al., 1979; 1985), research began to focus on DNA

26

https://paperpile.com/c/gzu8yD/jvic
https://paperpile.com/c/gzu8yD/b7Nc+H9Ia+8EplR
https://paperpile.com/c/gzu8yD/b7Nc+H9Ia+8EplR
https://paperpile.com/c/gzu8yD/1Vnv
https://paperpile.com/c/gzu8yD/BO9L+x9oj
https://paperpile.com/c/gzu8yD/BO9L+x9oj
https://paperpile.com/c/gzu8yD/JR1J+YkVZ+d5MS
https://paperpile.com/c/gzu8yD/FVRw
https://paperpile.com/c/gzu8yD/sOo4+lgSx
https://paperpile.com/c/gzu8yD/sOo4+lgSx
https://paperpile.com/c/gzu8yD/9QMD
https://paperpile.com/c/gzu8yD/w9H4+efcO
https://paperpile.com/c/gzu8yD/EI5j+37d6


sequence data. Early work on the genetics of the An. gambiae species complex was

suggestive of gene flow between An. gambiae and An. arabiensis, and that these species

were sister taxa (Besansky et al., 1994; 1997). A number of studies found low rates of

differentiation across most of the range of An. gambiae (Lehmann et al., 1996; 1997;

Donnelly et al., 1999; 2004), with an exception for populations on either side of the rift

valley (Lehmann et al., 2003), with similar patterns of population structure found in the

other primary Afrotropical vector, An. funestus (Michel et al., 2005).

The genome sequence of Anopheles gambiae was sequenced and published in 2002 (Holt

et al., 2002), and updated in 2007 (Sharakhova et al., 2007). After this period, studies into

genomic DNA moved towards higher-resolution SNP arrays, and eventually whole-genome

sequencing (Neafsey et al., 2010; Lawniczak et al., 2010). These studies mostly confirmed

that of the earlier genetic studies, finding low genetic differentiation in collinear regions of

the genome, and strong differentiation in regions of chromosomal inversions (Reidenbach et

al., 2012; Cheng et al., 2012). Fontaine et al., performed phylogenomic analyses across this

An. gambiae species complex, finding signals of extensive introgression (Fontaine et al.,

2015), as was found in the An. funestus species complex (Small et al., 2020).

Around this time, MalariaGEN launched The Anopheles 1000 genomes project, a

multi-country partnership across 20 research institutions to provide a high-resolution view

of genetic diversity of the major malaria mosquito, Anopheles gambiae s.l. The first phase

of the project sequenced 765 An. gambiae and An. coluzzii mosquitoes, producing a

high-quality database of single-nucleotide variation (Miles et al., 2017). The project

revealed complex population structure, localised demographic histories and large signals of

selection at known and novel loci. The second phase of the project included 1142

whole-genomes and expanded the data resource to 13 countries, focusing on

isolation-by-distance analyses, and integrating copy number variant calls (Lucas, Miles, et

al., 2019; Ag1000G, 2020). The third and final phase is unpublished at time of writing but

includes representation from An. arabiensis and brings the total number of sequenced

mosquitoes to 2784 from 19 countries. I utilise this Phase 3 data resource in chapters 3 and

4 of this thesis. In conjunction with phase 3, an extensive python package, malariagen_data,
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has been developed, which allows users to explore the variation data and easily perform a

wide range of population genetic analyses in the cloud (Miles et al., 2022).

Genomic surveillance has enhanced the discovery of variants involved in resistance to

insecticides (Clarkson et al., 2018). Since the release of the Ag1000G, studies have

illuminated the architecture of target-site resistance at the target of pyrethroids and DDT,

the Vgsc, the organophosphate and carbamate target Ace-1, and the GABA receptor, Rdl

(Grau-Bové, Lucas, et al., 2020; Grau-Bové, Tomlinson, et al., 2020; Clarkson et al., 2021).

Whole-genome sequencing has also enabled the discovery of genes which had previously

been overlooked based on transcriptomic studies alone (Njoroge et al., 2022).

As well as whole-genome sequencing, it is likely that targeted sequencing will play a major

role in genomic surveillance of malaria vectors in the future, due to its much-reduced cost

and throughput capabilities. Recently, amplicon sequencing panels have been developed

which can accurately identify species across the entire Anopheles genus (Boddé et al.,

2022; Makunin et al., 2022). In a similar way that has been done for drug resistance

markers in malaria parasites (Girgis et al., 2022), targeted sequencing could be used to

track resistance mutations in Anopheles mosquitoes.

Similarly, transcriptomic studies may even provide opportunities for genomic surveillance

beyond gene expression. The publication of the An. gambiae genome allowed microarrays

to assay for gene expression to be developed (David et al., 2005), eventually widely

employed primarily to understand physiological changes in response to insecticide

exposure. Since the early 2010s, microarray use has been gradually replaced with

short-read RNA-Sequencing, which provides a more unbiased, agnostic view into the

transcriptome (Zhao et al., 2014). These RNA-Sequencing studies into insecticide

resistance are performed regularly, but often with no corresponding whole-genome

sequence data. In chapter 2 of this thesis, I present a reproducible computational pipeline,

RNA-Seq-Pop, which exploits the SNP data within RNA-Seq to extend the reach of

genomic surveillance to RNA-Sequencing.
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1.7.3 Reproducibility and open source software principles in computational

research

Reproducibility is vital to generate trust in scientific results, however, the reproducibility

crisis in the life sciences extends beyond that of laboratory research. Multiple studies on

computational reproducibility have found that often, reproducing findings from papers is

fraught with difficulty (Grüning et al., 2018; Reinecke et al., 2022). Methods sections may

be incomplete, source code is unavailable, or data is not stored in a centralised, open

repository (Grüning et al., 2018). Even if the source code is complete, it may be written or

organised in such a way as to make the task of replication either a) time-consumingly

unfeasible or b) impossible. Researchers are therefore looking for reproducible and

standardised ways of analysing data.

Concurrent to the reproducibility crisis, genomics capacity and skills are lacking, and

unable to meet the vast demand of modern science (H3Africa Consortium et al., 2014). It

follows that the development of software tools which standardise and enable reproducible

research should be of value. This is particularly true in tropical medicine, as the

bioinformatic capacity of institutes is not distributed equitably throughout the world.

Fortunately, the development of workflow management systems over the past decade,

such as Snakemake (Köster et al., 2012; Mölder et al., 2021) and Nextflow (Di Tommaso et

al., 2017), has made it easier for computational researchers to develop reproducible tools

and pipelines.

In the following chapters, I present genomic analyses of the major malaria vector

Anopheles gambiae. These analyses are contained within, or accompanied by software

tools which aim to make analyses for other researchers both more effective and

reproducible. I hope that these projects will aid scientists in the field of malaria and beyond

to perform their own research. To aid transparency and in the ethos of open-source

software development, the code for all analyses are stored within Github or Google

Colaboratory.
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2.1 Abstract

We provide a reproducible and scalable Snakemake workflow, called RNA-Seq-Pop, which

provides end-to-end analysis of RNA-Seq data sets. The workflow allows the user to

perform quality control, differential expression analyses, and call genomic variants.

Additional options include the calculation of allele frequencies of variants of interest,

summaries of genetic variation and population structure, and genome wide selection scans,

together with clear visualisations. RNA-Seq-Pop is applicable to any organism, and we

demonstrate the utility of the workflow by investigating pyrethroid resistance in selected

strains of the major malaria mosquito, Anopheles gambiae. The workflow provides

additional modules specifically for An. gambiae, including estimating recent ancestry and

determining the karyotype of common chromosomal inversions.

The Busia lab-colony used for selections was collected in Busia, Uganda, in November

2018. We performed a comparative analysis of three groups: a parental G24 Busia strain;

its deltamethrin-selected G28 offspring; and the susceptible reference strain Kisumu.

Measures of genetic diversity reveal patterns consistent with that of laboratory colonisation

and selection, with the parental Busia strain exhibiting the highest nucleotide diversity,

followed by the selected Busia offspring, and finally, Kisumu. Differential expression and

variant analyses reveal that the selected Busia colony exhibits a number of distinct

mechanisms of pyrethroid resistance, including the Vgsc-995S target-site mutation,

upregulation of SAP genes, P450s, and a cluster of carboxylesterases. During deltamethrin

selections, the 2La chromosomal inversion rose in frequency (from 33% to 86%),

supporting a previous link with pyrethroid resistance. RNA-Seq-Pop is hosted here

github.com/sanjaynagi/rna-seq-pop. We anticipate that the workflow will provide a useful

tool to facilitate reproducible, transcriptomic studies in An. gambiae and other taxa.
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2.2 Introduction

Transcriptomics is central to our understanding of how genetic variation influences

phenotype (Stark et al., 2019). In recent years, RNA-Sequencing has replaced microarray

technologies for whole-transcriptome profiling, providing a relatively unbiased view of

transcript expression (Zhao et al., 2014) with associated higher sensitivity and greater

dynamic range (Lowe et al., 2017). The utility of RNA-seq is exemplified by the vast

amounts of data accruing (Van den Berge et al., 2019), and in the many discoveries it has

revealed – such as the extent of alternative splicing, and the biology of non-coding RNAs

(Stark et al., 2019; Wang et al., 2010; Wang & Burge, 2008).

In recent years, various computational workflows have been developed to analyse

RNA-Seq data in a reproducible manner (Lataretu & Hölzer, 2020; Zhang & Jonassen,

2019), however, these workflows are designed with the primary aim of differential

expression analysis (DEA) and leave a large amount of untapped sequence-based

information. A study previously detected population genomic signals in RNA-sequencing

data, however, this specific application remains rare (Thorstensen et al., 2020). In our own

area of research, vector genomics, a scan of the literature revealed thirty-three

RNA-Sequencing studies (supplementary table 1), of which only five interrogated the

sequence data (Bonizzoni et al., 2015; David et al., 2014; Faucon et al., 2017; Kang et al.,

2021; Messenger et al., 2021). A barrier to exploiting the full range of information

contained within RNA-Seq data sets has been the absence of comprehensive, user-friendly

pipelines which permit easily reproducible analysis (Grüning et al., 2018) and enable

comparisons across studies.

In this study, using the workflow management system Snakemake (Mölder et al., 2021), we

present a reproducible computational workflow, RNA-Seq-Pop, for the analysis of

short-read RNA-Sequencing datasets of any organism. The workflow is applicable to

single or paired-end RNA-Sequencing data, such as those produced on Illumina or MGI

(DNB-Seq) instruments. However, we also present modules specifically of interest in the
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analysis of the major malaria mosquito, Anopheles gambiae s.l., and demonstrate their use

in a study of pyrethroid-resistance in a strain of An. gambiae from Busia, Uganda.

Pyrethroids are the most widely used class of insecticide in malaria control, and over the

past two decades, resistance in malaria vectors has spread throughout sub-Saharan Africa,

posing a threat to vector control efforts (Ranson, 2017). In this period, the incrimination of

genes involved in insecticide-resistant phenotypes of Anopheles gambiae has been

primarily based on transcriptomic studies. For many years, these were performed using

microarrays; synthesis of which has highlighted the repeatable overexpression of a handful

of genes involved in detoxification, confirming well-established cytochrome P450s as

candidates, whilst also implicating more diverse genes such as ABC transporters and

sensory appendage proteins (Ingham et al., 2018). Yet to date, relatively few diagnostic

markers have been identified, and important genes have been missed by standard

transcriptomic analyses (Njoroge et al., 2021). These shortcomings illustrate the need for a

more comprehensive approach to marker discovery. While whole-genome sequencing is

providing valuable information on known and novel resistance variants (Clarkson et al.,

2021; The Anopheles gambiae 1000 Genomes Consortium, 2020) exploiting the sequence

data within RNA-Seq can help bridge the step from transcriptomics to genomics.

In Uganda, pyrethroid resistance has escalated in recent years (Lynd et al., 2019; Tchouakui

et al., 2021). As well as the Vgsc-995S mutation, which has repeatedly been associated

with pyrethroid-resistance, recent genomic studies from this region have shown that a

triple-mutant haplotype, linking a transposable element, a gene duplication (Cyp6aa1) and

a non-synonymous mutation Cyp6p4-I236M, is an important marker of pyrethroid

resistance (Njoroge et al., 2021). A SNP-array based GWAS also demonstrated the

Cyp4J5-L43F mutation to be a useful marker for insecticide resistance, whilst also

implicating the 2La inversion karyotype as a potential marker (Weetman et al., 2018). We

use RNA-Seq-Pop to uncover patterns of insecticide resistance in Ugandan An. gambiae,

monitoring these resistance-associated mutations, whilst performing differential expression

analyses, summarising genetic variation and ancestry, and karyotyping chromosomal

inversions.
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2.3 Materials & Methods

2.3.1 RNA-Seq-Pop implementation

We designed the RNA-Seq-Pop workflow according to Snakemake best practices (Köster,

2022). RNA-Seq-Pop is constructed with a single configuration file in human-readable

yaml format (the config file), alongside a simple tab-separated text file containing sample

metadata (the sample sheet). The overall RNA-Seq-Pop workflow is shown in figure 1.

Dependencies are internally managed by the package manager Conda; to install all

required software, specify the --use-conda directive at the command line, and Conda will

automatically create isolated software environments in which to run. As of v1.0.4,

RNA-Seq-Pop modules are written in Python (81.2% of the codebase) and R (18.8%), and

internally, the workflow utilises a library (RNASeqPopTools) which providethe

infrastructure to the Python codebase, to ensure readability. We provide documentation to

guide users on how to set up and run RNA-Seq-Pop, located here

https://sanjaynagi.github.io/rna-seq-pop.
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Figure 1: The RNA-Seq-Pop workflow and example outputs. The workflow has been designed
for ease of use, requiring only a configuration file to set up workflow choices and a sample sheet
to provide sample metadata. Modules highlighted in green are specific to An. gambiae s.l.
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2.3.2 Quality Control

The workflow begins by checking concordance between the user-provided sample

metadata, configuration file, and reference and fastq files. Quality control metrics of fastq

files are calculated with fastqc (Andrews, 2010), and logs and statistics from eight tools in

the workflow are integrated into a report with MultiQC (Ewels et al., 2016). Raw fastq

reads may be optionally trimmed with cutadapt (Martin, 2011), with the option of

specifiying custom adaptor sequences.

2.3.3 Differential expression

Trimmed reads are aligned to the reference transcriptome with Kallisto (Bray et al., 2015)

and differential expression performed at the gene-level with DESeq2 (Love et al., 2014)

and at the isoform-level with sleuth (Pimentel et al., 2017). The gene-level counts are

normalised to account for sequencing depth, and principal components analysis (PCA) and

Pearson’s correlation performed among all samples, and on subsets of the user-selected

treatment groups used in differential expression analysis. Plots of these analyses are useful

for exploratory data visualisation, providing an additional quality control step to ensure

expected relationships between samples. RNA-Seq-Pop combines differential expression

results from multiple pairwise comparisons into an Excel spreadsheet for the user, as well

as generating individual .csv files, volcano plots, and identifying the number of differentially

expressed genes at various FDR-adjusted p-value thresholds. The user may create venn

diagrams for multiple comparisons and generate heatmaps if a list of genes is provided. We

use the hypergeometric test for GO term enrichment analysis, on genes that are

significantly over-expressed based on FDR-adjusted p-values and, and optionally, the top 5

percentile of FST values.

2.3.4 Variant calling

Reads are aligned to the reference genome with HISAT2 (Kim et al., 2019) and read

duplicates marked with samblaster (Faust & Hall, 2014) producing binary alignment files

(BAM), which are sorted by genomic coordinate and indexed with SAMtools v1.19
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(Danecek et al., 2021). SNPs are then called with the Bayesian haplotype-based caller

freebayes v1.3.2 (Garrison & Marth, 2012). SNPs are called jointly on all samples, with

different treatment groups called as separate populations, at the ploidy level provided by

the user in the configuration file. The workflow internally parallelises freebayes by splitting

the genome into small regions, greatly reducing overall computation time. The separated

genomic regions are then concatenated with bcftools v1.19 (Danecek et al., 2021) and the

final VCF piped through vcfuniq (Garrison et al., 2021), to filter out any duplicate calls that

may occur at the genomic intervals between chunks. Called variants are then annotated

using snpEff v5.0 (Cingolani et al., 2012).

2.3.5 Variant analysis & selection

RNA-Seq-Pop can then perform analyses on the variants called by freebayes. We apply

filters to the data, including restricting to SNPs (excluding indel calls) and applying

missingness and quality filters. We recommend using a quality score of 30 and a

missingness proportion of 1, meaning a variant call (reference or alternate allele) must be

present in each sample, i.e there are no missing allele calls. For each pairwise comparison

specified in the config file, the workflow can perform a windowed Hudson’s FST scan

(Bhatia et al., 2013; Hudson et al., 1992) along each chromosomal arm, outputting

windowed FST estimates and genome-wide plots. Population branch statistic (PBS) scans

may also be performed, conditional on the presence of three suitable populations for the

phenotype(s) of interest (Yi et al., 2010). It is also possible to run Hudson’s FST and PBS

scans, taking the average for each protein-coding gene, rather than in windows. All

population genetic statistics are calculated in scikit-allel v1.2.1. (Miles & Harding, 2017).

We also provide a script (geneScan.py) to interrogate the VCF files, reporting missense

variants from any gene of the user’s choice. A tab-separated file of variants of interest can

be provided, from which the workflow will produce allele frequency heatmaps for each

biological replicate and averaged across treatment groups. We define the expressed allele

balance as the allele frequency at a genomic location in the aligned read data – for this

analysis, RNA-Seq-Pop does not use variants called by freebayes, but instead calculates

the proportion of each allele directly in bam files to ease intepretation. An example variant

of interest file for An. gambiae is provided in the RNA-Seq-Pop GitHub repository.
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All analyses described thus far can be conducted across all eukaryotes of any ploidy,

requiring only a reference genome (.fa), transcriptome (.fa), and genome annotation files

(.gff3).

2.3.6 Anopheles gambiae s.l specific analyses

For Anopheles gambiae s.l datasets we have exploited the Anopheles gambiae 1000

genomes resource (Miles et al., 2017; The Anopheles gambiae 1000 Genomes Consortium,

2020), to incorporate H12 and iHS (Garud et al., 2015) genomic selective sweep analysis.

The workflow outputs the differentially expressed gene’s genomic location, the specific

sweep signals present in the Ag1000g resource at that genomic location, and whether the

region is a known insecticide resistance-associated locus. We caution that this kind of

analysis is exploratory: many genes will be contained within selective sweeps, and may not

have a causal link to phenotypic variation.

2.3.7 Population structure, ancestry and karyotyping

To investigate population structure, we apply SNP quality and missingness filters to the

SNP data, which can be configured by the user. Multiple measures of population genetic

diversity are estimated for each sample, such as nucleotide diversity (π), Watterson’s θ

(Watterson, 1975), and inbreeding coefficients. We then prune SNPs in high linkage by

excluding variants above an R2 threshold of 0.01 in sliding windows of 500 SNPs with a

step size of 250 SNPs, and perform a PCA on the remaining SNPs. If the analysed species is

An. gambiae, An. coluzzii, or An. arabiensis, the pipeline can implement an analysis of

putative ancestry informative markers (AIMs). The AIMs were derived from two different

datasets. The An. gambiae/An. coluzzii AIMs derive from the 16 genomes project (Neafsey

et al., 2015) and in West Africa may distinguish between individuals with An. gambiae or

An. coluzzii ancestry. The An. gambcolu/An. arabiensis AIMs are derived from phase 3 of

the Anopheles gambiae 1000 genomes project, and distinguish between individuals with

either An. gambiae or An. coluzzii ancestry from An. arabiensis. The relative proportion of

ancestry is reported and visualised for the whole genome by chromosome. We modified the
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program compkaryo (Love et al., 2019) to enable the identification of common inversions on

chromosome 2 in pooled samples.

2.3.8 Busia RNA-Seq

2.3.8.1 Mosquito lines

As a case-study to the workflow, we sequenced a pyrethroid-resistant colony of Anopheles

gambiae s.s from Busia, Uganda, alongside the standard multi-insecticide-susceptible

reference strain, Kisumu. After 24 generations in colony, we stored RNA from unexposed

Busia individuals (G24 Busia parental). Unexposed, age-matched Kisumu females were

used as controls. We then selected the remaining Busia G24 colony using 0.05%

deltamethrin papers in WHO tube assays for 4 generations (full details of the selection

regime can be found in the supplementary text 2). We exposed females from the selected

generation (G28) for one hour to 0.05% deltamethrin WHO papers using standard

protocols, left for 24 hours post-exposure, and survivors were stored at -80°C prior to RNA

extraction (G28 Busia selected survivors). Selections were perfomed post-mating.

2.3.8.2 Library prep

We extracted RNA from pools of five, 4-day old female mosquitoes using a Picopure RNA

isolation kit (Arcturus, Applied Biosystems, USA). We performed six replicates for each

Busia-derived treatment group, and four for Kisumu. Library quality and quantity were

determined on a Tapestation 2200 (Agilent, UK) using high sensitivity RNA screentape.

Paired-end 150bp RNA-Sequencing libraries were prepared and sequenced by Novogene

(https://en.novogene.com/), on an Illumina NovaSeq 6000 system.
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2.4 Results

2.4.1 Busia resistance phenotyping

The parental G24 An. gambiae Busia strain had lost much of its pyrethroid resistance

during the time in culture and exhibited susceptibility to deltamethrin (100% mortality,

96.3-100 95% CIs) and low-prevalence resistance to permethrin (92.6% mortality,

85.6-96.4 95% CIs). Four generations of deltamethrin selections, demonstrated this loss to

be readily reversible and resulted in a G28 selected Busia strain that showed increased

resistance to both deltamethrin (69.7% mortality, 63.2-75.6 95% CIs) and permethrin

(21.7% mortality, 14.9-30.5 95% CIs) when exposed for one hour in WHO tube assays.

Further colony information can be found in supplementary table 2. We compared the G24

Busia Parental strain with the G28 Busia selected strain, and both Busia strains to the

pyrethroid-susceptible reference strain, Kisumu.

2.4.2 RNA-Sequencing

As an illustrative example of the modules and output of the RNA-Seq-Pop workflow, we

will describe the analysis of the Busia RNA-Seq dataset.

2.4.3 Quality control

We used RNA-Seq-Pop to import FASTQ data files into FastQC (Andrews, 2010) to

determine levels of adaptor content, quality scores, sequence duplication levels and GC

content in the raw read data. After genome alignment, we applied rseqQC and SAMtools to

collect mapping statistics from the resulting BAM files. We then integrated MultiQC into

the workflow, which collates statistics and results from eight tools to generate a

convenient, interactive (.html) quality control report. Figure 2 shows reports generated by

multiQC on the Busia An. gambiae dataset.
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Figure 2: MultiQC captures quality control statistics from across the RNA-Seq-Pop workflow.
a) per-base sequence content as calculated by FASTQC b) Total reads and number of successfully
aligned reads to the reference transcriptome by Kallisto. c) The number of reads that were
successfully mapped to the reference genome with HISAT2 d) The proportion of missense,
synonymous and nonsense SNPs reported by snpEff.

We removed adapter sequences and aligned paired-end reads to the Anopheles gambiae

PEST reference transcriptome (AgamP4.12) (Figure 2b). 844.25 million reads were

processed in total, with 727.84 million successfully aligned, giving an overall 85.58%

alignment rate (+/- 0.206% standard error) across sixteen total replicates. The breakdown

of reads counted per sample can be found in supplementary Figure 3.

As a further quality control step, and to uncover the overarching relationships of gene

expression between samples, RNA-Seq-Pop performs a principal components analysis

(Figure 3a), and a sample-to-sample correlation heatmap (Figure 3b) on the DESeq2
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normalised read count data. In both analyses, biological replicates of each treatment group

clustered together, supporting robust replication in these samples.

Figure 3: Exploratory sample clustering. a) Principal Components Analysis of the normalised
read count data, showing clear separation between conditions b) A sample-to-sample Pearson’s
correlation heatmap of normalised read counts assigned to each biological replicate, dendrograms
show heirarchical clustering applied directly to Pearson’s correlations

2.4.4 Differential expression

We compared the G24 parental Busia strain to the G28 Busia survivors, and also to the

lab-susceptible Kisumu, which provides a cross-reference with earlier studies, as well as an

extra level of filtering to identify candidate genes. Using an adjusted p-value threshold of

0.05, our DESeq2 differential expression analysis (Wald test) identified 5416 differentially

expressed genes between Kisumu and the parental Busia line and 5657 between the

parental Busia and the G28 selected Busia survivors. The full table of differentially

expressed genes in all comparisons can be found in the supplementary file S1, and volcano

plots in supplementary figures 4a, b, c.
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After four generations of selections plus insecticide exposure, a number of genes belonging

to candidate detoxification families were significantly differentially expressed between the

G24 Busia Parental and G28 Busia Selected strains, for example, 51 cytochrome P450s, 23

carboxylesterases and 20 ABC transporters. All three sensory appendage protein (Sap)

genes in the An. gambiae genome were significantly overexpressed in the G28 Busia

selected survivors compared to the parental Busia line. Sap2 showed 10.7 fold

overexpression (6.5-17.5 95% CIs), while Sap1 exhibited 1.8-fold (1.36-2.44 95% CIs) and

Sap3 2-fold (1.58–2.51 95% CIs) overexpression.

We also provide a module which summarises gene expression in specific gene families if

provided with a table mapping genes to pfam domains. We provide an example mapping

file. Figure 4 shows a summary of expression data in the Glutathione-S-Transferase (GST)

gene family, known to be associated with insecticide resistance. The normalised read

counts for each gene (blue squares) are clustered and ordered with hierarchical clustering.

We then plot the clustering dendrogram alongside a summary of differential expression in

each comparison, and the normalised read counts for each biological replicate. Further plots

for other gene families are provided in the supplementary file S3. The user may specify

their own pfam domains of interest. The default settings apply the analysis to cytochrome

P450s, GSTs, carboxylesterases, ABC-transporters, odorant binding proteins, olfactory

receptors, Ionotropic recepters, gustatory receptors, and cuticle-related genes. In addition to

this module, the user may also supply a list of transcripts, and RNA-Seq-Pop will produce a

heatmap on the normalised read count data (supplementary figure 5).
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Figure 4: Summarising gene expression in the GST gene family. Using PFAM domains, we
extract genes from specific gene families, and summarise fold-change (left) and normalised read
count data (right). Genes are ordered by hierarchical clustering of the normalised read count data,
clustering results are displayed by the dendrogram (far left). In the fold-change plot (left),
green=overexpression in second group, purple=underexpression.

To investigate the similarity of differential expression comparisons, RNA-Seq-Pop provides

a venn diagram module which displays the number of shared up or downregulated genes

between multiple comparisons (supplementary Figure 6). Using a separate option within

RNA-Seq-Pop that looks for genes expressed in the same direction across multiple

comparisons, we identified a cluster of carboxylesterases which were overexpressed in G24

Busia Parental vs Kisumu and in G28 Busia Selected Survivors vs G24 Busia Parental. In

the latter comparison, Coebe2c showed a fold change of 1.69 (1.3-2.1 95% CIs), Coebe3c

3.05 (1.6-5.9 95% CIs) and Coebe4c 1.61 (1.2-2.2 95% CIs). We examined whether any

selective sweeps were observed around these loci in the Ag1000g phase 1 data set and

identified one in a population of An. gambiae from Gabon, though not in Uganda.
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RNA-Seq-Pop also performs differential expression at the isoform-level with sleuth. As an

example, we examined isoform level variation at the voltage-gated sodium channel (Vgsc),

the target of pyrethroid insecticides. As the Vgsc contains 13 annotated transcripts and 39

exons, there is a large potential for alternative splicing, which could be an important but as

of yet overlooked mechanism of target-site resistance. Between the Busia G24 Parental

strain and the Busia G28 survivors, we find no significant difference in expression of any

Vgsc transcript. However, when comparing the susceptible Kisumu strain to the G24 Busia

Parental strain, five Vgsc transcripts are differentially expressed – AGAP004707-RA

(adjusted pval=0.0059), AGAP004707-RD (adjusted pval=0.0096), AGAP004707-RI

(adjusted pval=0.0095), AGAP004707-RL (adjusted pval=1.4e-12) and AGAP004707-RM

(adjusted pval=4.36e-07). Given the minimal phenotypic difference between these two

strains, it is not clear whether these differences are related to pyrethroid resistance or if this

variation is natural between strains.

2.4.5 Variant calling

We enabled RNA-Seq-Pop to call genomic variants with freebayes and output data in VCF

format. Across all chromosomes, and after filtering, RNA-Seq-Pop called 734,269 variants.

Figure 5 shows a visual representation of genome composition in the Anopheles gambiae

PEST reference genome, and the proportion of SNPs covered by each genomic feature in

our genotype calls. The An. gambiae genome consists of 54% intergenic and 46% genic

sequence (of which 14% are exonic, and 32% intronic). Given the nature of RNA-Seq, we

expected to primarily find SNPs in coding regions of the genome, which are expressed.

Indeed, of these 734,269 variants, we find 73% residing within exons, 11% in introns, and

16% in intergenic regions. The finding of 16% of SNPs in intergenic regions is likely to be

explained by expression of non-coding RNAs, and the misannotation of transcripts –

particularly 5’ and 3’ UTRs. The workflow automatically annotates the called variants with

snpEff - across all exons, 16.4% of variants were annotated as non-synonymous, and

58.1% as synonymous.
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Figure 5: SNPs from RNA-Seq are enriched in transcribed regions. Illustration of the proportion
of SNPs found within each genomic feature in the AgamP4 reference genome (Upper panel) and
in the combined Busia and Kisumu Anopheles gambiae RNA-Seq dataset (Lower panel).

​​​There was a positive correlation between read counts per gene, and the number of called

SNPs per gene when controlling for gene size (GLM - coef=0.135, pval=2.2e-36,

supplementary table 5). A PCA based upon read count data, was not qualitatively different

from the PCA on expression data (Figure 3 and supplementary Figure 8).
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2.4.6 Genetic diversity

Table 1 shows genome-wide nucleotide diversity (π) and Watterson’s θ, averaged across

20kb non-overlapping windows. To standardise sample size we down-sampled both Busia

strains from six to four replicates. Both measures of genetic diversity were significantly

lower in the Kisumu strain compared to the two Busia strains, as would be expected after a

long history of laboratory colonisation. The G28 selected Busia survivors also show a

reduction in genetic diversity compared to the unexposed the G24 parental Busia colony.

Table 1: Genetic Diversity. Average measures of genetic diversity, calculated in 20kb overlapping
windows, across chromosomal arms. a) π, Nucleotide diversity b) Θ, Watterson’s theta

π (95% CIs) Θ (95% CIs)

Busia Parental 1.04x10-3 (1.02x10-3-1.07x10-3) 7.4x10-4 (7.23x10-4-7.57x10-4)

Busia Selected 7.07x10-4 (6.87x10-4-7.27x10-4) 5.51x10-4 (5.37x10-4-5.65x10-4)

Kisumu 6.18x10-4 (6.0x10-4-6.35x10-4) 4.06x10-4 (3.95x10-4-4.18x10-4)

2.4.7 Known insecticide resistance variants of interest

If provided with a list of user-defined variants of interest, RNA-Seq-Pop will generate

reports and plots of allele balance (the allele frequency found in the read alignments). For

our variants of interest, we curated a selection of SNPs which have been associated with

insecticide resistance in previous studies. Figure 6 shows allele frequencies of variants of

interest across all samples. We show that over the four generations of selections and after

insecticide exposure, the frequency of the Vgsc-995S kdr allele increased from 25% (95%

CIs: 21.5-29.8%) in G24 to 100% in the G28 Busia survivors. In agreement with recent

work from the Ag1000g project, we found no known secondary kdr mutations alongside

the Vgsc-995S allele (Clarkson et al., 2021).

63



Figure 6: Variants of Interest. A heatmap showing allele frequencies of variants of interest found
in read data in a) each sample and b) overall average allele frequency across strains. Blank cells
indicate that the mutant allele was not detected despite reads across that genomic position.
White cells would indicate zero reads.

In addition, the Cyp4j5-L43F mutation, previously associated with insecticide resistance in

Uganda, showed a large increase in frequency after the selection regime and exposure,

increasing from an average frequency of 45% (95% CIs: 32-54%) in the G24 Busia to 95%

(95% CIs: 93-100%) in the G28 Busia survivors. The Gste2-I114T mutation, associated

with DDT resistance, was absent in both Busia strains, however surprisingly, it was present

at high frequency (92%) in the pyrethroid susceptible Kisumu reference strain. Another

mutation, Gste2-L119V, increased in frequency from 11% (95% CIs: 9-13%) to 52% (95%

CIs: 47-58%). The Cyp6p4-I236M mutation, linked to a swept haplotype in Uganda, was

present in Busia samples, but there was no significant difference in frequency between the

parental (39%, 95% CIs: 29-53%) and selected survivors (38%, 95% CIs: 26-52%). In

agreement with these differences in frequency of known insecticide-resistance variants, we

find Fst values in both the Vgsc and Cyp4J5 genes in the top 5% percentile between the

G24 parental Busia strain and the G28 selected Busia survivors, but not in Cyp6P4 (89th

percentile).

The Ace-1-G280S mutation was absent from all samples. A single allele of the rdl-A296G

mutation was detected in the Parental Busia strain. Complete allele balance data for all
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variants of interest can be found in the supplementary file S2. We looked within the

primary candidate gene from differential expression analysis, Sap2, for allele frequency

changes, but no non-synonymous variants were present in the data.

2.4.8 Selection

The workflow permits calculation of Fst and the population branch statistic (PBS) both in

windows as genome-wide selection scans (GWSS) and within each gene. In the context of

insecticide resistance, finding regions of high genetic differentiation between susceptible

and resistant mosquito populations can allow us to identify loci or variants that contribute

to the phenotype. We found high overall levels of Fst between the G24 parental Busia and

the G28 selected Busia survivors, however, Fst on chromosomal arm 2L was especially

elevated as compared to the other arms (Figure 7), with large Fst signals around the Vgsc

and 2La inversion. In other datasets from F1 An. gambiae (examples in supplementary

figure 13), the genome-wide selection scans are able to capture signals at sites of known

selective sweeps.

Figure 7: Selection. Hudson Fst calculated in windows across the genome, comparing the G24
Busia Parental strain to the G28 Busia survivors. High genetic differentiation can be observed on
the 2L chromosomal arm.
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2.4.9 Chromosomal Inversions

We estimated the karyotype of the samples with compkaryo for the 2La and 2Rb

chromosomal inversions, by extracting karyotype-tagging SNPs. Karyotyping tagging SNPs

are alleles in located within the inversion breakpoints, which show fixed (or almost fixed)

differences between the inverted and standard karyotypes. We focus on these two

inversions because both contain a large number of tagging SNPs, providing confidence in

the overall calls. Figure 7 shows a diagram of the An. gambiae genome, with the location

and average karyotype frequency per group. The 2La inversion was present at a frequency

of 86% in the G28 Busia survivors, compared to 33% in the G24 Busia Parental strain

(Mann-Whitney U, Adjusted P-value = 0.014), where 0% means no 2La alleles across all

tag SNP loci, and 100% means all 2La alleles across all tag SNP loci. The frequency of the

2Rb inversion was also significantly different between Kisumu and both Busia colonies

(Mann-Whitney U, Adjusted P-values < 0.05). Supplementary figure 12 shows the

per-replicate karyotype frequency.

Figure 8: Ancestry and karyotyping. Left) A diagram of the mosquito chromosomal arms,
including heterochromatin regions (black). Ancestry informative markers that are indicative of
either An. gambiae (red) or An. coluzzii (blue) are displayed as vertical lines. The major inversions
2La and 2Rb are displayed, along with their respective average frequency amongst treatment
groups, as called by the program compkaryo. Far right) A donut chart of the proportion of ancestry
informative markers that are indicative of either An. gambiae (red) or An. coluzzii (blue) ancestry
for each sample. The overall proportion of gambiae alleles (%) and the number of called AIMs (n=)
per group is labelled.

2.4.10 Ancestry

Ancestry informative markers (AIMs) are SNPs which show fixed (or almost fixed)

differences between species. RNA-Seq-Pop can utilise sets of Ancestry Informative markers

to investigate the proportion of ancestry for each chromosome assigned to either An.

66



gambiae, An. coluzzii or An. arabiensis. Figure 8 shows the position of called AIM alleles

that map to either An. gambiae or An. coluzzii across the genome. This shows that the

Busia samples were primarily of An. gambiae s.s ancestry across all chromosomes, in

concordance with the X chromosome-based SINE species ID assay (Santolomazza et al.,

2008). However, the pattern was markedly different for the susceptible reference strain,

Kisumu, which showed a large degree of putative An. coluzzii ancestry on the autosomes

(supplementary table 11).

2.5 Discussion

2.5.1 RNA-Seq-Pop Implementation

RNA-Seq-Pop encompasses a complete workflow for RNA-Sequencing analysis, from

quality control and read trimming, to transcript quantification and differential expression

analysis (DEA). However, as well as conducting traditional differential expression analyses

at both the gene and isoform level, RNA-Seq-Pop exploits useful, but often ignored

sequence data.

RNA-Seq-Pop is designed for ease of use, requiring only a sample metadata sheet and a

yaml format configuration file. A single command in the terminal will automatically install

all dependencies and run the workflow, which is scaled by Snakemake to run on a personal

computer, cluster or cloud environment. The workflow is applicable to single or paired-end

RNA-Sequencing data from any organism, allowing for variation in ploidy; including

haploid, diploid, or pooled samples. We have written RNA-Seq-Pop in accordance with

Snakemake best practices (Köster, 2022), and hope that it is an intuitive program, readily

configured by the user to allow reproducible transcriptomic analyses. We present

documentation with guidance on how to set up and run the workflow. To increase

accessibility RNA-Seq-Pop is written in python and R, the two most popular programming

languages in the life sciences.
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Decreasing sequencing costs have facilitated the proliferation of genomic surveillance in

infectious disease research (Neafsey et al., 2021). The specific modules within

RNA-Seq-Pop, which are readily adapted to other organisms, allow us to investigate novel

variants that may be involved in our phenotype of interest (insecticide resistance), while

simultaneously producing data on known resistance variants which can provide actionable

information for malaria control programme personnel. For An. gambiae s.l, we provide a

versioned variants of interest file in the GitHub repository, which we will update with

additional resistance or disease transmission-related variants. As well as highlighting

known variants, RNA-Seq-Pop can also perform genome-wide selections scans, using Fst

(Bhatia et al., 2013) and the Population Branch statistic, PBS (Yi et al., 2010), highlighting

known and novel regions of the genome that may be involved in the phenotype of interest.

For the major malaria vector, An. gambiae s.l, RNA-Seq-Pop can determine the karyotype

frequency of chromosomal inversions, utilising the program compKaryo (Love et al., 2019).

An. gambiae s.l has been shown to harbour a number of segregating chromosomal

inversions, which have been associated with environmental heterogeneity, susceptibility to

Plasmodium infection, and with insecticide resistance (Coluzzii et al., 1979, Riehle et al.,

2017, Weetman et al., 2018). Typically, we can only detect these inversions through

molecular PCR-based assays (of which many do not exist for the range of inversions

karyotyped by compkaryo) or laborious and technically challenging cytologic experiments

(Coluzzi et al., 2002, White et al., 2007), although recent approaches using tagging SNP

panels appear promising (Love et al., 2020).

We can also illuminate the putative ancestry of our samples. This is of particular interest as

the two recently-diverged sibling species An. gambiae and An. coluzzii, may often

hybridise, and have undergone extensive introgression in the recent past (Fontaine et al.,

2015; Vicente et al., 2017), allowing resistance alleles to cross from one species to another

(Clarkson et al., 2014; Grau-Bové et al., 2020, 2021). Despite this, molecular assays

typically target only a single marker on the X chromosome, ignoring the potential for

admixture elsewhere in the genome (Caputo et al., 2021; Chabi et al., 2019; Santolamazza

et al., 2008). As genome resources advance in other vectors, such as Aedes aegypti and
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Culex pipiens, we will expand the ancestry informative marker analysis of RNA-Seq-Pop to

these species complexes.

2.5.2 Patterns of resistance in the Busia dataset

The differential expression analysis highlighted a multitude of detoxification genes

overexpressed in the selected Busia survivors, including cytochrome P450s,

carboxylesterases, chemosensory proteins, and ABC transporters, reflecting the broad

nature of the response to insecticide exposure. Many P450 genes were ≈2 fold

overexpressed and it is not known whether this is due to constitutive differences between

the strains, or induction by deltamethrin exposure in the G28 Busia strain. The Sap2 gene in

particular was highly overexpressed (10.7 fold after deltamethrin selections and exposure),

and thus serves as a strong candidate for pyrethroid resistance outside of the West African

An. coluzzii populations in which it was originally identified (Ingham et al., 2020). Sap2 is

known to be induced upon insecticide exposure, although the relative importance of

selection versus induction by exposure cannot be determined from this experimental

design.

The increase in Vgsc-995S kdr allele frequency (previously 1014S) following selections

and segregation post-exposure is as predicted given its known association with pyrethroid

resistance. Interestingly, the G28 selected Busia strain showed a much stronger phenotype

against permethrin than deltamethrin (supplementary table 2A), which could partially be a

result of this mutation. Earlier studies have shown a stronger protective effect of the

Vgsc-995S allele against permethrin than deltamethrin (Lynd et al., 2010). In agreement

with this difference in Vgsc-995S frequency, we find high Fst in the Vgsc between the G24

parental and G28 selected Busia survivors. The Vgsc gene is not differentially expressed

between the parental Busia strain and the selected Busia survivors, meaning this result

would have been missed using differential expression analyses alone.

The 2La inversion was at much greater frequency in the G28 survivors, suggesting an

association with deltamethrin resistance in Busia. Associations between the 2La inversion

and insecticide resistance have been previously reported in Uganda (Weetman et al., 2018).
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We also find a large difference in Cyp4J5-L43F mutation frequency and there is very high

Fst in this gene (0.59), which lies within the 2La inversion. Interestingly, the gene is also

differentially expressed, perhaps suggesting that the 2La haplotypic background results in

over-transcription of the gene when compared to 2L+a haplotypes. It is not clear whether

Cyp4J5 is causative, or if there are other variants on the 2La haplotype(s) that are driving

this shift in 2La. In agreement with this and the difference in kdr, we find high overall Fst

between the G24 parental and G28 Busia survivors on the 2L chromosomal arm

(supplementary table 10).

Interestingly, RNA-Seq-Pop revealed that the Kisumu reference strain, exhibits a large

proportion of putative An. coluzzii ancestry. The Kisumu reference strain was colonised

from Kisumu, Kenya in 1975 (Williams et al., 2019) from an area where An. coluzzii has not

been recorded. The most parsimonious explanation is that the colony has been

contaminated through hybridization in the insectary during its long colonisation. The X

chromosome is typically resistant to introgression, and consistent with a theory of a lab

contamination event, no An. coluzzii variants are found on the X chromosome. The X

chromosome of Kisumu also has a particularly low estimate of Watterson’s Θ compared to

the autosomes, which may reflect admixture present on the autosomes (supplementary

table 7A). In addition, we also find that the Kisumu strain contains the Gste2-114T

mutation at high frequency. In agreement with this finding, recent data shows occasional

low-level resistance to DDT in this strain (Williams et al., 2019). We also observe some

putative An. coluzzii alleles in the two Busia strains. Whilst we cannot rule out other

explanations, this set of ancestry informative markers were derived from Mali, and therefore

it is likely that some may not be truly informative of ancestry outside of this population.

In this study, we exposed the G28 selected strain in order to maximise the resistance

phenotype and strengthen the genotype-phenotype association. This design choice,

however, may mean estimates of allele and karyotype frequencies are overestimates and

not necessarily reflective of either the unexposed G28 or G29 Busia strains. This is because

susceptible G28 mosquitoes have not survived, and G28 survivors have likely already

mated, meaning susceptible alleles may be passed on to the next generation, affecting
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allele frequencies. Equally, insecticide survivors may not go on to produce offspring. In

general, we recommend sequencing appropriate controls where possible – for example, in

our case, including a G28 Busia unexposed group.

When analysing RNA-Sequencing data we only have read coverage in expressed parts of

the genome, primarily in exons, and so we can only call genetic variants in these regions.

Although not ideal, given that we expect the majority of functional variants to exist in

expressed regions of the genome (Choi et al., 2009), this is not a necessarily a major

drawback. Indeed, this is the premise of exome sequencing, in which only protein-coding

parts of the genome are targeted to sequence. Additionally, estimated population allele

frequencies derived from RNA-Seq data may not accurately reflect DNA-based allele

frequencies. Allele-specific expression is one cause of this, where two or more alleles in a

diploid or polyploid may be expressed at different levels, causing an imbalance. Despite

this, previous studies have shown a strong correlation between expressed and true allele

frequencies, particularly at higher sequencing depth (Jehl et al., 2021; Lopez-Maestre et al.,

2016; Oikkonen & Lise, 2017; Quinn et al., 2013). In this study, we performed RNASeq at a

high sequencing depth, and therefore can have more confidence overall in our genotype

calls and subsequent analyses. We recommend generally that for differential expression

analyses, low coverage RNA-Sequencing is sufficient (10-25 million reads, or 5-13.5X

coverage for An. gambiae), with a higher number of biological replicates (≥ 4). For variant

analyses, higher coverage is preferred (25-60 million reads, or 13.5-32.4X coverage for An.

gambiae), with a high number of individuals pooled per replicate (≥ 10).

Although other studies present strategies to call variants from RNA-Sequencing data

(Brouard & Bissonnette, 2022; Jehl et al., 2021; Piskol et al., 2013; Quinn et al., 2013), none

of these studies present convenient, reproducible bioinformatic pipelines to implement their

suggested strategies, instead requiring the user to manually perform each step. In addition

to that, we found no studies that present pipelines to call variants and also perform

analyses on the resulting SNP data. Although a previous study showed that population

genomic signals can be extracted from RNA-Sequencing data, they did not package their

analysis into any usable workflow, and the analyses themselves are limited in comparison

71



to RNA-Seq-Pop (Thorstensen et al., 2020). Based on the lack of comparable, easy-to-use

workflows, we envisage that RNA-Seq-Pop will prove useful to many researchers in a

range of biological fields.

2.5.3 Data accessibility

The workflow is hosted at https://github.com/sanjaynagi/rna-seq-pop. We welcome and

encourage any feedback or contributions to RNA-Seq-Pop. The variant of interest file is

versioned and is included in the GitHub repository. Raw sequence data is deposited at the

ENA under BioProject PRJNA748581. The modified version of compKaryo is found here

https://github.com/sanjaynagi/compkaryo.
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2.7 Appendix

2.7.1 Literature review – published studies of RNA-Sequencing in disease vectors

Databases – Web of Science
Date - 03/05/2022
Search terms –

1) (Anopheles OR Aedes OR Culex OR vector OR tsetse OR sandfly) AND (rna-seq OR
rna-sequencing OR rna seq OR expression OR transcriptomics)
2) Mosquito AND (rna-seq OR rna-sequencing OR rna seq OR expression OR
transcriptomics)

Title Citation Taxon Phenotype /
purpose Year Sequence

data utilised

The RNA-Seq approach to studying the expression of
mosquito mitochondrial genes

(Neira-Oviedo et
al., 2011)

Aedes aegypti,
Anopheles
gambiae, and
Anopheles
quadrimaculatus

Mitochondria 2011

RNA-seq analyses of blood-induced changes in gene
expression in the mosquito vector species, Aedes aegypti

(Bonizzoni et al.,
2011) Aedes aegypti Bloodmeal 2011

Comparative Transcriptome Analyses of
Deltamethrin-Resistant and -Susceptible Anopheles
gambiaeMosquitoes from Kenya by RNA-Seq

(Bonizzoni et al.,
2012)

Anopheles
gambiae

Insecticide
resistance
(pyrethroid)

2012

RNA-Seq reveals early distinctions and late convergence
of gene expression
between diapause and quiescence in the Asian tiger
mosquito, Aedes albopictus

(Poelchau et al.,
2013) Aedes albopictus Diapause 2013

The Developmental Transcriptome of the Mosquito
Aedes aegypti, an Invasive Species and Major Arbovirus
Vector

(Akbari et al.,
2013) Aedes aegypti Life-stage 2013

De novo transcriptome sequencing and sequence
analysis of the malaria vector Anopheles sinensis

(Chen et al.,
2014)

Anopheles
sinensis Annotation 2014

Comparative analysis of response to selection
with three insecticides in the dengue mosquito
Aedes aegypti using mRNA sequencing

(David et al.,
2014) Aedes aegypti

Insecticide
resistance
(permethrin,
imidacloprid,
propoxur)

2014 Yes

Dual RNA-seq of Parasite and Host Reveals Gene
Expression Dynamics during Filarial Worm–Mosquito
Interactions

(Choi et al., 2014) Aedes aegypti Host-parasite 2014

RNA-seq analyses of changes in the Anopheles gambiae
transcriptome associated with resistance to pyrethroids
in Kenya: identification of candidate-resistance genes and
candidate-resistance SNPs

(Bonizzoni et al.,
2015)

Anopheles
gambiae

Insecticide
resistance
(pyrethroid)

2015 Yes

Comparative transcriptome analyses of
deltamethrin-susceptible and -resistant Culex pipiens
pallens by RNA-seq

(Lv et al., 2016) Culex pipiens
Insecticide
resistance
(pyrethroid)

2016

Single molecule RNA sequencing uncovers trans-splicing
and improves annotations in Anopheles stephensi

(Jiang et al.,
2017)

Anopheles
stephensi Annotation 2017

Comparative Transcriptomics of Malaria Mosquito Testes:
Function, Evolution, and Linkage

(Cassone et al.,
2017)

A. gambiae and A.
merus Spermatogenesis 2017

In the hunt for genomic markers of metabolic resistance
to pyrethroids in the mosquito Aedes aegypti: An
integrated next-generation sequencing approach

(Faucon et al.,
2017) Aedes aegypti

Insecticide
resistance
(pyrethroid)

2017 Yes

RNA-Seq Comparison of Larval and Adult Malpighian
Tubules of the Yellow Fever Mosquito Aedes aegypti
Reveals Life Stage-Specific Changes in Renal Function

(Li et al., 2017) Aedes aegypti Life-stage 2017
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The choreography of the chemical defensome response
to insecticide stress: insights into the Anopheles
stephensi transcriptome using RNA-Seq

(De Marco et al.,
2017)

Anopheles
stephensi

Insecticide
resistance 2017

Blood-induced differential gene expression in Anopheles
dirus evaluated using RNA sequencing

(Mongkol et al.,
2018) Anopheles dirus Bloodmeal 2018

High-resolution transcriptional profiling of Anopheles
gambiae spermatogenesis reveals mechanisms of sex
chromosome regulation

(Taxiarchi et al.,
2019)

Anopheles
gambiae Spermatogenesis 2019

Transcriptome Sequencing and Analysis of Changes
Associated with Insecticide Resistance in the Dengue
Mosquito (Aedes aegypti) in Vietnam

(Lien et al., 2019) Aedes aegypti Insecticide
resistance 2019

Genome-wide gene expression profiling reveals that
cuticle alterations and P450 detoxification are associated
with deltamethrin and DDT resistance in Anopheles
arabiensis populations from Ethiopia

(Simma et al.,
2019)

Anopheles
arabiensis

Insecticide
resistance
(pyrethroid)

2019

UDP-glycosyltransferase genes and their association and
mutations associated with pyrethroid resistance in
Anopheles sinensis (Diptera: Culicidae)

(Zhou et al.,
2019)

Anopheles
sinensis

Insecticide
resistance
(pyrethroid)

2019

RNASeq Analysis of Aedes albopictusMosquito
Midguts after Chikungunya Virus Infection

(Vedururu et al.,
2019) Aedes albopictus Host-parasite 2019

Contrasting patterns of gene expression indicate differing
pyrethroid resistance mechanisms across the range of
the NewWorld malaria vector Anopheles albimanus

(Mackenzie-Impoi
nvil et al., 2019)

Anopheles
albimanus

Insecticide
resistance
(pyrethroid)

2019

Transcriptome analysis of Anopheles dirus and
Plasmodium vivax at ookinete and oocyst stages

(Boonkaew et al.,
2020) Anopheles dirus Plasmodium

infection 2020

Transcript Assembly and Quantification by RNA-Seq
Reveals Significant Differences in Gene Expression and
Genetic Variants in Mosquitoes of the Culex pipiens
(Diptera: Culicidae) Complex

(Kang et al.,
2021) Culex pipiens

Insecticide
resistance
(pyrethroid)

2021 Yes

Integration of whole genome sequencing and
transcriptomics reveals a complex picture of the
reestablishment of insecticide resistance in the major
malaria vector Anopheles coluzzii

(Ingham et al.,
2021)

Anopheles
gambiae

Insecticide
resistance
(pyrethroid)

2021

Transcriptome comparison of dengue-susceptible and
-resistant field derived strains of Colombian Aedes
aegypti using RNA-sequencing

(Coatsworth et
al., 2021) Aedes aegypti Vector

competence 2021

Transcriptomic and proteomic analysis of
pyrethroid resistance in the CKR strain of
Aedes aegypti

(Sun et al., 2021) Aedes aegypti
Insecticide
resistance
(pyrethroid)

2021

RNA-Seq analysis of blood meal induced gene-expression
changes in Aedes aegypti ovaries (Nag et al., 2021) Aedes aegypti Bloodmeal 2021

Sympatric Populations of the Anopheles gambiae
Complex in
Southwest Burkina Faso Evolve Multiple Diverse
Resistance
Mechanisms in Response to Intense Selection Pressure
with Pyrethroids

(Williams et al.,
2022)

Anopheles
gambiae

Insecticide
resistance
(pyrethroid)

2022

RNAseq-based gene expression profiling of the Anopheles
funestus pyrethroid-resistant strain FUMOZ highlights the
predominant role of the duplicated CYP6P9a/b
cytochrome P450s

(Wondji et al.,
2022)

Anopheles
funestus

Insecticide
resistance
(pyrethroid)

2022

Transcriptome profiling reveals sex-specific gene
expressions in pupal and adult stages of the mosquito
Culex pipiens

(Martynova et al.,
2022) Culex pipiens Life-stage 2022

A whole transcriptomic approach provides novel insights
into the molecular
basis of organophosphate and pyrethroid resistance in
Anopheles arabiensis
from Ethiopia

(Messenger et al.,
2021)

Anopheles
arabiensis

Insecticide
resistance 2022 Yes
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2.7.2 Colony selection regime

Blood fed Anopheles gambiae s.s were collected from Busia, Uganda, in November 2018,
using a prokopack aspirator. Approximately 200 mosquitoes were collected from 12
different homes in the village of South-Bugwere. Eggs were transported to the Liverpool
School of Tropical Medicine and mosquitoes were reared in the insectaries at approximately
75% RH and 27°C, with a 12:12 hour light:dark photoperiod.

Between generations 10 and 24, due to the COVID-19 pandemic, Busia mosquitoes were
not selected against deltamethrin to maintain their insecticide resistance status. As a result,
the colony had lost resistance by G24, displaying 100% mortality to a 1 hour 0.05%
deltamethrin (1X) WHO paper exposure, and 92.6% mortality to permethrin 0.75% (1X).
Mosquitoes were then selected on 1X deltamethrin WHO papers for four consecutive
generations (G24-G27), initially of 15 minute exposures, and subsequently for one hour.

A) Profiling

Generation Insecticide Dead Total Mortality (%)
G24 Deltamethrin 99 99 100.0
G24 Permethrin 88 95 92.6
G25 Deltamethrin 47 54 87.0
G25 Permethrin 15 47 31.9
G26 Permethrin 9 30 30.0
G27 Deltamethrin 164 217 75.6
G28 Deltamethrin 145 208 69.7
G28 Permethrin 23 106 21.7

B) Selections

1X deltamethrin (0.05%)

Generation Exposure.(mins) Dead Total Mortality (%)
G24 15 1111 1205 92.2
G25 15 348 456 76.3
G26 60 265 327 81.0
G27 60 164 217 75.6
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2.7.3 Sequencing depth

Fig A3. Total reads counted to genes in each sample. Read quantification is performed by kallisto.
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2.7.4 Volcano plots
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2.7.5 Example heatmaps

Figure A5. An example heatmap showing read counts in each sample.
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2.7.6 Venn diagrams

Figure A6. Venn diagrams of differentially expressed genes (left: upregulated, right:
downregulated).
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2.7.7 OLS of SNPs per gene

Regression of log2 number of SNPs per gene, total read counts per gene, and gene
size in (bp).

OLS Regression Results
=================================================================
Dep. Variable: nSNPs R-squared: 0.431
Model: OLS Adj. R-squared: 0.430
Method: Least Squares F-statistic: 449.4
Date: Fri, 21 Jan 2022 Prob (F-statistic): 5.48e-146
Time: 13:11:34 Log-Likelihood: -1734.4
No. Observations: 1189 AIC: 3475.
Df Residuals: 1186 BIC: 3490.
Df Model: 2
Covariance Type: nonrobust
=================================================================

coef std err t P>|t| [0.025 0.975]
------------------------------------------------------------------------------
const -2.4515 0.257 -9.529 0.000 -2.956 -1.947
Readcounts 0.1462 0.011 13.698 0.000 0.125 0.167
GeneSize 0.4661 0.017 26.811 0.000 0.432 0.500
=================================================================
Omnibus: 87.964 Durbin-Watson: 1.592
Prob(Omnibus): 0.000 Jarque-Bera (JB): 106.486
Skew: -0.697 Prob(JB): 7.53e-24
Kurtosis: 3.457 Cond. No. 160.
=================================================================

Notes:
[1] Standard Errors assume that the covariance matrix of the errors is correctly
specified.
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2.7.8 PCA on genotypes

Figure A8. Principal components analysis (PCA) on called genotypes on the X
chromosome.

89



90



91



2.7.9 Genetic diversity

A) Wattersons Theta

Contig
G28 Busia
Survivors

G24 Busia Parental Kisumu

2L 0.00057 0.00068 0.00056
2R 0.00066 0.00083 0.00044
3L 0.00034 0.00059 0.00036
3R 0.00053 0.00067 0.00043
X 0.00068 0.00075 0.00025

B) Nucleotide Diversity

Contig
G28 Busia
Survivors

G24 Busia Parental Kisumu

2L 0.00053 0.00102 0.00084
2R 0.00097 0.00116 0.00065
3L 0.00038 0.00069 0.00048
3R 0.00075 0.00092 0.00064
X 0.00097 0.00123 0.00034
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2.7.10 Hudson Fst Per chromosome (G24 Busia Parental v G28 Busia survivors)

Contig Fst
2L 0.431
2R 0.109
3R 0.093
3L 0.11
X 0.106
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2.7.11 Proportion of ancestry per chromosome

Strain Contig AIM fraction gambiae AIM fraction coluzzii n_aims
G28 Busia
survivors

2L 0.981 0.000 53

G28 Busia
survivors

2R 0.796 0.093 18

G28 Busia
survivors

3L 0.871 0.062 15

G28 Busia
survivors

3R 0.836 0.164 16

G28 Busia
survivors

X 0.946 0.035 161

G24 Busia
Parental

2L 0.981 0.000 53

G24 Busia
Parental

2R 0.778 0.111 18

G24 Busia
Parental

3L 0.887 0.047 15

G24 Busia
Parental

3R 0.836 0.164 16

G24 Busia
Parental

X 0.945 0.036 161

Kisumu 2L 0.105 0.875 51
Kisumu 2R 0.185 0.703 18
Kisumu 3L 0.057 0.877 15
Kisumu 3R 0.170 0.830 16
Kisumu X 0.966 0.014 154
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2.7.12 Karyotype frequencies calculated by compKaryo.

Figure A12: Karyotype frequencies. The frequency of the 2La and 2Rb karyotypes
in a) each biological replicate and b) averaged across experimental conditions
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3

AgamPrimer

This work is now on bioRxiv and has been prepared for submission to Wellcome Open
Research in the near future as a software tool. It follows the format Introduction-Methods
and Implementation-Discussion. Preprint doi: https://doi.org/10.1101/2022.12.31.521737
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3.1 Abstract

The major malaria mosquito, Anopheles gambiae s.l, is one of the most studied organisms

in medical research and also one of the most genetically diverse. When designing

polymerase chain reaction (PCR) or hybridisation-based molecular assays, reliable primer

and probe design is crucial. However, single nucleotide polymorphisms (SNPs) in primer

binding sites can prevent primer binding, leading to null alleles, or bind suboptimally,

leading to preferential amplification of specific alleles. Given the extreme genetic diversity

of An. gambiae, researchers need to consider this genetic variation when designing primers

and probes to avoid amplification problems. In this note, we present a python package,

AgamPrimer, which exploits the AG1000G dataset and allows users to rapidly design

primers in An. gambiae, whilst summarising genetic variation in the primer binding sites

and visualising the position of primer pairs. AgamPrimer allows the design of both genomic

DNA and cDNA primers and hybridisation probes. By coupling this python package with

Google Colaboratory, AgamPrimer is an open and accessible platform for primer and probe

design, hosted in the cloud for free. AgamPrimer is available here

https://github.com/sanjaynagi/AgamPrimer and we hope it will be a useful resource for the

community to design probe and primer sets that can be reliably deployed across the An.

gambiae species range.

3.2 Introduction

The polymerase chain reaction (PCR) is ubiquitous in molecular biology, providing template

sequence for a wide array of techniques, such as detecting the presence or absence of

particular DNA sequences, quantifying the abundance of transcripts, or in Sanger and

next-generation sequencing. Primers - short, single-strand DNA sequences which bind to

the template and facilitate amplification - are crucial to effective PCR reactions and must be

designed to be robust, reliable and consistent across experimental conditions.

Single nucleotide polymorphisms (SNPs) in primer binding sites can affect both the stability

of the primer-template duplex, as well as the efficiency with which DNA polymerases can
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extend the primer (Letowski et al., 2004; Wu et al., 2009). In some cases, this can

completely prevent primer binding and amplification of the template DNA, often referred to

as null alleles or allelic dropout (Carlson et al., 2006). On most genotyping platforms, these

alleles are problematic and difficult to detect, as null allele heterozygotes will be

indistinguishable from true homozygous individuals. Allelic dropout is known to cause

problems in human genetic testing (Zajícková et al., 2003; Silva et al., 2017). Null allele

homozygotes could be suggested if a sample repeatedly fails to amplify, however, when

performing PCR on pooled samples we would not observe this failure, and therefore can

never know whether all samples amplified successfully. Ensuring genetic markers do not

violate Hardy-Weinberg equilibrium (HWE) is one way to partially safeguard against this

problem (Chapuis and Estoup, 2007), however, this is not always performed in practice, and

excluding such markers may lead to loss of information when HWE deviation has another

cause.

Another problematic scenario occurs if primers do bind but with unequal efficiency against

different genetic variants. In this case, any molecular assay that is quantitative, such as

qPCR for gene expression, could be severely affected and lead to biases in the estimation of

sequence abundance between genetic variants or strains (Lefever et al., 2013). A previous

study found that single mismatches can introduce a range of impacts on Cq values, ranging

from relatively minor (<1.5) to major (>7.0) (Stadhouders et al., 2010). The impact of a

variant on primer binding depends on multiple factors but mismatches within the last 5

nucleotides at the 3’ end can disrupt the nearby polymerase active site, and so these

mismatches tend to have a much greater impact (Stadhouders et al., 2010; Martins et al.,

2011). Primers should therefore be designed to avoid these sites or if unavoidable, to

contain degenerate bases at the sites of SNPs, in order to maximise the robustness of

molecular experiments (Quinlan and Marth, 2007).

The Anopheles gambiae 1000 genomes project has revealed staggering amounts of

genetic variation in the major malaria mosquito, Anopheles gambiae s.l (Miles et al., 2017)

with a segregating SNP in less than every 2 bases of the accessible genome (Ag1000G,

2020). Despite this, the vast majority of primers designed to target the Anopheles gambiae
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s.l genome do not consider SNP variation. In the past, this was not straightforward, as it

would require both handling large genomic datasets and matching designed primers to

genomic positions. Thanks to recent advances in cloud computing and the malariagen_data

API, we can now design primers in the cloud whilst checking for genetic variation in the

Anopheles gambiae 1000 genomes project. In this note we present AgamPrimer, a python

package which is coupled with a Google Colaboratory notebook, allowing users to easily

design primers and probes in the cloud whilst considering genetic variation in Anopheles

gambiae s.l.

3.3 Methods and Implementation

AgamPrimer is a two-phase process, first designing sets of primers and probes and

secondly investigating SNP variation in the targeted sites. AgamPrimer uses Primer3 as the

core primer design engine, in the form of Primer3-py. Primer3 is open-source and has

become the de-facto standard for primer design for molecular biology. Primer3-py is a set

of recently developed python bindings for the Primer3 program (Untergasser et al., 2012),

which can be run readily in a Google Colaboratory environment. To load genetic variation

data from the Anopheles 1000 genomes project, we integrate the malariagen_data API,

which allows rapid download and analysis of genomic data from the cloud. Integration of

the PyData stack in malariagen_data allows users to perform rapid genomic analysis on

large datasets where compute resources are modest, such as in Google Colaboratory

notebooks. Google Colaboratory is a proprietary version of Jupyter Notebook and is

provided for free alongside CPU and GPU access to anyone with a Google account.

AgamPrimer can be run in two ways, either running the full Colaboratory notebook in a

step-wise fashion, or in a single command which produces all outputs, which may be

preferred in more high-throughput primer design settings. Users may select primer design

parameters by providing a python dictionary, or the primer3 default parameters can be

used.
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3.3.1 Primer Design with primer3

AgamPrimer allows the design of genomic DNA primers, hybridisation probes or cDNA

primers (for gene expression purposes). In the case of cDNA primers, one of the forward or

reverse primers will be designed to span an exon-exon junction where available, to prevent

the amplification of genomic DNA in the sample.

Table 1 shows the output from the initial phase of primer design. AgamPrimer reports the

primer sequences, along with information on melting point, GC content, amplicon size and

position in the target sequence, though the full Primer3 output is accessible to the user. The

user may specify the number of desired primer pairs to design. After the Primer3 run,

AgamPrimer will print out run statistics which may be useful for troubleshooting.

Table 1. Primer3 results: A pandas dataframe generated by AgamPrimer. Useful
information from about each primer set are stored, such as the sequence, melting
temperature and GC content.

3.3.2 Interrogating the ag3 resource

The malariagen_data python package pulls in Ag1000g data from the cloud, facilitating

rapid analysis of over 10,000 An. gambiae s.l whole genomes from throughout

sub-Saharan Africa. In step 1 of the primer design process, we record the genomic positions

of the designed primers, and in step 2 use these coordinates to extract SNP allele

frequency information for given Ag1000g samples of choice. In the Colaboratory notebook,
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we generate a summary table of the Ag1000g inventory, counting samples by taxon,

sample set and country, to guide users in selecting an appropriate cohort. Through the use

of sample set identifiers, and sample queries (following standard pandas syntax), users

may select any group of samples in the dataset to interrogate. Alternatively, the default

settings will use every available mosquito genome. A sample query can be performed on

any column of the sample metadata, such as species (taxon), country, year or location,

amongst other metadata.

We then generate an interactive plot (Figure 1) which shows SNP variation in designed

primer binding sites, in the user-selected Ag1000g cohort. The user can hover over points,

which returns the exact frequencies of each nucleotide at that genomic position, which may

be useful in the case where the user would prefer to design degenerate primers, as

opposed to avoiding that primer set entirely. The plot also highlights the 3’ and 5’ prime

ends, as well as the genomic span, GC content and melting temperature, allowing the user

to easily and rapidly identify suitable oligonucleotides.
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Figure 1. Illustrative plots showing allele frequencies in primer binding sites targeting
the AGAP006222-RA transcript in specimens of An. gambiae ss. and An. coluzzii from
Ghana. An interactive plot with Plotly displays the primer or probe sequences from 5’ to
3’, with circles indicating the summed alternate allele frequency at that genomic position.
Blue circles indicate segregating SNPs, and grey circles indicate sites which are invariant
in the ag3 cohort of choice. The genomic span of each oligo is displayed alongside the GC
content and Tm.

3.3.3 Genomic location of primers

AgamPrimer then plots the position of the primer in the genome, in relation to any nearby

exons. In Figure 2, we can see that all but one primer pair were designed at the Exon 4 and
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5 boundary. Primer pair 4, which targets the Exon 1 and 2 junction, contains much less SNP

variation than the other primers.

Figure 2. The genomic locations of designed primer sets in relation to nearby exons.
Primers spanning exons are shown as expanded to clearly illustrate span of the whole
junction for visualisation purposes, and only contain sequence at each extremity.

To ensure the specificity of the designed primer and probes for only one genomic location,

we align oligonucleotides to the AgamP3 genome with BLAT, using the gget python

package API.

3.3.4 Checking existing oligonucleotides for variation

During the development of AgamPrimer, we presented the package and notebook to

stakeholders and prospective users within a series of bioinformatics training workshops for

partners at PAMCA. A stakeholder remarked that they have primer sets which fail in some

populations of An. gambiae, and wondered whether in AgamPrimer it would be possible to

check existing primers for variation in the Ag1000g.

We present functionality which takes as input an oligonucleotide DNA sequence, such as a

primer or probe, and will return the frequencies of any SNPs across that sequence in the

ag3 cohort of choice. We use the gget package to rapidly align the oligo sequence to the

AgamP3 genome using BLAT, to retrieve genomic coordinates. We then use Plotly to

produce base frequency plots as in the main AgamPrimer workflow.
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3.4 Discussion

AgamPrimer integrates Primer3-py and the malariagen_data API to rapidly and

conveniently design variation-informed primers and probes for molecular biology. Through

the use of forms in Colaboratory, users are able to define their own parameters, which

means that the AgamPrimer notebook does not require programming skills. This is an

extremely important point, as we hope the tool will be useful for all researchers including

molecular biologists who may not have programming experience. We provide a

walkthrough video linked at the beginning of the notebooks to guide users.

Genomic surveillance of malaria mosquitoes is becoming increasingly important, with a

number of high throughput amplicon sequencing panels having been developed to identify

species across the entire Anopheles genus (Boddé et al., 2022; Makunin et al., 2022),

within the An. gambiae complex (Caputo et al., 2021), and to karyotype samples (Love et

al., 2020). In the near future, it is likely that other amplicon sequencing panels will be

designed to target phenotypes of interest, such as insecticide resistance, gene drive

resistance, or vector competence. Just as in more standard genotyping assays, in amplicon

sequencing, robust primer design is crucial, and therefore having a computational

framework to design primers will prove invaluable.

AgamPrimer is open-source and free to use, and we encourage suggestions and

contributions to the software. The package is available here

https://github.com/sanjaynagi/AgamPrimer and on the python package index (PyPi).
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4

Parallel evolution and adaptive
introgression in mosquito vectors – a
story of insecticide resistance
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4.1 Abstract

The primary control methods for the African malaria mosquito, Anopheles gambiae, are

based on insecticidal interventions. Emerging resistance to these compounds is therefore of

major concern to malaria control programmes. The recently introduced organophosphate,

pimiriphos-methyl, is widely used in indoor residual spray programmes and is essential to

combat widespread resistance present in malaria vectors. Here, we use a population

genomic approach to examine novel mechanisms of resistance to pirimiphos-methyl in

Anopheles gambiae s.l mosquitoes. In multiple cohorts, we find large and repeated signals

of selection at a locus containing a cluster of detoxification enzymes, some of whose

orthologs are known to confer resistance to organophosphates in Culex pipiens. Close

examination reveals a complex and diverse pattern of haplotypes under selection in An.

gambiae, An. coluzzii and An. arabiensis. As in Cx. pipiens, copy number variation seems to

play a role in the evolution of insecticide resistance at this locus. We use haplotype and

phylogenetic approaches to examine whether these signals arise from parallel evolution or

adaptive introgression. Finally, using whole-genome sequenced phenotyped samples, we

find that multiple haplotypes under selection are associated with resistance to

pirimiphos-methyl. Overall, we demonstrate a striking example of contemporary parallel

evolution which has important implications for malaria control programmes.

4.2 Introduction

The spread of organophosphate resistance in the common house mosquito, Culex pipiens,

is a textbook example of contemporary evolution in response to anthropogenic pressures

(Raymond et al., 1998). In this species, mutations around two alpha-esterases enhanced

the ability of the mosquito to detoxify and eliminate organophosphate (OP) insecticides

used in larviciding campaigns (Guillemaud et al., 1997). This locus was termed Ester, with

independent gene duplications and transposable element insertions at the Est2 and Est3

resulting in at least 16 distinct haplotypes across the mosquitoes’ worldwide range

(Raymond et al., 1996).
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Conversely, in the major malaria vector, Anopheles gambiae, resistance to

organophosphates is associated primarily with the Ace1 locus, the target of OP and

carbamate insecticides. At this locus, a complex combination of heterozygous gene

duplications and the Ace1-G119S non-synonymous mutation, confer varying levels of

resistance and fitness costs (Edi et al., 2014; Assogba et al., 2018; Grau-Bové et al., 2020).

Organophosphates are recommended by the WHO for use in indoor residual spraying (IRS)

campaigns as the formulation Actellic CS, and whilst resistance has been slow to develop,

it is emerging (Grau-Bové et al., 2020).

In this study, we investigate whether there is evidence for additional OP resistance

mechanisms in An. gambiae. Using data from the An. gambiae 1000 genomes project

(Miles et al., 2017; Clarkson et al., 2020), we found evidence of large, repeated signals of

selection at the locus orthologous to the Culex pipiens Ester locus. We integrate expression

data from studies across sub-Saharan Africa and perform an extensive haplotypic analysis

of this region, highlighting the Coeae1f and Coeae2f locus as being important for

insecticide resistance in malaria vectors. We find distinct, novel CNVs have arisen at this

locus in both An. gambiae and An. arabiensis and that putative adaptive haplotypes have

introgressed between An. gambiae and An. coluzzii. These data demonstrate the

importance of parallel evolution and introgression in the evolution of adaptively important

traits in insect disease vectors.

4.3 Results

4.3.1 A novel insecticide resistance locus

In the first phase of the Anopheles 1000 genomes project (Miles et al., 2017), a large signal

of selection was observed at a region, (≅28.5 Mb) on the 2L chromosomal arm. This signal

was found solely in populations of An. gambiae from West Africa, specifically in samples

from Burkina Faso, Ghana, Mali and Guinea. The signals of selection were very broad, with

haplotype homozygosity extending beyond one megabase, suggesting that selection at the

locus may have occurred relatively recently prior to sample collections.
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A closer examination of the region reveals a cluster of 7 putative detoxification genes

residing within 20 Kb of the suspected selection signal peak, including two

alpha-esterases, Coeae1f, and Coeae2f. These alpha-esterases sit in reverse orientation,

495 bases apart, and despite their recent shared ancestry, contain a varying number of

exons (Coeae1f- n=7; Coeae2f- n=4). At the amino acid level, sequence similarity is 50.93%

between the two genes. We performed reciprocal orthology searches, revealing that these

carboxylesterases are one-to-one orthologs with the Est3 (Coeae1f) and Est2 (Coeae2f)

carboxylesterases of Culex pipiens. This provided tentative evidence that the Coeae1f/2f

may be driving the signals of selection. Coeae1f shares 69.02% amino acid similarity with

Est3, and Coeae2f shares 63.84% amino acid similarity with Est2.

Two of the genes in the cluster (AGAP006222, AGAP006223) are

UDP-glucosyltransferases (UGTs), whilst the remaining three are annotated as aldehyde

oxidases. UGTs are known to be involved in the phase 2 detoxification of pyrethroids (Ismail

et al., 2013), and aldehyde oxidases have been associated with resistance to neonicotinoids

(Hemingway et al., 2000; Shi et al., 2009). Despite the evidence from Culex pipiens for the

alpha-esterases’ involvement in insecticide resistance, the close proximity of these other

detoxification genes made it difficult to confidently assign any gene as causal of the

selective sweep. In comparison, none of the downstream genes have an obvious link to

insecticide resistance based on their genome annotations.

To further elucidate the drivers of the selective sweeps we examined signals of selection

from whole genome sequencing data in a larger cohort of An. gambiae s.l from throughout

sub-Saharan Africa, collected between 2012 and 2018 (see methods for further details of

sample collections and sequencing). Given the existence of multiple segregating selective

sweeps in these populations we applied the H123 statistic calculated in 1200bp stepping

windows across the 2L chromosomal arm (Figure 1)(Garud et al., 2015). We find selection

signals at this locus across most of these populations (Figure 1), as well as at two

insecticide target sites (Vgsc and Gaba). The peak of the majority of the selection signals

was over the two alpha-esterases.

111

https://paperpile.com/c/4Li1yr/vuiw
https://paperpile.com/c/4Li1yr/vuiw
https://paperpile.com/c/4Li1yr/7tYb+jCm8
https://paperpile.com/c/4Li1yr/T3k6


Figure 1. Evidence for selection around the Coeae1f/2f locus. Upper: Genome-wide H123 selection
scans in cohorts from the Ag1000g show evidence of selection on the 2L chromosomal arm. WA=West
Africa, EA=East Africa. A diagram of the 2L chromosomal arm is shown, with banding reflecting gene
density, and black regions showing heterochromatin. The 2la inversion region is demarcated by dotted
lines. Lower: For each gene, the Log2 Fold change is displayed from RNA-Sequencing and microarray
studies performed into insecticide resistance from across sub-Saharan Africa. Each dot is a separate
differential expression comparison.

Insecticide resistance is often associated with Increased expression of

insecticide-detoxifying genes. To determine whether there was any evidence for

resistance-associated differential expression across genes flanking 25 Kb on either side of

Coeae1f, we integrated gene expression data from 55 microarray and RNA-Sequencing

experiments (Ingham et al., 2018). Figure 1 shows swarm plots of log2 fold changes
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coloured by species, from transcriptomic experiments in which an insecticide-resistant

strain of An. gambiae s.l was compared to a susceptible strain (see methods).

We hypothesised that detoxification genes contributing to insecticide resistance may show

evidence of over-expression, which could implicate them in a role in resistance at this locus.

Firstly, there is a clear difference in the patterns of expression for the detoxification gene

cluster (UGT222 to Coeae2f), and the genes downstream (up to AGAP006235). The detox

cluster clearly shows more occurrences of high fold changes, which may suggest an

involvement in resistance in these genes.

UGT222 is a glucosyl transferase that is consistently upregulated in populations of An.

coluzzii across Africa, and is speculated to be involved to some degree in phase 2

detoxification of insecticides (Ingham et al., 2018). In the other UGT, AGAP006223, we

observe both some highly positive and negative fold changes. The gene has very low

expression in RNA-Sequencing data, which may contribute to high variability in differential

expression. Additionally, the presence of a gene deletion (see CNV section), which is

polymorphic across many species and geographical regions could be contributing to the

extreme values seen here, if a resistant or susceptible strain used in comparison carried the

deletion. Two out of three aldehyde oxidases show little differential expression between

resistant and susceptible colonies. In An. coluzzii, AGAP006226 is heavily upregulated in

five transcriptomics experiments and so has a high mean expression, however, its

upregulation is not consistent across experiments. In An. gambiae, Coeae1f shows positive

mean fold changes in An. gambiae (2.72), An. coluzzii (1.71) and An. arabiensis (1.40). The

expression data is less convincing for Coeae2f, however, this gene is highly expressed at a

base level, and so could still contribute to the insecticide-resistant phenotype without large

fold changes.

4.3.2 Copy number variation

A common mechanism of metabolic resistance is copy number variation (Lucas et al., 2018).

Gene amplifications in An. gambiae have been associated with increased gene expression

and insecticide resistance (Njoroge et al., 2022). In Cx. pipiens, haplotypes at the ester

locus have spread around the world, and the majority of these haplotypes are associated
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with amplifications which cover one or both of the Coeae1f and Coeae2f orthologs

(Raymond et al., 1991).

Given the gene expression data and the presence of copy number variation at this locus in

Cx. pipiens, we speculated whether copy number variants might also exist in An. gambiae

s.l. In order to identify CNVs, we calculated the modal copy number at each gene in the

region and then computed the frequency of amplifications or deletions in the dataset. Table

1 shows a summary of the frequencies of CNVs at the locus. For this analysis, we split the

dataset into cohorts corresponding to a specific species, year of collection, and district in

each country.

In the arab_2012_Tanzania-26 cohort, a CNV which we term Dup2 can be observed,

spanning 10 genes, as well as another CNV in West African populations of An. gambiae,

which spans the two alpha-esterases Coeae1f and Coeae2f. A deletion in AGAP006223 is

polymorphic across species and across sub-Saharan Africa, which agrees with the results

from the gene expression meta-analysis, in which the most extreme negative values were

observed.

Table 1. Copy number variant frequencies at the Coeae1f locus. Frequencies refer to the
presence of an amplification within an individual mosquito. Genes with zero copy number variants
are not shown in the table. Coeae1f=AGAP006227, but is not labelled as its gene name is not
annotated in the Agam P4.12 PEST reference genome.

Figure 2 shows traces of coverage in 300bp windows and the CNV HMM prediction for two

example individuals from Ghana and Tanzania, respectively. Both CNVs cover the two

carboxylesterases Coeae1f and Coeae2f, and the CNV in Ghana and Togo only covers these
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two genes - also amplifying a truncated version of a putative aldehyde oxidase,

AGAP0006226. Interestingly, gene amplifications at this locus in Cx. pipiens have also

been reported to contain a partial copy of an aldehyde oxidase (Buss et al., 2004). No other

CNVs were noted covering detoxification genes at the locus.

Figure 2. Example coverage traces for Dup1 (upper, An. gambiae female collected in Obuasi,
Ghana) and Dup2 (lower, An. arabiensis female from Moshi, Tanzania). Dots show coverage as
calculated in 300 Bp stepping windows, and the line represents the HMM prediction of copy
number state described in (Lucas et al., 2019).

4.3.3 Haplotype clustering of the Coeae1f locus

To identify haplotype clusters that have been driven to appreciable frequency, we

performed hierarchical clustering on haplotypes from the An. gambiae s.l dataset. Figure 3

shows the results of this clustering, aligned with metadata from the individual which

contributed the haplotype, such as sample country, and whether a haplotype’s parent

individual harbours at least one CNV at this locus. Based on the evidence from orthology

and copy number variation, we also plot non-synonymous mutations in the Coeae1f and

Coeae2f genes. We extracted 4862 haplotypes from 2431 individual mosquitoes, and

calculated the number of SNP differences in this ~5kb region, using a cut-off of 1 SNP to

separate clusters. We then used a minimum threshold of 70 haplotypes in order to

designate a cluster as swept, any smaller clusters or non-clustered haplotypes were
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designated as wild-type. We manually selected these values to ensure haplotype clusters

which exhibited little within-cluster variation and to avoid spurious small clusters which

may be linked to demographic events. To confirm that the observed haplotype clusters are

due to selection as opposed to population demography (which would impact the entire

chromosome) we examined regions 2 Mb up and downstream and did not observe large

clusters of haplotypes as seen in Figure 3, indicating that the haplotype clusters at this

locus are indeed due to selection.

Figure 3. Haplotype clustering over the Coeae1f and Coeae2f region and amino acid variation.
Each column is a haplotype ordered by the dendrogram with hierarchical clustering, with a
distance metric of hamming distance (converted to distance in SNPs) and single linkage. The
coloured rectangles represent haplotype clusters that are <=1 allele different over this region and
are indicative of a selective sweep. CNVs; A CNV is strongly associated with a sweep found in An.
gambiae (C4, navy), and another one less tightly associated with a sweep in Tanzanian An.
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arabiensis (C1, teal).

Cutting the dendrogram at 1 SNP over the 5kb window, we detect six distinct selective

sweeps in the dataset. Table 2 describes the haplotype clusters in the dataset. The colour

for each haplotype cluster was chosen according to the predominant species - greens for

An. arabiensis, blues for An. gambiae and reds for An. coluzzii, and are used throughout the

study.

Table 2. A description of each haplotype cluster detected, ordered by predominant species and
cluster size.

Figure 4 shows two maps of the sample collection sites in our dataset, and the frequency of

each haplotype cluster. The C1 sweep is found only in An. arabiensis in east Africa,

whereas the other five clusters are found primarily in West Africa. In the first phase of

Ag1000G collections ranging from 2012-2014, the C3 sweep was the predominant

haplotype cluster. Other haplotype clusters are only at appreciable frequency in later years

of sampling, however, the lack of real longitudinal data from single sites makes it difficult to

infer that haplotypes have increased in frequency.
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Figure 4. Maps of sample locations and cluster frequencies. A: West Africa B: Tanzania. The size of the pie is
proportional to the sample size (bottom right legend), and the proportion of the pie corresponds to the haplotype
frequency. The species composition of each cohort is shown with stacked bar plots adjacent to pie charts.
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The haplotype clustering provides evidence of adaptive gene flow. According to haplotype

clustering, the C5 cluster shows strong evidence of adaptive gene flow between species.

Although 463 haplotypes out of 529 in this cluster are from individuals which are assigned

as An. coluzzii, 62 are assigned as An. gambiae, with 4 putative hybrids. Given it consists

primarily of An. coluzzii individuals, the directionality of introgression is likely to be An.

coluzzii -> An. gambiae, though further analyses are required to confirm this finding.

Interestingly, the C2 and C3 clusters also contain one An. coluzzii haplotype and the C6

cluster contains one An. gambiae haplotype. The apparent frequency of haplotype sharing

between species observed here is striking and may be commonplace in regions of the

genome under intense selection like the Coeae1f/2f locus. Interestingly, we also observe

more hybrid individuals in the clusters which have evidence of introgression than without,

although given the low numbers of hybrids our resolution may be low.

The C6, C1 and C3 sweeps are only found on the background of the 2La inversion

polymorphism. Whilst this inversion is fixed in An. arabiensis, it is polymorphic in An.

gambiae and An. coluzzii which may restrict the spread of the sweep, as recombination is

suppressed between 2La heterozygotes, although limited recombination can occur as

previously evidenced (Grau-bové et al., 2019). Moreover, the Coeae1f/2f locus is towards

the centre of the inversion (8.02Mb from the beginning of the breakpoint, and 13.62Mb

from the end), which makes inter-karyotypic introgression more likely than if close to the

endpoints (Cheng et al., 2012). The hierarchical clustering resolves to two clades

corresponding to 2L+a and 2La haplotypes. This would be expected given that the

inversion predates the split between An. gambiae and An. coluzzii (Ayala et al., 2011), and

therefore population structure in the region of the inversion is driven by inversion karyotype,

rather than species (Miles et al., 2017).

To confirm the above patterns of introgression, we perform a phylogenetic analysis of

haplotypes, described in Appendix A. By accounting for molecular evolution, phylogenetic

analysis should be more robust than hierarchical clustering of haplotypes. We confirm the

signals of inter-species introgression, and also find some evidence for the exchange of

haplotypes between the 2L+a and 2La karyotypes in the C3 cluster.
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With haplotype clusters resolved, we examined the association of CNVs with these

clusters. From the clustering analyses, it looks as though the An. arabiensis C1 sweep is

only weakly associated with the presence of a CNV, in comparison with the An. gambiae C4

sweep, in which most haplotypes seem to be associated with a CNV. To examine this in

more detail, Figure 5 shows the copy number of the Coeae1f and Coeae2f genes, plotted

against the number of haplotypes an individual has in the C1 and C4 clusters, respectively.

In agreement with the results from haplotype clustering, the C4 cluster and Dup1 show a

strong correlation, indicating the sweep and duplication are closely linked. In contrast, the

correlation of the C1 cluster and Dup2 is weak, and so many haplotypes which fall into the

C1 cluster are not associated with a CNV.

Figure 5. The C1 and C4 haplotypes are associated with CNV alleles. Plots show for each
individual the number of haplotypes in each haplotype cluster and the Coeae1f/2f copy number.
Left: Dup1 and cluster C4. C4 is closely associated with a CNV, termed Dup1, which exists at a
variable copy number. Right: Dup2 and cluster C1. C1 is weakly associated with a CNV, Dup2,
which only exists as one extra copy. Points are jitted to avoid overlapping data.

We re-examined the coverage traces for the example An. gambiae female from Obuasi,

Ghana, which is positive for Dup1 (Figure 2). The modal copy number in this individual is

five, and the individual is heterozygous for the C4 sweep, suggesting that Dup1 can exist as

a four-copy amplification. In agreement with this observation, the highest copy number we

observe in this dataset is eight, in two individuals homozygous for the C4 sweep. The lower

plot of Figure 2 shows an An. arabiensis female from Moshi, Tanzania, with the larger Dup2
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CNV outlined. In figure 5, we only observe Dup2-positive individuals with either one or two

extra copies, suggesting that it only exists as a duplication.

As the Dup2 copy number variant segregates in the C1 haplotype cluster, we also

examined patterns of extended haplotype homozygosity within the cluster, grouping

haplotypes by whether or not the parent individual of each haplotype was positive for at

least one Dup2 copy (Appendix B1). If we were to phase Dup2, this would provide greater

power, however, Dup2 is present at variable copy numbers which makes phasing

challenging. We found that C1 haplotypes which were not associated with Dup2, had

faster rates of haplotype homozygosity decay, reflecting the fact that Dup2 must have

arisen on the C1 haplotypic background, and therefore less time has passed to break down

the haplotypes.

4.3.4 Amino acid variation

The six identified selective sweeps could be driven by amino-acid alterations that affect

detoxification efficiency, or CNVs and other cis-regulatory mutations that affect the

expression of proximal genes. As a first step to identifying potential causal mutations in

each selective sweep, we calculated allele frequencies at biallelic non-synonymous sites in

the dataset overall and in each haplotype cluster. Figure 2 visualises non-synonymous

variation in Coeae1f/2f across all haplotypes in the dataset, with the six haplotype clusters

highlighted.

In Coeae2f, R86K is almost fixed across all samples, and Coeae1f-A228V and

Coeae1f-L530Q are almost fixed in 2La haplotypes, therefore we will not discuss them

below. The C1 cluster - which consists solely of An. arabiensis haplotypes - contains few

distinguishing amino acid mutations, but does carry the E28V and R173H mutations in

Coeae1f. In Coeae2f, C1 carries A176T. The largest sweep in terms of cohort size, C2, has

no biallelic amino acid mutations in Coeae1f but does carry the Coeae2f-S357N allele,

which is rarely found outside of this cluster. The C3 sweep contains a mutation

Coeae1f-E477V, which is again rare on haplotypes outside of this cluster, and the mutation

serves as a tagging SNP, found by the haplotype tagging SNP algorithms (section 4.3.9).
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The C4 and C5 clusters carry no distinguishing biallelic mutations in Coeae1f or in Coeae2f,

whereas C6 carry Coeae1f-E28V and Coeae1f-R173H in Coeae1f.

From these mutations, the E477V mutation in the C3 cluster and the S357N mutation in the

large C2 cluster are candidates for a possible causal role in selection. This is due to the fact

that both variants are otherwise rare, and visualisation of an in silico protein model of

Coeae1f (PEST) indicates that they are in regions of the enzyme which are in close

proximity to the active site.

We also produced haplotype clustering plots for each detoxification gene in the Coeae1f/2f

region (Appendix C). Though we do not describe polymorphisms in these genes in detail, it

remains possible that mutations in or near these genes could instead be driving the

selective sweeps, rather than Coeae1f or Coeae2f. This is probably more likely in selective

sweeps involving An. coluzzii, as the UGT222 gene in particular often shows substantial

over-expression in this species (Figure 1).

4.3.5 The haplotype clusters are under positive selection

To investigate the degree of positive selection acting on the detected haplotype clusters,

we analysed extended haplotype homozygosity (EHH) (Sabeti et al., 2002). Haplotypes

which contain a beneficial allele and spread through a population will be shared across

many individuals. Due to the speed at which the haplotypes spread to an appreciable

frequency, there will not be time for recombination to break the haplotypes down. This

means that around the focal region, within a haplotype cluster, haplotype homozygosity

will be elevated, and this elevation will decay the further we move away from the focal

region. We defined a focal point in the intergenic region between Coeae1f and Coeae2f and

extended the region 50kb in either direction (100kb window). We selected a large window

size as the H12 signals at this locus are broad. We used the six haplotype clusters we

identified in the haplotype clustering analysis.

Throughout the study we define wild-type as any haplotype that did not fall into one of the

six haplotype clusters, however, for EHH analysis we further defined three wild-type

cohorts within this group. Using a wild-type cohort which contains a mixture of species and
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geographical regions would bias the EHH analysis, as we would expect haplotype

homozygosity decay to be extreme in a highly diverse group of haplotypes. We, therefore,

selected three control populations consisting of wild-type haplotypes that belonged to

either Tanzanian An. arabiensis from 2015, Burkinabe An. coluzzii from 2014, or Guinean

An. gambiae from 2012.

Compared to the three wild-type populations, all six haplotype clusters displayed

extremely elevated levels of haplotype homozygosity, which combined with their

appreciable frequencies in the dataset, suggests positive selection acting on these

haplotypes (Figure 6). The difference between wild-type groups and the six haplotype

clusters is stark. However, we have not yet formally tested for significance by calculating

the length of shared haplotypes and deriving confidence intervals.

Figure 6. Positive selection of haplotype clusters. Extended haplotype homozygosity, moving
50kb on either side of the focal intergenic region between Coeae1f and Coeae2f. Three wild-type
cohorts were selected from Tanzania (An. arabiensis), Burkina Faso (An. coluzzii), and Guinea (An.
gambiae).
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4.3.6 The Coeae1f/Coeae2f locus is associated with resistance to Pirimiphos-methyl

Given evidence that the six haplotype clusters are under positive selection, we

hypothesised that they may confer resistance to insecticides used in vector control.

Pirimiphos-methyl is the active ingredient in Actellic-300CS, an organophosphate used

widely in indoor residual spraying (IRS) programmes. Resistance to the compound has been

slow to arise, and the Ace1 locus remains the only validated resistance marker (Grau-Bové

et al., 2020). The pyrethroid Deltamethrin is the most widely used insecticide in

long-lasting insecticide-treated nets (LLINs), and due to the ubiquitous use of pyrethroids,

resistance has spread through sub-Saharan Africa.

To determine which insecticides the sweep may confer resistance to, we took the subset of

samples from our cohorts which were phenotyped by WHO tube assays to either

Pirimiphos-methyl or Deltamethrin, prior to sample collection. This amounted to 973

individuals, all either An. gambiae or An. coluzzii collected from 2017-18 in West Africa.

Figure 7 shows the odds ratios, confidence intervals and sample sizes from the binomial

GLM. We found significant associations between the C2 (OR=1.30, 1.02-1.64), C3 (OR=2,

1.23-3.26), and C5 (OR=1.53, 1.08-2.14) haplotypes with Pirimiphos-methyl survivorship,

and between the C3 haplotype and Deltamethrin survivorship (OR=1.58, 1.04-2.4).

The C1 cluster of An. arabiensis, was not represented in this subset of phenotyped data,

and C4 and C6 had low sample sizes. Despite not reaching significance, C4 (in which some

haplotypes carry Dup1) did have positive odds ratios for both insecticides (Delta OR=1.46,

0.7-2.9, PM OR=1.67, 0.88-3.16).
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Figure 7. Haplotype association tests using a binomial GLM. Odds rations and confidence
intervals are plotted for each haplotype cluster for Deltamethrin and Pirimiphos-methyl, along
with the sample size for each cluster. The C2, C3 and C5 haplotypes are all associated with
resistance to pirimiphos-methyl. C3 is also associated with resistance to Deltamethrin.

4.3.7 Coeae1f/2f are regulated by the transcription factor Maf-S

Although there are a large number of non-synonymous mutations found in the haplotype

clusters, it is unclear whether these are driving the sweeps, or whether there are as yet

unidentified factors, such as insertions or deletions at the locus that may affect gene

expression or metabolism. COEAE1F and COEAE2F are controlled by the MAF-S

transcription factor, demonstrated by downregulations of each gene during a MAF-S

knockout (Ingham et al., 2017).

We extracted motifs from the JASPAR database and used BioPython to search for CnC

binding sites in the region under selection. We detected CnC binding sites in the Coeae1f,

Coeae2f and AGAP006225 genes. Further work to examine SNP variation at these sites is

ongoing.

Interestingly, an independent selective sweep is occurring on chromosome 2R, at 40.95Mb,

in the same populations, but also in a couple of West African An. coluzzii populations. The

most likely target of this sweep is KEAP1 (Harding et al., unpublished) a gene which forms

a complex with MAF-S, and is therefore instrumental in the pathway.
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4.3.8 Haplotype tagging SNPs

In order to track the selected haplotype clusters in time and space, we identified haplotype

tagging SNPs, using machine learning approaches. We applied a decision tree (CART),

random forest and lasso regression (Appendix D), implemented in scikit-learn. Results were

highly similar for all models and so we report only the CART results. In order to reduce the

number of haplotype tags, we ran an initial iteration of each model, retaining only

informative markers. With this reduced marker set, we then performed recursive feature

elimination with cross-validation (RFECV), repeatedly training the models, whilst removing

one marker from the model in each iteration until only one haplotype tag remained,

measuring recall and precision at each iteration (Appendix D1). Accuracy for every model is

greater than 0.986 using a maximum of two haplotype tagging SNPs. We then use the

python package AgamPrimer to design sets of primers to target each haplotype tag.

AgamPrimer allows users to design primers and probes in An. gambiae, whilst considering

genetic variation in the Ag1000g in primer binding sites (Nagi et al., 2023). We have also

developed a Locked Nucleic acid qPCR probe assay to detect the E477V mutation, which is

a tagging SNP for the C3 cluster (Appendix E).

4.3.9 The locusPocus workflow

We designed a snakemake workflow to reproduce and implement a subset of the above

analyses, allowing users to perform targeted analysis of specific regions of the An. gambiae

s.l genome, including haplotype clustering, multi-allele phasing and indel calling. The

workflow has been designed according to Snakemake best practices and uses the package

manager Conda to automatically install all required software. It is located here:

https://github.com/sanjaynagi/locusPocus.

4.4 Discussion

In the common house mosquito, Culex pipiens, the ester locus, orthologous to the

Coeae1f/2f locus, is a textbook example of contemporary anthropogenic selection. Through

exposure to toxic organophosphate insecticides, at least 16 haplotypes spread throughout

the range of the mosquito, competing with each other and providing varying combinations
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of insecticide resistance and fitness cost. Many of these haplotypes are associated with

gene amplifications around the two alpha-esterases.

In this study, we used haplotype data from 2431 individual mosquitoes to demonstrate

parallel evolution at the orthologous locus in malaria mosquitoes. Intense selection is

acting upon the locus in An. gambiae, An. coluzzii, and An. arabiensis, with multiple

haplotypes rising to high frequencies, some of which contain CNVs. We demonstrate that

some of these haplotypes are also associated with resistance to organophosphates. As

with Dup1 and Dup2 in An. gambiae s.l, there is one gene amplification in Culex pipiens

which covers both alpha esterases and a partial copy of the neighbouring aldehyde oxidase

gene, and another which covers the alpha-esterases and the aldehyde oxidase.

As well as evidence of parallel evolution, the study also provides important information for

malaria control programmes. We reveal a novel locus in An. gambiae which contributes to

resistance to the organophosphate pirimiphos-methyl. Pirimiphos methyl, formulated as

Actellic CS 500, is widely used in indoor residual spraying (IRS) campaigns throughout

sub-Saharan Africa. Prior to this study, only one locus in An. gambiae s.l had been

associated with resistance to this compound - Ace1, which is also the target site of

organophosphate and carbamate insecticides. Unlike LLINs which still provide a physical

barrier and so protect even against insecticide-resistant vectors, IRS is arguably more prone

to resistance-mediated failure. An example of this is in Kwazulu-Natal, where

pyrethroid-resistant An. funestus caused a malaria outbreak after a change in IRS product

from DDT to pyrethroids (Maharaj et al., 2005) or more recently, from recent IRS campaigns

in Uganda (Epstein et al., 2022). It is therefore even more important to detect emerging

mechanisms of resistance early, so that insecticide resistance management (IRM) practices

can be employed, such as rotating out the insecticide. With new IRS formulations such as

clothianidin, broflanilide and chlorfenapyr on the market, this is more feasible now than

ever.

Despite the analyses conducted in this study, it is still not clear which causal genes and

mutations selection is acting upon. Given the evidence from Culex pipiens, and the fact that

three of the haplotype clusters here are also protective against an organophosphate, we

127

https://paperpile.com/c/4Li1yr/MiEt
https://paperpile.com/c/4Li1yr/7Yv2


may expect that the alpha-esterases, Coeae1f and Coeae2f, are driving the selective

sweeps. The presence of CNVs that span the two genes also adds weight to this

hypothesis, as well as favourable expression evidence, particularly for Coeae1f. However,

the other genes at the locus may also be important. In particular, AGAP006222, a UGT, is

one of the most frequently overexpressed when comparing resistant An. gambiae s.l strains

to susceptible strains, particularly in An. coluzzii (Ingham et al., 2018). The AGAP006223

and AGAP006224 genes are generally very lowly expressed in RNA-Sequencing data, with

AGAP006223 often deleted entirely, so it is unlikely that these genes are important for

resistance. AGAP006226 does show some favourable expression evidence in An. coluzzii.

The Dup2 duplication includes AGAP006226, whereas Dup1 causes a partial copy of this

gene, which we assume to be non-functional.

Another limitation of the study is that we do not identify the causal mutation in any of the

haplotype clusters. Finding and validating putative causal mutations is generally arduous,

and this becomes prohibitive when as in our case, we are analysing multiple distinct

selective sweeps. Although we highlight amino acid mutations and copy number variation,

a limitation of the study is that we do not identify small indels or larger insertions which

could well be driving the sweeps. In previous work, insertions containing transposable

elements have been found at the ester locus in Culex pipiens, the CYP6aa locus in An.

gambiae, and the Cyp6p9a/b locus in An. funestus (Buss et al., 2004; Weedall et al., 2020;

Njoroge et al., 2022). For the purpose of surveillance, however, the information on causal

genes and mutations could be considered superfluous - the priority is that we know which

insecticides each haplotype cluster is protective against, and that we can identify the

haplotype clusters.

It will be important to track these haplotypes in future studies to determine and validate

their function. The CART, random forest and lasso algorithms used to find haplotype

tagging SNPs, were highly effective at distinguishing between haplotype clusters using

only one or two haplotype tagging SNPs (Appendix D1). The combination of haplotype tag

SNP selection and AgamPrimer may prove useful when designing amplicon sequencing

panels to track the spread of resistance haplotypes.
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Most of the methods presented here are packaged into a snakemake workflow, which

allows users to reproduce our analysis, and apply the methods to other regions of the An.

gambiae s.l genome. In addition, for the python-based analyses, rather than python scripts,

we use Jupyter notebooks which are parameterised by Papermill. Papermill is a tool which

allows users to run a whole Jupyter notebook but pass parameters through from the

command line (for example, we may want to pass the genomic region through as a

parameter). This is not possible with standard Jupyter notebooks. The benefit of this is that

users can then extract specific notebooks from the snakemake workflow, and run these

interactively on their own data, rather than having to run the snakemake workflow itself.

4.5 Methods

4.5.1 Data collection

We used a subset of whole genome sequence variation data from phase 3 of the

Anopheles 1000 genomes project and a recent GWAS in West Africa (Clarkson et al., 2020;

Lucas et al., 2023). The data contained 2431 individual Anopheles mosquitoes, of which

there were 1142 An. gambiae, 1041 An. coluzzii, 228 An. arabiensis, 11 of a cryptic taxon

termed gcx3, and 9 hybrid An. gambiae / An. coluzzii individuals. Specimens were all

collected between 2013 and 2018. Sample provenance and methods for genome

sequencing and analysis are described elsewhere (Clarkson et al., 2020; Lucas et al., 2023).

4.5.2 Genome-wide selection scans

We first performed genome-wide selection scans with the H123 statistic (Garud et al.,

2015). This statistic captures the haplotype frequency spectrum of the three highest

frequency haplotype clusters and is particularly powerful to detect soft selective sweeps, or

where there are multiple distinct haplotype clusters at the same locus.

We first extracted phased biallelic haplotypes from the 2431 individual mosquitoes and

split the populations into cohorts of West African (WA) An. coluzzii, WA An. gambiae, East

African (EA) An. gambiae and EA An. arabiensis. We further split the WA cohorts into early

(2012-2014) and later collections (2017-2018). We then took a random sample of 200
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haplotypes from each cohort and used scikit-allel v1.3.5 to compute H123 in 1200 SNP

sliding windows with a step size of 600 SNPs.

4.5.3 Gene expression data

We integrated gene expression data from multiple sources to help identify genes putatively

involved in insecticide resistance. First, we used data from a meta-analysis of microarray

studies, which compare resistant to susceptible populations of An. gambiae s.l (Ingham et

al., 2018). We then integrated a further 24 differential expression comparisons of

RNA-Sequencing data (Thesis Appendix A), in which raw read counts were normalised and

differential expression analysis performed using DESeq2 (Love et al., 2014).

4.5.4 Haplotype clustering

We extracted phased biallelic haplotypes from the start of the Coeae1f gene

(2L:28,545,396) to the end of Coeae2f (2L:28,550,748), and clustered the haplotypes with

single-linkage hierarchical clustering, as implemented in Scipy. We use hamming distance

as the distance metric between haplotypes, which we multiply by the total number of SNPs

in the genomic window to convert to the number of SNP differences. We then determined

which non-synonymous variants were present on each haplotype and plotted this data

alongside the CNV status, population and taxon of the individual to whom the haplotype

belongs.

4.5.5 Phylogenetic analysis of haplotypes

We extracted genomic alignments of SNPs in the phased biallelic haplotype data, from four

regions around the Coeae1f/2f locus, with the following coordinates: 1) The focal region

(2L:28,545,767 ± 10,000 kb, 6819 variants) 2) the downstream region (2L:30,545,767 ±

10,000 kb, 5131 variants) 3) the upstream region (2L:26,545,767 ± 10,000 kb, 4359

variants). To ease the interpretation of the resulting phylogenetic trees, we restricted the

analysis to haplotypes from individuals that were homozygous for either the 2La inversion

or the standard (2L+a) arrangement, as calculated from karyotype tagging SNPs (Love et
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al., 2019). In addition to the aforementioned populations, we included sequence data from

An. melas, An. merus, and An. quaddrianulatus as outgroups.

We then used IQ-TREE v2.2.0 to compute maximum-likelihood phylogenies for each

genomic alignment (Nguyen et al., 2015). The best-fitting nucleotide substitution model for

each alignment was chosen according to the ModelFinder algorithm (Kalyaanamoorthy et

al., 2017). We calculated branch statistical supports using the UF bootstrap procedure

(Minh et al., 2013; Hoang et al., 2018) and refined the tree for up to 10,000 iterations until

convergence was achieved. Trees were visualised in R using the Ape 5.6 library (Paradis et

al., 2018), and each phylogeny was midpoint-rooted with phytools 1.0.3 (Revell, 2011).

4.5.6 Positive selection in haplotype clusters

For each cluster of selected haplotypes, and the remaining haplotypes which we designate

as wild-type, we analysed signals of positive selection by calculating extended haplotype

homozygosity (EHH) moving away from the focal locus (2L:28548072) for 50 kb on either

flank (using the ehh_decay function in scikit-allel). We used three wild-type cohorts as

control groups - these were haplotypes that were not part of the C1-C6 haplotype clusters

and consisted of An. gambiae haplotypes from Guinea collected in 2012, An. coluzzii

haplotypes from Burkina Faso in 2014, and An. arabiensis from Tanzania, collected in 2015.

4.5.7 Haplotype association tests

Using phased haplotypes from 973 phenotyped individuals from West Africa (Lucas et al.

2023) we performed haplotype association tests. These individuals were phenotypes

against either Pirimiphos-methyl or Deltamethrin, using WHO tube bioassays (World

Health Organization, 2016). These insecticides are widely used in malaria vector control.

We first assigned haplotype clusters to individual haplotypes, and performed haplotype

association tests with a single binomial GLM, with each cluster as a predictor variable and

phenotype (dead or alive) as the response variable.

131

https://paperpile.com/c/4Li1yr/KNPk
https://paperpile.com/c/4Li1yr/f3xo
https://paperpile.com/c/4Li1yr/Q0o7
https://paperpile.com/c/4Li1yr/Q0o7
https://paperpile.com/c/4Li1yr/61hE+188X
https://paperpile.com/c/4Li1yr/zq4j
https://paperpile.com/c/4Li1yr/zq4j
https://paperpile.com/c/4Li1yr/dkSC
https://paperpile.com/c/gzu8yD/IZds
https://paperpile.com/c/gzu8yD/IZds
https://paperpile.com/c/4Li1yr/P3lg
https://paperpile.com/c/4Li1yr/P3lg


4.5.8 Haplotype tagging SNPs

We used the scikit-learn v1.0.2 implementations of a decision tree classifier, a random

forest classifier and a penalised logistic regression (L1 penalty; lasso) classifier, to predict

haplotype cluster membership from integrated phased biallelic and multiallelic SNP

markers in the Coeae1f/2f region. We ran the first iteration of each model, in order to

ascertain informative markers. We then subset the input data to this informative marker set

and re-ran the models, performing recursive feature elimination with cross-validation

(RFECV), wherein we removed one SNP at a time from the model whilst measuring recall

and precision, until only 1 SNP remains. This allows us to determine an optimal number of

feasible haplotype tagging SNPs, to use in future research.

4.5.9 Code availability

LocusPocus is available here https://github.com/sanjaynagi/locusPocus. All other code for

this chapter are stored here https://github.com/sanjaynagi/PhD_thesis_code/coeae1f.
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4.7 Appendix

4.7.1 Appendix A - Phylogenetic analysis

To examine the relationships between haplotypes whilst accounting for molecular evolution

we performed a phylogenetic analysis of haplotypes at three loci around Coaeae1f and

Coeae2f. We selected a 10kb window, focused on the intergenic region between the two

genes, and also two loci 2Mb upstream and downstream from this focal locus. To ease the

interpretation of the resulting phylogeny, we excluded all haplotypes in which the parent

individual was heterozygous for the 2La inversion. The 2La inversion cannot be reliably

phased (due to switch errors on the haplotypes themselves), and so labelling heterozygotes

on the phylogeny can obscure signals.

As with the haplotype clustering, two main clades are revealed by the phylogeny,

corresponding to haplotypes with either the 2La or 2L+a inversion allele. This is expected

as population structure in this genomic region is driven by karyotype and not species (Miles

et al., 2017), due to the inversion predating the radiation of the An. gambiae complex

(Fontaine et al., 2015). Figure A1 shows a phylogeny of all haplotypes in the data, coloured

by species, haplotype cluster and karyotype. As with haplotype clustering, An. arabiensis

haplotypes reside in the 2La clade. The six detected selective sweeps are scattered

throughout the phylogeny, with no obvious pattern or clustering.

One interesting note, observed both in haplotype clustering and in the phylogenies, is that

An. gambiae and An. coluzzii haplotypes seem to be more intermixed in the 2La clade, as

opposed to the 2L+a clade, in which branches are more distinct for each species. It is not

clear why this is the case, though it could be related to varying levels of hybridisation in

coastal West Africa where 2L+a dominates, compared to the Sahel, in which 2La is

predominant. This is particularly notable in the upstream and downstream region

(Appendix A2). We can see that in the downstream and upstream regions, as we move

away from the focal locus, haplotype clusters no longer cluster together, as recombination

has broken the haplotypes down.
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We also observe evidence of recombination between karyotypes. In the right-hand plot of

Figure A1, multiple 2l+a haplotypes (as determined by tagging SNPs mostly at either end

of the inversion) are found in the opposing clade, and vice versa. There is one An. gambiae

haplotype in cluster C3 that is assigned a 2La karyotype, but contains the C3 sweep which

is only found in 2l+a haplotypes.

Figure A1. Phylogenetic tree of the Coeae1f/Coeae2f region. Left: coloured by species,
blue=gambiae, red=coluzzii, teal=arabiensis. Middle: coloured by haplotype cluster. Right:
coloured by karyotype, gold=2l+a, dark=2La. Nodes are coloured by species - gambiae = red,
coluzzii = blue, arabiensis = teal. Multiple sweeps can be observed (lines of nodes next to each
other) - we have set a minimum distance between neighbouring nodes so that they do not fully
overlap. Dark-coloured points are the outgroups; An. melas, An. merus, and An. quaddrianulatus.
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2L:26,545,657 +- 10kb 2L:30,545,657 +- 10kb

Coloured by species Coloured by species

Coloured by karyotype Coloured by karyotype

Coloured by haplotype cluster Coloured by haplotype cluster

Figure A2-A7. Haplotype phylogenies of the downstream (2L:26,545,657 +- 10kb)
and upstream (2L:30,545,657 +- 10kb) regions to the Coeae1f locus.
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4.7.2 Appendix B - Cluster C1 and Dup2 EHH

Figure B1. Positive selection of haplotypes in the C1 cluster, split by CNV status. Extended
haplotype homozygosity, moving 50kb on either side of the focal intergenic region between
Coeae1f and Coeae2f.

4.7.3 Appendix C - Haplotype clustering and amino acid variation
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Figure C1. Haplotype cluster plot for AGAP006222-RA.
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Figure C2. Haplotype cluster plot for AGAP006223-RA
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Figure C3. Haplotype cluster plot for AGAP006224-RA.
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Figure C4. Haplotype cluster plot for AGAP006225-RA.
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Figure C5. Haplotype cluster plot for AGAP006226-RA.
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4.7.4 Appendix D - Haplotype tagging SNPs

Figure D1. Results from classification and regression tree (CART). The plots show
recursive feature elimination with cross-validation, for each haplotype cluster. The
accuracy of the model is plotted against the number of SNPs used in the model.
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Table D1. The topmost important SNPs for distinguishing clusters, where we request the
algorithm to give us a maximum of 2 SNPs.
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4.7.5 Appendix E - LNA probes

Table E1. Information on a qPCR LNA probe to target and track the C3 haplotype.

Name 5’ Fluorophore Sequence 3’ Quencher

E477V 2F CAACACTGCCGCCAACATTC

E477V 2R
GACGATGCAAACGCTGGTAA

E477 – WT HEX A+CAA+C+T+CG+A+CC IBFQ

477V – C3 6-FAM A+A+CAA+C+A+CG+ACCT IBFQ
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5
A population genomic analysis of
Anopheles gambiae from Obuasi, Ghana

This chapter is in the format introduction-results/discussion-conclusion-methods as it will
be worked on further for submission to Molecular Biology & Evolution.

148



5.1 Abstract
Although great progress has been made in reducing the burden of malaria, progress may

be stalling, likely in part due to insecticide resistance. In Ghana, An. gambiae s.l mosquitoes

have been documented as highly resistant to pyrethroid insecticides, with emergent

resistance to other classes. Monitoring the frequency and spread of insecticide resistance

alleles and their spatial heterogeneity is important for malaria control programmes, and the

spread of resistance alleles in An. gambiae s.l will depend strongly on population structure.

We present a descriptive population genomic analysis of micro-spatial population structure

and the genomic basis of resistance from whole-genome sequences of 485 An. gambiae s.l

mosquitoes from Obuasi, central Ghana. We detect isolation-by-distance in An. coluzzii at a

high spatial resolution, and find that geographic distance, rather than environment, drives

patterns of isolation-by-distance. We elucidate the continued evolution of the target of

pyrethroid insecticides, the Voltage-gated sodium channel, and demonstrate remarkable

numbers of haplotypes under selection at other loci important for insecticide resistance. We

also present Probe, a snakemake workflow which can perform a subset of the population

genomic analyses herein on data from VCF files or directly from Ag1000G samples using

malariagen_data.

5.2 Introduction

Evidence suggests insecticide resistance (IR) may be compromising the efficacy of malaria

control interventions (Kafy et al., 2017; Epstein et al., 2022). Repeated and ubiquitous

exposure to toxic chemicals has led to rapid adaptation in mosquito vectors, allowing them

to survive substantially higher doses (Oumbouke et al., 2020). In Ghana, An. gambiae s.l

have been documented to be highly resistant to insecticides, including in Obuasi

specifically (Pwalia et al., 2019; Hamid-Adiamoh et al., 2020; Mugenzi et al., 2022; Lucas et

al., 2023).

Although certain resistance alleles, such as Kdr, have spread across much of sub-Saharan

Africa (Clarkson et al., 2021), many other mechanisms of resistance seem to remain

localised to specific areas (Williams, Ingham, et al., 2022). This may result from patterns of
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insecticide usage in the direct environment, providing hotspots of selection pressure (Tepa

et al., 2022). It could also arise from micro-spatial population structure, with minor barriers

to gene flow in which only alleles with large enough selective advantage can cross, or the

process may be stochastic in nature. Understanding these processes is important for the

prospect of targeted vector control, where interventions can be concentrated in hotspots of

malaria transmission (Stresman et al., 2019).

The utility of genomic surveillance has enabled researchers to study the genomic basis of

insecticide resistance in recent years (Miles et al., 2017; Lucas et al., 2019; Ag1000G, 2020;

Clarkson et al., 2021; Grau-Bové et al., 2021; Lucas et al., 2023). The spread of alleles

involved in insecticide resistance in the major malaria vector An. gambiae is of major

relevance to public health (WHO, 2012). This spread of alleles will depend on multiple

factors, including the selective advantage of the allele, its dominance and genetic structure

in the vector population (Labbé et al., 2007). The selective advantage will depend on the

protective effect conferred against insecticides, as well as any inherent fitness costs, and

the degree of insecticide exposure in the mosquito's environment (Wood et al., 1983;

Hawkins et al., 2019).

The majority of these genomic studies, however, have taken place over extremely large

spatial scales, often continent-wide, leaving researchers unable to explore questions on

micro-spatial scales (Ag1000G, 2020). They have also been performed without predefined

sampling frameworks - sampling sites have been selected for their convenience and

familiarity, rather than any informed design. In 2019, Sedda et al. developed a sampling

framework for the surveillance of malaria mosquitoes, which incorporates ecological data to

optimise the accuracy of abundance estimates (Sedda et al., 2019). Using

ecologically-informed sampling frameworks may allow us to understand the contribution of

the environment on genotype distributions with greater resolution. Understanding these

processes is also central to the use of CRISPR-based gene drives, that either replace or

suppress the vector population (Kyrou et al., 2018; Dhole et al., 2020). By calculating

kinship between sampled individuals, it is possible to estimate dispersal and migration
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parameters in the population, as has been done in other mosquito species (Bravington et

al., 2016; Filipović et al., 2020; Schmidt et al., 2022).

The ecologically-informed sampling framework developed by Sedda et al. (2019) combines

a regular lattice with random points as close pairs, in order to maximise spatial coverage,

the representativeness of ecological zones and vector spatial autocorrelation. In this

framework, 70% of sampling points are in a lattice, with the remaining 30% of points

randomly allocated as close-pairs. In order to ensure ecological representativeness, each

ecological stratum must contain a number of sampling sites proportional to the stratum

size.

In this study, we collect An. gambiae s.l mosquitoes using this ecologically-informed

sampling framework in a 70km2 region around Obuasi in central Ghana. We perform a

population genomic analysis using whole-genome sequencing of 485 An. gambiae

mosquitoes, investigating relatedness and population structure at ultra-fine spatial scales.

We explore the genomics of insecticide resistance and report allele and haplotype

frequencies of known insecticide resistance loci, detecting signals of selection and

examples of adaptive introgression.

5.3 Results / Discussion

5.3.1 Sample collections

Mosquitoes were collected from Obuasi, central Ghana. Obuasi is located in the southern

Ashanti region, and is known for substantial mining activities; the Obuasi gold mine is one

of the largest underground gold mines in the world and has been in use since the

seventeenth century (Fougerouse et al., 2017). Mining activities are a mixture of large

mines run by multinational corporations or artisanal and small-scale miners (ASM). ASM

mines and quarries have been reported to create Anopheles breeding sites (Ferring et al.,

2019).
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To inform sampling design, the spatially explicit sampling framework described earlier was

implemented, stratifying regions based on ecological variation to provide a more

representative sample of the vector population (Sedda et al., 2019). Mosquitoes were

collected indoors using CDC light traps from four houses in each sample site.

5.3.2 Mapping samples

A total of 485 An. coluzzii (n=422) and An. gambiae s.s. (n-63) samples were

whole-genome sequenced to a target coverage of 30X. No An. arabiensis or cryptic species

were detected in the data. Reads were aligned to the AgamP4 reference genome and

analysed as previously described (Ag1000G, 2020). We discovered a total of 43,730,731

segregating SNPs in the dataset across all chromosomes. SNPs were high-confidence,

passing all quality filters as previously described (Ag1000G, 2020). The dataset also

consists of phased biallelic haplotypes. Figure 1 shows a map of the Obuasi region, with

sample collection sites, the relative proportion of An. gambiae s.s and An. coluzzii shown,

and whether ASM mines are present at the site.
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Figure 1. Ecological classification of the Obuasi district and a map of the sampling
locations. A) Adapted from (Sedda et al., 2019). The bottom left plot shows sampling
locations and the ecological classification based on quadratic discriminant analysis. The
dark green (class=20 is described as ‘Forest’. The Purple (class=65) is described as a
‘mixture of Urban, Tundra, Wetland, Water bodies and Grassland’. Bottom right displays
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uncertainty in the ecological classifications of the model. Uncertainty is measured as the
sum of the probabilities that a point belongs to any of the other classes. B) Map of
whole-genome sequenced samples. Pie charts illustrate the relative proportion of An.
coluzzii and An. gambiae s.s. The size of the circles indicates the sample size. Gold circles
indicate whether one or more informal ASM gold mines are located nearby the sampling
location.

5.3.3 Population structure

We performed principal components analysis (PCA) on a region of the 3L chromosomal arm

between 15 Mb and 44 Mb, selected to avoid chromosomal inversions, regions of low

recombination and regions with known selective sweeps. Figure 2 displays the PCAs for

both An. gambiae s.s and An. coluzzii samples combined. As expected there is clear

segregation by species, with PC1 capturing variation that distinguishes the two species,

and PC2 capturing variation within An. gambiae s.s. We can also observe two outliers

assigned as An. gambiae s.s. We also perform PCA for both species in isolation (Appendix

A). Figure A1A shows An. coluzzii, in which two pairs of outliers appear distinct from the

other individuals. Interestingly, each pair of outliers were sampled from the same village.

Removal of these four outliers (Figure A1B) results in four new samples being pulled out by

the PCA as outliers, which previously clustered with the rest of the An. coluzzii individuals.

This indicated to us that there was little population structure in the data.
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Figure 2. Principal components analysis on genotype data from the 3L chromosomal
arm, 15 Mb - 44 Mb. 100,000 SNPs were randomly selected from this region.

In An. gambiae, we observed a similar pattern (Appendix A, Figure A1C), with two outlying

samples. However, the removal of these two samples resulted in a PCA which was much

more clearly without structure (Figure A1D). Overall, the principal components analysis

suggests that there is little variation within An. coluzzii or An. gambiae s.s, in agreement

with earlier findings that this region of West Africa is relatively homogeneous (Ag1000G,

2020).

The observation that the outliers of the PCAs came in pairs and that each time they

originated from the same village, led us to speculate that perhaps these pairs were related

in some way. Sampling mosquitoes at fine-spatial scales allow us to potentially detect kin

between sites which is important to avoid confounding in population and statistical

genetics, and may be useful to study dispersal (Hoffman, 2013; Schmidt et al., 2022).

To estimate relatedness, we used NgsRelate (Korneliussen et al., 2015) to calculate the

KING-robust statistic (Manichaikul et al., 2010) from biallelic SNP markers across the

whole-genome for every pair of individual mosquitoes in the dataset. To evaluate how

chromosomal inversions affect the sibship inference, chromosomal inversions were also

scored with a modified version of compkaryo (Love et al., 2019). Appendix B shows

karyotype frequencies for each sample site in Obuasi for the 2La and 2Rb inversions.
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Figure 3. Pairwise relatedness (KING-robust) between samples plotted against
geographic distance in kilometres. Points are coloured depending on the thresholds
advised by the KING authors. Pairwise relatedness is calculated using NgsRelate on
biallelic SNPs across the whole genome. 1st Degree kin equate to full sibling or
parent-child relationships, 2nd Degree is aunt, uncle, grandparent, grandchild, niece,
nephew, or half-sibling relationship.

Figure 3 shows the results of the kinship analysis. Three clusters of KING-robust values can

be observed which interestingly, relate to the pairwise 2La karyotype concordance. The

negative values centering around -0.1 correspond to comparisons in which both individuals

were homozygous but for alternative 2La inversion karyotypes, the cluster centred around 0

is primarily pairwise comparisons between homozygotes and heterozygotes, and the cluster

at ≈0.075 are pairwise comparisons with identical 2La karyotypes (Appendix C). According

to the thresholds set by the authors (Manichaikul et al., 2010), almost all intra-karyotypic

comparisons are defined as 3rd-degree relatives, regardless of physical distance. This

suggests that the KING estimator may have limited resolution at lower degrees of

relatedness, at least when inversions are present in the data. It is possible that the unusual

patterns of linkage caused by the 2La inversion are confounding the KING analysis. The 2Rb
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inversion is at much lower frequencies in Obuasi (Appendix A) and is also significantly

smaller than 2La, and so does not drive these KING values. In An. gambiae s.l, it seems that

inversions may have a substantial impact on kinship inference using KING, and inversion

regions should be excluded when calculating kinship. At the time of writing, this work is

ongoing.

Two 1st degree siblings relationships were, however, detected in the data (Figure 3). The

two An. coluzzii individuals with the highest KING value (0.314) were designated as full

siblings and were sampled from Odumto, but were caught in different houses,

approximately 111m away from each other. We explored genome-wide patterns of

differentiation between the putative siblings to investigate genome-wide inheritance in

detail. Figure 5 shows Fst between these two individuals, calculated in 10,000bp stepping

windows across the genome. Three levels of Fst can be observed, depending on whether

siblings inherited zero, one, or both of the same segments of chromosomes from their

parents at any given position. Fst on the X chromosome is -1, indicating that both individuals

received the only paternal X chromosome, and the same maternal X chromosome. Between

these two individuals, there is also a negative signal at the 2La inversion (Chromosome 2:

~80-100 Mb), suggesting, and confirmed by in silico karyotyping that these individuals

have identical inversion karyotypes (both 2La heterozygotes).

Figure 4. Plots of Hudson’s Fst across the genome of two individuals designated as full
siblings as per the KING statistic (WA-2361, WA-2363, Female An. coluzzii collected
in Odumto, in separate houses 111m apart). Fst was calculated in 10,000 bp stepping
windows.
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The other pair of full siblings were also An. coluzzii, caught in Annorkrom, however, in this

case both individuals were captured in the same household. A second-degree relationship

was also found between two An. gambiae s.s samples, caught in New Edubiase, 156m

apart from each other (Fst plots; Appendix D3).

We also produced Fst plots for the outliers in the PCAs (Figure 2, Figure A1A).

Genome-wide Fst data between the An. gambiae outliers in Appendix A1C are shown in

Appendix D1. In the An. coluzzii PCA, one set of outliers are actually the 1st-degree

siblings with the highest KING value. Genome-wide Fst for the other pair (WA-2014 &

WA-2009) is shown in Appendix D3. They look related based on the number of

recombination breakpoints, but are homozygous but different for the 2La inversion,

resulting in a KING value of only 0.03 (classed as ‘Unrelated’).

Using the previously published (Zheng et al., 1996) estimates of the per-base

recombination rate in An. gambiae of 10-8bp-1, we calculated the expected number of

recombination events per generation for chromosome 2. After 1000 simulations, the mean

for this value was 1.14 recombination events (95% CIs: 0.00-3.15) with 30.4% of

generations having 0 recombination events. This number of crossover events is slightly less

than observed in humans, which is 2-3 events per chromosome (Alberts et al., 2002),

although most human chromosomes are much larger than An. gambiae chromosomes. An.

gambiae and other mosquitoes also only have 3 chromosomes compared to humans (n=23

pairs). It is therefore likely that by chance, pairs of An. gambiae siblings will have much

higher variance in their actual genetic relatedness than human siblings. For example, we

expect human siblings to be identical-by-descent across ~50% of their genome, but in An.

gambiae it could be considerably lower or higher than this value, and siblings could in some

cases appear more like genetic cousins, or closer to genetic twins. This is likely to make

kinship inference challenging in An. gambiae, and may mean that we should use some form

of kinship likelihood rather than a single prediction of kinship category, particularly in future

statistical methods relating to dispersal.
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To investigate population structure further, we calculated genetic diversity metrics from the

high-quality genotypes. Specifically, we only used SNP sites at fourfold degenerate codons;

SNPs in coding regions of the genome, in which any base change does not modify the

resulting codon. These sites were selected as they should be under little to no selection

and so are highly reflective of neutral evolution (Perna et al., 1995). As we had many more

An. coluzzii samples spread over a larger region, we split the An. coluzzii samples into two

cohorts corresponding to Ashanti district and central Obuasi district.

Figure 5. Genetic diversity estimates for An. gambiae s.s. and An. coluzzii from
Obuasi, Ghana. The X-axes show Nucleotide diversity, Y-axes shows estimates of
Watterson’s Theta. An. coluzzii samples have been split into two cohorts, based on
administrative boundaries.

Figure 5 shows estimates of Nucleotide diversity and Watterson’s theta in both species

present. Although patterns of Nucleotide diversity were not significantly different with

overlapping confidence intervals between species, values of Watterson's theta were

significantly lower in An. coluzzii than An. gambiae s.s. It is not clear why this is the case.
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5.3.4 Isolation by distance

Isolation-by-distance (IBD) is an important parameter in population genetics, describing the

tendency for organisms closer in space to be more similar to each other, due to

geographically limited dispersal (Wright, 1943). In West Africa, earlier studies have found

different rates of IBD when comparing An. gambiae s.s or An. coluzzii, between the two

species (Ag1000G, 2020), with An. coluzzii displaying stronger isolation-by-distance,

suggesting reduced dispersal. Although we could not compare between species due to

limited sample sizes in An. gambiae s.s, we performed an analysis of isolation-by-distance

in An. coluzzii, at a much finer scale than has been previously attempted. We calculated

Hudson’s Fst between individuals from each sampling site (Figure 6). Fst was generally low,

as was expected from the proximity of sampling locations.
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Figure 6. Pairwise Fst between sampling locations of An. coluzzii. The one An.
gambiae s.s sampling site with sufficient numbers was excluded to allow better
discrimination in the colour range of An. coluzzii study sites. Sites are ordered
alphabetically.

Using the pairwise Fst estimates between sample sites, we plotted linearised Fst against the

geographic distance between sites (Figure 7), and fitted a regression line as in the method

of Rousset (Rousset, 1997). We initially excluded sampling locations with less than 10

mosquitoes, which resulted in 13 sampling locations in total. We observe a positive and

significant slope of the regression line (p=0.0063), suggesting that genetic differentiation

does increase with geographic distance in our dataset.
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Figure 7. Isolation-by-distance. Genetic distance between each sample site in the form
of linearised Hudson’s Fst (Y-axes) plotted against the log of geographic distance in
Kilometres (X-axes). A linear regression line with 95% confidence intervals is displayed.
Genetic distance is significantly associated with geographic distance.

Whilst IBD has been observed between An. gambiae s.l, populations before, given the

micro-spatial sampling regime which covered only 70km2, it is novel and surprising to be

able to detect isolation by distance within this dataset. To determine the minimum sample

size per site when estimating isolation-by-distance, we re-ran the analysis whilst altering

the minimum threshold for samples per location to be included. We found that when

including sites with less than five mosquitoes, Fst estimation was too variable, introducing

large amounts of noise into the analysis (Appendix D).

As another measure of population structure, we identified doubleton (⨏2) variants, alleles

which are only found twice in the dataset and are thought to be indicative of recent

mutational events as they have not yet had chance to drift to appreciable frequencies

(Mathieson et al., 2014). It was shown by Matheison and McVean that these loci provide a

powerful means of detecting fine-scale population structure. As with Fst, we found a

significant association with the number of shared doubletons between two individuals and
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with geographic distance (p=4.5e-120). We also find that the individuals with the highest

number of shared doubletons also tend to be siblings (Appendix D).

To investigate any effect of environment on isolation-by-distance, we also gathered 13

ecological variables which were used to inform the sampling design (Sedda et al., 2019),

(eg. vegetation and land cover, elevation, temperature and precipitation). We removed

correlated ecological variables, and calculated an overall “ecological distance” between

each sample sites, using euclidean distance. We then performed partial mantel tests on the

distance, ecological distance variable and Fst matrices, to test for associations between two

variables whilst controlling for a third (Manel et al., 2003). When we tested for associations

between geographic distance and Fst whilst controlling for ecology, the result was

significant (p=0.018). However, the reverse was not true - ecological distance did not have

a significant effect on genetic distance when controlling for geographic distance (p=0.839),

suggesting that geographic distance drives differentiation at this scale, rather than isolation

by environment. The distribution of ASM mines to the east of Obuasi precluded any

investigation into the impact of ASM gold mining on population structure or insecticide

resistance.

5.3.5 The genomics of insecticide resistance

Given the high intensities of insecticide resistance in Ghana (Mugenzi et al., 2022), we then

investigated known insecticide resistance alleles and examined signatures of selection

across the genome. Figure 8 shows allele frequencies of variants associated with

insecticide resistance, in each sampling location that contained more than 10 individuals.

Overall, sampling sites show little variation in allele frequencies in An. coluzzii, with only

the single An. gambiae s.s population from New Edubiase clearly distinct.
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Figure 8. Allele frequencies of variants associated with insecticide resistance by
location. Variants were selected from the literature. Only locations with more than 10
individuals are displayed. Blank cells indicate a frequency of zero.

In An. coluzzii, the Vgsc-995F mutation remains at high frequencies ranging between 76%

and 94%. At each site, the remaining non-L995F alleles correspond to the V402L and

I1527T haplotype. Recent data has shown that the 1527T haplotype is increasing in

frequency and geographic range (Clarkson et al., 2021; Williams, Cowlishaw, et al., 2022),

with a recent transcriptomic study recording the haplotype at frequencies exceeding 50%

as far east as Chad and Niger (Ibrahim et al., 2022). Suggesting that the haplotype first

found in Guinea, Burkina Faso, and Ghana, has already spread across the range of An.
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coluzzii. An. gambiae s.s remains fixed for L995F haplotypes (Clarkson et al., 2021).

Between An. gambiae s.s and An. coluzzii, we can also observe distinct patterns of the

secondary mutations occurring with L995F. In An. coluzzii, R254K, T791M, P1874S and

I1940T are all found at low to moderate frequencies. These alleles are known to have

arisen on the background of L995F haplotypes and may increase the resistance level or

reduce fitness costs associated with resistance. In An. gambiae s.s, however, the secondary

mutations are T791M, N1570Y, A1746S, V1853I, I1868T, and P1874L. The Rdl-A296G

allele, which confers resistance to dieldrin, is also found at every sample site. Ace-1-G280S

is found at very low rates in An. coluzzii, with a higher frequency in the An. gambiae s.s

cohort from New Edubiase, in agreement with previous work in Ghana (Grau-Bové et al.,

2021). We also detect the Gste2-114T mutation at moderate frequencies in An. coluzzii

and Gste2-119V at high frequencies in An. gambiae s.s.

We also calculated frequencies of amplifications or deletions (copy number variants) over

insecticide resistance genes (Figure 9). In general, we observe high frequencies of Cyp9K1

CNVs in An. gambiae s.s but low frequencies of Cyp6aa/P CNVs. The opposite pattern is

observed in An. coluzzii. Interestingly, in An. gambiae s.s we observe a much higher

prevalence of Ace1 amplifications (60%) than the Ace1-280S mutation (28%). It is known

that CNVs pair wild-type with resistance 280S alleles, and this difference in G280S

frequency may highlight how genotyping with a diploid model can become inaccurate as

copy number increases.
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Figure 9. CNV frequencies in the Obuasi cohorts at major insecticide resistance loci.
amp=amplification, del=deletion. CNVs were detected using a HMM on read depth
(coverage) in 300 bp windows (Lucas, et al., 2019).

We performed haplotype-based genome-wide selection scans in both An. gambiae s.s and

An. coluzzii separately. We used the H12 statistic (Garud, Messer, et al., 2015; Garud and

Rosenberg, 2015), and applied it in 1000bp stepping windows across each chromosome. In

Figure 10, H12 values almost reaching 1 can be seen at the Vgsc (3 Mb) on 2L in both

species, with An. gambiae s.s also harbouring signals at Rdl and Coeae1f. In both species,
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we observe signals at the CYP6aa/P region (28.5 Mb) and at KEAP1 (40.5 Mb) on the 2R

chromosomal arm. On the 3R chromosomal arm, the Gste2 locus has high values of H12 in

both species. This is also true for the Cyp9K1 locus on the X chromosome (15 Mb),

however, CNVs are only at high frequency in An. gambiae s.s at Cyp9K1, suggesting that

other mechanisms must be driving selective sweeps at this locus in An. coluzzii.

Figure 10. H12 genome-wide selection scan on An. gambiae and An. coluzzii 2L
chromosomal arm in 1000 bp steppings windows. H12 captures the frequency of the
two most frequent haplotypes under selection.

A complementary approach using an Fst genome-wide selection scan using a window size

of 2000 SNPs (Appendix H) replicated the signals at the Gste2 locus at 28.5 MB on 3R, and

at the CYP9K1 locus (Chromosome X: 15 Mb).

In the An. gambiae species complex, adaptive gene flow is well-documented with

insecticide resistance alleles passing between species (Clarkson et al., 2014; Grau-Bové et

al., 2020; 2021). To investigate adaptive gene flow between An. gambiae s.s and An.

coluzzii, we performed genome-wide scans with the H1X statistic (Miles, 2021). This
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statistic calculates the probability that any two haplotypes sampled between two

populations are identical, and is useful to identify haplotypes that have introgressed

between species and that are also at moderate to high frequencies. We calculate H1X over

each chromosomal arm (Appendix I). Figure 11 shows data for the 2L chromosomal arm

where most signals were found.

Figure 11. H1X scan across the 2L chromosomal arm, comparing An. gambiae and An.
coluzzii. H1X was calculated in 1000bp stepping windows. The H1X statistic reflects the
probability that two haplotypes sampled at random between two populations will be
identical.

A large H1X signal can be noted near the centromere of the 2L chromosomal arm. The

target of pyrethroid insecticides, the Vgsc, is located in this region. It has been shown

previously in populations from Ghana that a resistant haplotype introgressed from An.

gambiae s.s to An. coluzzii, and subsequently spread to high frequencies (Clarkson et al.,

2014), so this result is expected. We can also note some smaller signals of introgression

around 25 Mb (Rdl GABA-gated chloride receptor). Again, this is a site of known

introgression events (Grau-Bové et al., 2020), with two haplotypes arising via hard

selective sweeps and spreading from An. gambiae s.s and An. arabiensis to An. coluzzii.

Lastly, a small signal can be noted at 28.5 Mb - this is the site of the Coeae1f/2f genes, the

focus of chapter 4, in which I also demonstrate haplotype sharing between An. gambiae s.s

and An. coluzzii. A small H1X signal was also noted at approximately 9 Mb into the X

chromosome (Appendix H4). No other H1X signals were observed on other chromosomal

arms.
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Although genome-wide selection scans are useful to detect genomic regions under

selection, they generally give little to no information on the nature of selection at that locus.

For example, we may not know how many independent selective sweeps are present, what

the haplotype frequency distribution looks like, or if any of those sweeps have spread

between species or other metadata. To explore these questions, we can focus specifically

on the locus, and hierarchically cluster haplotypes to identify groups of highly similar

haplotypes. When large groups of haplotypes are highly similar, this is likely indicative of a

selective sweep - all haplotypes in a cluster contain a beneficial mutation which has caused

the haplotype to spread. To further explore the number and breadth of selective sweeps at

known insecticide resistance loci, I implemented an interactive haplotype clustering method

in the malariagen_data python package, and used it to perform hierarchical clustering on

the Obuasi haplotype data at major resistance loci. In Figures 12 to 15, dendrograms are

shown which display the distance in number of SNPs (Y-axis) between individual

haplotypes (X-axis). Dendrogram leaves are coloured by the species assignment of the

individual that bears the haplotype.
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Figure 12. Hierarchical haplotype clustering at the Voltage-gated sodium channel
(Vgsc). Biallelic, non-synonymous variants with a frequency greater than 5% are shown
on each haplotype. Hamming distance and single linkage were used for hierarchical
clustering. The figure was generated with the locusPocus workflow.

Haplotype clustering at the Vgsc (Figure 12), results in two overall clusters, with no

wild-type haplotypes outside of these two clusters. The smaller cluster contains only

individuals assigned as An. coluzzii, whereas the larger cluster contains a mixture of An.

coluzzii and An. gambiae s.s haplotypes. Biallelic non-synonymous variants are shown

below the dendrogram leaves. The small An. coluzzii corresponds to the 402L/1527T

haplotype (402L not shown as it is a multiallelic site), and the large mixed species cluster

corresponds to 995F-bearing haplotypes. A plethora of secondary mutations can be seen to

have arisen on the 995F haplotypic background.
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Figure 13. Haplotype clustering at Ace-1. The figure was generated with
malariagen_data. Haplotype leaves are coloured by taxon. Hierarchical clustering was
performed with single linkage and hamming distance.

At Ace-1, we observe mostly wild-type haplotypes, as evident from the large distance in

SNPs between most pairwise haplotypes (Figure 13). There are however, at least two small

clusters of haplotypes which appear to be under selection, and may correspond to the

Ace1-G280S mutation, which confers resistance to organophosphates (Grau-Bové et al.,

2021).

Figure 14. Haplotype clustering at the CYP6aa/P locus. The figure was generated with
malariagen_data. Haplotype leaves are coloured by taxon. Hierarchical clustering was
performed with single linkage and hamming distance.
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At the Cyp6aa/P locus, we can clearly observe multiple independent selective sweeps

(Figure 14). One of these sweeps is shared between An. gambiae s.s and An. coluzzii. The

number of independent sweeps at this locus is a clear illustrations of the complexity of

insecticide resistance. In the H12 scans for An. coluzzii, the signal at the Cyp6aa/P locus is

relatively small (Appendix F1). The haplotype clustering dendrogram for this locus then

highlights a scenario in which H12 actually has relatively low power. We can observe that

most haplotypes are part of a cluster, i.e most haplotypes are likely to be under selection.

However, the H12 statistic only emphasises the two most frequent haplotypes, meaning if

there is a 3rd or 4th (and so on) haplotype cluster of appreciable frequency, it will not

contribute to the H12 value. An ideal selection statistic would capture information across

the whole haplotype frequency spectrum.

Figure 15. Haplotype clustering at CYP9K1. The figure was generated with
malariagen_data. Haplotype leaves are coloured by taxon. Hierarchical clustering was
performed with single linkage and hamming distance.

We also explore clustering at the CYP9K1 locus on the X chromosome (Figure 15). In

accordance with the extremely high genetic differentiation seen at 15 Mb in Fst plots of the

X chromosome (Appendix C), we find that both An. gambiae s.s and An. coluzzii harbour

independent selective sweeps at this locus, which are not shared. The lack of haplotype

sharing at this locus could be related to the fact that the X may be more resistant to

introgression than the autosomes (Fontaine et al., 2015).
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5.4 Conclusion

In this study, we investigated population structure and the genomics of insecticide

resistance in populations of An. gambiae s.s and An. coluzzii from Obuasi, Ghana. We were

able to detect fine-scale isolation-by-distance in An. coluzzii, which was primarily driven by

physical distance at this scale rather than the environment. We observe continued evolution

of the Voltage-gated sodium channel, with secondary mutations spreading on the

background of the 995F allele, and the 402L/1527T haplotype spreading in An. coluzzii.

We find contrasting patterns of copy number variation in the An. gambiae and An. coluzzii

at the CYP6aa and CYP9K1 locus. We found evidence of a high prevalence of haplotypes

under selection, with the Cyp6aa/P locus in particularly displaying an extremely high

number of haplotypes seemingly under selection. We find further evidence of haplotype

sharing between IR loci between An. gambiae s.s and An. coluzzii.

Ideally, it might be more informative to see the context of these analyses against the wider

Ghanaian and West African regions, however, given the known lack of population structure,

it is unclear what extra information this would add to the already published studies (Miles

et al., 2017; Ag1000G, 2020). It will also be necessary to omit the 2La inversion from the

relatedness calculations. This work is ongoing. it will be important to assess how well we

can determine close kin in Anopheles mosquitoes for future research. In chapter 6, we

discuss ways in which the KING statistic could be evaluated.

5.4.1 Probe

Many of the analyses conducted here may be conducted using a snakemake workflow,

Probe, both directly on Ag1000G data via integration of malariagen_data, or on a

user-provided VCF file, meaning that other species may be analysed. I recently used the

workflow to calculate relatedness for a genome-wide association study (Lucas et al., 2023).

The workflow is located at https://github.com/sanjaynagi/probe. The analyses include

calculating a number of relatedness statistics with NgsRelate, principal components

analysis, and Garud’s G and H selection statistics. This workflow is no longer being
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developed or maintained, however, as I believe for population genomic analyses such as in

this chapter, a better approach is to use interactive notebooks (particularly as it helps users

learn). The workflow is still useful for calculating relatedness, however, as this requires

complex writing of Variant Call Format (VCF) from Zarr files, and command line tools which

are cumbersome to run in a notebook environment.

5.5 Methods

5.5.1 Sample collection and sequencing

Samples were collected in Obuasi district with CDC light traps, using an

ecologically-informed sampling framework (Sedda et al., 2019). Collections took place from

October to December 2018. Mosquitoes were stored in ethanol prior to Illumina 150bp

paired-end whole-genome sequencing. Sequencing was performed to a target coverage of

30X and bioinformatic analysis was performed as described previously using a GATK-based

workflow (Ag1000G, 2020). Copy number variants were called as described elsewhere

(Lucas et al., 2019).

5.5.2 Population genetic analysis

All population genomic analyses were performed in python with scikit-allel version 1.2.1

and malariagen_data version 7.0.1 unless explicitly stated otherwise. Only fourfold

degenerate SNP sites were used to calculate genetic diversity metrics. PCAs were

performed on chromosome 3L, using markers between 15 MB and 44 Mb, to avoid regions

of low recombination and known chromosomal inversions. NgsRelate (Korneliussen et al.,

2015) was used to calculate kinship on biallelic genotypes from across the whole-genome.

Linear regression was used to test for isolation-by-distance through Fst and the number of

shared doubletons. H12, H1X scans and haplotype clustering were performed on phased

haplotype data. H12 and H1X were both calculated in 1000bp stepping windows, whereas

windows for haplotype clustering varied depending on the locus. For haplotype clustering,

the Scipy implementation of hierarchical clustering was performed, with single linkage and

hamming distance converted to the total number of SNP differences as the distance metric

between clusters.
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5.5.3 Code availability

The probe workflow is located here github.com/sanjaynagi/probe. All other code for this
chapter are stored here https://github.com/sanjaynagi/PhD_thesis_code/obuasi.
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5.6 Appendix

5.6.1 Appendix A

Figure A1. Principal components analysis on chromosomal arm 3L, 15 Mb - 44
Mb. A) An. coluzzii, B) An. coluzzii after removal of outliers C) An. gambiae D) An.
gambiae after removal of outliers.
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5.6.2 Appendix B

Figure B1) Inversion frequencies of 2La and 2Rb as estimated by compkaryo.
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5.6.3 Appendix C

Figure C1. Difference in karyotype between pairwise comparisons with KING
value > 0.05

Figure C2. Difference in karyotype between pairwise comparisons with KING
value < 0.05
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5.6.4 Appendix D

Figure D1. Plots of Hudson’s Fst across the genome between two An. gambiae
individuals that were outliers in the An. gambiae PCA Figure A1C. WA-2224 v WA
2421. Fst was calculated in 10,000 bp stepping windows.

Figure D2. Plots of Hudson’s Fst across the genome between two samples that are
outliers in the An. coluzzii PCA Fig A1A and have the fourth most shared doubletons.
WA-2014 v WA-2009 Fst. These samples have the 4th most shared doubletons. They
look related but are homozygous but different for the 2La inversion, so the KING value is
only 0.039. Fst was calculated in 10,000 bp stepping windows.
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Figure D3. Plots of Hudson’s Fst across the genome between two An. coluzzii
individuals that had the second highest KING value (0.18). WA-2088 v WA 2285. Fst

was calculated in 10,000 bp stepping windows.
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5.6.5 Appendix E

Figure E1. Fst vs geographic distance, with a minimum of five samples per site.

Figure E2. Fst vs geographic distance, with a minimum of three samples per site.
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Figure E3. Fst vs geographic distance, with a minimum of two samples per site.
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5.6.6 Appendix F

Figure F1. The number of doubletons vs geographic distance between individual
samples.
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5.6.7 Appendix G

Figure G1. H12 genome-wide selection scan on An. coluzzii, contig 2R

Figure G2. H12 genome-wide selection scan on An. coluzzii, contig 3R

Figure G3. H12 genome-wide selection scan on An. coluzzii, contig 3L
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Figure G4. H12 genome-wide selection scan on An. coluzzii, contig X

Figure G5. H12 genome-wide selection scan on An. gambiae, contig 2R

Figure G6. H12 genome-wide selection scan on An. gambiae, contig 3R
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Figure G7. H12 genome-wide selection scan on An. gambiae, contig 3L

Figure G8. H12 genome-wide selection scan on An. gambiae, contig X
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5.6.8 Appendix H

Figure H1. Fst genome-wide selection scan on chromosome 2R comparing An.
gambiae to An. coluzzii

Figure H2. Fst genome-wide selection scan on chromosome 2L comparing An.
gambiae to An. coluzzii

Figure H3. Fst genome-wide selection scan on chromosome 3R comparing An.
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gambiae to An. coluzzii

Figure H4. Fst genome-wide selection scan on chromosome 3L comparing An.
gambiae to An. coluzzii

Figure H5. Fst genome-wide selection scan on chromosome X comparing An.
gambiae to An. coluzzii
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5.6.9 Appendix I

Figure I1. H1X genome-wide scan for shared selective sweeps on contig 2R
between An. gambiae and An. coluzzii.

Figure I2. H1X genome-wide scan for shared selective sweeps on contig 3L
between An. gambiae and An. coluzzii.

Figure I3. H1X genome-wide scan for shared selective sweeps on contig 3R
between An. gambiae and An. coluzzii.
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Figure I4. H1X genome-wide scan for shared selective sweeps on contig X
between An. gambiae and An. coluzzii.
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6

Discussion

The utility of next-generation sequencing (NGS) has led to a proliferation in the scale of

sequencing in the biological sciences (Shendure et al., 2017). Scientists have applied NGS

to answer a diverse of scientific questions relating to the health of human populations, the

ecology and evolution of species, and conservation (Levy et al., 2016). Both individual

research groups and large-scale international partnerships, such as the Anopheles 1000

genomes project, are generating masses of open, high-quality genomic data (Ag1000G,

2020). Analysing genomic datasets at such a scale, however, brings with it its own

challenges, especially in a field where bioinformatics capacity is lacking. In this thesis, I

make use of open data derived from next-generation sequencing technologies and develop

software tools which may aid researchers to make sense of it all, in a manner which is both

reproducible and scalable. I focus primarily on the problem of insecticide resistance - a

phenomenon which is both a prime example of contemporary evolution in the face of

anthropogenic pressures and also highly relevant to public health.

6.1 Recapitulation and future work

6.1.2 RNA-Seq-Pop

In this chapter, we wanted to perform RNA-Sequencing on a pyrethroid-resistant strain of

An. gambiae collected during a recent large-scale PBO bed-net study in Uganda. These

transcriptomic studies are regularly performed in the field of insecticide resistance, and so I

thought it would be helpful to develop a reproducible computational pipeline, which we

can then apply to other datasets. RNA-Seq-Pop can perform substantial quality control

and differential expression analyses typical to most RNA-Sequencing studies, however, its

major advantage is its analysis of single nucleotide polymorphisms (SNPs). The workflow
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can call SNPs from the transcriptome data, and perform population genomic analyses,

such as calculating measures of diversity and selection statistics. In An. gambiae,

RNA-Seq-Pop users may determine the frequency of common chromosomal inversions,

and estimate ancestry across the genome.

In an ideal world, transcriptomic studies for gene expression purposes would be

accompanied by whole-genome sequencing. In practice, however, only one published

study has done so in An. gambiae (Ingham, Tennessen, et al., 2021); generally,

transcriptomic studies are designed to have no matching WGS data. By using

RNA-Seq-Pop, we can actually characterise our transcriptomic samples thoroughly,

helping to bridge the gap between transcriptomic and genomic studies.

When we estimate population genetic summary statistics from RNA-Seq data, it will

absolutely introduce error as compared to whole-genome sequencing, for reasons

mentioned in Chapter 2. When thinking about genetic differentiation (Fst) for example, in

RNA-Seq-Pop, we will be capturing more than just genetic differences between two

conditions. Allele-specific expression will bias the allele frequencies compared to

whole-genome sequencing, as will the presence of RNA-editing. However, both of these

phenomena contribute to the phenotype of the organism, and one could argue, is it not

useful to capture these processes in a statistic when we wish to contrast between

phenotypes? Could the Fst captured by RNA-Seq-Pop be more phenotypically relevant than

that of whole-genome sequencing? It may not necessarily be the case, but an interesting

thought nonetheless.

In our context, RNA-Seq-Pop can extend the utility of RNA-Seq itself. For example, the

genome of Aedes aegypti is over 1 Gb, meaning the cost of whole-genome sequencing is

high, compared to An. gambiae (278 Mb), which may have contributed to the Aedes 1200

genomes project decision to perform low-coverage sequencing. RNA-Seq on the other

hand, is broadly equivalent in price between the two species, as the overall number of

expressed genes is similar. Utilising the sequence data in RNA-Seq maybe even more

important in species with larger genomes. Although I initially developed RNA-Seq-Pop to
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analyse the transcriptomes of disease vectors, the workflow is generalised to be capable

of analysing any organism of any ploidy. I envisage that it could be of use to researchers in

most biological systems, particularly where samples are taken from the wild.

RNA-Seq-Pop is comprehensive, however, there is still functionality that could be added. I

would like to extend the ancestry and karyotyping modules to other major vector species,

such as An. funestus, Ae. aegypti and Cx. Pipiens. Large-scale genome projects are

ongoing for all of these vectors, which should provide the means to locate ancestry

informative markers or karyotype tagging SNPs where appropriate (not all of these species

are part of species complexes).

The documentation for RNA-Seq-Pop is now adequate, however, further work could be

done to develop this into a short training course, which may benefit new users. It may also

be possible to develop a graphical user interface (GUI) or a text user interface (TUI), to

make the program even more accessible to new users, or to users with little to no

experience using the command line. Snakemake itself has its own experimental web

browser GUI, however, it is highly limited at the current time of writing and needs

substantial development before this is an option.

6.1.3 AgamPrimer

In chapter 3, I present AgamPrimer, a python package coupled with Google Colaboratory,

which allows users to design primers and probes with Primer3, whilst checking for

genomic variation in primer binding sites (Nagi et al., 2023). SNPs in primer binding sites

can cause allelic dropout, where some alleles are not amplified. These problems can go

unnoticed, as true heterozygotes can appear as homozygotes, or in quantitative PCR

assays, may provide false positives in which samples appear to have different quantities of

the nucleic acid of interest, when in fact, one condition is simply amplifying suboptimally.

AgamPrimer uses malariagen_data and Primer3-py to design primer sets and then checks

in primer binding sites for SNP variation in the Ag1000G. Users can select specific cohorts

or use the whole of Ag1000G phase 3. This allows users to quickly avoid primer sets

which may be at risk of failure in An. gambiae s.l populations.
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In the future, it will be useful to extend AgamPrimer beyond An. gambiae s.l. Alongside the

ongoing An. funestus 1000 genomes project, support for An. funestus has been introduced

into malariagen_data, and so we plan to incorporate this data to further increase the utility

of the package, accompanied by a name change to AnoPrimer. At the time of writing,

MalariaGEN have just released Pf7, an open dataset of over 20,000 whole-genome

sequenced samples (MalariaGEN, 2023). There is also some limited support for Pf7 in

malariagen_data, and thus it could also be worth adding this functionality into AgamPrimer.

Currently, AgamPrimer is suited to designing primer sets for one locus at a time. For most

purposes, this is fine, however, certain use cases exist for which this is limiting. For

example, in the design of amplicon sequencing panels, we often wish to target up to or

more than 100 amplicons, making the one-by-one design unfeasible, or at least,

time-consuming. AgamPrimer requires user judgement on the preferred primer candidates,

based on the primer set characteristics and SNP allele frequencies. Ideally, we could build a

scoring function, based on the combined position and frequency of any SNPs, so that primer

sets can be automatically ranked. This would simplify the automation of complex amplicon

panel design.

A limitation of AgamPrimer is that it is solely based on variation in single-nucleotide

polymorphisms, as there is no representation of small insertions or deletions (indels) in the

Ag1000G. Currently, we also do not integrate CNV calls into AgamPrimer, which may be

particularly relevant if a deletion has occurred over a gene of interest.

6.1.4 Parallel evolution at the Coeae1f/Coeae2f locus

In chapter 4, I investigate large novel signals of selection on the 2L chromosomal arm at

approximately 28.5 Mb. We find two genes Coeae1f and Coeae2f directly under the

selection signal peaks that are orthologs of well-documented genes in Culex pipiens,

known to confer resistance to organophosphate insecticides. We integrate SNP, copy

number variation and gene expression data, and perform a haplotype-based analysis to
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detect multiple distinct selective sweep events. We identify introgression events between

both species and karyotypes. We then use phenotyped data to show that some of these

haplotypes under selection are protective against pirimiphos-methyl, with one haplotype

also conferring resistance to Deltamethrin. Overall, the analyses are an example of parallel

evolution in mosquitoes, and these haplotypes should be monitored as part of the

surveillance of organophosphate resistance.

Although haplotype-based approaches using phenotyped data have the potential to

circumvent the need for functional validation studies, it would be interesting to dig down

and express these the Coeae1f/2f enzymes in a heterologous expression system, such as in

E. coli or Sf9 cells, and perform binding or metabolism assays. Ideally, the exact haplotype

from each selective sweep could be synthesised independently and tested for metabolic

activity. In addition or alternatively, the genes could be over-expressed in Drosophila

melanogaster or Anopheles gambiae using the Gal4-UAS system and screened with

insecticides to confirm the phenotype associations found here.

For future research, it will be useful to port some of the analyses performed here into

malariagen_data. For example, modules like finding haplotype-tagging SNPs and

haplotype clustering that integrates non-synonymous variation.

6.1.5 Obuasi

In chapter 5, we sample Anopheles gambiae s.l from a 70 km2 region in Obuasi, central

Ghana, using an ecologically-informed sampling framework (Sedda et al., 2019). We

perform a population genomic analysis on 485 mosquitoes whole-genome sequenced to a

30X target coverage. Previous studies of isolation-by-distance have focused on much

larger spatial scales, or used low-resolution genomic markers such as microsatellites

(Gélin et al., 2016; Ag1000G, 2020). Using multiple measures of relatedness, including Fst,

kinship, and the number of pairwise shared doubletons, we detect isolation-by-distance

and population structure at an ultra-fine scale. We find that geographic distance, rather

than ecological variation, drives genetic differentiation at this scale. It will be useful to
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extend these ecological analyses to a continent-wide scale. We find continued evolution of

variants at the target of pyrethroid insecticides, the Vgsc, and a high level of haplotypes

under selection at resistance loci, consistent with high rates of phenotypic resistance

reported in Ghana (Mugenzi et al., 2022; Lucas et al., 2023).

We do find that the presence of chromosomal inversions obstructs the inference of

close-kin in Anopheles gambiae s.l. Further work is ongoing to determine this impact, and

to re-estimate kinship after the masking of inversion regions. Calculating kinship in

mosquito species is an important goal, as it can be used to answer questions such as

dispersal, a method known as close-kin mark-recapture (CKMR) (Bravington et al., 2016).

This has been done with some success in Ae. aegypti (Filipović et al., 2020; Sharma et al.,

2022), however, this species disperses much less far than An. gambiae per-generation.

More extreme dispersal is challenging, as it means requiring more intensive sampling to

recover the same number of relatives. In this study, the 2La inversion seemed to drive

kinship signals at low levels of relatedness, suggesting we should mask this region and

evaluate the differences. Most likely it will be necessary to mask or remove these regions.

Although the number of expected crossover events per chromosome is similar in humans

and mosquitoes, due to the few chromosomes in mosquito species, there is a high variance

in the length of the genome which is identical by descent in close relatives. This has the

effect that, for example, mosquito siblings can vary in their genetic relatedness much more

than human siblings would. This phenomenon is likely, in practice, to make exact kinship

inference in mosquitoes challenging. It should, however, be possible to perform a

simulation study to test the ability of any genomic kinship statistics, such as KING, in

detecting siblings and relatives:

1. Create a synthetic pedigree. Take the full chromosome haplotypes from two

unrelated individuals from an Ag1000G cohort, and designate these as the parents.

Repeat this process, using at least 64 distinct total parents in order to be able to

produce a large enough pedigree. The chromosome haplotype will contain switch

errors, however, in practice, this should not affect the simulation study.
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2. Generate artificial gametes for each parent, by recombining each parent's

chromosomes. To determine recombination breakpoints, draw from the binomial

distribution at the An. gambiae per-base recombination rate, as many times as the

length of the chromosome in bases. The indices of each binomial success, indicate

the recombination breakpoints. Concatenate the appropriate segments of each

chromosome together. Computationally, this is very simple and only involves

splitting and concatenating numerical arrays.

3. Create offspring by randomly selecting an artificial gamete from each parent to

construct a diploid chromosome.

4. Repeat this process, until you have a full pedigree, including parent-child, sibling,

cousin, second-cousin, and so on relationships present, and their diploid genomic

sequences.

5. Calculate kinship statistics and evaluate.

The study also highlights a lack of computational tools for performing population genomics

with geographically spaced samples. Previous work in Anopheles has generally focused on

whole cohorts that come from a specific village, rather than many samples that are

distributed somewhat evenly over a region. As genomic surveillance begins to be

integrated with intervention trials to detect mechanisms of resistance early, sampling over

geographic regions and also through time will also become commonplace. There is a need

for software to deal with these kinds of datasets, both pure population genetics methods,

and methods to visualise the data (Bradburd et al., 2019). For example:

How can we best visualise allele frequencies in geographic space? And in time -

how can we visualise the spread of resistance haplotypes, analogous to outbreaks

of a pathogen or drug resistance?

How can we visualise relationships between samples in space? For example,

sibship?

What are the best approaches to test for differences in allele frequencies in

geographic space?
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How can we calculate and visualise similarities and differences in genome-wide

selection signals between locations? Or more specifically, similarities and

differences in the frequencies of haplotypes under selection. Can we create a

measure of genetic distance specifically relating to IR loci?

As genomic surveillance moves into the mainstream, more attention is now being paid to

sampling regimens that can introduce the least bias and produce the most representative

data. The proportional lattice plus close pairs design developed by Sedda et al. (2019),

provides a method to ensure the representativeness of ecological zones, as well as variable

between-pair distances between sites. Lattices are efficient for prediction in spatial models,

whilst close pairs are efficient for parameter estimation (Zimmerman, 2006), therefore a

combination of both is optimal (Sedda et al., 2019). Similarly, this approach is also

advantageous for genomic surveillance. The lattice allows for comprehensive spatial

coverage in allele frequency estimates, which should improve the spatial prediction of

resistance marker frequencies and their spread, as well as reducing gaps in which novel

variants of concern can go undiscovered. The variation in geographic distance provided by

close pairs is also important for population genomics, as it allows for greater power and

precision in estimations of isolation by distance, informing estimates at which mosquitoes

can disperse (Manel et al., 2012). As mosquito populations are likely to show adaptation to

ecological zones within which they inhabit, ensuring ecological representativeness across

the sampling area ensures the representativeness of mosquito ecotypes (Cheng et al.,

2012). Although we use data resulting from this approach in Chapter 5, examination of the

sampling framework itself was limited and further work remains in demonstrating the

benefits of this sampling framework over traditional convenience and local

knowledge-based methods. In addition, the framework does not consider geographic

accessibility, which may be useful in reducing the overall cost of surveillance (Longbottom

et al., 2020). This may allow the use of more sample sites, which is beneficial in obtaining

precise landscape genomic estimates (Aguirre-Liguori et al., 2020).
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6.2 Open-source software as a tool for capacity development

Throughout this thesis and during the course of my doctoral degree, I have strived to

develop computational tools that other researchers may use to perform their own

analyses. Building software that is accessible and easy to use can democratise

computational research, empowering researchers to perform complex analyses that may

otherwise be unfeasible to learn and complete in the time provided by modern academic

settings. Indeed, the development of the population genetic toolkit, scikit-allel, has been

instrumental to this thesis and my own research.

A major effort in infectious disease research is to strengthen the capacity of institutes in

the global south. Given the prominent role of genomics and bioinformatics in the

contemporary biological sciences, building bioinformatics capacity is a specific priority,

exemplified in recent projects such as H3abionet, the pan-African bioinformatics network,

and the MalariaGEN-PAMCA bioinformatics workshops. As well as being a teaching

assistant, I have contributed modules in the MalariaGEN-PAMCA workshops focusing on

primer design with AgamPrimer (Workshop 6 Module 4), and haplotype clustering to

identify adaptive gene flow (Workshop 7 Module 3). Additionally, I have introduced

functionality to malariagen_data, a python package to load and analyse data from the

Ag1000G and Vector Observatory projects. The PAMCA workshops have been a joy to be

a part of, and the efforts by collaborators at MalariaGEN to develop software alongside the

course have been herculean and incredibly impressive (though not on my part!). At the

current time of writing, there is no other organism on earth with which you can so easily

interact and analyse its genomic data than Anopheles gambiae s.l, and this is something

that every person who’s contributed should be particularly proud of.

6.3 An ecosystem of software for malaria research

In this thesis, I describe multiple software tools for Anopheles' research. Of primary

interest to the community - RNA-Seq-Pop, AgamPrimer and AnoExpress (Appendix A) - a

tool which summarises gene expression across RNA-Sequencing insecticide resistance
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studies. There is also the immense malariagen_data, which underpins AgamPrimer and is

integrated into the LocusPocus and Probe snakemake workflows.

One could envisage an ecosystem of python-based software tools for malaria research,

which are able to interact with each other. Certainly, the capabilities of malariagen_data

would fit well with AnoExpress - particularly if a user aims to find genes involved in

insecticide resistance. Already, users could use RNA-Seq-Pop to reproducibly analyse their

RNA-Sequencing data to find a gene of interest, explore genomic and copy number

variation in that gene with malariagen_data, use AnoExpress to look at its distribution of

expression across sub-Saharan Africa, and design primers and probes with AgamPrimer to

perform functional validation or track the gene of interest. It is easy to imagine the

development of a training course which integrates all of these tools together.

6.4 Future directions in Anopheles insecticide resistance research

For brevity's sake, in this section, I will focus on a few areas of research which I myself

could feasibly tackle in the future.

Research into insecticide resistance in the major malaria mosquito, Anopheles gambiae, has

come far since the earliest discoveries of emerging resistance in the 1960s (Davidson et al.,

1962). The malaria mosquito has become a model for studying insecticide resistance in

insects. There are, however, still a huge amount of unknowns in regard to this phenomenon.

The first phase of the Anopheles 1000 genomes project revealed extensive signals of

selection across the genomes of An. gambiae and An. coluzzii. Work was done on a phase 1

selection atlas, however, it was not completed (Harding et al., 2019). We plan to update

this work and build a selection atlas with genome-wide selection scans from the full

release of the Ag1000G. With these data, we can identify selective sweeps and clusters of

haplotypes, and define or classify these somehow, as was done for SARS-CoV-2 strains, in

order to track them in future research. This is likely to require developing novel software or

functionality, probably in malariagen_data, though more generic software may be needed
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which can be applied to any organism. We can then begin to track these haplotypes in

future research, using phenotyped data to test for associations with insecticides - as was

performed in chapter 4. Depending on the number of selective sweeps we find, we could

find haplotype-tagging SNPs (as in chapter 4) and feasibly use AgamPrimer as a

framework to design a highly multiplexed amplicon sequencing panel with which to identify

and track these haplotypes. You could then use the high-throughput nature of amplicon

sequencing to test many phenotyped samples and test for associations with insecticide

resistance with greatly increased power. This would also reduce the need for laborious

functional validation. A nanopore-based amplicon panel was recently developed for malaria

drug resistance loci and is worth considering in addition to Illumina sequencing (Girgis et

al., 2022).

We do not know which mosquito tissues the detoxification of insecticides primarily occurs

in. Most transcriptomic studies are performed on whole-body RNA extracts, providing zero

resolution of any tissue specificity in the changes in gene expression. This could be

problematic, because if a smaller tissue is important for detoxification, any signal may be

drowned out by RNA from the rest of the carcass. A previous study performed

tissue-specific microarray experiments on four tissues (Ingham et al., 2014), finding

tissue-specific expression of certain candidate genes, however, it would be useful to update

this research with RNA-Sequencing and to include more tissues, such as the brain,

antennae and legs. It may, however, be prudent to explore the spatial expression of gene

expression with the much greater fidelity of modern technologies. In Plasmodium,

researchers have developed an atlas of gene expression at single-cell resolution in different

life stages and in passage through the vector mosquito (Howick et al., 2019; Real et al.,

2021). Similarly, researchers in the Drosophila community have produced the fly cell atlas

(Li et al., 2022), from both sexes in 15 individually dissected tissues. One can imagine

designing a similar project in Anopheles gambiae using the Drosophila experiments as a

framework, profiling gene expression and comparing female insecticide-susceptible and

resistant strains, rather than sexes. Ideally, these would be from a similar genetic

background, though this will probably be difficult to achieve. Another possibility would be

to sequence the same strain before and after exposure to insecticides. This would enable a
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much greater understanding of where in the adult mosquito candidate resistance genes are

expressed, and exactly how they are contributing to resistance. It would also provide a

much greater resolution with which to build gene regulatory networks (GRNs) (Ingham, Elg,

et al., 2021), enhancing the discovery of genes involved in the regulation of resistance.

Traditional genomics makes use of a single linear reference genome assembly, typically

from a single individual, or more commonly, a pool of highly inbred individuals. Although

convenient, this is limiting, as the lack of variation present in the reference causes reference

bias, where difficulties arise in mapping sequence reads to the reference, due to SNPs,

indels or larger variants (Paten et al., 2017). In theory, the extreme genetic variation in An.

gambiae s.l will make reference bias a larger problem than in organisms with lower

diversity, such as humans. The developing field of pangenomics has emerged to address

and mitigate this bias (Eizenga et al., 2020). Pangenomics involves the construction of

reference genomes which incorporate population-level genetic variation, usually

represented as variation graphs (Garrison et al., 2018). Although the field of pangenomics

will certainly prove to be highly important for DNA sequencing studies, I am specifically

interested in the use of pangenomics in transcriptomic research. Recently Sibbeson and

colleagues demonstrated that by creating a pan-transcriptome, mapping can be made more

efficient, and haplotype-specific transcript expression can be determined (Sibbesen et al.,

2023). In theory, it should even be possible to combine the power of pan-transcriptomics

with single-cell transcriptomics.

Currently, all published RNA-Sequencing studies into insecticide resistance are based on

short-read Illumina sequencing, in which RNA is first reverse transcribed to cDNA and

fragmented prior to sequencing. Though this is likely adequate for the quantification of

genes, it introduces difficulty when one wishes to analyse alternative splicing, particularly

when the parent gene contains many exons and can give rise to many alternative isoforms.

An example highly relevant to public health is that of the Voltage-gated sodium channel

(Vgsc), the target of pyrethroid insecticides. In Anopheles gambiae, the Vgsc contains 39

annotated exons with 13 known transcripts. This can make the inference of alternative

splicing particularly challenging with short-read data. Recently, Oxford nanopore

206

https://paperpile.com/c/NH1kDv/cP4j
https://paperpile.com/c/NH1kDv/cP4j
https://paperpile.com/c/NH1kDv/Zy8J
https://paperpile.com/c/NH1kDv/BAVp
https://paperpile.com/c/NH1kDv/hdXv
https://paperpile.com/c/NH1kDv/eerZ
https://paperpile.com/c/NH1kDv/eerZ


introduced technologies and protocols to perform long-read sequencing of native RNA

transcripts, without cDNA synthesis or PCR (Garalde et al., 2018). This allows researchers

to read through and reconstruct full-length isoforms, and reduces bias in the quantification

process. Applying direct long-read RNA-Sequencing in the context of insecticide resistance

may provide useful insights into mechanisms of insecticide resistance which may otherwise

be missed with short-read sequencing.
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Appendix A - AnoExpress

This work is a collaboration between I, Sanjay Curtis Nagi and Victoria A Ingham. I have

performed all data analyses contained therein. In this appendix, I do not describe the results

of the study itself but instead the software tool I have developed to go alongside it.

7.1 Abstract

Gene expression plays a large role in producing insecticide-resistant phenotypes in the

African malaria vectors An. gambiae s.l and An. funestus. Traditionally, microarray chips

were used to assay the gene expression on a transcriptome-wide scale, however, this has

been replaced with RNA-Sequencing in recent years. We collate raw read count data from

all published studies which use RNA-Sequencing to investigate insecticide resistance in the

two major vectors and perform a meta-analysis of the data, highlighting the role of known

and novel candidate genes. We have developed an online Google Colaboratory-based tool,

AnoExpress, which allows users to rapidly load, query, and visualise the meta-analysis

expression data, to enhance the discovery of genes involved in insecticide resistance. The

tool is located here https://github.com/sanjaynagi/AnoExpress.

7.2 Introduction

Transcriptomic studies have driven the discovery of genes involved in insecticide resistance

since the first microarray in An. gambiae, the detoxification chip (David et al., 2005). Since

then, RNA-Sequencing has become the de facto technology for transcriptomics. In 2018

Ingham et al., presented an R-shiny tool, IR-Tex, which summarised transcript expression

from 31 insecticide-resistance microarray studies in sub-Saharan Africa of Anopheles

gambiae s.l (Ingham et al., 2018). We present a python-based successor to this tool, which
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instead summarises gene expression from recently published RNA-Sequencing studies. It

includes studies published in An. gambiae s.l and also An. funestus. The tool is named

AnoExpress, for Anopheles gene expression in resistance studies.

7.3 Methods

VectorBase was used to retrieve orthologs to An. gambiae PEST and those with

one-to-many relationships were extracted, protein sequences retrieved and BLASTed

against a custom PEST4.13 protein database using command line BLAST 2.90. A custom R

script was then used to define orthologs using the following parameters in priority order:

An e value of 0; multiple e values of 0 within 10% of the top percentage identity; an e value

of < 1e-80; multiple e values of < 1e-80 within 10% of the top percentage identity.

PEST4.13 genes without orthologs were then back BLASTed using the above parameters

against AcolN1.2, AfunF3.2 and AraD1.12.

We perform differential expression analysis within studies to eliminate the possibility of

batch effects and reduce errors due to large differences between studies in sequencing

depth. Differential expression analysis was performed in R with DESeq2 v2.3.1, and

hypothesis testing was performed with the wald test. For enrichment analysis, differentially

expressed genes (DEGs) were selected by taking the top 5% percentile of genes when

ranked by a median fold change. A custom hypergeometric test was implemented, using

An. gambiae PEST GO terms and PFAM domain annotations. Plots are produced with plotly

and are interactive, to aid interpretation for the user.

7.4 Results / Discussion

In order to integrate RNA-Sequencing datasets from four different species where different

reference genomes had been used, one-to-many orthologs were found between the An.

gambiae PEST reference genome, and the An. coluzzii, An. arabiensis, and An. funestus

reference genomes. As integrating each successive species reduced the number of genes

with orthologs, I performed four separate analyses - ‘gamb_colu’ (An. gambiae and An.

coluzzii), ‘gamb_colu_arab’ (adding An. arabiensis), ‘gamb_colu_arab_fun’ (adding An.
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funestus), and ‘fun’ (An. funestus alone). The purpose of providing multiple datasets was

that if users cannot find their genes in the full dataset (‘gamb_colu_arab_fun’), they may still

be present in the others.

At the time of writing, AnoExpress is broken up into multiple python notebooks, intended to

be run in Google Colaboratory. The main notebook, allows users to plot an interactive

summary of gene expression in the users' genes of interest. Figure 1 shows an example

plot for Coeae1f, Coeae2f, and the UGT AGAP006222. Figures are produced with Plotly

and are interactive, allowing users to hover over a data point to bring up further information

about that specific experiment. Users may rank the plots by the median or mean

fold-change, or by the AGAP identifier. A function is provided for users to load their own

gene lists.

Figure 1. Gene expression plots of 35 meta-analysed RNA-Sequencing comparisons
between insecticide susceptible and resistant mosquitoes.

In a separate notebook, users can produce the same gene expression plot but for any group

of genes with a given GO term or PFAM domain, for example, plotting the expression of all

olfactory receptors, or all cytochrome P450s.

Table 1 shows the results from the enrichment analysis, which is available as a notebook.

The results are highly consistent with the types of genes reported in the literature to be

involved in insecticide resistance, adding confidence to the meta-analysis results.

Table 1. Enrichment analyses with the hypergeometric test on the full
‘gamb_colu_arab_fun’ dataset.
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In another notebook, users may rank genes from each analysis based on their median or

mean expression, to identify candidate genes involved in insecticide resistance. The results

of this analysis will be discussed elsewhere. Lastly, users can plot heatmaps of fold-change

data for any gene or gene family of interest. Figure 2 shows a plot for all P450s with

greater than 1.8 fold expression.
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Figure 2. Heatmaps and clustering of cytochrome P450s with greater than 1.8 median
fold-change.

In order to allow full integration with other python packages for Anopheles genomics

research, such as malariagen_data and AgamPrimer, I will develop the functions in

AnoExpress into a python package. This will allow us to build functionality further, and

build methods in malariagen_data or AnoExpress which fully integrate genomic and

transcriptomic data, to enhance Anopheles insecticide resistance research. I hope that

AnoExpress will be a useful tool for the community.
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