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Abstract 

This thesis uses genomic techniques to investigate the genetic diversity and antimalarial resistance 

status of the Plasmodium falciparum parasite, and the genetic diversity and insecticide resistance 

status of key Anopheles gambiae sensu lato vectors, on the Bijagós Archipelago of Guinea-Bissau. 

This investigation was conducted in the context of malaria control interventions on this remote 

Archipelago, where the genomic epidemiology of malaria has not previously been studied. Selective 

whole-genome amplification was used to investigate population dynamics and drug resistance 

mutations in whole genome sequence (WGS) data from Bijagós P. falciparum isolates. This analysis 

identified fixation of the pfdhfr mutations N51I and S108N, associated with resistance to 

sulphadoxine-pyrimethamine, and the continued presence of pfcrt K76T, associated with 

chloroquine resistance. P. falciparum from the Archipelago clustered with samples from mainland 

West Africa without forming a separate phylogenetic group. This thesis continues by analysing the 

insecticide resistance status of the major vector Anopheles gambiae. High throughput multiplex 

amplicon sequencing is used to identify molecular markers of insecticide resistance, revealing four 

single-nucleotide polymorphisms (SNPs) previously associated with pyrethroid resistance, and an 

additional eight previously unreported SNPs. This genomic analysis is built upon with phenotypic 

bioassays in the Bijagós to investigate susceptibility to deltamethrin, and deltamethrin resistance is 

identified on Bubaque island. WGS data from deltamethrin resistant and susceptible An. gambiae 

sensu stricto is then analysed to identify insecticide resistance associated SNPs and signatures of 

selection. Genome wide selection scans are conducted, identifying two selective sweeps in the 

population, which overlap with metabolic genes previously associated with insecticide resistance, 

including cyp9k1 and the cyp6aa/cyp6p gene cluster. The population dynamics and insecticide 

resistance status of the malaria vector Anopheles melas, which is abundant on the islands, are then 

analysed. This analysis identifies two separate phylogenetic clusters of An. melas and investigates 

genetic differentiation, signatures of selection, and structural variation within the genome. This 

thesis generates and analyses the first WGS data for P. falciparum, An. gambiae s.l., and An. melas 

from the Bijagós Archipelago, and includes the first phenotypic testing for deltamethrin resistance 

on the islands; contributing data and analyses of significance to malaria control policy in the region.  
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CHAPTER ONE 
 

Introduc7on 
 
The global burden of malaria 
 
Despite understanding the causes of malaria for over a century, this disease sUll kills over 600,000 

people every year1. In 2022, there were approximately 249 million malaria cases across 85 malaria 

endemic countries and areas (Figure 1)1. An esUmated 93.6% of cases and 95.4% of deaths occurred 

in the World Health OrganizaUon (WHO) African Region, with 78.1% of all deaths in the region 

occurring in children aged under 51. Malaria is caused by protozoan parasites belonging to the genus 

Plasmodium. There are six Plasmodium species which are known to infect humans: P. falciparum, P. 

vivax, P. malariae, P. ovale curAsi (Poc), P. ovale wallikeri (Pow), and P. knowlesi. The most lethal of 

these parasites is P. falciparum, which predominates in Africa and is responsible for the majority of 

malaria deaths1. The second most dangerous Plasmodium species is P. vivax, which is the most 

prevalent Plasmodium species outside of Africa and caused 45.7% of malaria cases in the WHO 

South-East Asia Region in 2022. The WHO Global Technical Strategy 2016-2030 aims to reduce the 

global malaria burden by 90% by 20301. Considerable progress has been made, and global esUmated 

malaria deaths decreased from 864,000 in 2000 to 586,000 in 2015 (Figure 2). However, the decline 

in mortality rate has slowed since 2015, reaching 576,000 in 2019, and malaria deaths then increased 

by around 10% to 631,000 in 2020, before declining to 608,000 in 2022. The increase between 2019 

and 2020 has been agributed mostly to disrupUon to malaria control programme acUviUes due to 

the COVID-19 pandemic2. Compared to the goals of the WHO Global Technical Strategy, malaria 

mortality is off track by 53%1. This plateau in progress is agributable to mulUple factors, including the 

evoluUon of resistance to anUmalarial drugs in the Plasmodium parasite, and the evoluUon of 

insecUcide resistance in the Anopheles mosquito host. 
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Figure 1: Countries with indigenous cases in 2000 and their status by 2022, Fig. 3.2. in the World 
Malaria Report 20231. Belize was cerAfied as malaria free in 2023. Cabo Verde was cerAfied as 
malaria free in January 2024. Since 2018, Malaysia has reported zero indigenous malaria cases from 
human Plasmodium species.  
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Figure 2: Global trends in a) malaria case incidence (cases per 1000 populaAon at risk) and b) 
mortality rate (deaths per 100,000 populaAon at risk), 2000-2022. Fig. 3.3. in the World Malaria 
Report 20231 

 

The life cycle of Plasmodium falciparum 
 
Plasmodium’s life cycle includes phases in both human and mosquito hosts (Figure 3)3. The 

Plasmodium parasite is transmiged by female Anopheles mosquitoes, which inject sporozoites into a 

human host on biUng. These sporozoites migrate to the liver and infect hepatocytes, where they 

undergo asexual reproducUon within the cells, which then rupture to release merozoites into the 

bloodstream (Figure 3, stages 1-5). The lifecycle differs here for P. vivax and P. ovale, for which 

dormant liver hypnozoites are produced4,5. If untreated, these dormant stage hypnozoites can persist 

in the liver and cause malaria relapses by invading the bloodstream weeks or months ater iniUal 

infecUon6,7. When merozoites have been released into the blood, they infect erythrocytes and 

mulUply, maturing into either trophozoites or gametocytes (Figure 3, stages 5-7). Trophozoites 
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conUnue to mature into schizonts, which rupture, producing more merozoites which conUnue to 

infect other erythrocytes in the erythrocyUc cycle. The clinical symptoms of malaria, including cyclical 

fevers, are caused primarily by this schizont rupture and the destrucUon of the erythrocytes8. 

Throughout this Ume, some merozoites develop into gametocytes, which travel in the bloodstream 

unUl they are ingested by an Anopheles mosquito during a blood meal. When a mosquito ingests 

gametocytes, the male and female gametocytes fuse to generate zygotes, which are the only 

developmental stage of the parasite that has a diploid genome9. This defines the mosquito as the 

definiUve host for Plasmodium, as it is where sexual reproducUon takes place9. The zygotes then 

differenUate to form moUle, haploid, ookinetes in the mosquito gut. These ookinetes penetrate the 

midgut wall of the mosquito, where they develop into oocysts. These oocysts subsequently rupture 

and release sporozoites into the mosquito haemolymph, which migrate to the salivary glands of the 

mosquito, ready to be injected into a human or other mammalian host during the mosquito’s next 

bloodmeal (Figure 3, stages 8-12)3. 

 

 
 
Figure 3: The Plasmodium falciparum lifecycle, which includes phases in the mosquito and the human 
host.3 
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Anopheles mosquitoes 
 
Plasmodium parasites are transmiged by female Anopheles mosquitoes, which require a blood meal 

for egg development10. There are over 450 formally recognised Anopheles species, and 41 are 

considered capable of transmiung malaria at a level of major concern to public health11. In Africa, 

the major malaria vectors are An. gambiae sensu stricto (s.s.), An. coluzzii, and An. arabiensis from 

the Anopheles gambiae species complex, ‘Anopheles gambiae sensu lato (s.l.)’11,12, and An. funestus 

from the Funestus subgroup13,14. The Anopheles gambiae s.l. species complex was originally 

considered to be a single species, but has now been idenUfied to contain at least nine crypUc species 

which cannot be disUnguished morphologically, but can be disUnguished genomically12. In addiUon to 

An. gambiae s.s., An. coluzzii, and An. arabiensis, there are two other crypUc species in the 

Anopheles gambiae s.l. complex which have been idenUfied to transmit malaria and are considered 

important vectors: An. melas, and An. merus12. Ecological characterisUcs vary between species, 

including preferred breeding sites, feeding behaviour, and resUng behaviour. For example, An. melas 

and An. merus are saltwater tolerant, with An. melas present in coastal West Africa, and An. merus 

present in coastal East Africa (Figure 4)13,15. Whereas, An. gambiae and An. coluzzii are considered 

freshwater species, and An. arabiensis generally breeds in semi-arid and savannah areas16. 

Furthermore, An. gambiae is highly anthropophilic (prefers to bite humans), and endophagic (feeds 

indoors), whereas An. arabiensis is generally considered to be more zoophilic (prefers to bite 

animals) and exophagic (feeds outdoors), albeit with high intraspecies variability11. In addiUon to 

these vectors, An. stephensi, which was previously confined to certain countries in South Asia and 

the Arabian Peninsula, has been idenUfied as an invasive malaria vector in Africa17. This species is an 

efficient, urban, vector for malaria and presents a threat to malaria control on the African 

conUnent17, where it has been found in DjibouU (2012)18, Ethiopia (2016)19, Sudan (2016)20, Somalia 

(2019)21, Nigeria (2020)22, Eritrea (2022)23, Ghana (2022)24 and Kenya (2022)17,25.  
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Figure 4: PredicAve maps for the distribuAon of key malaria vectors, Fig. 1. in Wiebe et al (2017)13. 
The relaAve probability of the occurrence of each species is shown within its range, plus a 300km 
buffer. a) An. coluzzii b) An. gambiae s.s. c) An. arabiensis d) An. funestus e) An melas f) An merus. 

 
Clinical presenta7on of malaria 
 

The clinical symptoms of malaria are primarily caused by the rupture of schizonts and destrucUon of 

erythrocytes8. The disease first presents with non-specific flu-like symptoms, including fever, chills, 

headache, myalgias, nausea, and vomiUng26–28. The most characterisUc symptom of malaria is fever, 

which is usually irregular at first and can develop into a cyclic pagern depending on the Uming of 

synchronised schizogony in the erythrocyUc cycle (Figure 3) 26,27.  This Uming varies depending on the 

infecUng species of Plasmodium. In P. ovale and P. vivax infecUons, schizogony occurs and leads to 

fever every 48 hours (terUan fever), whereas in P. malariae infecUons, fever occurs every 72 hours 

(quartan malaria)26. In P. falciparum infecUons, fever can occur every 48 hours, but paUents 
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frequently present with irregular and erraUc fevers26,29. Malaria is commonly classified as 

asymptomaUc, uncomplicated, or complicated (severe)28. Severe malaria is oten fatal, and almost all 

cases are caused by P. falciparum8,27,28. Severe malaria is caused by microvascular obstrucUon by 

infected erythrocytes in the capillaries, leading to complicaUons in the central nervous system, 

respiratory system, pulmonary system and/or hematopoieUc system26,27. PaUents are classified as 

having severe malaria if they have one more of the clinical or laboratory features in Table 127,28,30. 

 

Table 1: Features of severe falciparum malaria27,28,30  

Clinical features of severe malaria 

 
• Impaired consciousness (including unrousable coma) 
• ProstraUon (generalised weakness so that the paUent is unable to sit, stand or walk 

without assistance) 
• MulUple convulsions (more than two episodes within 24h) 
• Deep breathing and respiratory distress (acidoUc breathing) 
• Acute pulmonary oedema and acute respiratory distress syndrome 
• Circulatory collapse or shock, systolic blood pressure < 80mm Hg in adults and < 50mm Hg 

in children 
• Acute kidney injury 
• Clinical jaundice plus evidence of other vital organ dysfuncUon 
• Abnormal bleeding 

 
Laboratory features of severe malaria 

• Hypoglycaemia (< 2.2 mmol/l/ or < 40 mg/dl) 
• Metabolic acidosis (plasma bicarbonate < 15mmol/l) 
• Severe normocyUc anaemia (haemoglobin < 5g/dl, packed cell volume < 15% in children; < 

20% in adults) 
• Haemoglobinuria 
• Hyperlactataemia (lactate > 5mmol/l) 
• Renal impairment (serum creaUnine > 265μmol/l) 
• Pulmonary oedema (radiological). 

 
  

AsymptomaUc malaria infecUons are recognised as Plasmodium parasitaemia of any density, without 

the presence of fever or other acute symptoms, in individuals who have not recently received 

anUmalarial treatment31,32. These asymptomaUc infecUons result from parUal immunity in 

individuals, which controls but does not eliminate the Plasmodium infecUon. These infecUons can 

persist for several months or even years32,33, and have also been termed ‘chronic infecUons’ due to 

their associaUon with morbidiUes including recurrent symptomaUc parasitaemia32, increased risk of 

invasive bacterial disease34–36, anaemia32,37–39, maternal and neonatal mortality39,40, and cogniUve 

impairment41,42. Furthermore, asymptomaUc infecUons present a chronic reservoir of circulaUng 
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parasites capable of sustaining malaria transmission, forming a barrier to malaria control and 

eliminaUon33,43. 

 

Malaria preven7on 
 
The WHO recommends the prevenUon of malaria through the use of vector control strategies, 

preventaUve chemotherapies, and the administraUon of malaria vaccines30.  

 

Vector control strategies 
 

Vector control strategies for malaria involve the use of insecUcides to combat Anopheles mosquitoes. 

InsecUcides can be divided into larvicides, which target mosquito larval stages and are used for 

spraying mosquito breeding sites, and adulUcides, which target adult mosquitoes. Vector control 

strategies strongly recommended by the WHO include InsecUcide Treated Nets (ITNs) and Indoor 

Residual Spraying (IRS)30. There is strong evidence in favour of using ITNs44–49 and IRS50–54 for malaria 

control. A 2018 Cochrane review of 23 different randomised controlled trials (RCTs) idenUfied that 

the use of ITNs reduced P. falciparum malaria prevalence by 17% compared to not using bed nets 

and by 10% compared to using untreated bed nets55. Furthermore, in the range of 15-85% ITN 

coverage of the populaUon, a 20% increase has been shown to reduce malaria transmission intensity 

in the community by approximately 50%56. This is reflecUve of the ‘community effect’, whereby 

individuals in the same locality benefit from the use of ITNs by others, even if they do not sleep 

under a net themselves56. A subsequent Cochrane review concluded that the addiUon of IRS with a 

non-pyrethroid-like insecUcide in communiUes already using ITNs was associated with reduced 

malaria prevalence when compared to using ITNs alone. Whereas, no addiUonal benefit was 

idenUfied from the addiUon of IRS with a pyrethroid-Iike insecUcide57. ITNs are credited as the most 

impac_ul vector control tool deployed to date, having averted approximately 68% of malaria related 

deaths in Africa between 2000 and 201558. However, the efficacy of both ITNs and IRS is highly 

impacted by insecUcide resistance in the local vector populaUon59–61.  

 

Currently, all ITNs contain pyrethroid insecUcides62, which work by targeUng the voltage-gated 

sodium channel (VGSC) and disrupUng nervous system funcUon, resulUng in paralysis and death63. 

Unfortunately, Anopheles mosquitoes have developed widespread resistance to these pyrethroids64. 

In 2017 WHO recommended a new type of ITN; pyrethroid-PBO nets, which showed improved 

control of malaria transmission in areas of pyrethroid resistance when compared to standard 

pyrethroid nets62,65,66. These nets contain piperonyl butoxide (PBO), which is a synergist that inhibits 
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specific metabolic enzymes within mosquitoes, enhancing the potency of the pyrethroids62. More 

recently, in 2023, WHO issued a strong recommendaUon for the deployment of a second new net, 

pyrethroid-chlorfenapyr ITNs, instead of pyrethroid-only nets in areas of pyrethroid resistance1. 

These pyrethroid-chlorfenapyr ITNs combine a pyrethroid with a pyrrole insecUcide that has a 

separate mode of acUon, increasing the efficacy of the net67. Pyrethroid insecUcides target the insect 

nervous system, whereas pyrroles target respiratory pathways through the disrupUon of oxidaUve 

phosphorylaUon in the mitochondria68. WHO also issued a condiUonal recommendaUon for the 

deployment of these pyrethroid-chlorfenapyr ITNs instead of pyrethroid-PBO nets in areas of known 

pyrethroid resistance1. A third new ITN, pyrethroid-pyriproxyfen nets, were also given a condiUonal 

recommendaUon by WHO for deployment instead of pyrethroid-only nets in areas of pyrethroid 

resistance. These nets combine a pyrethroid with the insect growth regulator pyriproxyfen, which 

disrupts mosquito growth and reproducUon69. However, WHO issued a condiUonal recommendaUon 

against the deployment of pyrethroid-pyriproxyfen nets instead of pyrethroid-PBO nets, as the 

pyrethroid-PBO nets were viewed as more cost-effecUve in this comparison. Other vector control 

strategies include larval source management through the larviciding of breeding sites, which is a less 

frequently used intervenUon30. AddiUonal vector control strategies are under development which do 

not rely on insecUcides. These include the release of sterile male mosquitoes70, and the release of 

mosquitoes infected with Wolbachia, which is an endosymbioUc bacteria present in mulUple species 

of malaria vector71. The presence of Wolbachia can reduce the transmission of pathogens inside the 

mosquito72. 

 

Preven0ve chemotherapies 
 

PrevenUve chemotherapies are used in malaria endemic areas to reduce malaria cases through 

administering full therapeuUc courses of anUmalarial drugs at prescheduled Umes, irrespecUve of 

infecUon status, to treat exisUng infecUons and prevent new infecUons30. PrevenUve chemotherapies 

that are recommended by WHO include intermigent prevenUve treatment of malaria in pregnancy 

(IPTp), perennial malaria chemoprevenUon (PMC), seasonal malaria chemoprevenUon (SMC), 

intermigent prevenUve treatment of malaria in school-aged children (IPTsc), post-discharge malaria 

chemoprevenUon (PDMC), and mass drug administraUon (MDA), which is used for malaria burden 

and transmission reducUon and mass relapse prevenUon30. Recent WHO recommendaUons for 

prevenUve chemotherapies are more flexible than they have been in past years. WHO no longer 

specifies strict age groups, transmission intensity thresholds, numbers of doses/cycles, or specific 

drugs for prevenUve chemotherapy, giving increased flexibility to NaUonal Malaria Control 
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programmes (NMCPs) to adapt control strategies to their specific seungs30. The most widely used 

anUmalarial drugs in prevenUve chemotherapy can be seen in Table 2. 

 

Table 2: The most widely used anAmalarial drugs in prevenAve chemotherapy regimens 
recommended by WHO. 

Preven;ve chemotherapy An;malarial medicine most widely used30 

Intermigent prevenUve treatment of malaria in 

pregnancy (IPTp) 

Sulphadoxine pyrimethamine (SP) 

Perennial malaria chemoprevenUon (PMC) - 

formerly intermi^ent prevenAve treatment of 

malaria in infants (IPTi) 

SP 

 

Seasonal malaria chemoprevenUon (SMC) Sulphadoxine-amodiaquine (SP-AQ) 

Intermigent prevenUve treatment of malaria in 

school-aged children (IPTsc) 

SP combined with an aminoquinoline (either 

AQ or piperaquine), and artemisinin-based 

combinaUon therapy including an 

aminoquinoline: artesunate-amodiaquine (AS-

AQ) or dihydroartemisinin-piperaquine (DHAP). 

Post-discharge malaria chemoprevenUon 

(PDMC) 

SP, artemether-lumefantrine (AL) and DHAP 

Mass Drug AdministraUon Usually, a combinaUon medicine different to 

that used for first-line malaria treatment, such 

as SP or DHAP. 

 

Malaria vaccines 
 

In a major stride combaung malaria mortality worldwide, WHO has recommended the use of two 

circumsporozoite-based malaria vaccines: RTS,S/AS01 (RTS,S) and R21/Matrix-M (R21). The RTS,S 

vaccine has been delivered in three pilot countries (Ghana, Kenya, and Malawi) since 2019 through 

the Malaria Vaccine ImplementaUon Programme and has reached nearly 2 million children, resulUng 

in a 13% decrease in all-cause early childhood deaths and a substanUal reducUon in severe malaria73. 

In October 2021, WHO recommended the use of RTS,S for children living in regions with moderate to 

high transmission of malaria30. Subsequently, in October 2023, WHO recommended a second malaria 

vaccine, R21/Matrix-M (R21)74.  R21 was shown to reduce symptomaUc malaria cases by 75% during 

the first 12 months, giving it a similar efficacy to RTS,S, and R21 may be easier and cheaper to 

produce74,75. At the Ume of wriUng, at least 28 countries in Africa are planning to introduce vaccines 
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as part of their naUonal immunisaUon programmes, and Gavi, the Vaccine Alliance, has approved 

support to roll out malaria vaccines to 18 countries76. 

 

Malaria treatment 
 
The emergence of Plasmodium resistance to monotherapies led the WHO to recommend 

artemisinin-based combinaUon therapies (ACTs) as first-line treatment for uncomplicated malaria1. 

These therapies combine a fast-acUng artemisinin derivaUve with a short half-life77 with a slower 

acUng partner drug to clear any residual parasites following the acUon of the artemisinin derivaUve78.  

ACTs used to treat uncomplicated malaria include artemether-lumefantrine (AL), artesunate-

amodiaquine (AS+AQ), artesunate-mefloquine (ASMQ), dihydroartemisinin-piperaquine (DHAP), 

artesunate and sulphadoxine-pyrimethamine (AS+SP), and artesunate-pyronaridine (ASPY)30. Severe 

malaria is usually treated with intravenous or intramuscular artesunate30.  

 

An7malarial resistance 
 
The evolu0onary arms race 
 
The evoluUon of resistance to anUmalarials is an alarming threat to malaria control efforts1. 

Resistance to older drugs including chloroquine (CQ) and SP has led to decreased efficacy in malaria 

treatment, and CQ resistance alone has contributed to millions of excess malaria deaths79,80.  In 

response to increasing resistance, WHO recommended the use of ACTs as first-line therapy, and by 

2005 ACTs were the standard treatment choice for uncomplicated malaria across Africa81. Historically, 

resistance to anUmalarials was first detected in Southeast Asia before spreading into Africa82,83. ACTs 

remain highly efficacious for now84. However, parUal resistance to artemisinin (ART-R) has emerged in 

Southeast Asia85, and recent studies have confirmed the emergence of ART-R in Africa, including in 

Rwanda86–88, Uganda80,89,90 , Eritrea84,91,92 and Tanzania93. The presence of ART-R is also suspected in 

Ethiopia94, the DemocraUc Republic of Congo (DRC)95 and Sudan96 due to the presence of mutaUons 

in the p`elch13 gene associated with resistance. EsUmates in the scenario of widespread artemisinin 

parUal resistance and partner drug resistance predict an excess of 80,000 deaths per year in Africa 

and a yearly economic impact of US$ 1 billion for the conUnent84. Strengthening the surveillance of 

anUmalarial drug resistance is essenUal to address this threat, and is central to the 2022 WHO 

‘Strategy to respond to anUmalarial drug resistance in Africa’84. 
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Genomic surveillance of an0malarial resistance 
 

TherapeuUc efficacy studies (TESs) are the gold standard for determining the efficacy of anUmalarials. 

These studies involve a diagnosis of malaria, confirmed by tesUng, followed by the supervised use of 

a parUcular drug and follow-up of the paUent for a defined period of Ume84. TESs alone are not 

sufficient to confirm drug resistance. These must be confirmed using other methods, such as97,98: 

a) Molecular methods to idenUfy molecular markers of drug resistance in the Plasmodium 

genome, including single nucleoUde polymorphisms (SNPs) and copy number variants (CNVs) 

b) Ex vivo and in vitro drug assays, where fresh or cultured Plasmodium parasites are exposed 

to drugs within a laboratory environment and their drug sensiUvity is measured 

c) In vivo measurements of drug levels in the blood to disUnguish whether treatment failure is 

due to resistance or due to insufficient anUmalarial drug exposure in the paUent 

 

Ex vivo, in vivo, and in vitro surveillance of anUmalarial resistance is expensive and resource 

intensive, requiring substanUal laboratory infrastructure and specialised staff. However, rapid 

improvements in next-generaUon-sequencing (NGS) technology have reduced the Ume taken and 

cost of genome sequencing, resulUng in an explosion in the availability of genome sequence data97. 

In turn, this has propelled the development of global databases of P. falciparum data, including open-

source databases of whole-genome sequence (WGS) data created by the collaboraUve network 

MalariaGEN and the partner collaboraUon PAMGEN (Pan-African Malaria GeneUc Epidemiology 

Network)99. The availability of vast repositories of sequence data enables the surveillance of 

molecular markers associated with resistance. So whilst TESs remain the gold-standard and the use 

of in vivo and in vitro studies remains central to diagnosing resistance, this wealth of genomic data 

means that genomic surveillance has an increasingly important role in monitoring anUmalarial 

resistance, including the idenUficaUon of novel molecular markers of drug resistance100,101.  

P. falciparum has three genomes: nuclear, mitochondrial and the apicoplast. The nuclear genome is 

23 megabases (mb) long and made up of 14 chromosomes, while the mitochondrial genome is 6 

kilobases (kb), and the apicoplast genome is 35kb102. WGS data is popular for in depth analysis of 

resistance markers. However, WGS is expensive and requires high concentraUons of parasite DNA to 

generate. This problem is magnified when analysing parasite DNA from dried blood spots, as these 

blood spots contain mostly human DNA103. One method of preferenUally amplifying parasite DNA 

from dried blood spots is selecUve whole genome amplificaUon (SWGA)103. This technique uses 

primers which preferenUally bind to the parasite DNA and selecUvely amplify this, instead of human 

DNA, enabling higher concentraUons of parasite DNA to be obtained which can then be used in WGS. 
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Another lower cost opUon for sequencing parasite DNA is targeted amplicon sequencing, which can 

be used for sequencing shorter secUons of DNA in mulUplex reacUons, drasUcally reducing the cost 

and Ume taken to sequence target regions within the genome104. Amplicon sequencing can be 

implemented using long read Oxford Nanopore Technology (ONT) such as the MinIon105, or short 

read MiSeq Illumina sequencing106. Molecular markers recognised by the WHO as associated with 

anUmalarial resistance can be seen in Table 398.  

Table 3: WHO recognised molecular markers of P. falciparum resistance to anAmalarial drugs98 

Drug Loci Polymorphisms associated with drug resistance 

Chloroquine  Pfcrt K76T + different sets of mutaUons at other 
codons (including C72S, M74I, N75E, A220S, 
Q271E, N326S, I356T and R371I) 

 Pfmdr1 
(in combinaUon with 
Pfcrt mutaUons 
only) 

N86Y, Y184F, S1034C, N1042D and D1246Y 

Amodiaquine Yet to be validated Studies show selecUon for Pfmdr1 86Y 
Piperaquine Pfpm2-3 Pfpm2-3 increased copy number 
 Pfcrt Detected in vivo: T93S, H97Y, F145I, I218F and 

C350R 
  Detected in vitro: T93S, H97Y, F145I, I218F, 

M343L and G353V 

Pyrimethamine Pfdhfr N51I, C59R, S108N and I164L 
Sulphadoxine Pfdhps S436A/F, A437G, K540E, A581G and A613T/S 

Proguanil Pfdhfr A16V, N51I, C59R, S108N and I164L 
Lumefantrine Yet to be validated Studies show selecUon for pfmdr1 N86 
Mefloquine Pfmdr1 Pfmdr1 increased copy number 
Atovaquone Pfcytb Y268N/S/C 
Artemisinin and its 
derivaUves 

PfK13 Validated markers:  
F446I, N458Y, M476I, Y493H, R539T, I543T, 
P553L, R561H, P574L, C580Y 
Candidate/associated markers:  
P441L, G449A, C469F/Y, A481V, R515K, P527H, 
N5371I/D, G538V, V568G, R622I, A675V 
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Insec7cide resistance 
 
Another evolu0onary arms race 
 

Along with the evoluUon of anUmalarial resistance, a second evoluUonary arms race threatens 

malaria control and eliminaUon; the evoluUon of insecUcide resistance in Anopheles vectors. Vector 

control using insecUcides has been the most successful method of reducing malaria cases and deaths 

to date, and insecUcide resistance threatens the efficacy of these intervenUons58. There are six 

classes of adulUcide insecUcides used in vector control: pyrethroids, organochlorines, carbamates, 

organophosphates, neonicoUnoids and pyrroles1. Unfortunately, resistance to at least one class of 

insecUcide has been reported in malaria vectors from 78 of the 88 malaria endemic countries that 

provided data to WHO between 2010 and 20201. Furthermore, 19 countries have confirmed 

resistance to pyrethroids, organochlorines, carbamates and organophosphates in at least one malaria 

vector1. Alarmingly, resistance to pyrethroids, which are the insecUcide class used in ITNs, was 

reported by 87% of countries1,62. WHO developed the Global Plan for InsecUcide Resistance of 

Malaria (GPIRM) in 2012107 in efforts to combat the threat of insecUcide resistance, which was 

followed by the development of the Global Vector Control Response (GVCR) for 2017-2030108. The 

GVCR recommends that countries develop InsecUcide Resistance Monitoring and Management Plans 

(IRMMPs) involving increased surveillance of insecUcide resistance in efforts to tackle this rising 

threat109.  

 

InsecUcide resistance is caused by four main mechanisms110,111: 

1. Target-site resistance, which occurs when a geneUc mutaUon alters the protein receptor 

within the mosquito that the insecUcide is targeUng, rendering the insecUcide unable to bind 

and exhibit its mode of acUon. 

2. Metabolic resistance, which occurs when mosquito metabolic enzymes are able to break 

down or sequester insecUcides before they can have a toxic effect. There are three families 

of metabolic enzymes which are strongly associated with insecUcide resistance in malaria 

vectors, including monooxygenases (P450s), esterases, and glutathione-S-transferases (GSTs). 

3. CuUcular resistance, where geneUc polymorphisms lead to a thickening of the mosquito’s 

cuUcle, reducing the ability of the insecUcide to penetrate the cuUcle and harm the 

mosquito. 

4. Behavioural resistance, where a change in mosquito acUvity enables it to avoid exposure to 

insecUcides, such as avoidance of ITNs through changing behaviour to bite during the day 

when people are not protected by ITNs. 
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The most studied mechanisms of insecUcide resistance are target-site resistance and metabolic 

resistance.  

 

Target-site resistance 

  

Pyrethroids and the organochlorine dichlorodiphenyltrichloroethane (DDT) work by binding to and 

disrupUng the acUon of the voltage-gated sodium channels of insect nerves, resulUng in insect 

paralysis and death63,112,113. The most well characterised SNPs in the vgsc gene are the knock-down 

resistance (kdr) mutaUons L995F/S, which can cause pyrethroid resistance (posiUon 1014 in Musca 

domesAca)114. L995F was first idenUfied in West Africa, whereas L995S was first idenUfied in East 

Africa115,116. However, the distribuUon of these two alleles has been shown to overlap117. Other 

mutaUons in the vgsc gene have been idenUfied which contribute to pyrethroid resistance. These 

include the N1570Y mutaUon, which has been found to increase pyrethroid resistance when found in 

associaUon with L995F118, the V402L mutaUon associated with pyrethroid resistance119, and the 

I1527T mutaUon associated with permethrin resistance120. 

 

MutaUons in the gamma-aminobutyric acid (GABA) receptor (rdl – resistant to dieldrin) have been 

associated with resistance to the organochlorine dieldrin. The A296G mutaUon has been found to 

confer dieldrin resistance in An. gambiae121, and the A296S mutaUon has been found to confer 

dieldrin resistance in An. arabiensis121, An. stephensi, Aedes aegypA and An. funestus122. 

Organochlorines including DDT and dieldrin have been banned due to environmental and human 

health concerns113. However, widely used pesUcides are also known to act on the GABA receptor123, 

and the target-site mutaUons associated with organochlorine resistance can sUll be idenUfied in 

mosquito populaUons124,125. 

 

Organophosphate and carbamate insecUcides work by inhibiUng the funcUon of acetylcholinesterase 

(AChE), which is essenUal for terminaUng synapUc transmission by hydrolysing the neurotransmiger 

acetylcholine126. They work by compeUUve binding to the AChE acUve site, resulUng in conUnuous 

nervous transmission and associated muscle or nerve fibre sUmulaUon127,128. Mosquito resistance to 

organophosphate and carbamate insecUcides has been associated with the G280S mutaUon in one of 

the genes encoding AChE, ace1129 (G119S in Torpedo californica130), and organophosphate resistance 

has been associated with ace1 gene duplicaUons128. 
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Metabolic resistance  

 

Metabolically mediated insecUcide resistance has been strongly associated with three enzyme 

families: cytochrome P450 monooxygenases (P450s)131,132, esterases111 and glutathione-S-

transferases (GSTs)133. Increased acUvity of these enzymes through upregulaUon or gene duplicaUon 

increases the mosquito’s ability to sequester or breakdown insecUcides, leading to insecUcide 

resistance110. Pyrethroid resistance in Anopheles mosquitoes has been strongly associated with copy 

number variants (CNVs) in the P450 encoding genes: cyp6aa1134, cyp6p3, cyp6m2, cyp6z1 and 

cyp9k1135,136, and in the GST encoding gene gste2137. These have been idenUfied as the most 

important metabolic genes to date, and have all been shown to metabolise insecUcides in 

vitro134,138,139. InsecUcide resistance has been associated with significant overexpression of genes in 

these metabolic families, including cyp6aa1, cyp6m2, cyp6p3, cyp6p4, cyp6z1, and cyp9k1 in An. 

gambiae s.l.135,139–141. Furthermore, specific SNPs within these gene families have been associated 

with resistance. This includes L43F in cyp4j5 and I236M in cyp6p4, which have been associated with 

resistance to pyrethroids in An. gambiae139,142. Furthermore, the L119F143 and I114T137 SNPs in gste2 

have been associated with resistance to pyrethroids and DDT. Metabolic resistance to carbamates 

and organophosphates has been associated with increased copy number of ace1128. These ace1 

duplicaUons commonly co-occur with the ace1 G280S SNP on the same resistance haplotype, which 

has emerged in An. gambiae and then spread into An. coluzzii in West Africa through interspecific 

hybridisaUon (introgression)128. Several transcripUon factors have been implicated in regulaUng 

pyrethroid resistance, including Maf-S and Met, the silencing of which resulted in significantly 

reduced expression of some metabolic genes, including cyp6m2144,145. 

 

Genomic surveillance of insec0cide resistance 

 
The gold-standard for monitoring the presence of insecUcide resistance is the use of phenotypic 

suscepUbility bioassays using WHO tube tests, WHO bogle bioassays, CDC bogle bioassays or WHO 

suscepUbility tests for mosquito larvae146. Ater the presence of insecUcide resistance has been 

confirmed, WHO recommends that intensity bioassays are conducted to determine the intensity 

level of the resistance, and that synergist-insecUcide bioassays using PBO are conducted to idenUfy 

the presence of metabolic resistance146. WHO also recommends the use of molecular and 

biochemical assays to analyse enzyme expression of metabolic genes and target-site SNPs which may 

be the mechanisUc cause behind phenotypic resistance110,146.  
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Genomic surveillance using WGS or target-site sequencing can be used to idenUfy target-site 

mutaUons that have previously been associated with resistance124,147,148, and to idenUfy novel SNPs 

that may be associated with resistance63. Molecular approaches can also be used to elucidate 

metabolic mechanisms of resistance. For example, RNA sequencing has been used to explore 

pagerns of gene expression149 and WGS has been used to idenUfy CNVs including metabolic genes 

which are associated with insecUcide resistance138. The Anopheles gambiae 1000 Genomes Project 

(Ag1000G; hgp://www.malariagen.net/ag1000g)  provides an open source resource of whole 

genome sequences from the Anopheles gambiae s.l. complex for the invesUgaUon of mosquito 

genome variaUon and evoluUon150. This has enabled large scale studies of Anopheles populaUon 

geneUc variaUon138,150–152, which have confirmed that Anopheles mosquitoes are among the most 

geneUcally diverse eukaryoUc organisms known150. The An. gambiae s.s. genome is ~264 mb long and 

is made up of 3 chromosomes and the mitochondrial genome153. The insecUcide resistance status of 

Anopheles mosquitoes on the Bijagós Archipelago of Guinea-Bissau is poorly understood, and 

genomic data from malaria vectors on the islands was very limited prior to the research that has 

been conducted for this thesis.  

 
The Bijagós Archipelago 
 
Malaria endemicity 
 
Malaria is a persistent health problem in Guinea-Bissau in West Africa, where there is a populaUon of 

around 2.1 million people and an esUmated 225,200 malaria cases and 1,023 malaria deaths 

occurred in 20221. The Bijagós is an archipelago of 88 islands and islets situated off the coast of 

Guinea-Bissau, with a populaUon of around 25,000 people (Figure 5)154. The islands are separated 

from mainland Guinea-Bissau by around 50 km of AtlanUc Ocean and are primarily accessed by ferry, 

which takes four hours and sails only twice each week. The islands have a rainy season between June 

and October/November and a dry season from December to May, with peak malaria transmission 

occurring at the end of the rainy season in October and November155. Cross-secUonal malaria 

prevalence surveys using 18S rRNA quanUtaUve polymerase chain reacUon (qPCR) idenUfied the 

prevalence of P. falciparum infecUon to be 16.7% in November 2017, 17.3% in November 2018, and 

10.0% in November 2019156. The persistent circulaUon of subclinical parasitaemia on the Archipelago 

makes malaria eliminaUon parUcularly difficult, as asymptomaUc malaria cases are a major driver of 

transmission, and asymptomaUc individuals do not seek treatment31,157. 

 

http://www.malariagen.net/ag1000g
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Figure 5: Bijagós Archipelago, Guinea-Bissau. Map created by E. Pretorius, LSHTM, using ArcGIS 
ArcMap10.8.1125. 

 
Malaria vectors on the Bijagós Archipelago 
 
A vector surveillance survey on the most populated island of the Archipelago, Bubaque, was 

conducted in 2017155. This survey idenUfied all Anopheles species on the island to be members of the 

An. gambiae sensu lato (s.l.) complex. Of the species present, An. gambiae s.s. was idenUfied as the 

primary malaria vector, and An. melas was hypothesised to be responsible for low level transmission 

during the dry season155. A larger surveillance study on 16 islands took place during the peak malaria 

transmission in 2019158. This study also idenUfied all Anopheles species on the Archipelago to be 

members of An. gambiae s.l. complex and idenUfied 85.2% of trapped mosquitoes to be An. melas. 

This study idenUfied a sporozoite rate of 0.86% and found that all P. falciparum circumsporozoite 

protein (CSP) posiUve specimens collected were An. melas, indicaUng that this species has a potenUal 

role in malaria transmission on the Bijagós158. This is supported by previous studies which have 

idenUfied An. melas to have a role in malaria transmission, including in neighbouring The 

Gambia159,94, Senegal160, and Equatorial Guinea161.  
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The Anopheles gambiae complex is an example of speciaUon in the presence of gene flow, with 

considerable introgression of alleles between species150,162,163. Guinea-Bissau is a region of 

uncharacterisUcally high hybridisaUon rates between An. gambiae s.s. and An. coluzzii, which have 

been recorded consistently at over 20% since 1995 163,164. This hybridisaUon rate is much higher than 

has been recorded in West and Central Africa, where rates are usually below 1% despite broad 

sympatry165, and recent research suggests that these hybrids may actually be a novel putaUve crypUc 

taxon, provisionally named the “Bissau molecular form”166. This adds further complexity to 

understanding gene flow in this mosquito populaUon and the impact that this may have on the 

spread of insecUcide resistance alleles.  

 
Malaria control on the Bijagós Archipelago 
 
The NaUonal Malaria Control Program (NCMP) of Guinea-Bissau has deployed a combinaUon of  

parasite and vector control tools to combat malaria, including case detecUon and treatment with AL, 

intermigent prevenUve treatment in pregnancy (IPTp) with SP, and pyrethroid treated ITNs167. Prior 

to the introducUon of ACTs, CQ was used rouUnely in Guinea-Bissau at triple the standard dose, and 

was oten prescribed for children without malaria due to the limited availability of malaria 

diagnosUcs168. Despite high CQ doses being rouUnely used for decades, treatment with CQ was well-

tolerated in the populaUon169. AL was introduced as first-line treatment for malaria in 2008170. SP was 

not used for first-line treatment, but was recommended for second-line treatment between 1996 

and 2007171. ITNs were distributed in 2011, 2014 and 2017, with planned deployment every 3 

years172. Approximately ninety percent of distributed nets have been PermaNet® 2.0, which are 

treated with the pyrethroid deltamethrin125. ITN coverage is esUmated to be high, at 92%. However, 

IPTp coverage is low and in some areas non-existent154. Other vector control intervenUons such as 

indoor residual spraying and larviciding are not used on the Bijagós154. There was one pilot round of 

SMC with SP-AQ delivered on the islands from August to November 2020, but this was not 

conUnued154. The MDA trial MATAMAL was implemented on the Bijagós during 2021 and 2022. 

MATAMAL was a cluster-randomised, community-wide MDA with two arms randomised to either 

combined oral ivermecUn and dihydroartemisinin-piperaquine (DHAP), or oral ivermecUn-placebo 

and DHAP154. Malaria prevalence on the islands was significantly reduced during the peak 

transmission season following the MDA intervenUon in 2022 to a P. falciparum prevalence of 5.05% 

in the control arm and 6.64% in the intervenUon arm156. P. falciparum prevalence was quanUfied 

using the varATS qPCR, which targets the var gene acidic terminal sequence (varATS, 59 copies per 

genome) and is more sensiUve than the 18S rRNA qPCR (5-8 copies per genome)173.  
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An0malarial resistance on the Bijagós Archipelago 
 
The anUmalarial resistance status of Plasmodium parasites on the Bijagós Archipelago has not 

previously been studied, and genomic data for Bijagós Plasmodium isolates was absent prior to the 

research conducted for this thesis. However, studies have been conducted on mainland Guinea-

Bissau, where CQ was used rouUnely before the introducUon of AL in 2008174–178. A study in Bissau 

analysed molecular markers from 318 malaria paUents between October 2014 and March 2016 using 

mulUplex amplicon sequencing from venous blood samples collected at Bandim Health Centre. This 

study found a pfcrt M74I frequency of 52.9%, N75E of 52.9%, K76T of 52.4%, pfdhps V431I frequency 

of 0.6%, A436S of 35.7%, A437G of 66.8%, K540E of 0.3%, A613S/T of 0.7%, pfdhfr N51I frequency of 

88%, C59R of 87.1%, S108N of 92.4%, and pfmdr1 N86Y frequency of 9.7%, N1042D of 0.3% and 

D1246Y of 1%104. No markers in the p`elch13 gene previously associated with artemisinin parUal 

resistance were idenUfied104.  A concurrent study in Bissau analysed molecular markers of 

anUmalarial resistance from 1390 rapid diagnosUc tests (RDTs) which tested posiUve for Plasmodium 

DNA by PCR, collected between May 2014 and April 2017171. Molecular markers were analysed in 

DNA extracted from these RDTs using amplicon sequencing. Similar frequencies of anUmalarial 

resistance mutaUons were idenUfied. The pfcrt c. 72-76 CVMNK wildtype haplotype decreased 

significantly from 2014 to 2016; this haplotype was found in 67% of samples in 2014, 60% in 2015 

and 45% in 2016, with mutant K76T rising significantly in prevalence from 43% in 2014, to 53% in 

2015, to 61% in 2016. Pfmdr1 N86 increased in prevalence from 88% in 2014, to 97% in 2015, to 92% 

in 2016. The pfdhfr IRN triple mutant (N51I, C59R, S108N) was found in 73% of samples in 2014, 92% 

in 2015, and 85% in 2016. The pfdhps A437G mutaUon was found in 33% of samples in 2014, 53% in 

2015, and 58% in 2016. Eighteen SNPs were idenUfied in the p`elch13 gene, including two non-

synonymous SNPs in the propeller region; R592K and T535M, but no SNPs associated with 

artemisinin parUal resistance were idenUfied. The findings of these studies were consistent with SNP 

frequencies previously published between 2003 and 2012170, but also indicated a conUnued increase 

in the frequency of pfmdr1 N86, which may be reflecUve of the use of AL for malaria treatment in 

Guinea-Bissau179–181. Furthermore, these studies indicate increasing frequency of pfdhfr/pfdhps 

mutaUons associated with SP resistance, which likely reflects of the use of SP for IPTp104,170,178.  

Importantly, the efficacy of AL as first-line malaria treatment in Guinea-Bissau was measured 

between 2012 and 2015, and is sUll high despite the increased prevalence of pfmdr1 N86, resulUng in 

94% adequate clinical and parasitological response182. 
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Insec0cide resistance on the Bijagós Archipelago 
 
Prior to this thesis, the only phenotypic tesUng for insecUcide resistance on the Bijagós Archipelago 

was published by Ant et al (2020)155, who tested the suscepUbility of An. gambiae s.l. on Bubaque 

island in 2017 to two insecUcides; permethrin and a-cypermethrin. This study used CDC-bogle 

bioassays and found full suscepUbility to permethrin but moderate resistance to a-cypermethrin. 

This study invesUgated the presence of vgsc L995F and L995S and idenUfied L995F at a frequency of 

36% in An. gambiae s.s., 35% in An. coluzzii and 42% in An. gambiae s.s. - An. coluzzii hybrids. No 

L995F alleles were idenUfied in An. melas mosquitoes155. Synergist assays with pre-exposure to PBO 

followed by exposure to a-cypermethrin resulted in 100% mortality, suggesUng the likely presence of 

metabolic mechanisms of a-cypermethrin resistance. Furthermore, carrying the L995F mutaUon was 

significantly associated with the a-cypermethrin resistant phenotype155. The prevalence of other 

mutaUons associated with insecUcide resistance had not been tested prior to this thesis. However, 

phenotypic tests for resistance and addiUonal molecular markers of resistance have previously been 

invesUgated on mainland Guinea-Bissau. The most recent study was conducted in 2018 in five 

regions of the mainland (Bafatá, Bissau, Buba, Cacheu, and Gabu) and idenUfied resistance to 

deltamethrin and permethrin in An. gambiae s.l.172. This study idenUfied vgsc L995F at high 

frequencies (75.01 - 91.96 %) and L995S at low frequencies (0.00 - 1.25 %) across Buba and Gabu-

Bafatá. Whereas, in the Bissau senUnel site, L995S was found at higher frequencies (58.71 %) and 

L995F was found at lower frequencies (31.29 %). This study also idenUfied the presence of vgsc 

N1570Y mutaUon across all sites (6.62 % - 17.56 %) and the presence of ace1 G280S (ranging from 

0.00 % in Bissau to 12.4 % in Gabu). This study assessed expression levels of seven cytochrome P450 

genes, and idenUfied staUsUcally significant overexpression of cyp6z1 in the Gabu An. gambiae s.s – 

An. coluzzii hybrids172.  
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CHAPTER TWO 
 

Thesis Structure, Hypotheses and Objec7ves 
 
 
Structure and Hypotheses 

In this thesis I use genomic techniques to ask, what is the genetic diversity and antimalarial 

resistance status of the P. falciparum parasite, and what is the genetic diversity and insecticide 

resistance status of An. gambiae s.l. vectors, on the Bijagós Archipelago of Guinea-Bissau? I ask 

these questions in the context of malaria control interventions on this remote Archipelago, where 

the genomic epidemiology of malaria has not previously been studied. This thesis provides data on 

the genetic diversity of P. falciparum and An. gambiae s.l., in addition to antimalarial and insecticide 

resistance data for the first time in this region. In doing so, this work presents a baseline of data 

relevant to the NMCP and future researchers for optimising malaria control interventions, which can 

be built upon during future genomic surveillance and malaria control efforts.  

Chapter 3 (Published paper) 

In Chapter 3, I use dried blood spots (DBS) collected as part of a cross-sectional malaria prevalence 

survey which was conducted on five islands in the Bijagós Archipelago during 2018. These DBS 

samples were collected from asymptomatic individuals, and P. falciparum positivity was detected 

using 18S rRNA qPCR. In this chapter, I identify population dynamics and drug resistance mutations 

in P. falciparum within these DBS samples. I hypothesised that antimalarial resistance mutations 

associated with resistance to AL, CQ, and SP would be present due to the current or previous use of 

these drugs in this region. I use selective whole-genome amplification to enable the sequencing of 

parasite data from very low parasitaemia, asymptomatic infections. I generate a baseline drug-

resistance profile which paves the way for future research into the impact of MDA on molecular 

markers of antimalarial resistance. Furthermore, this contributes an open-source WGS resource, as 

the first generation of WGS data of P. falciparum from the Bijagós Archipelago. I identified fixation of 

the pfdhfr mutations N51I and S108N, associated with resistance to sulphadoxine-pyrimethamine, 

and the continued presence of pfcrt K76T, associated with chloroquine resistance. I further show 

that P. falciparum from the Archipelago cluster with samples from mainland West Africa without 

forming a separate phylogenetic group.  
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Chapter 4 (Published paper) 

In Chapter 4, I expand focus to the malaria vector Anopheles gambiae. I investigate the prevalence 

of molecular markers associated with insecticide resistance in An. gambiae s.l. mosquitoes from 13 

islands across the Bijagós. These mosquitoes were collected using CDC light traps in October and 

November 2019. I hypothesised that molecular markers associated with resistance to pyrethroids 

would be widespread on the Archipelago due to the use of pyrethroid ITNs on the islands and the 

presence of pyrethroid resistance on mainland Guinea-Bissau172,64. To enable a larger sample size, I 

use multiplex amplicon sequencing, a more rapid and cost-efficient method of gene sequencing. The 

mainstay for malaria control on the Bijagós is ITNs impregnated with the pyrethroid deltamethrin, 

and the prevalence of molecular markers of resistance to pyrethroids on the islands is previously 

understudied. Using rapid multiplex amplicon sequencing, I identify that across the 13 islands 

sampled, the prevalence of insecticide resistance mutations was low. However, I find four mutations 

previously associated with insecticide resistance at low prevalence and an additional eight non-

synonymous mutations which were previously unknown in Bijagós An. gambiae s.l. mosquitoes. 

Notably, I identify the presence of molecular markers of resistance to deltamethrin, which is 

important as the mainstay of vector control on the islands is the use of pyrethroid ITNs. 

Chapter 5 (Published paper) 

In Chapter 5, I build on my surveillance of molecular markers in Chapter 4 and conduct phenotypic 

bioassays during fieldwork to investigate whether Anopheles mosquitoes on this isolated 

Archipelago show phenotypic resistance to deltamethrin. I hypothesised that deltamethrin 

resistance would be present on the islands due to the spread of pyrethroid resistance in West Africa 

and the use of pyrethroid ITNs on the islands. I conclude that deltamethrin resistance is present on 

the main island of Bubaque, and then use whole genome sequencing to search for signatures of 

selection among the population of mosquitoes tested. I identify six SNPs previously associated with, 

or putatively associated with, insecticide resistance, and twenty additional non-synonymous SNPs in 

insecticide-resistance associated genes. I use genome wide selection scans using Garud’s H12 statistic 

and identify two selective sweeps in the An. gambiae s.s. population. Both selective sweeps overlap 

with metabolic genes previously associated with insecticide resistance, including cyp9k1 and the 

cyp6aa/cyp6p gene cluster. This chapter presents the first phenotypic testing for deltamethrin 

resistance and the first WGS data for Anopheles mosquitoes from the Bijagós Archipelago, 

contributing data of significance for vector control policy in the region. 
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Chapter 6 (Published paper) 

In Chapter 6, I analyse the insecticide resistance status and genetic diversity of the malaria vector 

An. melas, which may have a role in the transmission of malaria on the Bijagós Archipelago, 

particularly during the dry season. I hypothesise that An. melas harbour low frequencies of 

insecticide resistance mutations common to other species in the An. gambiae s.l. complex, and that 

we may detect genetic separation between An. melas from different islands. I find complete absence 

of insecticide resistance SNPs common to An. gambiae s.l., and no evidence of selective sweeps 

across insecticide resistance genes. Furthermore, I detect no genetic separation between An. melas 

from different islands, but clustering of this species into two groups which are independent of island 

origin. This chapter provides the first WGS analysis of An. melas from the Bijagós Archipelago, and 

the first population genetic analysis for this mosquito species from individual mosquito WGS data. 

This provides novel insights into insecticide resistance genetics within this species, including the 

identification of 26 novel SNPs in the An. melas population which may be associated with insecticide 

resistance. An. melas is part of the An. gambiae s.l. complex, which is a model for speciation under 

intense gene flow183. Understanding the genetic diversity and population structure of this species 

aids our understanding of how this malaria vector is evolving, and knowledge of insecticide 

resistance genomics can be used to help to inform future vector control interventions. 

Chapter 7: Discussion and conclusions 

In the final chapter, I discuss the potential incorporation of genome surveillance into malaria control 

programmes. 
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Thesis Objec7ves 
 

1. To generate and analyse WGS data from DBS samples collected prior to implementaUon of 

MDA with DHAP on the Bijagós, to invesUgate populaUon dynamics and molecular markers 

of drug resistance in P. falciparum infecUons. 

2. To use mulUplex amplicon sequencing to idenUfy molecular markers associated with 

insecUcide resistance in An. gambiae s.l. complex mosquitoes collected during the peak 

malaria transmission season in October/November 2019. 

3. To conduct phenotypic tesUng of deltamethrin suscepUbility in An. gambiae s.l. complex 

mosquitoes on the main island of Bubaque. 

4. To generate and analyse WGS data from deltamethrin suscepUble and resistant An. gambiae 

s.s. mosquitoes, to invesUgate geneUc diversity and signatures of selecUon. 

5. To generate and analyse WGS data for An. melas mosquitoes from across the Archipelago, to 

invesUgate the geneUc diversity, insecUcide resistance status and signatures of selecUon 

within this populaUon. 
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Population dynamics 
and drug resistance mutations 
in Plasmodium falciparum 
on the Bijagós Archipelago, 
Guinea‑Bissau
Sophie Moss 1*, Emilia Mańko 1, Hristina Vasileva 1, Eunice Teixeira Da Silva 1,2, 
Adriana Goncalves 1, Ashley Osborne 1, Jody Phelan 1, Amabelia Rodrigues 3, Paulo Djata 4, 
Umberto D’Alessandro 5, David Mabey 1, Sanjeev Krishna 6,7,8, Anna Last 1,10, 
Taane G. Clark 1,9,10 & Susana Campino 1,10*

Following integrated malaria control interventions, malaria burden on the Bijagós Archipelago has 
significantly decreased. Understanding the genomic diversity of circulating Plasmodium falciparum 
malaria parasites can assist infection control, through identifying drug resistance mutations and 
characterising the complexity of population structure. This study presents the first whole genome 
sequence data for P. falciparum isolates from the Bijagós Archipelago. Amplified DNA from P. 
falciparum isolates sourced from dried blood spot samples of 15 asymptomatic malaria cases were 
sequenced. Using 1.3 million SNPs characterised across 795 African P. falciparum isolates, population 
structure analyses revealed that isolates from the archipelago cluster with samples from mainland 
West Africa and appear closely related to mainland populations; without forming a separate 
phylogenetic cluster. This study characterises SNPs associated with antimalarial drug resistance on 
the archipelago. We observed fixation of the PfDHFR mutations N51I and S108N, associated with 
resistance to sulphadoxine‑pyrimethamine, and the continued presence of PfCRT K76T, associated 
with chloroquine resistance. These data have relevance for infection control and drug resistance 
surveillance; particularly considering expected increases in antimalarial drug use following updated 
WHO recommendations, and the recent implementation of seasonal malaria chemoprevention and 
mass drug administration in the region.

Despite knowing the causes of malaria for over a century, this disease is still a major public health problem. 
The World Health Organization (WHO) Global Technical Strategy aims to reduce the global malaria burden 
by 90% by  20301. Considerable progress has been made. However, the decline in malaria mortality has slowed 
since 2014, and malaria deaths increased to an estimated 627,000 in 2020. This was a 12% rise from 2019, with 
most deaths caused by the parasite Plasmodium falciparum1. To meet the WHO target by 2030, novel strategies 
and tools for malaria elimination are needed.

Recently updated WHO recommendations suggest that antimalarials will be increasingly deployed for the 
control and elimination of P. falciparum, on a mass scale. These recommendations included expanding the use 
of intermittent preventive treatment in pregnancy with sulphadoxine-pyrimethamine (IPTp-SP) to all pregnant 
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women, broader use of perennial malaria chemoprevention (PMC) and seasonal malaria chemoprevention 
(SMC), and expanded guidance for the use of mass drug administration (MDA)2. As a result of these recom-
mendations, the mass use of antimalarials is likely to increase in a variety of transmission settings at the discre-
tion of relevant control programmes. Molecular surveillance is a useful tool for evaluating the impact of mass 
antimalarial drug use through monitoring malaria prevalence, parasite population dynamics, and genomic 
markers of drug resistance.

Endemic island communities are a unique landscape within which to test malaria interventions, including 
MDA, due to their isolated geography. Understanding the population dynamics and genetic variation of P. fal-
ciparum populations on islands provides crucial information for the evaluation of these interventions, as well 
as routine malaria surveillance. Improved whole genome sequencing technology, including the development 
of Next Generation Sequencing (NGS), has dramatically reduced the time and cost of genomic sequencing 
through enabling the sequencing of millions of reads in  parallel3. The subsequent increase in the generation 
and availability of genome sequence data allows for high resolution analysis of the genomic architecture of P. 
falciparum populations.

The Bijagós Archipelago is a group of 88 islands and islets situated off the coast of Guinea-Bissau, West Africa. 
The islands are isolated from mainland Guinea-Bissau; separated by 70 km of sea and accessible by ferry, which 
takes four hours and sails once each week. Currently, malaria interventions in the Bijagós include enhanced 
case finding, intermittent preventive treatment in pregnancy (IPTp) and long-lasting insecticidal nets (LLINs)4. 
Despite good coverage and adherence to these interventions, including maximal control efforts using LLINs, 
malaria case incidence and mortality both increased by between 5 and 25%, from 2015 to  20201. Although P. 
falciparum populations have been studied in mainland Guinea-Bissau, there has been no previous research 
conducted on the genomic architecture of P. falciparum parasites on the Bijagós Archipelago. This is vital for 
researchers to be able to understand the impact of malaria interventions within the region. Eighteen of the islands 
within the archipelago are inhabited year-round, with a total population of around 25,000  people5. The major-
ity of the population live in forest villages and are largely hunter gatherers with some subsistence farming and 
 fishing4. The islands have a rainy season between June and November and a dry season from December to May, 
with peak malaria transmission occurring at the end of the rainy season in October and  November6. Malaria 
prevalence on the Bijagós is seasonal and stable, with low to moderate transmission intensity. Most malaria 
cases are asymptomatic. A malaria prevalence survey was conducted on the most populated island within the 
archipelago in August 2017, during the start of the malaria transmission season. This was a cross-sectional survey 
of the population, which identified the prevalence of P. falciparum infection to be 16.9% by  qPCR5. Persistent 
circulation of subclinical parasitaemia makes reducing malaria transmission very difficult in this setting. This is 
because asymptomatic malaria cases are a major driver of malaria transmission, and asymptomatic individuals 
do not generally seek  treatment5.

One of the main challenges of whole genome sequencing (WGS) clinical malaria parasite isolates from dried 
blood spots is obtaining sufficient high-quality parasite DNA from infected individuals. This is particularly chal-
lenging when there is low parasitaemia in asymptomatic infections, and when working with dried blood spot 
(DBS) clinical samples, as the majority of DNA extracted from DBS is human. To address this, selective whole 
genome amplification (SWGA) can be used to selectively amplify P. falciparum DNA directly from DBS samples. 
This can result in better sequencing coverage of low-density P. falciparum infections. This higher sequencing 
coverage is necessary for robust population genomic  analyses7. Using the SWGA method, we generated 15 whole 
genome sequences of P. falciparum from 15 dried blood spot samples. These DBS samples were collected from 
asymptomatic individuals of all ages during a cross sectional malaria prevalence survey conducted on five islands 
on the archipelago in 2018. This is the first WGS data from P. falciparum parasites on these islands. These data 
provide insights into the genetic variation and population dynamics of the P. falciparum parasites, including 
genomic markers associated with antimalarial drug resistance. The genomic variation within the Bijagós Archi-
pelago is contextualised with approximately 800 isolates from other regions in Africa, using publicly available 
WGS  data8. Importantly, these data provide a baseline assessment of genomic variation in 2018, prior to the 
subsequent implementation of SMC and MDA programmes in the region.

Results
Whole genome sequence data. The filtering steps for P. falciparum isolates for inclusion in genomic 
analyses can be seen in Supplementary Fig. 4. DNA was extracted from 2500 dried blood spots. qPCR was then 
used to test for the presence of P. falciparum in the extracted DNA. This identified 145 samples which were posi-
tive for P. falciparum with a CT value < 30. P. falciparum DNA was successfully amplified using Selective Whole 
Genome Amplification to sufficient levels for whole genome sequencing in 48 samples. Downstream filtering 
for high-quality whole genome sequence data resulted in 15 samples being carried forwards for bioinformatic 
analysis (please refer to the Methods section for additional detail).

A pairwise nucleotide matrix of 1,326,629 filtered SNPs was generated using whole genome sequences from 
795 P. falciparum isolates, collected from 10 countries across Africa (Supplementary Table 1). This included 
isolates from Central Africa (Gabon, n = 57), West Africa (Ivory Coast n = 70, The Gambia n = 148, Bijagós Archi-
pelago Guinea-Bissau (n = 15), East Africa (Kenya n = 138, Uganda n = 17), Southeast Africa (Malawi n = 149, 
Madagascar n = 24), South Central Africa (DRC n = 150) and Horn of Africa (Eritrea n = 27). The  FWS metric 
was used to investigate within-sample diversity. Most samples appeared monoclonal, with “high”  FWS estimates 
of ≥ 0.959 (Supplementary Table 2). The samples from the Bijagós had a mean  FWS of 0.965, with 86.7% monoclo-
nality  (FWS ≥ 0.95), which was higher than isolates from other countries, including The Gambia and Ivory Coast, 
which exhibited 67.6% and 61.4% monoclonality respectively. This high  FWS score indicates low multiplicity of 
infection within samples from the Bijagós. This may be due to low transmission intensity overall, or be because 
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people generally live in small, more isolated communities, and supports the assumption that our population 
analyses are robust.

P. falciparum isolates from the Bijagós Archipelago cluster within West Africa. Principal com-
ponent analysis (PCA) was conducted using the previously described pairwise genetic distance matrices to 
investigate the population structure of the P. falciparum isolates. Isolates from the Bijagós Archipelago were 
found to cluster with samples from West Africa when compared to other regions of Africa (Fig. 1). A SNP based 
Neighbour-Joining tree was generated to further investigate where the Bijagós P. falciparum isolates were situ-
ated phylogeographically. The samples from the Bijagós (labelled as Guinea-Bissau in purple), clustered with 
other West African countries. The samples from the Bijagós, The Gambia and Ivory Coast appear to be mixed 

Figure 1.  Population structure analysis: (top) Principal component analysis demonstrating that the isolates 
from the Bijagós (in purple) cluster with other isolates from West Africa (in orange and yellow). Generated 
using pairwise genetic distance matrices containing 1,326,629 SNPs from 795 isolates. (bottom) Neighbour-
Joining tree for the samples and SNPs described above. Isolates were sampled from Central Africa (Gabon, 
n = 57), West Africa (Ivory Coast n = 70, The Gambia n = 148, Bijagós Archipelago Guinea-Bissau (n = 15), East 
Africa (Kenya n = 138, Uganda n = 17), Southeast Africa (Malawi n = 149, Madagascar n = 24), South Central 
Africa (DRC n = 150) and Horn of Africa (Eritrea n = 27). Bijagós isolates (indicated with purple arrows) are 
found interspersed with samples from West Africa (orange and yellow).
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and closely related, without forming distinct clusters. This suggests a high degree of mixing between parasites 
from the Bijagós with those from neighbouring West African countries, reflecting a high degree of regional 
transmission of P. falciparum across West African borders, which has been previously  reported10.

Population differentiation. Population differentiation due to genetic structure was measured using Fixa-
tion index (FST)  statistics11, where SNPs with values of 1 indicate perfect differentiation between populations. 
SNPs that differentiated the Bijagós Archipelago from other African countries or regions were identified. SNPs 
with a threshold of  FST > 0.75,  FST > 0.85, and  FST > 0.9 were identified to investigate patterns of differentiation 
between isolates from the Bijagós and the rest of Africa.

The isolates from the Bijagós were compared separately to each of the other countries within the dataset. 
The number of SNPs with  FST > 0.75 for each country comparison are described in Fig. 2. There was an expected 
trend towards greater SNP differences with increased geographical distance. The largest degree of population 
differentiation was found between the Bijagós and Eritrea, with 151 SNPs with  FST > 0.75.

SNPs with an  FST > 0.85 were identified by comparing isolates from the Bijagós with those from other countries 
in West Africa (N = 233), East Africa (N = 155), Southeast Africa (N = 172), South Central Africa (N = 150), and 
the Horn of Africa (N = 27), respectively (Table 1). When comparing the isolates from the Bijagós with samples 
from other African regions, there were 15 SNPs with  FST > 0.9. This included 2 SNPs when comparing isolates 
from the Bijagós with East Africa, and 13 SNPs when comparing with the Horn of Africa (Table 1). SNPs with 
 FST > 0.9 included those in the rhoptry-associated protein 1, RAP1 (PF3D7_1410400), and reticulocyte binding 
protein homologue 1 (PfRh) (PF3D7_0402300). The RAP1 protein is part of the rhoptry-associated protein 
(RAP) complex, which is important for parasitophorous vacuole membrane structure and intraerythrocytic 
parasite  growth12. The PfRh protein is part of the reticulocyte binding-like (RBL) family, binds to erythrocytes 
and plays a key role in merozoite  invasion13.

Genetic relatedness. DNA segments that are identical between individuals and have been inherited from 
a common ancestor without recombination are termed identical by descent (IBD)14. IBD analysis was conducted 
to infer pairwise identity by descent between Plasmodium isolates within populations. Genomic relatedness was 
determined by analysing the proportion, or fraction, of the genome that was IBD between the P. falciparum iso-
lates. Cumulative IBD across the genome was calculated using sliding window analysis for each population using 
windows of 10,000 bases (Supplementary Table 3). Isolates from the Bijagós exhibited median IBD fractions of 
0.04, ranging between 0.001 and 0.217. This was slightly higher than the other countries in West Africa; Ivory 
Coast had a median IBD of 0.003, while The Gambia had a median IBD of 0.011. Higher IBD within a popula-
tion indicates that a higher proportion of alleles at the same locus were inherited from a common ancestor. The 
higher IBD score for the Bijagós isolates suggests reduced outcrossing within the population, in comparison with 
other West African countries, which is likely to reflect their isolated island status.

Figure 2.  Map showing the proximity of the Bijagós Archipelago to the other countries within this dataset, and 
the number of SNPs with  FST > 0.75 for each country comparison.
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Chr Position Gene FST value
% Alternate allele – Bijagós 
population % Alternate allele – Population 2 Population 2

10 331,746 PF3D7_1008100: PHD finger 
protein PHD1 0.892 50.0 0.5 West Africa

12 1,265,899 PF3D7_1230800: pre-mRNA-
splicing regulator WTAP, putative 0.864 40.0 0 West Africa

6 697,009 PF3D7_0616800
malate:quinone oxidoreductase 0.854 0 91.0 East Africa

6 1,110,905 PF3D7_0627700
transportin 0.855 50 0 East Africa

6 1,115,439 PF3D7_0627800
acetyl-CoA synthetase 0.888 64.3 0.6 East Africa

7 732,862 eukaryotic translation initiation 
factor 3 subunit I, putative 0.922 83.3 0.6 East Africa

9 1,178,903 high molecular weight rhoptry 
protein 2 0.873 92.9 5.2 East Africa

9 1,402,365
PF3D7_0935500
Plasmodium exported protein, 
unknown function

0.869 73.3 1.6 East Africa

10 331,746 PF3D7_1008100: PHD finger 
protein PHD1 0.853 50.0 0.7 East Africa

10 658,448 serine/threonine protein kinase, 
FIKK family 0.865 81.8 3.9 East Africa

11 1,376,369 PF3D7_1135100: protein phos-
phatase PPM8, putative 0.870 13.3 94.2 East Africa

14 421,792 rhoptry-associated protein 1 0.914 21.4 98.7 East Africa

6 1,115,439 PF3D7_0627800
acetyl-CoA synthetase 0.887 64.3 0.6 Southeast Africa

7 732,862 eukaryotic translation initiation 
factor 3 subunit I, putative 0.893 83.3 1.7 Southeast Africa

10 331,746 PF3D7_1008100: PHD finger 
protein PHD1 0.899 50.0 0 Southeast Africa

12 1,265,899 PF3D7_1230800: pre-mRNA-
splicing regulator WTAP, putative 0.886 40.0 0 Southeast Africa

12 1,265,899 PF3D7_1230800: pre-mRNA-
splicing regulator WTAP, putative 0.882 12.5 0 South Central Africa

2 318,919 and 319,674 PF3D7_0207900
serine repeat antigen 2 0.929 0 94.4 Horn of Africa

2 367,271 6-cysteine protein P230p 0.934 0 94.7 Horn of Africa

3 204,230
PF3D7_0304100
inner membrane complex protein 
1e, putative

0.865 0 89.5 Horn of Africa

3 729,186
PF3D7_0317700: CPSF (cleavage 
and polyadenylation specific fac-
tor), subunit A, putative

0.859 0 87.5 Horn of Africa

4 138,554 and 138,623 reticulocyte binding protein 
homologue 1 0.942 0 95.8 Horn of Africa

5 608,869 PF3D7_0514600: ribose-5-phos-
phate isomerase, putative 0.888 0 91.3 Horn of Africa

5 1,042,252 PF3D7_0525100 acyl-CoA 
synthetase 0.865 78.6 0 Horn of Africa

7 732,865 eukaryotic translation initiation 
factor 3 subunit I, putative 0.882 100 8.7 Horn of Africa

7 894,384 PF3D7_0720700: phosphoi-
nositide-binding protein PX1 0.923 100 3.7 Horn of Africa

8 585,854 PF3D7_0811600: conserved 
protein, unknown function 0.895 0 92.6 Horn of Africa

8 1,031,401 histone acetyltransferase GCN5 0.948 92.9 0 Horn of Africa

8 1,056,829 conserved Plasmodium protein, 
unknown function 0.948 100 3.7 Horn of Africa

8 1,239,302 PF3D7_0828800: GPI-anchored 
micronemal antigen 0.879 0 88.9 Horn of Africa

8 1,345,148 Plasmodium exported protein, 
unknown function 1.000 100 0 Horn of Africa

9 138,846 PF3D7_0801900: lysine-specific 
histone demethylase, putative 0.877 0 88.5 Horn of Africa

9 778,075 PF3D7_0918900: gamma-gluta-
mylcysteine synthetase 0.870 0 90.5 Horn of Africa

9 1,178,903 and 1,179,069 high molecular weight rhoptry 
protein 2 0.970 92.9 0 Horn of Africa

Continued
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Chr Position Gene FST value
% Alternate allele – Bijagós 
population % Alternate allele – Population 2 Population 2

9 1,316,936
PF3D7_0933100: conserved 
Plasmodium protein, unknown 
function

0.925 0 92.3 Horn of Africa

9 1,406,576 PF3D7_0935600: gametocy-
togenesis-implicated protein 0.916 100 4.3 Horn of Africa

9 1,407,002 PF3D7_0935600: gametocytogen-
esis-implicated protein 0.884 0 90.5 Horn of Africa

9 1,437,289 and 1,438,135 PF3D7_0936300: ring-exported 
protein 3 0.884 92.3 3.8 Horn of Africa

10 658,448 serine/threonine protein kinase, 
FIKK family 0.908 81.8 0 Horn of Africa

11 354,078 PF3D7_1108000: IWS1-like 
protein, putative 0.890 0 91.3 Horn of Africa

11 812,065 PF3D7_1121400: WD repeat-
containing protein, putative 0.894 0 92.0 Horn of Africa

11 1,050,233 PF3D7_1126800: alternative splic-
ing factor SR-MG, putative 0.862 0 87.0 Horn of Africa

11 1,376,369 PF3D7_1135100: protein phos-
phatase PPM8, putative 0.894 13.3 100 Horn of Africa

11 1,507,877 guanylyl cyclase alpha 0.925 0 92.3 Horn of Africa
12 666,002 perforin-like protein 2 0.943 0 95.7 Horn of Africa

12 1,998,804 PF3D7_1248700: conserved 
protein, unknown function 0.876 0 88.5 Horn of Africa

13 2,107,756 PF3D7_1352700: intron-binding 
protein aquarius, putative 0.851 0 88.9 Horn of Africa

14 812,013
PF3D7_1419400: conserved 
Plasmodium membrane protein, 
unknown function

0.878 0 90.5 Horn of Africa

14 1,227,066 PF3D7_1431200: OST-HTH asso-
ciated domain protein, putative 0.875 6.7 95.2 Horn of Africa

14 1,989,372
PF3D7_1448500: conserved 
Plasmodium protein, unknown 
function

0.888 7.7 96.3 Horn of Africa

14 2,004,493
PF3D7_1449000: gamete egress 
and sporozoite traversal protein, 
putative

0.899 13.3 100 Horn of Africa

14 2,340,921
PF3D7_1457100: conserved 
Plasmodium protein, unknown 
function

0.876 0 88.5 Horn of Africa

14 2,343,679 PF3D7_1457200: thioredoxin 1 0.879 0 88.9 Horn of Africa

14 2,357,358
PF3D7_1457400: conserved 
Plasmodium protein, unknown 
function

0.897 0 92.6 Horn of Africa

14 2,364,543
PF3D7_1457600: conserved 
Plasmodium protein, unknown 
function

0.869 0 92.6 Horn of Africa

14 2,364,847
PF3D7_1457600: conserved 
Plasmodium protein, unknown 
function

0.854 0 88.9 Horn of Africa

14 2,367,254
PF3D7_1457700: large ribosomal 
subunit nuclear export factor, 
putative

0.851 0 88.5 Horn of Africa

14 2,469,318
PF3D7_1460500: conserved 
Plasmodium protein, unknown 
function

0.894 0 91.7 Horn of Africa

14 2,535,998
PF3D7_1462400: conserved 
Plasmodium protein, unknown 
function

0.899 0 92.6 Horn of Africa

14 2,845,773 PF3D7_1469400: nucleoside trans-
porter 3, putative 0.859 0 87.5 Horn of Africa

Table 1.  Genetic markers of population differentiation between the isolates from the Bijagós Archipelago and 
isolates from countries in the other African regions, with  FST > 0.85. SNPs with  FST > 0.9 have been highlighted 
in bold. Only SNPs where all calls in the Bijagós population were either reference, alternate, or mixed, were 
included. Sample sizes: Bijagós Archipelago N = 15, West Africa N = 233, East Africa N = 155, Southeast Africa 
N = 172, South Central Africa N = 150, Horn of Africa N = 27.
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Genomic regions under recent positive selection. WGS data was analysed for signatures of recent 
positive selection. Single population iHS and cross-population XP-EHH metrics were calculated, which are sta-
tistics derived from extended haplotype homozygosity. Within the isolates from the Bijagós, there were seven 
SNPs which exhibited significantly high iHS scores, where (−  log10[1 – 2 | ΦiHS – 0.5 |]) > 4.0 (Supplementary 
Table 4). These SNPs were located within two surface-associated interspersed (SURFIN) pseudogenes, SURFIN 
1.2 and SURFIN 13.1. Cross-population analysis was conducted between isolates from the Bijagós and other 
regional populations within Africa. This analysis identified seven candidate regions under directional selection 
based on XP-EHH values (Supplementary Table 5). When comparing isolates from the Bijagós with those from 
all other African regions, there were four common candidate regions under directional selection. These regions 
encoded cytoadherence linked asexual proteins 3.1 and 3.2, the ABC transporter B family member 4 (putative), 
and the CX3CL1-binding protein 2. When comparing isolates from the Bijagós to those from Central Africa, 
South Central Africa, Southeast Africa and West Africa, there were two additional common candidate regions 
under directional selection. These regions encode the 26S protease regulatory subunit 8 (putative) and a con-
served Plasmodium protein of unknown function (PF3D7_1248700). When comparing isolates from the Bijagós 
with isolates from Southeast Africa and West Africa, two additional common candidate regions were identified, 
which encode merozoite surface protein 3 and methionine tRNA ligase. When comparing with East Africa, one 
additional candidate region was found, encoding Plasmepsin X. When comparing with South Central Africa, 
two additional candidate regions were identified, encoding the 26S protease regulatory subunit 6A (putative), 
and structural maintenance of chromosomes protein 1 (putative) (Supplementary Table 5).

Population admixture. Admixture analysis is a method of investigating the geographical origins of sam-
ples, based on their ancestry. Admixture analysis was conducted on 387,395 SNPs using ADMIXTURE software. 
Using a cross-validation approach, five ancestral populations were inferred (K value = 5). Figure 3 (top) shows 
these five ancestral populations (K = 1 to K = 5) as different colours. The figure includes each individual P. falcipa-
rum isolate along the x-axis, and the ancestral populations of each isolate along the y-axis, represented by colour. 
This analysis suggested that isolates from the Bijagós contained high proportions of ancestral genome fragments 
associated with West African P. falciparum populations (Fig. 3).

PCA was carried out using the previously described pairwise genetic distance matrix containing 1,326,629 
SNPs from 795 isolates. Each P. falciparum isolate on the PCA was coloured according to its dominant ancestral 
population (of K = 1 to K = 5). This is shown in Fig. 3 (bottom). The overlapping of dominant ancestry reinforced 
high proportions of shared ancestral genome fragments for the samples across Africa (Fig. 3).

Identification of mutations associated with drug resistance. Mutations associated with resistance 
to antimalarial drugs were analysed using the WGS data from the Bijagós isolates (n = 15) and isolates from West 
Africa (n = 218). Comparison of the prevalence of drug resistance mutations between these populations was car-
ried out to understand similarities and differences between these isolates (Table 2).

The K76T mutation, associated with resistance to  chloroquine15, was found at a slightly lower frequency 
(28.6%) in isolates from the Bijagós compared to isolates from The Gambia and Ivory Coast in mainland 
West Africa (51.4%) (non-significant P > 0.05). Overall, PfDHFR mutations associated with resistance to 
 pyrimethamine16 were found at higher prevalence in isolates from the Bijagós than those from mainland West 
Africa. N51I was found at significantly higher prevalence in the Bijagós (100%) than in mainland West Africa 
(76.6%) (P < 0.05). S108N was found at 100% prevalence in the Bijagós compared to 81.1% in mainland West 
Africa (non-significant P > 0.05). C59R was found at 92.9% prevalence compared to 77.5% in mainland West 
Africa (non-significant P > 0.05). Of the 15 Bijagós samples sequenced, one was a double mutant with N51I-
S108N, and 13 were triple mutants with N51I-C59R-S108N. The PfDHPS A437G mutation, associated with 
resistance to  sulphadoxine17, was found in 60% of isolates from the Bijagós. K540E was not found in isolates 
from the Bijagós or mainland West Africa. A581G was not found in isolates from the Bijagós but was found at a 
prevalence of 0.9% in isolates from mainland West Africa (non-significant difference P > 0.05). Of the 15 Bijagós 
samples sequenced, two were double mutant with S436A-A437G.

PfMDR1 mutations N86Y and Y184F, associated with resistance to  chloroquine18,19, were found in the Bijagós 
isolates at frequencies of 7.7% and 53.8%, respectively. The prevalence of N86Y and Y184F was slightly higher in 
isolates from mainland West Africa, at 15.6% and 60.1%, respectively (non-significant difference P > 0.05). The 
mutation D1246Y, also associated with chloroquine  resistance18,19, was not found in isolates from the Bijagós, but 
was found in 0.9% of isolates from mainland West Africa (non-significant difference P > 0.05). The N458Y muta-
tion in PfKELCH13, associated with artemisinin partial  resistance20, was not found in isolates from the Bijagós or 
mainland West Africa. There was not sufficient genomic coverage within the Bijagós sample WGS data of other 
PfKELCH13 marker positions to report these reliably. Mutations which could not be reported on are listed in 
Supplementary Table 7. The PfEXO E415G mutation, associated with resistance to piperaquine, and the PfAP2µ 
S160N/T mutation, which may be associated with artemisinin-resistance, were not found in either  population21.

Discussion
This study presents Plasmodium falciparum sequence data from the Bijagós Archipelago, Guinea-Bissau. Inves-
tigating the genomic architecture of malaria parasites in endemic countries increases the understanding of 
parasite genetic variation and population dynamics. This includes the prevalence of genomic mutations associ-
ated with drug resistance. Knowledge of drug resistance markers and population dynamics can assist in malaria 
control and surveillance, which are key to reducing the global malaria burden in line with the World Health 
Organization (WHO) Global Technical  Strategy1. Genomic surveillance of drug resistance markers is particularly 
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important considering the likely increase in the mass use of antimalarials following recently expanded WHO 
 recommendations2.

The Bijagós Archipelago is a region with low-moderate malaria transmission intensity, exhibiting stable and 
seasonal malaria cases. Many malaria cases in the region are asymptomatic, which presents a difficult challenge 
to control programmes, as asymptomatic cases sustain a reservoir of  infections22. Consequently, this reservoir 
is capable of continually driving malaria transmission, which makes eliminating malaria in this area extremely 
 difficult23,24. Furthermore, drug resistance is hypothesised to spread faster in low transmission settings than 

Figure 3.  (top) Ancestry analysis of P. falciparum isolates from (B) the Bijagós Archipelago, (CA) Central 
Africa, (EA) East Africa, (H) Horn of Africa, (SCA) South Central Africa, (SEA) Southeast Africa and (WA) 
West Africa. Individual isolates are plotted along the x-axis, with ancestry coefficients on the y-axis. The number 
of ancestral populations, K, used in this analysis was K = 5. (bottom) Principal component analysis generated 
using pairwise genetic distance matrices. This is coloured by the maximum K value for each isolate.
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in high transmission settings due to a higher proportion of infections being exposed to antimalarial drugs. 
This increases the probability of treatment failure and the subsequent transmission of resistant parasites in the 
 population25.

The data analyses presented in this study characterise asymptomatic malaria infections. These infections are 
more difficult to study due to the low quantities of parasite DNA in clinical samples, particularly in dried blood 
spots (DBS). This means that despite the importance of understanding asymptomatic cases, most research into 
genomic variation and drug resistance is conducted on parasites from symptomatic malaria infections. This 
study made use of Selective Whole Genome Amplification (SWGA) to amplify parasite DNA from isolates 
collected using DBS, from asymptomatic infections within the Bijagós7. These advances in molecular methods, 
along with improved Next Generation Sequencing technology, allow for feasible routine surveillance of parasite 
genetic variation and drug resistance markers from dried blood spot samples, which can be collected during 
routine cross-sectional surveys.

Following successful amplification of low-density asymptomatic P. falciparum infections obtained in the 
Bijagós, population analyses were conducted. The Bijagós P. falciparum genomic variation was then contextualised 
with the wider African P. falciparum population. Principal component analysis (PCA) indicated that the malaria 
samples from the Bijagós cluster with samples from other countries in West Africa, including The Gambia and 
Ivory Coast. A relatively low percentage of the variance between malaria samples from different countries was 
explained within the PCA. This, along with the absence of SNPs with  FST = 1, reflects the high degree of mixing 
between P. falciparum isolates in the Bijagós Archipelago and those on the mainland. Despite this relatively small 
sample size of 15 from the Bijagós, these results corroborate the high degree of mixing between P. falciparum 
isolates demonstrated across the African  continent10. The samples from the Bijagós had a mean  FWS of 0.965, with 
86.7% monoclonality (with Fws ≥ 0.95). This was the highest percentage of monoclonality when compared with 
samples from other countries across the African continent. The high percentage of monoclonal infections may be 
due to people in the Bijagós living in small, relatively isolated, communities, which could reduce the likelihood 
of simultaneous infection with parasites of different genotypes. This monoclonality may also reflect the low to 
moderate transmission intensity of P. falciparum in the Bijagós. Despite the high degree of population mixing, 
identity by descent analysis revealed that isolates from the Bijagós had slightly higher IBD fractions than isolates 
from the other West African countries, which may reflect their more isolated island status. Admixture analysis 
gave further insight into the ancestral origins of the Bijagós Archipelago isolates amongst African populations, 
suggesting Bijagós isolates obtained large proportions of their ancestral genome fragments from West African 
P. falciparum lineages.

Fixation index  (FST) analyses were used to measure population differentiation due to genetic structure.  FST 
values range from 0 to 1, where a value of 0 for a particular SNP indicates that two populations have no differ-
ence in allele frequency, whereas a value of 1 indicates complete differentiation in allele frequency between the 
two populations 11. Therefore, a value of 0 would indicate a high degree of population mixing. Whereas, higher 
 FST values at a particular SNP indicate greater population differentiation. Fifteen SNPs with a high  FST > 0.9 
were identified when comparing isolates from the Bijagós with those from other African regions. The greatest 
amount of population differentiation was found between samples from the Bijagós and Eritrea. Interestingly, 
SNPs in the Bijagós samples were not fixed at either allele for many of the loci with high  FST values, indicating 
that the population is in transition for many of these alleles. Overall, there were no SNPs with  FST = 1 in any of 
the regional comparisons. This indicates that there were no SNPs specific to the Bijagós parasite population. It 

Table 2.  Frequency of mutations associated with resistance to different anti-malarial drugs, from Bijagós 
P. falciparum isolates (n = 15, sample collection in 2018) and P. falciparum isolates from West Africa (Total 
n = 218, Ivory Coast n = 70—sample collection in 2013, The Gambia n = 148—sample collection in 2008 and 
2014).

Gene Position Mut Ref allele Alt allele

n/N 
mutation
Bijagós

n/N 
mutation
W. Africa

% Mut in 
Bijagós

% Mut in W. 
Africa

P value 
 (X2)

pfcrt 403,625 K76T A C 4/14 112/218 28.6 51.4 0.098
pfdhfr 748,239 N51I A T 14/14 167/218 100 76.6 0.040
pfdhfr 748,262 C59R T C 13/14 169/218 92.9 77.5 0.158
pfdhfr 748,410 S108N G A 14/14 176/218 100 81.1 0.070
pfdhps 549,993 K540E A G 0/15 0/218 0 0 -
pfdhps 549,685 A437G C G 9/15 162/218 60.0 74.3 0.225
pfdhps 550,117 A581G C G 0/15 2/218 0 0.9 0.709
pfdhps 549,681 S436A T G/C 3/15 64/218 20.0 29.4 0.439
pfmdr1 958,145 N86Y A T 1/13 34/218 7.7 15.6 0.440
pfmdr1 958,440 Y184F A T 7/13 131/218 53.8 60.1 0.656
pfmdr1 961,625 D1246Y G T 0/13 2/218 0 0.9 0.729
pfkelch13 1,725,626 N458Y T A/C 0/14 0/218 0 0 -
pfexo 2,504,560 E415G A G 0/13 0/218 0 0 -
pfap2µ 718,433 S160N/T G A/C 0/14 12/218 0 5.5 0.367
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is likely that a larger sample size would be needed to reveal these SNPs with  FST = 1, which could then be used to 
generate a molecular barcode for the P. falciparum samples from the Bijagós able to predict geographic  origin26.

Regions under selective pressure included seven loci within the surface-associated interspersed (SURFIN) 
pseudogenes, SURFIN 1.2 and SURFIN 13.1. SURFINs are variable erythrocyte surface antigens and are targets 
of naturally acquired immunity against  malaria27. SURFIN 1.2 has been associated with chloroquine  sensitivity27, 
and it has been suggested that both SURFIN 1.2 and SURFIN 13.1 are involved in cell surface  adhesion27,28. 
However, additional phenotypic experimentation is required to confirm the role of these two pseudogenes. 
Cross-population analysis identified seven candidate regions under directional selection based on XP-EHH 
values. These candidate regions included genes encoding Plasmepsin X (PMX), the ABC transporter B family 
member 4 (ABCB4), and P. falciparum merozoite surface protein 3 (PfMSP3). Plasmepsin X is essential for 
asexual parasite development and is considered a multi-stage antimalarial  target29. ABCB4 is a member of the 
ABC (ATP-binding cassette) B family. This is a group of transport proteins which includes the PfMDR1 protein, 
and polymorphisms in the ABC transporters have been involved in anti-malarial drug  resistance30. PfMSP3 is 
a merozoite surface protein and is a potential vaccine  candidate31.

This study reported on genomic markers associated with drug resistance in the Bijagós Archipelago. Anti-
malarial treatments administered on the islands include artemether-lumefantrine and IPTp with sulphadoxine-
pyrimethamine (SP). Intravenous artesunate or quinine are only used in severe, or complicated, cases. The PfCRT 
K76T mutation, associated with resistance to chloroquine, had a frequency of 28.6% on the islands, despite 
chloroquine not being included in malaria treatment policy since 2006 in Guinea-Bissau. This was a slightly 
lower prevalence than observed in isolates from mainland West Africa, but this difference was not significant 
(P > 0.05). Persistence of the K76T mutation may indicate that it has not yet been lost due to fitness-cost. The 
PfDHFR mutations associated with resistance to pyrimethamine, N51I and S108N, were found to be fixed (100% 
prevalence) in the Bijagós isolates, and C59R was found close to fixation at 92.9% prevalence. These mutations 
were found at a higher prevalence in the Bijagós isolates than in the isolates from mainland West Africa, with 
the N51I mutation at significantly higher prevalence in the Bijagós (P = 0.04). This difference may be partially 
explained by the collection years of these isolates, as isolates from the Bijagós were collected in 2018, whereas 
isolates from mainland West Africa were collected earlier, between 2008 and 2014. Therefore, the Bijagós isolates 
were collected following additional years of selection pressure from the use of SP in the region (Supplementary 
Table 6). Thirteen of the Bijagós isolates sequenced exhibited the triple mutant N51I-C59R-S108N haplotype. 
In addition, the PfDHPS A437G and S436A mutations, associated with resistance to sulphadoxine, were found 
at 60% and 20% prevalence, respectively. Although this is a small sample set of 15 isolates, the presence of muta-
tions associated with resistance to SP warrants further investigation with a larger sample size. Encouragingly, 
the PfEXO E415G mutation associated with piperaquine resistance, and the PfAP2µ S160N/T mutation, which 
may be associated with artemisinin-resistance, were not found in the Bijagós isolates. Limited sequencing cover-
age of the PfKELCH13 gene made investigating the majority of validated or candidate resistance mutations in 
this gene unreliable. However, there was sufficient coverage of the N458Y genome position to identify reliably 
that this mutation was absent in the Bijagós isolates. The artemisinin-combination therapy dihydroartemisinin-
piperaquine (DHA-PPQ) was not used on the islands prior to this study. However, there has since been MDA 
with DHA-PPQ across the archipelago.

Despite the limitations in generating sequence data from asymptomatic isolates collected using DBS, this 
study reported high quality whole genome sequence data for 15 Bijagós isolates. This is a small sample size which 
has limitations for generalisation. However, the population genomic analyses results are consistent with those 
from neighbouring African countries, indicating that these results are robust. Furthermore, this study further 
demonstrates the capacity of SWGA methods in generating WGS data from low-density parasite concentrations. 
This dataset forms the only dataset of WGS data for the Bijagós. Therefore, it forms an important baseline in the 
context of evaluating subsequent MDA and SMC interventions that have been implemented in the region. The 
Bijagós WGS data was contextualised with publicly available WGS sequence data from isolates across Africa. 
Information about the symptomatic or asymptomatic status of these infections is not publicly available, so 
comparisons concerning patient symptom status cannot be made using this dataset. Additional sequencing 
of P. falciparum isolates is required to reveal a more comprehensive picture of regional dynamics, particularly 
concerning the prevalence of drug resistance markers. This should ideally include the analysis of samples col-
lected from both asymptomatic and symptomatic infections, and across different years, to understand temporal 
changes in resistance marker frequency. High throughput, low-cost, methods, such as amplicon sequencing, have 
the potential to achieve this. In turn, this information can be used to inform programmatic decisions in malaria 
control, working towards malaria elimination.

Materials and methods
Dried blood spot collection. Dried blood spots were collected onto filter paper  from residents of the 
Bijagós Archipelago during a cross-sectional survey in 2018. Dried blood spots were sampled as part of this 
mapping survey, regardless of whether the participant had symptoms of malaria.

This study was conducted in accordance with the Declaration of Helsinki and granted ethical approval by 
the Comite Nacional de Eticas de Saude (Guinea-Bissau) and the London School of Hygiene and Tropical 
Medicine Research Ethics Committee (UK). Written or thumbprint informed consent was obtained from all 
study participants.

DNA extraction and qPCR for malaria positivity. Following collection, dried blood spots were 
punched for DNA extraction using 3 mm diameter punches. Three punches were taken per sample for DNA 
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extraction. DNA was extracted using the PureLink™ Pro 96 Genomic DNA Purification Kit (ThermoFisher), (cat 
No: K182104A). DNA extract was quantified for Plasmodium falciparum 18S gene using qPCR.

Plasmodium genome amplification and sequencing. DNA extracts which had a qPCR CT value < 30 
were tested using the Qubit for DNA concentration. Using this CT threshold, n = 145 samples were selected 
for further analysis. DNA concentration in the extracted dried blood spot samples was very low, of the range 
0.011 ng/μl to 0.268 ng/μl. Selective whole genome amplification (SWGA) was used to amplify the Plasmodium 
DNA prior to sequencing, using a protocol adapted from Oyola et  al.7. Each SWGA reaction used 30  µl of 
extracted DNA, which was combined with 5 µl of phi29 DNA Polymerase Reaction Buffer (New England Bio-
labs), 0.5 µl of Recombinant Albumin (New England Biolabs), 0.5 µl of SWGA primers (250 mM) (Roche), 5 µl 
dNTPs (New England Biolabs) and 6 µl of water, to a total volume of 50 µl per reaction. SWGA reactions were 
then run in a thermocycler using the following programme steps: 35 °C for 5 min, 34 °C for 10 min, 33 °C for 
15 min, 32 °C for 20 min, 31 °C for 25 min, 30 °C for 16 h, 65 °C for 10 min, and held at 4 °C. SWGA reactions 
increased the DNA concentration of samples to > 300 ng DNA in of the 48 of the 145 (33.1%) samples amplified.

Whole genome sequencing. The SWGA product from these samples was purified using KAPA pure beads 
(Roche). Beads were equilibrated to room temperature and mixed with SWGA product at a 1:1 volume ratio. 
The KAPA pure beads Genomic DNA Purification protocol steps were then followed (https:// roche seque ncing 
store. com/ wp- conte nt/ uploa ds/ 2022/ 07/ KAPA- Pure- Beads- Techn ical- Data- Sheet. pdf). DNA was then quanti-
fied using the Qubit dsDNA HS Kit (Thermo Fisher). Samples contained > 300 ng DNA and were sequenced at 
Eurofins Genomics using the Illumina Novaseq 6000, producing a minimum of 3.75 M paired reads (250 bp 
reads) per sample.

Bioinformatics. FastQ files from WGS were used to produce VCF files for each sample. To do this, FastQ 
files were trimmed using trimmomatic software (version 0.39, using the parameters LEADING:3 TRAILING:3 
SLIDINGWINDOW:4:20 MINLEN:36) to remove poor quality  sequences32. The trimmed data was then aligned 
to the reference P. falciparum 3D7 genome (version 3) using bwa-mem software (version 0.7.17-r1188, default 
parameters), to produce a BAM file for each sample. The samtools (version 1.12) functions fixmate and markdup 
were applied to the resulting BAM  files33. Following this, the GATK’s BaseRecalibrator and ApplyBQSR func-
tions were applied for calibration and correction of the BAM files using the P. falciparum genetic crosses 1.0 data-
set (http:// www. malar iagen. net/ data/ pf- cross es-1.0). SNPs and indels were called with GATK’s HaplotypeCaller 
(version 4.1.4.1) using the option -ERC  GVCF34. Validated VCFs were imported into GenomicsDB using GATK’s 
function GenomicsDBImport, and a combined VCF was created using GATK’s GenotypeGVCFs function. This 
VCF file contains all the genotype calls for all the variant positions across all samples.

For further analysis, only variants in core regions of the genome were included and assigned a quality score 
using GATK’s Variant Quality Score Recalibration (VQSR). VariantRecalibrator was run using the previously 
mentioned genetic crosses dataset as a training set with the following parameters used for SNPs: -an QD -an FS 
-an SOR -an DP -maxGaussians 8 and -mq-cap-for-logit-jitter-transform 70. Following this, GATK’s ApplyVQSR 
was run using the parameter -truth-sensitivity-filter-level 99.0 to obtain a Variant Quality Score Log-Odds (VQS-
LOD). Variants with a VQSLOD score < 0, representing variants more likely to be false than true, were filtered out.

Additionally, isolates with more than 40% of SNPs missing genotype data (177/2129 isolates) were excluded 
from downstream analysis to ensure that samples which passed quality control had uniform sequencing cover-
age across the whole genome. SNPs were then processed to replace the genotype call in the VCF for a mixed 
call whenever the secondary MAF was at least 20% in a given SNP on each individual sample. A subset of only 
biallelic SNPs was also obtained from this VCF. The filtered VCF was then converted into a binary matrix consist-
ing of genotypes (0 = reference allele; 1 = mutant allele; 0.5 = mixed allele) across all SNPs and isolates. The final 
matrix consisted of 1952 isolates and 1,326,629 high-quality SNPs. This bioinformatics pipeline is described in 
detail by Benavente et al.35. An annotated VCF of all extracted variants was made using snpEff software (version 
5.1), which annotates the  variants36. Fifteen of the Bijagós samples had sufficient quality data for downstream 
bioinformatic analysis, with over ~ 40% of the genome covered by > 5 reads.

Population genomic analysis. Whole Genome Sequence data from the samples from the Bijagós were 
compared with publicly available data from mainland Guinea-Bissau and other African countries, through 
the MalariaGEN Pf3k project and ongoing LSHTM studies (https:// www. malar iagen. net/ paras ite/ pf3k). This 
included whole genome sequences from 795 isolates, from 10 different countries across Africa (Supplementary 
Table 1). This included isolates from Central Africa (Gabon, n = 57), West Africa (Ivory Coast n = 70, The Gam-
bia n = 148, Bijagós Archipelago Guinea-Bissau (n = 15), East Africa (Kenya n = 138, Uganda n = 17), Southeast 
Africa (Malawi n = 149, Madagascar n = 24), South Central Africa (DRC n = 150) and Horn of Africa (Eritrea 
n = 27). A binary matrix of pairwise genetic distances was constructed from this WGS data. To investigate popu-
lation structure, Principal Component Analysis was conducted using the filtered bi-allelic nucleotide matrix, 
using the R package amap (version 0.8–18), and a neighbour-joining (N-J) tree was constructed using the R 
package ape (version 5.5). Neighbour-joining trees were visualised in  iTOL37. Fixation index statistics  (FST) were 
calculated to infer nucleotide diversity and population differentiation using VCFtools (version 0.1.16, https:// 
vcfto ols. github. io/ docum entat ion. html# fst).  FST statistic outputs were only included in downstream analysis if 
a particular SNP had coverage in at least 2/3 of both of the total sample populations that were being compared.

The  FWS metric was used to quantify the extent of multiplicity of infection (MOI), by assessing within host 
diversity of Plasmodium in comparison to local population  diversity38. This was calculated using the moimix R 
package (version 0.0.2.9001, https:// bahlo lab. github. io/ moimi x/)39. This indicated the frequency of inbreeding 
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and outcrossing in the population. High  FWS (> 0.95) is highly indicative of monoclonality, whereas low  FWS 
indicates high levels of mixing between the parasites in the population, and subsequently a poorly defined 
population sub-structure.

IBD analysis was conducted using hmmIBD software (version 2.0.4) (default parameters). This software 
implements a hidden Markov model for detecting genomic regions that are identical by descent (IBD) for pairs 
of haploid  samples14. Additional filtering steps were performed on the binary SNP matrix for IBD analysis: 
SNPs were selected with minor allele frequency > 0.01, samples were filtered for  FWS > 0.95 and mixed calls were 
filtered to alternate calls. IBD analysis enabled inference of pairwise identity by descent between Plasmodium 
isolates within populations. Genomic relatedness was determined by analysing the proportion, or fraction, of 
the genome that was IBD between Plasmodium isolates. Cumulative IBD across the genome was calculated 
using sliding window analysis (using windows of 10,000 bases) for each population. The median and range of 
IBD values were calculated. Thirteen of the Bijagós samples passed  FWS filtering (≥ 0.95) to be included in IBD 
analysis, and despite this small sample size, the raised IBD results appear robust.

Whole genome sequence data was interrogated for signatures of selection, using the rehh package to calculate 
two different statistics derived from extended haplotype homozygosity: iHS and XP-EHH40. These statistics are 
based on the decay of haplotype homozygosity, due to recombination, in the absence of selection on a particular 
 allele41. Integrated haplotype score (iHS) identifies signatures of recent selection in a particular population. 
A negative iHS suggests that selection has favoured a derived allele, whereas a positive iHS suggests selection 
for the ancestral  allele41. Cross-population extended haplotype homozygosity (XP-EHH) compares selection 
between two populations, through comparing the lengths of haplotypes associated with the same allele in dif-
ferent  populations42. Positive XP-EHH indicates selection occurring in population A, whereas negative XP-EHH 
indicates selection occurring in population B. Highly variable genes (e.g., PfEMP1) were removed from this 
analysis due to the increased likelihood of them indicating false signals of selection pressure, due to an increased 
risk of alignment errors.

Admixture analysis was conducted using the ADMIXTURE software (version 1.3)43. Analysis was conducted 
on 387,395 SNPs with minor allele frequencies of at least 0.001. This is a program used to estimate ancestry in 
unrelated individuals, from autosomal SNP genotype sets. PLINK (version 1.9) was used to convert the filtered 
VCF file to a bed file. ADMIXTURE was then used to estimate ancestry using this bed file and a specified K 
value. K is the estimated number of ancestral populations. The optimum K value for ancestral admixture coef-
ficients was estimated through cross-validation of 1–10 dimensions of eigenvalue decay and found to be K = 5. 
Cross-validation was repeated using 10 randomised seed inputs and results were averaged across seeds to find 
the optimum K value. The output was visualised in R (v3.5.1). SNPs associated with resistance to antimalarial 
drugs were analysed in whole genome sequence data using the dplyr package (v1.0.10) in R.

Data availability
The processed datasets are available at NCBI: http:// www. ncbi. nlm. nih. gov/ biopr oject/ 905557. Bioproject: 
PRJNA905557. The following sample SRR accession numbers can be used to find individual sample sequence 
data using the SRA database search in NCBI, https:// www. ncbi. nlm. nih. gov/ sra/: SRR22412636, SRR22412629, 
SRR22412635, SRR22412622, SRR22412623, SRR22412624, SRR22412625, SRR22412626, SRR22412627, 
SRR22412628, SRR22412630, SRR22412631, SRR22412632, SRR22412633, and SRR22412634.
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Supplementary Informa;on 
 

Supplementary Table 1: Study isolates (n=795) across 10 different African countries.  

Region Country Sample number (N) 
Central Africa Gabon 57 

West Africa 
Ivory Coast 70 
The Gambia 148 
Guinea-Bissau (Bijagós Archipelago*) 15 

East Africa 
Kenya 138 
Uganda 17 

Southeast Africa 
Malawi 149 
Madagascar 24 

South Central Africa DemocraUc Republic of the Congo 150 
Horn of Africa Eritrea 27 

* 15 Bijagós samples were from 5 different islands: N=7 Bubaque, N=4 Canhabaque, N=2 Formosa, 
N=1 Orango, N=1 Soga. 
 
Supplementary Table 2: FWS metric assessing mulAplicity of infecAon by assessing within-host 
heterozygosity (Hw) in comparison to local populaAon heterozygosity (Hs). N = sample size. 

Country Mean FWS N ≥ 0.95 % N ≥ 0.95 
DemocraUc Republic of Congo 0.820 56 37.3 
Eritrea 0.951 22 78.6 
Gabon 0.874 31 54.4 
Gambia 0.908 100 67.6 
Bijagós Archipelago, Guinea-Bissau 0.965 13 86.7 
Ivory Coast 0.888 43 61.4 
Kenya 0.863 76 55.1 
Madagascar 0.943 19 79.2 
Malawi 0.772 49 33.1 
Uganda 0.788 7 41.2 

 
Supplementary Table 3: Median idenAty by descent (IBD) fracAons and ranges for each populaAon of 
P. falciparum isolates, determined using hmmIBD sooware. 

 
Country Median IBD frac;on Range 
DemocraUc Republic of Congo 0.001 0.000 – 0.213 
Eritrea 0.118 0.027 – 0.320 
Gabon 0.005 0.000 – 0.244 
The Gambia 0.011 0.004 – 0.191 
Guinea-Bissau (Bijagós) 0.040 0.001 – 0.217 
Ivory Coast 0.003 0.002 – 0.089 
Kenya 0.012 0.008 – 0.161 
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Madagascar 0.006 0.000 – 0.114 
Malawi 0.003 0.001 – 0.169 
Uganda 0.067 0.016 – 0.187 

 

Supplementary Table 4: Integrated haplotype score (iHS) staAsAc scores for isolates from the Bijagós 
archipelago, N = 15. 7 SNPs within genes exhibited significantly high iHS scores. There were 5 
posiAons within the SURFIN 13.1 gene; the posiAon with the highest iHS value is displayed in the 
table below. 

 
Chr Gene Number of 

posi;ons 
Posi;on iHS value Log P 

value 
Ref Alt 

1 Surface-
associated 
interspersed 
protein 1.2 
(SURFIN 1.2). 

1 513013 -4.35 4.87 A G 

13 Surface-
associated 
interspersed 
protein 13.1 
(SURFIN 
13.1). 

5 106212 4.31 4.79 G T 

 
 

Supplementary Table 5: Candidate regions under selecAon from cross-populaAon analysis using XP-
EHH scores, between isolates from the Bijagós and samples from other African regions  

Popula;on 
comparison 

Chromosomal 
region 

Gene ID Gene product 

Bijagós vs Central 
Africa 

Chr3, 120000-
150000 

PF3D7_0302500(CLAG3.1); 
PF3D7_0302600(ABCB4); 
PF3D7_0302200(CLAG3.2) 

Cytoadherence linked asexual 
protein 3.1;  
ABC transporter B family 
member 4, putaUve; 
Cytoadherence linked asexual 
protein 3.2 

Bijagós vs Central 
Africa 

Chr 12, 
2000000 - 
2030000 

PF3D7_1248700(N/A); 
PF3D7_1248900(RPT6) 

Conserved Plasmodium protein, 
unknown funcUon;  
26S protease regulatory subunit 
8, putaUve 

Bijagós vs Central 
Africa 

Chr 13, 90000-
120000 

PF3D7_1301700(CBP2) CX3CL1-binding protein 2 



 75 

Bijagós vs East 
Africa 

Chr 3, 120000-
150000 

PF3D7_0302500(CLAG3.1); 
PF3D7_0302600(ABCB4); 
PF3D7_0302200(CLAG3.2) 
 

Cytoadherence linked asexual 
protein 3.1;  
ABC transporter B family 
member 4, putaUve; 
Cytoadherence linked asexual 
protein 3.2 

Bijagós vs East 
Africa 

Chr 8, 410000 
– 440000 

PF3D7_0808200(PMX) 
 

Plasmepsin X 

Bijagós vs East 
Africa 

Chr 13, 90000 
- 120000 

PF3D7_1301700(CBP2) CX3CL1-binding protein 2 

Bijagós vs South 
Central Africa 

Chr 2, 120000 
– 150000 

PF3D7_0302500(CLAG3.1); 
PF3D7_0302600(ABCB4); 
PF3D7_0302200(CLAG3.2) 

cytoadherence linked asexual 
protein 3.1;  
ABC transporter B family 
member 4, putaUve; 
cytoadherence linked asexual 
protein 3.2 

Bijagós vs South 
Central Africa 

Chr 11, 
1170000 - 
1200000 

PF3D7_1130700(SMC1); 
PF3D7_1130400(RPT5) 

structural maintenance of 
chromosomes protein 1, 
putaUve;  
26S protease regulatory subunit 
6A, putaUve 

Bijagós vs South 
Central Africa 

Chr 12, 
2000000 - 
2030000 

PF3D7_1248700(N/A); 
PF3D7_1248900(RPT6) 
 

conserved Plasmodium protein, 
unknown funcUon;  
26S protease regulatory subunit 
8, putaUve 

Bijagós vs South 
Central Africa 

Chr 13, 90000 
- 120000 

PF3D7_1301700(CBP2) CX3CL1-binding protein 2 

Bijagós vs 
Southeast Africa 

Chr3, 120000-
150000 

PF3D7_0302500(CLAG3.1); 
PF3D7_0302600(ABCB4); 
PF3D7_0302200(CLAG3.2) 
 

Cytoadherence linked asexual 
protein 3.1;  
ABC transporter B family 
member 4, putaUve; 
Cytoadherence linked asexual 
protein 3.2 

Bijagós vs 
Southeast Africa 

Chr 10, 
1380000 - 
1410000 

PF3D7_1035400(MSP3); 
PF3D7_1034900(MRScyt) 
 

merozoite surface protein 3; 
methionine--tRNA ligase 

Bijagós vs 
Southeast Africa 

Chr 12, 
2000000 - 
2030000 

PF3D7_1248700(N/A); 
PF3D7_1248900(RPT6) 
 

Conserved Plasmodium protein, 
unknown funcUon;  
26S rotease regulatory subunit 
8, putaUve 

Bijagós vs 
Southeast Africa 

Chr 13, 90000 
- 120000 

PF3D7_1301700(CBP2) CX3CL1-binding protein 2 

Bijagós vs West 
Africa 

Chr3 120000-
150000 

PF3D7_0302500(CLAG3.1); 
PF3D7_0302600(ABCB4); 
PF3D7_0302200(CLAG3.2) 

cytoadherence linked asexual 
protein 3.1; ABC transporter B 
family member 4, putaUve; 
cytoadherence linked asexual 
protein 3.2 



 76 

Bijagós vs West 
Africa 

Chr 10, 
1380000 - 
1410000 

PF3D7_1035400(MSP3); 
PF3D7_1034900(MRScyt) 
 

merozoite surface protein 3; 
methionine--tRNA ligase 

Bijagós vs West 
Africa 

Chr 12, 
2000000 - 
2030000 

PF3D7_1248700(N/A); 
PF3D7_1248900(RPT6) 
 

conserved Plasmodium protein, 
unknown funcUon;  
26S protease regulatory subunit 
8, putaUve 

Bijagós vs West 
Africa 

Chr 13, 90000 
- 120000 

PF3D7_1301700(CBP2) CX3CL1-binding protein 2 

 
Supplementary Table 6: Year and locaAon of sample collecAon for publicly available genomes 
(malariagen.net) 
 

Country of origin Site Year(s) of collec;on 
DemocraUc Rep. of Congo Kinshasa 2011 and 2012 
Eritrea Not specified Not specified 
Gabon Not specified Not specified 
The Gambia Brikama and Basse 2008 and 2014 
Ivory Coast Abobo, Koumassi and Yopougon 2013 
Kenya Kilifi, Kosumu and Kombewa 2007 and 2014 
Madagascar Maevatanana, Antsohihy and Farafangana 2012, 2013 and 2014 
Malawi Chikwawa and Zomba 2011 
Uganda Apac and not specified 2009 and 2010 

 
 
Supplementary Table 7: P`elch13 mutaAons which could not be reported on reliably due to poor 
sequencing coverage (h.ps://apps.who.int/iris/bitstream/handle/10665/274362/WHO-CDS-
GMP-2018.18-eng.pdf). 
 

PfKELCH13 muta;ons which could not be reported on reliably due to poor sequencing coverage 
of the PfKELCH13 gene. 

Validated: F446I, M476I, Y493H, R539T, I543T, P553L, R561H, C580Y, C469Y 
Candidate/associated: P441L, G449A, C469F, A481V, P527H, N537I/D, G538V, V568G, P574L, F673I, 
A675V 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://apps.who.int/iris/bitstream/handle/10665/274362/WHO-CDS-GMP-2018.18-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/274362/WHO-CDS-GMP-2018.18-eng.pdf
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Supplementary Figure 1: A boxplot showing the pairwise idenAty by idenAty by descent (IBD) fracAon 
for P. falciparum isolates from each of the countries analysed.  
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Supplementary Figure 2: IdenAty by descent (IBD) fracAons along the genome for P. falciparum 
isolates from each of the countries analysed. 
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Supplementary Figure 3: Manha^an plots showing A) iHS scores for isolates from the Bijagós, 
Guinea-Bissau, B) XP-EHH scores from cross-populaAon analysis between isolates from the Bijagós 
and isolates from West Africa, from The Gambia and Ivory Coast 

 

 
 
 
Supplementary Figure 4: Filtering steps for P. falciparum isolates for inclusion in genomic analyses. 

Sample Selec)on
2500 dried blood spots 
collected during 2018

qPCR for presence of 
Plasmodium

Selec)on of Plasmodium 
posi)ve samples with 
CT<30, 145 samples

Selec)ve Whole Genome 
Amplifica)on
145 samples

Qubit for DNA 
concentra)on
145 samples

DNA clean up using KAPA 
beads

145 samples

Quan)fied using Qubit. 
Low DNA concentra)ons, 

0.011 to 0.268ng/μl

Isolates with >40% of SNPs 
missing genotype data 

were excluded from 
downstream analysis

48 with sufficient ng DNA 
(>300ng) for WGS. 

Sequenced using Novaseq 
6000.

15 samples with sufficient 
quality data for 

downstream bioinforma)c 
analysis

A B 
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CHAPTER FOUR 
 

Published paper: Genomic surveillance of Anopheles mosquitoes on the Bijagós 
Archipelago using custom targeted amplicon sequencing iden7fies muta7ons 

associated with insec7cide resistance. 
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RESEARCH

Genomic surveillance of Anopheles 
mosquitoes on the Bijagós Archipelago 
using custom targeted amplicon sequencing 
identifies mutations associated with insecticide 
resistance
Sophie Moss1*, Elizabeth Pretorius1, Sainey Ceesay2, Harry Hutchins1, Eunice Teixeira da Silva3,4, 
Mamadou Ousmane Ndiath2, Robert T. Jones1, Hristina Vasileva1, Jody Phelan1, Holly Acford-Palmer1, 
Emma Collins1, Amabelia Rodrigues4, Sanjeev Krishna5,6,7, Taane G. Clark1,8†, Anna Last1† and Susana Campino1† 

Abstract 
Background Insecticide resistance is reducing the efficacy of vector control interventions, consequently threatening 
efforts to control vector-borne diseases, including malaria. Investigating the prevalence of molecular markers of resist-
ance is a useful tool for monitoring the spread of insecticide resistance in disease vectors. The Bijagós Archipelago 
(Bijagós) in Guinea-Bissau is a region of stable malaria transmission where insecticide-treated nets are the main-
stay for malaria control. However, the prevalence of molecular markers of insecticide resistance in malaria vectors 
is not well understood.

Methods A total of 214 Anopheles mosquitoes were analysed from 13 islands across the Bijagós. These mosquitoes 
were collected using CDC light traps in November 2019, during the peak malaria transmission season. High-through-
put multiplex amplicon sequencing was used to investigate the prevalence of 17 different molecular markers associ-
ated with insecticide resistance in four genes: vgsc, rdl, ace1 and gste2.

Results Of the 17 screened mutations, four were identified in mosquitoes from the Bijagós: vgsc L995F (12.2%), 
N1570Y (6.2%) and A1746S (0.7%) and rdl A269G (1.1%). This study is the first to report the L995F knock-down resist-
ance (kdr)-west allele in Anopheles melas on the Archipelago. An additional eight non-synonymous single-nucleotide 
polymorphisms were identified across the four genes which have not been described previously. The prevalences 
of the vgsc L995F and N1570Y mutations were higher on Bubaque Island than on the other islands in this study; 
Bubaque is the most populous island in the archipelago, with the greatest population mobility and connection 
to continental Guinea-Bissau.

Conclusions This study provides the first surveillance data for genetic markers present in malaria vectors from islands 
across the Bijagós Archipelago. Overall prevalence of insecticide resistance mutations was found to be low. However, 
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Background
Malaria still causes over 600,000 deaths every year, with 
around 95% of global cases occurring in Africa. Most of 
these cases are caused by the Plasmodium falciparum 
parasite, which is transmitted by Anopheles mosquitoes 
[1]. Vector control interventions are estimated to have 
reduced clinical malaria cases in Africa by over 600 mil-
lion between 2000 and 2015 [2]. Of these interventions, 
insecticide-treated nets (ITNs) are estimated to have had 
the most impact, averting 68% of clinical malaria cases 
[2]. However, evolving insecticide resistance threatens 
the efficacy of vector control interventions. This pre-
sents  a threat to the control of all vector-borne diseases, 
including malaria [3]. Unfortunately, malaria vectors 
from all WHO malaria endemic regions have evolved 
resistance to all four classes of insecticides: pyrethroids, 
organochlorines, organophosphates and carbamates [4]. 
Consequently, the WHO recommends that countries 
routinely monitor insecticide resistance in malaria vec-
tors to inform effective vector control policy [4, 5].

The WHO standard methodology for evaluating phe-
notypic resistance in vectors uses WHO tube tests, WHO 
bottle bioassays or CDC bottle bioassays [6]. These meth-
ods are time-consuming, and direct comparison between 
the results of CDC bottle bioassays and the WHO meth-
ods is not recommended. The WHO recognises that 
monitoring genetic mutations associated with insec-
ticide resistance is valuable to resistance surveillance 
[4]. Furthermore, understanding the molecular mecha-
nisms behind the evolution of resistance requires greater 
knowledge of the genomics underpinning resistance. 
Pyrethroid and dichlorodiphenyltrichloroethane (DDT) 
resistance has been associated with target-site mutations 
in the voltage-gated sodium channel gene (vgsc), also 
known as knock-down resistance, or kdr, mutations. This 
includes L995F (kdr-west) [7] and L995S (kdr-east) [8] 
(position 1014 in Musca domestica). In addition, meta-
bolic resistance to pyrethroids and DDT has been asso-
ciated with mutations in the glutathione s-transferase 
epsilon 2 gene (gste2), including L119F [9] and I114T 
[10]. Resistance to organophosphate and carbamate 
insecticides has been associated with the G280S muta-
tion (formerly known as G119S) in the acetylcholinest-
erase 1 gene (ace1) [11], and organophosphate resistance 
has been linked with ace1 gene duplications [12]. Muta-
tions in the gamma-aminobutyric acid (GABA) receptor 

(rdl), including A296G have been associated with resist-
ance to the organochlorine insecticide dieldrin [13].

The Bijagós Archipelago (Bijagós) is located 70 km off 
the coast of Guinea-Bissau, West Africa and includes 88 
islands and islets, of which 18 are inhabited year-round. 
Malaria remains a key public health problem on the 
Bijagós, where malaria mortality increased between 2015 
and 2021 [1]. The main component of malaria control in 
Guinea-Bissau is the use of ITNs, which have been dis-
tributed widely since 2011. Of the distributed ITNs in the 
Bijagós, 90% are  PermaNet® (Amabelia Rodrigues, per-
sonal communication), which are treated with deltame-
thrin, a pyrethroid insecticide. Coverage and use of ITNs 
on the Bijagós is reportedly high, with > 90% of 2018 sur-
vey participants reporting sleeping under a bed net [14]. 
No other vector control interventions  are implemented 
on the islands, for example, indoor residual spraying, 
space spraying, or larviciding. The Bijagós Archipelago 
has a rainy season from June to October/November, and 
a dry season from December to May, with peak malaria 
transmission occurring in October and November. Two 
entomological surveys on the archipelago have previously 
been conducted in 2009 and 2017 [15, 16]. The major 
malaria vector has been identified as Anopheles gambiae 
sensu stricto (A. gambiae s.s.), which is the most preva-
lent Anopheline species during the onset of the rainy 
season in June/July. This contrasts to the end of the rainy 
season in November, and during the remainder of the dry 
season, where Anopheles melas has been found to be the 
predominant Anopheline species [16]. Guinea-Bissau is a 
particularly interesting location to study resistance evo-
lution due to its high levels of Anopheles gambiae s.s.-
Anopheles coluzzii hybridisation of > 20%, which may 
indicate the evolution of a novel hybrid form [17]. This 
unusually high level of recombination between species 
may provide the potential for the rapid spread of insec-
ticide resistance alleles between An. gambiae s.s. and An. 
coluzzii populations.

The status of insecticide resistance in malaria vec-
tors on the Bijagós Archipelago is largely unknown. Ant 
et  al. [16] conducted an entomological survey of insec-
ticide resistance on Bubaque island in 2017. This survey 
included CDC-bottle bioassays of Anopheles gambiae 
sensu lato (A. gambiae s.l.) mosquitoes, which suggested 
moderate resistance to α-cypermethrin and full suscepti-
bility to permethrin. In the same study, Ant et al. [16] also 

the identification of the vgsc L995F and N1570Y mutations associated with pyrethroid resistance warrants further 
monitoring. This is particularly important as the mainstay of malaria control on the islands is the use of pyrethroid 
insecticide-treated nets.

Keywords Insecticide resistance, Vector control, Molecular monitoring, Anopheles mosquitoes
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investigated the presence of the vgsc L995F and L995S 
mutations, and found moderate frequencies of L995F in 
An. gambiae s.s. (36%), An. coluzzii (35%), and An. gam-
biae/An. coluzzii hybrids (42%). However, the presence 
of other mutations associated with insecticide resistance 
has not previously been investigated. Furthermore, the 
study by Ant et al. [16] was conducted with mosquitoes 
from Bubaque island only.

There have been recent advances in monitoring 
molecular markers of insecticide resistance with multi-
plex amplicon sequencing [18]. This method provides a 
high-throughput alternative to previous methods, such 
as Sanger sequencing or whole-genome sequencing, and 
uses primer barcoding to enable targeted sequencing of 
multiple genetic loci in many samples simultaneously, 
minimising required resources and lowering sequencing 
costs [18, 19]. In the present study, we aimed to conduct 
high-throughput molecular monitoring of insecticide 
resistance on the Bijagós, using mosquito samples col-
lected from islands across the archipelago. Custom-
targeted amplicon sequencing was used to investigate a 
panel of molecular markers associated with insecticide 
resistance across the ace1, gste2, rdl and vgsc genes. This 
approach was conducted using multiplex PCR assays and 
dual-indexing barcodes [18] to enable high-throughput 
sequencing of multiple loci across multiple samples.

Methods
Mosquito sampling and speciation
Mosquitoes were collected using indoor CDC miniature 
light traps (model 512; John W. Hock Company, Gaines-
ville, FL, USA) using previously described methodology 
[20]. Mosquitoes were separated by genus, and Anopheles 
mosquitoes were morphologically identified using previ-
ously described keys [21]. All collected specimens were 
found to belong to Anopheles gambiae s.l. A subsample 
was then sent to the Medical Research Council Unit The 
Gambia (MRCG) at London School of Hygiene & Tropi-
cal Medicine for molecular analysis. Mosquito DNA was 
extracted and each sample was identified to species using 
PCR–restriction fragment length polymorphism (RFLP) 
[22].

DNA extraction
DNA was extracted using the  QIAamp® 96 DNA 
 QIAcube® HT KIT (Qiagen, Hilden, Germany) with the 
QIA cube Extractor Robot, following the manufacturer 
instructions. DNA was eluted in 80 µl AE buffer and 
stored at − 20 °C.

Species identification
Mosquitoes were identified to species using PCR–RFLP, 
based on the protocol of Fanello et  al. [22] which uses 

primers to amplify the intergenic spacer (IGS) region 
to differentiate the members of the An. gambiae com-
plex. The following primers were used: Universal F: GTG 
TGC CCC TTC CTC GAT GT; An. gambiae R: CTG GTT 
TGG TCG GCA CGT TT; Anopheles arabiensis R: AAG 
TGT CCT TCT CCA TCC TA; An. melas R: TGA CCA 
ACC CAC TCC CTT GA. Amplified PCR products were 
then digested using the HhaI enzyme to differentiate An. 
gambiae s.s. and An. coluzzii specimens. The band sizes 
of the PCR products were visualised by electrophoresis 
using the QIAxcel capillary electrophoresis system (Qia-
gen). The band sizes of the PCR products were analysed 
to distinguish species: An. gambiae s.s. (257 and 110 bp), 
An. arabiensis (292 bp), An. melas (435 bp), An. coluzzii 
(367  bp) and An. coluzzii/An. gambiae s.s. hybrid (257, 
110 and 367 bp).

Primer design
Primers were adapted from Campos et al. [18] to amplify 
seven regions of the Anopheles genome covering four 
different genes and 17 different single-nucleotide poly-
morphisms (SNPs) previously associated with insecticide 
resistance. Assays were designed to generate amplicons of 
approximately 500 bp. Primers were modified where pos-
sible to improve binding to the An. melas genome, using 
sequences downloaded from VectorBase (www. vecto 
rbase. org). The primers used to amplify these regions 
are provided in Additional file  1: Table  S2). The reverse 
primer for gste2 was modified from Campos et  al. [18] 
from TTC CAA ATG CTT CCA AAT TT to GGC TAG CAC 
AAA CTTGC. To enable multiplex amplicon sequencing, 
primers were further adapted in line with previously pub-
lished methods to incorporate barcodes for multiplex-
ing [18]. Briefly, 5ʹ barcode tags (8 bp long) were added 
to each forward and reverse primer (Additional file  1: 
Table S3). A total of 10 unique forward barcodes and 10 
unique reverse barcodes were used. To enable multiplex 
sequencing, each mosquito sample was assigned a unique 
barcode combination prior to PCR amplification, result-
ing in the sample specific barcode being incorporated 
into the amplified PCR product.

Multiplex PCR reactions
The Thermo Fisher Scientific (Waltham, MA, USA) mul-
tiplex primer analyzer was used to identify which primers 
were most suitable for multiplexing for amplicon genera-
tion. This resulted in multiplex 1 (ace1 and vgsc-3), multi-
plex 2 (rdl and vgsc-2), multiplex 3 (vgsc-4 and gste2) and 
a simplex reaction (vgsc-1). Each PCR reaction had a final 
reaction volume of 25 μl, containing 0.25 μl Q5 Hot-start 
DNA polymerase (New England Biolabs Ltd., Hitchin, 
UK), 5 μl of Q5 buffer (New England Biolabs Ltd.), 1 μl 
of DNA template (2–10 ng), 0.5 μl of 10 mM dNTPs, an 
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average of 0.63 μl of each forward and reverse primer at 
10  μM and 15.75  μl of nuclease-free  H2O. PCR ampli-
fications were conducted using the following reaction 
conditions: hot-start activation of Q5 Hot-start DNA 
polymerase for 30  s at 98  °C; followed by 35 cycles of 
denaturation at 98 °C for 10 s, annealing at 57 °C for 60 s 
and elongation 72 °C for 60 s; with a final elongation step 
of 72 °C for 2 min.

Amplicon purification and next generation sequencing
Following the gene-specific multiplex PCR reactions, 
PCR products containing amplified amplicons were run 
in 1% agarose gels to detect the presence and the size of 
PCR products. The PCR products from different mos-
quito samples containing different barcodes were pooled. 
Pools were purified using KAPA pure beads (Roche Diag-
nostics, Indianapolis, IN, USA) to remove excess prim-
ers and PCR reagents at a ratio of 0.8:1 (μl of beads to 
μl of DNA). Purified pools were quantified using a Qubit 
before adjustment to a final concentration of 20  ng/
µl in a final volume of 25  µl. Pooled samples were sent 
for sequencing at Genewiz GmbH (Leipzig, Germany) 
on the Illumina MiSeq platform paired-end (2 × 250 bp) 
configuration (Illumina Inc., San Diego, CA, USA), and 
a minimum of 50,000 reads were obtained per pool of 
amplicons. To obtain high sequencing coverage, a maxi-
mum of 200 amplicons were pooled per experiment, at a 
cost of < US$0.5 per amplicon.

Bioinformatics analysis
Raw pooled FASTA sequences were de-multiplexed to 
separate sequences from individual mosquitoes through 
identification of sample-specific barcodes. Sequences 
were then processed to identify SNPs and insertions/
deletions (INDELs) using a custom python script 
(https:// github. com/ LSHTM Patho genSe qLab/ ampli con- 
seq). FASTA sequences were trimmed using Trimmo-
matic software [23] (version 0.39, using the parameters 
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 
MINLEN:36) to remove poor quality sequences. Paired-
end reads were mapped to the An. gambiae reference 
genome (Anopheles_gambiae.AgamP4.dna.toplevel.
fa) using BWA-MEM software (version 0.7.17-r1188, 
default parameters) to produce a BAM file for each mos-
quito. SNPs were called with Freebayes (version v1.3.6, 
haplotype-length-1) and GATK’s HaplotypeCaller (ver-
sion 4.1.4.1, default parameters). Variants called by 
both variant callers were combined and filtered using 
BCFtools (version 1.16) for a minimum allele depth of 10, 
minimum read depth of 30 and phred score of > 30 per 
base. SnpEff software (version 5.1d) was used to anno-
tate variants. Species-specific variants were removed 
to ensure these did not confound the analysis. Variants 

were genotyped based on the percentage of alternative 
allele reads within the total depth coverage: (i) homozy-
gous reference (< 25% alternate allele calls); (ii) heterozy-
gous (25–75% alternate allele calls); and (iii) homozygous 
alternate (> 75% alternate allele reads), as per Campos 
et  al. [18]. SNPs were retained for analysis if they were 
present in more than one sample.

Statistical tests
When comparing the allelic frequencies of alleles 
between island groups or species, statistical significance 
was investigated using a Chi-square (χ2)-test in R (df = 
1) (version 4.1.0; R Foundation for Statistical Computing, 
Vienna, Austria).

Results
Mosquito species and geographic location
Mosquitoes were collected during a cross-sectional sur-
vey conducted on 16 islands of the Bijagós Archipelago 
during the peak malaria transmission season in Novem-
ber 2019. Of 409 mosquitoes collected, 82.2% were An. 
melas, 9.5% were An. coluzzii-gambiae hybrids, 6.82% 
were An. gambiae s.s. and 1.47% were An. coluzzii (Sou-
brier et al., unpublished data). A subset of n = 214 Anoph-
eles mosquitoes were used for analysis in this study. 
These mosquitoes were collected from 13 islands across 
the archipelago: Bubaque, Canhabaque (Roxa), Canogo, 
Caravela, Formosa, Tchedega, Meneque, Nhago (Ponta), 
Orangozinho, Rubane, Soga, Uno and Uracane (Fig.  1). 
The 214 mosquitoes included in this study are listed by 
the island on which they were collected and by species in 
Table 1. Anopheles melas was the most abundant species 
collected  (113/214), with the majority of An. melas  col-
lected from Bubaque, Tchedega and Soga (70/113); these 
three islands accounted for 46% of all samples collected 
(99/214).

Amplicon sequencing coverage and detection of genetic 
variants
The presence of SNPs was investigated in each target 
gene. The SNPs targeted for amplification are listed in 
Additional file  1: Table  S1. Amplicons were designed to 
cover these target SNPs and the surrounding gene region 
with a length averaging 500 bp, enabling the detection of 
SNPs in the neighbouring gene region (Additional file 1: 
Table S2). The average coverage obtained for each ampli-
con was very high (range: 210.43 to 632.91). This depth 
of coverage led to the identification of 155 high-quality 
SNPs across the seven amplicons. Of the 155 SNPs 
detected, 115 (74.2%) were in exons (12 non-synonymous 
SNPs and 103 synonymous SNPs), 28 (18.1%) were in 
introns, nine were upstream of exons and three were in 
splice regions (Table 2).
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Fig. 1 Mosquito sample collection sites. a Location of Bijagós Archipelago, created using ArcGIS ArcMap 10.8.1. b Mosquitoes were collected 
from the 13 islands labelled with blue triangles. Map from OpenStreetMap 2023-05-06
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The position and frequency of detected non-synony-
mous variants is summarised Table 3.

Two non-synonymous SNPs were identified in the 
vgsc-DIS6 amplicon: Phe389Leu (F389L) and Glu429Lys 
(E429K). F389L was found at an allelic frequency of 
0.6%, and E429K was found at an allelic frequency of 
20.9%. These SNPs have not previously been associated 
with insecticide resistance. One non-synonymous SNP 
was identified in the vgsc-DIIS6 amplicon, namely the 
Leu995Phe (L995F) mutation, which is also known as 
the kdr-west allele. This mutation was found at an allelic 
frequency of 12.2% in the total population of mosqui-
toes sampled, and has previously been associated with 
resistance to pyrethroids and DDT [7]. One non-synon-
ymous mutation, Asn1570Tyr (N1570Y), was identified 

in the vgsc-DIIIS6 amplicon, at an allelic frequency of 
6.2%. The N1570Y mutation has been associated with 
increased levels of pyrethroid resistance when associated 
with L995F [24]. One non-synonymous SNP was identi-
fied in the vgsc-DIVS5 amplicon, Ala1746Ser (A1746S), 
with an allelic frequency of 0.7%. A1746S has previously 
been detected in Anopheles gambiae s.l. mosquitoes in 
Guinea and Ivory Coast [18, 25], and has been identified 
as a variant with a potential functional role in pyrethroid 
resistance [25]. One non-synonymous SNP, Ala296Gly 
(A296G), was identified in the rdl amplicon at an allelic 
frequency of 1.1%. A296G has previously been associated 
with resistance to dieldrin [13]. Two non-synonymous 
mutations were identified in the ace1 amplicon, namely 
Pro203Gln (P203Q) at 0.6% and Glu323Asp (E323D) at 

Table 2 Distribution of single-nucleotide polymorphisms detected in each gene

a Four amplicons are in the voltage-gated sodium channel gene (vgsc I-IV, D = domain, S = subunit). One amplicon is in each of the gamma-aminobutyric acid (GABA) 
receptor gene (rdl), glutathione s-transferase epsilon 2 gene (gste2) and acetylcholinesterase 1 gene (ace1) 

Genea Average coverage of 
amplicon (bp)

Synonymous (n) Non-synonymous 
(n)

Intron (n) Splice region 
(n)

Upstream gene 
variant (n)

Total (n)

vgsc-DIS6 600.81 1 2 16 0 0 19

vgsc-DIIS6 323.46 3 1 2 0 0 6

vgsc-DIIIS6 597.83 5 1 5 1 0 12

vgsc-DIVS5 210.43 5 1 5 1 0 12

rdl 253.54 2 1 0 0 0 3

gste2 336.72 22 4 0 1 9 36

ace1 632.91 65 2 0 0 0 67

Total 103 12 28 3 9 155

Table 3 Position and frequency of detected non-synonymous single-nucleotide polymorphisms in mosquitoes sampled from the 
Bijagós Archipelago

a N is the total number of alleles called for each position
b This mutation was one of the 17 targeted insecticide resistance single-nucleotide polymorphisms

Chromosome Amplicon Position Na Mutation Genotype frequencies (%) Alternate allele 
frequency (%)

Homozygous 
(reference)

Heterozygous Homozygous 
alternate

2L vgsc-I 2391191 159 F389L 98.7 1.3 0.0 0.6

2391309 160 E429K 58.1 41.9 0.0 20.9

vgsc-II 2422652 135 L995Fb* 82.2 11.1 6.7 12.2

vgsc-III 2429745 170 N1570Yb 88.8 10.0 1.2 6.2

vgsc-IV 2430424 139 A1746Sb 98.6 1.4 0.0 0.7

2L rdl 25429236 89 A296Gb 97.8 2.2 0.0 1.1

2R ace1 3491844 175 P203Q 98.9 1.1 0.0 0.6

3492205 175 E323D 98.3 1.1 0.6 1.1

3R gste2 28597858 182 I187F 98.9 1.1 0.0 0.5

28597896 182 P174L 48.4 2.7 48.9 50.3

28597905 182 G171D 89.6 9.3 1.1 5.8

28597956 189 T154S 69.3 21.7 9.0 19.8
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1.1%. These two SNPs have not previously been associ-
ated with insecticide resistance. Four non-synonymous 
SNPs were identified in the gste2 amplicon: Ile187Phe 
(I187F), Pro174Leu (P174L), Gly171Asp (G171D) and 
Thr154Ser (T154S); these mutations were found at allelic 
frequencies of 0.5%, 50.3%, 5.8%, and 19.8%, respectively, 
and have not previously been associated with insecticide 
resistance.

Insecticide resistance SNP distribution per island
Overall, four of the targeted SNPs (Additional file  1: 
Table  S1) were identified in the samples collected on 
the Bijagós, including three mutations in the vgsc gene 
(L995F, N1570Y and A1746S) and one mutation in the 
rdl gene (A296G). The frequency of these mutations per 
island was investigated (Table  4). The L995F mutation 
was found at an overall frequency across the archipelago 
of 12.2% and was present in mosquitoes from 10 of the 
13 islands. The N1570Y mutation was present at a fre-
quency of 6.2% (present in 11/13 islands) and the A1746S 
mutation was present at a frequency of 0.7% (present in 
2/13 islands). The rdl A269G mutation had a frequency 
of 1.1% (present in 2/13 islands).

Five of the islands were represented by > 20 mosqui-
toes: Bubaque (n = 41), Tchedega (n = 30), Orangozinho 
(n = 24), Soga (n = 28) and Uno (n = 21). The allelic fre-
quencies of the four insecticide resistance mutations 
identified were mapped to island location (Fig.  2), and 
differences assessed. Bubaque had a significantly higher 

allelic frequency of vgsc L995F than Tchedega (P = 0.023), 
Soga (P = 0.001) and Uno (P = 0.008), and a slightly higher 
L994F frequency than Orangozinho, but this increase 
was not significant (P = 0.110). Bubaque had a signifi-
cantly higher allelic frequency of vgsc N1570Y than 
Tchedega (P = 0.016) and Uno (P = 0.031). Bubaque had 
a slightly higher frequency of vgsc N1570Y than Oran-
gozhino and Soga, but these differences were not signifi-
cant. There was no statistical significance between the 
allelic frequency of the vgsc A1746S mutation between 
islands. The rdl A296G mutation was found on Formosa 
and Tchedega islands only.

The number of different samples which had one or 
multiple insecticide resistance SNPs were investigated 
(Fig.  3). A small number of mosquitoes were found to 
have more than one resistance-associated mutation. 
This  included five mosquitoes from Bubaque island, 
which had two vgsc mutations (L995F and N1570Y, or 
L995F and A1746S), and one mosquito from Orangoz-
inho which had two vgsc mutations (L995F and N1570Y). 
All other mosquitoes had only one of the four identified 
insecticide resistance mutations.

Distribution of insecticide resistance SNPs per mosquito 
species
The distribution of insecticide resistance SNPs between 
different Anopheles species samples was investigated 
(Table 5). The total sample set contained 214 mosquitoes: 
113 An. melas, 40 An. gambiae s.s., 11 An. coluzzii and 50 
An. coluzzii-An. gambiae hybrid mosquitoes.

The vgsc L995F mutation was found in 24 mosquitoes, 
and across species (3 An. melas, 7 An. gambiae s.s., 2 
An. coluzzii, 12 An. coluzzii-An. gambiae hybrids). The 
vgsc N1570Y mutation was found in 18 mosquitoes (2 
An. melas, 4 An. gambiae s.s., 2 An. coluzzii and 10 An. 
coluzzii-gambiae hybrids). The vgsc mutation A1746S 
was found in two mosquitoes (one An. melas and one 
An. gambiae s.s). Similarly, the rdl A296G mutation was 
found in only two mosquitoes (1 An. gambiae s.s. and 1 
An. coluzzii-gambiae hybrid). Interestingly, An. melas 
had significantly lower allelic frequencies of vgsc L995F 
and N1570Y than the other mosquito species (P < 0.05). 
There was no statistically significant difference between 
the allelic frequencies of different species for vgsc A1746S 
or rdl A296G.

Discussion
Vector control interventions, in particular ITNs, are 
the most effective method of reducing deaths due 
to malaria to date [2]. The emergence and spread of 
insecticide resistance is a growing threat to the utility 
of these interventions. Monitoring the prevalence of 
genomic polymorphisms associated with insecticide 

Table 4 Allelic frequency of insecticide resistance single-
nucleotide polymorphisms per island

a Total number of mosquitos sampled from each island
b The proportion of alleles that harbour any of the four identified target 
mutations

Island Na Allelic frequency of insecticide resistance mutation 
(%)b

vgsc L995F vgsc N1570Y vgsc A1746S rdl A296G

Bubaque 41 26.0 11.0 1.9 –

Canhabaque 5 33.0 12.5 – –

Canogo 9 14.3 6.3 – –

Caravela 11 8.3 5.6 – –

Formosa 11 31.3 16.7 – 5.6

Tchedega 30 3.3 2.1 – 10.0

Meneque 8 20.0 14.3 – –

Nhago 7 – – – –

Orangozinho 24 7.7 2.9 – –

Rubane 14 11.1 4.2 5.6 –

Soga 28 – 2.2 – –

Uno 21 – – – –

Uracane 5 12.5 12.5 – –
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resistance is an important tool for monitoring the dis-
tribution and spread of insecticide resistance, and to 
complement phenotypic bioassays of resistance [18, 
26, 27]. Monitoring polymorphisms can provide early 
warning signals to disease control programmes that 
resistance markers are changing. In turn, this informa-
tion may inform evidence-based decisions in vector 
control policy. This is particularly useful in  situations 
where resistance is present at low frequency and may 
be difficult to detect using phenotypic bioassays.

Multiplex amplicon sequencing is a high-throughput, 
low-cost and resource-efficient method of investigat-
ing the frequency of SNPs in sample populations. This 
technique has been used widely to investigate the fre-
quency of insecticide resistance mutations in mosquito 
populations [18, 26–28]. We employed this technique 
to conduct the first investigation of multiple genomic 
markers of insecticide resistance across islands of the 
Bijagós Archipelago. We investigated the presence of 
genetic markers, including 17 SNPs associated with 
insecticide resistance in the vgsc, gste2, rdl and ace1 
genes. Four of the 17 targeted SNPs were identified 
in the Bijagós mosquito population. These were vgsc 
L995F and N1570Y, which are associated with DDT and 
pyrethroid resistance [7, 8], vgsc A1746S, which has a 
potentially functional role in pyrethroid resistance [25], 

and the rdl A296G mutation associated with dieldrin 
resistance [13].

The vgsc L995F (kdr-west) mutation was found at an 
allelic frequency of 12.2% across the archipelago and a 
frequency of 26.0% on the island of Bubaque. This was 
lower than previously identified by Ant et  al. in a 2017 
survey on Bubaque island, which found frequencies of 
35% for An. coluzzii, 36% for An. gambiae s.s. 42% for 
An. gambiae s.s.-An. coluzzii hybrids [16]. However, our 
study methods had the capacity to distinguish between 
homozygous and heterozygous calls, which is likely to 
explain this discrepancy in allele frequency. A sepa-
rate survey in Guinea-Bissau in 2018 by Silva et al. [29] 
also found higher frequencies of the L995F mutation 
(31.29%) in the nation’s capital, Bissau. We found the vgsc 
N1570Y mutation at an allelic frequency of 6.2% across 
the archipelago. This mutation has been referred to as the 
‘super-kdr’ mutation and is predicted to intensify L995F-
mediated pyrethroid resistance and/or compensate for 
the deleterious fitness effects of L995F [24]. The N1570Y 
mutation has been found previously in Bissau at a simi-
lar frequency of 6.62% [29]. The vgsc A1746S mutation, 
which has previously been identified in Guinea and Ivory 
Coast [25], was found in the present study at 0.7% allelic 
frequency. Two additional non-synonymous SNPs were 
found in the vgsc gene, Phe389Leu (F389L) (0.6%) and 

Fig. 2 Allelic frequencies of the insecticide resistance mutations identified, mapped to island geographic location. Only islands with a sample size > 
20 sampled mosquitoes were included in this analysis. rdl, Gamma-aminobutyric acid receptor gene; vgsc, voltage-gated sodium channel gene
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E429K (20.9%); these mutations have not previously been 
reported.

The A296G mutation in the rdl gene associated with 
resistance to dieldrin [13] was found at an allelic fre-
quency of 1.1%. No additional non-synonymous SNPs 
were identified in this gene. There were two non-synon-
ymous SNPs identified in the ace1 gene: P203Q (0.6%) 
and E323D (1.1%); these SNPs have not been reported 
previously. The G280S mutation (formerly G119S) is 
associated with resistance to carbamates and organo-
phosphates [30], and was not found in the Bijagós 

mosquito population. This mutation was also not found 
by Silva et al. [29] in Bissau, but it was found at other sites 
on the mainland, including Gabu, the easternmost region 
of Guinea-Bissau. Four non-synonymous mutations 
were found in the gste2 amplicon which have not previ-
ously been reported: I187F (0.5%), P174L (50.3%), G171D 
(5.8%) and T154S (19.8%). The I114T and L119V muta-
tions associated with pyrethroid [9] and DDT resistance 
[9, 10], and the F120L mutation associated with DDT 
resistance [31], were not identified in the Bijagós mos-
quito population. A notably larger number of SNPs were 

Fig. 3 Distribution of cumulative insecticide resistance mutations across five islands on the Bijagós Archipelago. Only regions with > 20 
sampled mosquitoes are shown (Bubaque, Orangozinho, Tchedega, Soga and Uno). The top pie chart for each island represents the percentage 
of samples with 0, 1, 2 or 3 of the targeted vgsc mutations, with the vgsc mutations shown in green. The lower pie chart for each island represents 
the percentage of samples with 0 or 1 rdl mutation, with the rdl mutations shown in blue. rdl, Gamma-aminobutyric acid receptor gene; vgsc, 
voltage-gated sodium channel gene

Table 5 Distribution of the four identified insecticide resistance single-nucleotide polymorphisms by Anopheles species

a N is the total number of mosquitoes collected from each species

 Anopheles species Na Allelic frequency of insecticide resistance mutation (%)

vgsc L995F vgsc N1570Y vgsc A1746S rdl A296G

An. melas 113 2.14 1.12 0.76 0

An. gambiae sensu stricto 40 14.29 6.45 1.67 1.67

An. coluzzii 11 25.0 14.29 – –

An. coluzzii-An. gambiae hybrids 50 21.1 13.1 – 1.25
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identified in the ace1 and gste2 amplicons than in the 
vgsc or rdl amplicons. This may be due to copy number 
variations, which are well-reported in the An. gambiae 
complex to result in multiple copies of ace1 and gste2 
alleles [32, 33]. The presence of multiple copies may allow 
the accumulation of mutations in one copy of an allele 
without leading to deleterious fitness effects due to the 
presence of additional allele copies, enabling the accumu-
lation of greater numbers of mutations over time.

We compared the frequency of insecticide resistance 
SNPs on five islands: Bubaque, Tchedega, Orangozinho, 
Soga and Uno. The frequency of L995F was significantly 
higher on Bubaque Island than on Tchedega, Soga or 
Uno, and slightly higher than on Orangozinho. Bubaque 
is the most populated island, home to around 28% of the 
total population of the archipelago (Ministério da Saúde 
Pública, Guinea-Bissau). It is also the site of the main 
ferry port to Bissau. Therefore, it is likely that there is a 
higher density of pyrethroid ITNs on Bubaque, resulting 
in greater selection pressure for the L995F mutation. Fur-
thermore, the ferry link to mainland Guinea-Bissau pro-
vides a regular opportunity for ‘hitch-hiking’ mosquitoes 
carrying resistance alleles to be transported to Bubaque. 
This hitch-hiking may result in a larger number of resist-
ance alleles in the Bubaque mosquito population for pos-
itive selection to act upon. The sample size of mosquitoes 
from each island was limited and should be increased in 
future work to enable better comparisons of allele fre-
quency between islands.

We compared the frequency of insecticide resist-
ance SNPs between species and found that An. melas 
had significantly lower allelic frequencies of vgsc L995F 
and N1570Y than An. gambiae s.s., An. coluzzii and An. 
coluzzii-An. gambiae hybrids (P < 0.05). Our study identi-
fied the L995F (kdr-west) allele in An. melas for the first 
time on the archipelago. Anopheles melas is described 
as an opportunistic vector which is highly anthropo-
philic and zoophilic, whereas An. gambiae s.s. has been 
described as a mostly anthropophilic species with a pref-
erence for human hosts [34]. This suggests that An. melas 
may be more likely to feed on animal hosts and encounter 
fewer ITNs than An. gambiae s.s. In addition, Anopheles 
melas also have higher tolerance for saline environments 
and are often found in salt marshes or mangroves [34]. 
This may also mean that An. melas encounter ITNs less 
frequently. In this case, An. melas would be under weaker 
selection pressure for vgsc resistance-conferring muta-
tions than the other species. Furthermore, the extreme 
rates of An. gambiae-An. coluzzii hybridisation found 
on the Bijagós (> 20%) may facilitate increased propaga-
tion of vgsc mutations between An. gambiae s.s. and An. 
coluzzii, enabling these mutations to reach higher fre-
quencies within these populations. However, a relatively 

small number of mosquitoes were sampled overall in this 
study, including only n = 11 An. coluzzii samples, mak-
ing it difficult to draw definitive conclusions from these 
inter-species comparisons.

Overall, this study demonstrates the usability of high-
throughput multiplex amplicon sequencing in screening 
insecticide resistance mutations in Anopheles gambiae 
s.l. mosquitoes. Four resistance-associated SNPs were 
identified in the Bijagós mosquito population. An addi-
tional eight non-synonymous SNPs were identified which 
have not previously been described. Phenotypic assays 
would be needed to determine whether these SNPs con-
tribute to resistance. Importantly, insecticide resistance 
is only one component of effective vector control. Cover-
age, uptake and durability of ITNs, along with longevity 
of the insecticide, are all important factors which need to 
be measured [35].

 Limitations of this study include the relatively small 
sample of mosquitoes used in the analyses and that only 
loci that have been previously associated with insecticide 
resistance were surveyed. However, this is an easily scal-
able method, and additional genes can be added to the 
multiplex assay as these are identified. Multiplex ampli-
con sequencing allows the rapid screening of many loci, 
resulting in high-quality genomic data which can com-
plement phenotypic assays of insecticide resistance and 
inform vector control policy.

Conclusions
This study demonstrates the utility of multiplex ampli-
con sequencing for rapidly assessing the prevalence of 
insecticide resistance markers in mosquito populations. 
Furthermore, we provide the first assessment of molec-
ular markers of insecticide resistance from multiple 
islands across the Bijagós Archipelago. Overall preva-
lence of these markers was low, but the presence of vgsc 
mutations L995F and N1570Y warrants further atten-
tion, particularly as vector control on the islands is lim-
ited to pyrethroid ITNs. The identification of additional 
molecular markers of insecticide resistance is required. 
This may be achieved through the combination of phe-
notypic bioassay data with genomic data, generated using 
either whole-genome sequencing or using high-through-
put methods such as the multiplex amplicon sequencing 
technique used in this study.
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Supplementary InformaUon 

 
 
Supplementary Table 1: Target SNPs invesUgated which have been associated with insecUcide 

resistance in the Culicidae family 147. Genome posiUons and amino acid posiUons are labelled 

according to the posiUon in Anopheles gambiae P4 genome. 

 

Gene Chromosome Posi-on SNP 
Amino Acid 

change 

VGSC (DI-S6) AgamP4_2L 2391228 G>C, T V402L 

VGSC (DII-S6) AgamP4_2L 2422575 T >C S970P 

VGSC (DII-S6) AgamP4_2L 2422643 A>G I992M 

VGSC (DII-S6) AgamP4_2L 2422651 T >C L995S 

VGSC (DII-S6) AgamP4_2L 2422652 A>T L995F 

VGSC (DII-S6) AgamP4_2L 2422657 T>G V997G 

VGSC (DIII-S6) AgamP4_2L 2429617 T>C I1527T 

VGSC (DIII-S6) AgamP4_2L 2429623 T>G F1529C 

VGSC (DIII-S6) AgamP4_2L 2429745 A>T N1570Y 

VGSC (DIV-S5) AgamP4_2L 2430424 G>T A1746S 

VGSC (DIV-S5) AgamP4_2L 2430460 G>T D1758Y 

GSTE2 AgamP4_3R 28598166 T>C I114T 

GSTE2 AgamP4_3R 28598062 C>G L119V 

GSTE2 AgamP4_3R 28598057 C>G,A F120 L 

RDL AgamP4_2L 25429236 C>G A296G 

RDL AgamP4_2L 25429235 G>T A296S 

ACE1 AgamP4_2R 3492074 G>A G280S 
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Supplementary Table 2: Primers for insecUcide resistance amplicon sequencing for the Anopheles 

gambiae sensu latu complex, adapted from Campos et al (2022) 147 

 

Target 

Gene 
Amplicon 

Forward 

primer 

Reverse 

Primer 
Chromosome Posi;on* 

Product 

Size (bp)* 

vgsc 

VGSC-I 

ATTCGTTAT

TCTTCAGA

TGAACT 

ATTCTCAC

CCGAAGTG

C 

AgamP4_2L 
2390813-

2391328 
517 

VGSC-II 

GTTTTGCT

AGCCTAAT

TGC 

TGTCGGTT

GAACGGAT

GCTATT 

AgamP4_2L 
2422417-

2422919 
503 

VGSC-III 

TTCATGGG

AAAATTCA

CCAA 

AATTAGTG

CTCCAAAC

ACAAAC 

AgamP4_2L 
2429356-

2429845 
490 

VGSC-IV 

CGAGCCAT

GGAATTTG

T 

TGATGTGA

TCCAGTTA

CAGA 

AgamP4_2L 
2430093-

2430593 
501 

ace-1 ACE1 

CTGGTGGT

CAACACG

GA 

GAACAGTC

CCGCATTG

C   

AgamP4_2R 
3491732-

3492229 
498 
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gste2 GSTE2 

GCCCGGAT

GAGATTCA

T 

GGCTAGCA

CAAACTTG

C 

AgamP4_3R 
28597778 -

28598182- 
404 

rdl RDL 

CATTGCAA

TCATCACC

ATCA 

CCAGCAG

ACTGGCAA

ATACC 

AgamP4_2L 
25428861-

25429373 
500 

 

*PosiUon and product size in An. gambiae P4. 
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Supplementary Table 3: Barcodes, BC1 to BC10 were concatenated to the 5’ end of forward primers. 

BC11 to BC20 were concatenated to the 5’ end of reverse primers. 

 

Name Barcode Name Barcode 

BC1N CTATCACG BC11N ATGGCTAG 

BC2N TCCAGTGT BC12N GACTTGGT 

BC3N GATCAGTA BC13N TCGATCAC 

BC4N AGTGTCGG BC14N ACACGTCA 

BC5N GTAGCGCT BC15N CAATGTGC 

BC6N CATCTAAC BC16N GGGACTAC 

BC7N TACAGATC BC17N ACGTACTG 

BC8N CGTCTTGT BC18N TGATTGCC 

BC9N TATGATCA BC19N AACTCTAC 

BC10N GGTAGCTT BC20N TGACTCAA 
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Phenotypic evidence of 
deltamethrin resistance and 
������Ƥ���������������������������
in Anopheles mosquitoes on the 
Bijagós Archipelago, Guinea-Bissau
Sophie Mossͷ, Robert T. Jonesͷ, Elizabeth Pretoriusͷ, Eunice Teixeira da Silvaǡ, 
���������������ͷ, Mojca Kristanͷǡ�������������Ǧ������ͷ, Emma L. Collinsͷ, 
Amabelia Rodriguesǡ, Sanjeev Krishnaͺǡͻǡͼ, Taane G. Clarkͷǡͽǡ;, Anna Lastͷǡ; & 
Susana Campinoͷǡ;

Vector control in the Bijagós Archipelago of Guinea-Bissau currently relies on pyrethroid insecticide-
������������Ǥ��������ǡ�����������������������������������
�����Ǧ�����������������Ǥ������������������Ƥ���
deltamethrin resistance in the Anopheles gambiae������������������������������������������������
�����������������������ͶǤ����������������������������An. gambiae sensu stricto mosquitoes 
������Ƥ���������������������������������������ȋ����Ȍ���������������������������ǡ���������������
���������������ǡ�����������������������ǣ��ͽͿͷ�ǡ��ͿͿͻ	ǡ��ͷͻͽͶ�ǡ��ͷͽͺͼ�������ͷ;ͽͺ���������vgsc gene, 
�����ͷͷͿ������������������Ǥ����������������������Ǧ���������������������������Ƥ�����������������Ǧ
���������������������������Ǥ�	���������������������������������������������������ͻά������������������ǣ�
�ͷͻͺ�ǡ��ͷͼ	�����
ͼ���������vgsc�����������ͼͻ��������ͷǤ�
���������������������������������
����ǯ��
�ͷ�����������������Ƥ�����������������������ǣ��������������������������������������������Ǥ������
�����������������������������������������������������������������������������������������������ǡ�
including ���Ϳ�ͷ and the ���ͼ��Ȁ���ͼ��������������Ǥ�������������������������Ƥ���������������������������
��������������������������������Ƥ�����������������������������������Anopheles gambiae mosquitoes 
��������������×�ǡ���������������������������Ƥ����������������������������������������������Ǥ

Insecticide Treated Nets (ITNs) are the most effective method of reducing malaria cases to date, accounting 
for an estimated 68% of the reduction in malaria cases between 2000 and 20151. Currently, all ITNs contain 
pyrethroid insecticides2. However, the evolution of resistance to pyrethroids in Anopheles mosquitoes threatens 
the efficacy of these ITNs. The World Health Organization (WHO) recommends that countries monitor 
insecticide resistance in disease vectors as part of the development of insecticide resistance monitoring and 
management plans (IRMMPs)3, assisting national control programmes to make evidence-based decisions about 
which insecticides to use. Of the 88 countries that reported insecticide resistance data to WHO between 2010 
and 2020, 87% reported resistance to pyrethroids in at least one malaria vector, and 33% of countries reported 
resistance to all four insecticide classes commonly used in vector control4. The gold standard for monitoring 
insecticide resistance is phenotypic testing using WHO tube tests or bottle bioassays5, which are time and 
resource intensive. However, the identification and monitoring of molecular markers associated with resistance 
could supplement these phenotypic bioassays. Furthermore, the rapid development of sequencing technologies 
makes whole genome sequencing (WGS) a promising approach for identifying and monitoring the spread of 
molecular markers on a large scale. Previous studies using WGS data have identified regions of the Anopheles 
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gambiae genome associated with pyrethroid insecticide resistance. These include studies conducted by the 
Anopheles gambiae 1000 Genomes Consortium (Ag1000G)6,7. Key regions of the genome that have previously 
been associated with pyrethroid resistance include the cytochrome P450 genes, with the cyp6aa1 and cyp9k1 
genes demonstrating the strongest signals of association with deltamethrin resistance6,8. In addition, the Tep 
family of immune related genes has been found to be associated with deltamethrin resistance6.

The most well understood mechanisms of insecticide resistance are metabolic and target-site resistance. 
Metabolic resistance occurs when mosquitoes evolve the ability to rapidly detoxify insecticides, which is 
attributed primarily to three different enzyme families; the cytochrome P450s, esterases and glutathione-S-
transferases (GSTs)9. Whereas, target-site resistance occurs through modifications to the binding sites of insect 
protein receptors, resulting in conformational changes which impede insecticide binding. Other mechanisms 
that are less well studied include behavioural resistance, such as mosquitoes evolving to bite during the day when 
people are not protected by ITNs, and cuticular resistance, which is the evolution of a thickened or altered cuticle 
that is more difficult for insecticides to penetrate5. Pyrethroid resistance in Anopheles gambiae is associated 
with target-site mutations in the voltage-gated sodium channel (vgsc) gene, also known as knock-down or 
“kdr” mutations. These mutations include the L995F10 (kdr-west) allele (position 1014 in Musca domestica), 
which is widespread in West and Central Africa, and the L995S11 (kdr-east) allele, which is widespread in 
East Africa4. Another well characterised vgsc mutation, N1570Y, has been associated with increased levels of 
pyrethroid resistance when associated with L995F12. In addition, L119V in the glutathione S-transferase epsilon 
class 2 (gste2) gene, has been associated with increased resistance to the pyrethroid permethrin13. Metabolically 
mediated pyrethroid resistance has been associated with copy number variations (CNVs) in multiple genes 
involved in the metabolism of insecticides. This includes CNVs in the cytochrome P450 genes cyp6aa114, cyp6p3, 
cyp6m2, cyp6z1, cyp9k115,16, and the gste2 gene, all of which have been shown to metabolise insecticides14,17.

Malaria is a persistent public health problem on the Bijagós Archipelago of Guinea-Bissau, where the peak 
prevalence of Plasmodium falciparum parasitaemia is up to 15%18. ITNs are the only vector control intervention 
currently used on the islands. Of these ITNs, 90% are PermaNet® 2.0, which are impregnated with the pyrethroid 
insecticide deltamethrin19. However, there is little data available about insecticide resistance on the Bijagós or 
on mainland Guinea-Bissau20. A survey on Bubaque island in 2017 identified An. gambiae s.s. as the primary 
malaria vector during the rainy season in June and July, and a majority of An. melas during November and 
December21. The Bijagós is also a site of extremely high hybridisation rates between An. gambiae s.s. and An. 
coluzzii. These hybrids have been consistently recorded at proportions over 20% since 1995 22,23, which is much 
higher than found elsewhere in West and Central Africa, where rates of hybridisation are usually below 1%24. A 
recent study suggests that these hybrid mosquitoes may be a novel, cryptic taxon provisionally named the “Bissau 
molecular form”25. Previously, we identified a low prevalence of molecular markers associated with insecticide 
resistance on the Archipelago, using multiplex amplicon sequencing of An. gambiae sensu lato (s.l.) mosquitoes 
collected in 2019 from 13 different islands. Of 17 mutations screened, we identified three vgsc mutations 
previously or putatively associated with pyrethroid resistance: L995F, N1570Y, A1746S, and the rdl mutation 
A269G which is associated with resistance to the organochlorine dieldrin19. The present study builds on this 
research by: (1) using WHO tube tests to conduct insecticide resistance bioassays for deltamethrin resistance, 
which have not been conducted on the Bijagós islands previously, and (2) generating whole-genome sequence 
data for deltamethrin resistant and susceptible individuals of the major vector Anopheles gambiae s.s., to identify 
molecular markers in insecticide resistance genes. This study contributes the first whole genome sequencing data 
of Anopheles gambiae s.s. vectors from the Bijagós.

Results
Phenotypic insecticide resistance assay results
Phenotypic tests were conducted in November 2022, investigating the status of resistance to discriminating 
concentrations and 5-times (5x) intensity concentrations of deltamethrin in Anopheles gambiae s.l. mosquitoes. 
WHO tube tests were conducted according to WHO guidelines5. Combined assay results are provided in Table 1. 
Mosquito mortality in control tests 24 h post-exposure was ≤ 20% for each test conducted. Corrected treatment 
mortality (%) was calculated using Abbott’s formula when control mortality was ≥ 5%, in line with WHO 
guidelines5.

The total number of mosquitoes exposed to deltamethrin at the discriminating concentration of 0.05% over 
all replicates was 101, which meets the WHO recommended optimal sample size for this bioassay5. Corrected 
treatment mortality at this concentration (0.05%) was 45.35% (Table  1), which confirmed resistance to 
deltamethrin5. Intensity of resistance was then investigated with 0.25% deltamethrin, which is five times (5x) 

Treatment
24 h post-treatment exposure
Alive Knocked down Mortality (%) Corrected treatment mortality (%)

Control (n = 66) 61 5 7.58
Deltamethrin 0.05% (n = 101) 51 50 49.50 45.36
Control (n = 37) 33 4 10.81
Deltamethrin 0.25% (n = 45) 3 42 93.33 92.52

Table 1. Results of WHO tube tests measuring resistance to deltamethrin. Discriminating concentration 
testing using 0.05% deltamethrin and 5x intensity concentration testing with 0.25% deltamethrin. Tests were 
conducted in November 2022 during the peak malaria transmission season.
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the discrimination concentration. Corrected treatment mortality at this concentration (0.25%) was 92.52% 
(Table  1), indicating moderate to high intensity resistance according to WHO guidelines5. Due to logistical 
constraints during fieldwork, the sample size for the intensity resistance testing was n = 45, which is lower than 
the WHO recommended sample size for intensity testing. Therefore, although these tests confirm the presence 
of deltamethrin resistance, additional tests are required to confirm the resistance intensity5.

Whole genome sequencing of Anopheles gambiae s.s. mosquitoes
Whole genome sequencing was conducted with Anopheles gambiae s.s mosquitoes for 23 resistant and 10 
susceptible mosquitoes (tested with 0.05% deltamethrin during WHO tube tests), and 9 control mosquitoes 
(exposed to oil instead of insecticide). Variants were called and filtered for quality, resulting in a total of 
16,452,859 high quality variants for analysis.

Allele frequencies of insecticide resistance SNPs
Allele frequencies of 27 candidate SNPs associated with resistance across the vgsc, gste2, rdl, and ace1 genes were 
investigated (Supplementary Data 1). Six of these SNPs were identified in the Bijagós whole genome sequence 
data (Table 2). The vgsc T791M and A1746S mutations were identified in susceptible and control mosquitoes 
at frequencies between 5.0 and 6.3%, but were absent in resistant mosquitoes. The vgsc L995F mutation was 
found at similar frequencies in both resistant, susceptible, and control mosquitoes, at frequencies between 15.0 
and 16.9%. The N1570Y mutation was identified at a frequency of 10.9% in resistant mosquitoes and 6.3% in 
control mosquitoes, with no susceptible mosquitoes carrying this mutation. The P1874L allele was identified 
in resistant, susceptible and control mosquitoes at frequencies of 4.3%, 10.0% and 6.3% respectively. The gste2 
L119V mutation was identified in resistant mosquitoes at a frequency of 6.8% and was not identified in any 
susceptible or control mosquitoes. Additional genotype data is provided per mosquito in Supplementary 
Data 1. Odds ratios with 95% confidence intervals were calculated and no significant associations were found 
between the resistance phenotype and these SNPs in this sample set, which is likely due to the small sample size 
(Supplementary Data 3).

Linkage disequilibrium of vgsc insecticide-resistance mutations
Linkage disequilibrium (LD) was calculated for each pair of variants using the method of Rogers and Huff26 
(Fig. 1). R2 values are shown in Supplementary Data 1. The alternate alleles T791M and A1746S were in complete 
LD with an R2 value of 1. The alternate alleles L995F and N1570Y had an R2 value of 0.372, indicating that these 
alleles were in moderate LD. The following alternate alleles were in weak LD: T791M and L995F (R2 = 0.112), 
L995F and A1746S (R2 = 0.112), L995F and P1874L (R2 = 0.301). The T791M mutation was only ever identified 
in association with L995F. However, as the L995F allele was identified at a higher frequency and in samples 
without the presence of T791M, these two alleles were not found in high LD. Other SNP combinations showed 
very low or absent LD (R2 ≤ 0.023). Note that the sample sizes of alternate SNPs used to calculate LD were small 
(Table 2).

Allele frequencies of other non-synonymous SNPs
The four genes associated with insecticide resistance that were investigated here (vgsc, gste2, rdl and ace1) were 
also investigated for additional non-synonymous SNPs that have not previously been associated with insecticide 
resistance. An additional 20 non-synonymous SNPs were identified in insecticide resistance genes (Table 3). 
SNPs with an allele frequency above 5% have been highlighted in bold. Odds ratios with 95% confidence intervals 
were calculated for these SNPs, but no significant associations were found between the resistance phenotype and 
these SNPs in this sample set (Supplementary Data 3).

�������������������������������������ȋ���Ȍ�����������������������������������
����������ǣ���������������������Ǧ�������������
Copy number variants (CNVs) in genes associated with metabolic insecticide resistance were also investigated. 
We analysed CNVs that were previously identified by the Anopheles gambiae 1000 Genomes Consortium17. As 
whole genome amplification (WGA) was used to amplify the mosquito DNA, we could not reliably identify 

Chromosome Gene Position SNP

Resistant mosquitoes (n = 23) Susceptible mosquitoes (n = 10)
Control mosquitoes 
(n = 9)

Alternate allele frequency 
(%)

Total 
alleles 
called

Alternate allele frequency 
(%)

Total 
alleles 
called

Alternate allele 
frequency (%)

Total 
alleles 
called

2 L vgsc 2,416,980 T791M 0 36 5.6 18 5.6 18
2 L vgsc 2,422,652 L995F 15.9 44 15.0 20 16.7 18
2 L vgsc 2,429,745 N1570Y 10.9 46 0 20 6.3 16
2 L vgsc 2,430,424 A1746S 0 46 5.0 20 6.3 16
2 L vgsc 2,430,881 P1874L 4.3 46 10.0 20 6.3 16
3R gste2 28,598,062 L119V 6.8 44 0 18 0 18

Table 2. Candidate resistance SNPs identified in Anopheles gambiae s.s. mosquitoes. The table includes the 
alternate allele frequencies and total number of alleles called, arranged by insecticide resistance phenotype.
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CNVs using read coverage data or quantitative PCR. Instead, we screened for these CNVs by identifying soft-
clipped reads that were able to detect the CNV17. The investigated CNVs are listed in Supplementary Data 2 and 
included CNV alleles in cytochrome-P450 genes: cyp6aa – cyp6p region, cyp6m – cyp6z region and cyp9k1, and 
within the gstu - gste cluster region. This analysis indicated the putative presence of four CNV alleles of interest 
in our Bijagós mosquitoes: Cyp6aap_Dup7, Cyp6aap_Dup11, Cyp9k1_Dup12, and Gstue_Dup3. Three of these 
CNV alleles were identified within the susceptible mosquito population: Cyp6aap_Dup11 and Gsteu_Dup3 in 
one susceptible mosquito, and Cyp9k1_Dup12 in one susceptible mosquito. One CNV allele was present in one 
resistant mosquito, Cyp6aap_Dup7. CNV allele counts can be found in Supplementary Data 2.

�����������������������ơ�������������������������
The fixation index (FST) is a measure of genetic differentiation between populations6. FST was calculated between 
resistant and susceptible mosquitoes over each chromosome in 1Kbp windows. This metric was used to identify 
regions of differentiation between the resistant and susceptible mosquitoes. FST scores were plotted along each 
chromosome, and significant peaks in FST were identified (Supplementary Data 1), which encompassed 51 

Fig. 1. Pairwise linkage disequilibrium (Rogers and Huff) between insecticide-resistance SNPs in the vgsc 
gene. A value of 1 indicates that the two alleles are in complete linkage, which means that these two alleles are 
only ever found in combination with each other.
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protein-coding genes (Table  4). The top five significant FST values for each chromosome are summarised in 
Table 4, with more detail on FST significance criteria available in Supplementary Data 1.

������������������
Each window of the genome with a ‘peak’ in FST was treated as a putative window of interest. For each of these 
windows, hierarchical clustering of haplotypes was performed to identify high frequency haplotypes which may 
be under directional selection, making them candidates for association with insecticide resistance. We identified 
clusters of ≥ 20 highly similar haplotypes in two windows of chromosome 3L (7295325–7305324) and (7296325–
7306324), one window of chromosome 3R (52339701–52349700) and in 10 windows of chromosome X. There 
were no significant differences in the haplotypes present between the resistant and the susceptible mosquitoes 
(Supplementary Data 1). A larger sample size is likely necessary to reveal associations between haplotype clusters 
and the resistance phenotype.


�������������������������ǣ��ͷ����������������������������
We calculated Garud’s H12 statistic in 1000 SNP windows across the genome to detect signatures of recent 
selective sweeps (Fig. 2)6,27. H12 is a statistic designed to identify both hard and soft selective sweeps28. This 
metric was calculated for susceptible and resistant mosquitoes. We found the signatures of two recent selective 
sweeps in the population; one on Chromosome X (Fig. 2) and one on Chromosome 2R (Fig. 3), but no sweeps 
that were unique to resistant mosquitoes. These peaks indicate selection in the mosquito population as a whole, 
but do not distinguish whether these sweeps are associated with resistance to deltamethrin. Selective sweeps were 
not identified in chromosomes 2L, 3L or 3R, where no H12 values greater than 0.2 were found (Supplementary 
Data 1).

Protein coding genes identified in the peaks of H12 are summarised in Supplementary Data 1. Overlapping 
genes were identified if they were in a 1000 SNP window with a H12 value above 0.2. This identified 55 different 
genes in chromosome X and 12 different genes in chromosome 2R. These genes included the cytochrome P450 
genes cyp9k1, cyp6aa1, cyp6aa2, coeae60, cyp6p15p, cyp6p3, cyp6p5, cyp6p4, cyp6p1, cyp6p2, and cyp6ad1.

Discussion
Monitoring and managing the evolution of insecticide resistance is a vital component in the prevention and 
elimination of vector-borne diseases3. Improvements in sequencing technology have enabled the generation of 
whole genome sequence (WGS) data for vectors on a large scale29. This data can be used to identify molecular 
markers of insecticide resistance, which can supplement the results of phenotypic bioassays. This study used 
WHO tube tests5 to investigate the presence of deltamethrin resistance in mosquitoes on Bubaque island in the 

Chrom Gene Position Ref Alt
Amino acid 
Change

Resistant mosquitoes 
(n = 23)

Susceptible mosquitoes 
(n = 10) Control mosquitoes (n = 9)

Heterozygous
Homozygous 
Alternate Heterozygous

Homozygous 
Alternate Heterozygous

Homozygous 
Alternate

2 L
vgsc 2,431,232 G A G1991E 1 0 0 0 0 0
vgsc 2,431,330 A T T2024S 1 0 0 0 0 0
vgsc 2,431,394 C T P2045L 0 0 0 0 1 0

3R

gste2 28,597,772 C A K215N 0 1 0 0 0 0
gste2 28,597,891 C T E176K 2 0 1 0 1 0
gste2 28,597,956 G C T154S 13 4 5 1 5 1
gste2 28,598,041 T A I126F 3 0 1 0 1 0
gste2 28,598,505 C T G26S 2 0 1 0 0 0
gste2 28,598,568 C G V5L 1 0 0 0 1 0
gste2 28,598,573 T A N3I 1 0 0 0 1 0

2 L
rdl 25,382,837 G A V63I 1 0 0 0 0 0
rdl 25,433,554 C T P473S 1 0 0 0 0 0

2R

ace1 3,489,253 G A G14E 1 0 0 0 0 0
ace1 3,489,358 C G A49G 1 0 0 0 0 0
ace1 3,489,391 C T A60V 0 0 1 0 0 0
ace1 3,489,405 G T A65S 14 5 7 2 4 1
ace1 3,489,475 C T S88L 0 0 0 0 1 0
ace1 3,491,883 C T T216I 1 0 0 0 0 0
ace1 3,493,410 G A S648N 0 0 0 0 1 0
ace1 3,493,714 G T G1991E 0 0 1 0 0 0

Table 3. Additional non-synonymous SNPs identified in insecticide resistance genes vgsc, gste2, rdl and ace1. 
Includes the number of mosquitoes and their phenotype per SNP. SNPs with an allele frequency over 5% in the 
sample population are highlighted in bold. Ref = reference alt = alternate.
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Bijagós Archipelago. This was followed by WGS of Anopheles gambiae s.s. mosquitoes to investigate molecular 
markers associated with resistance.

Phenotypic bioassays revealed deltamethrin resistance in the mosquito population according to WHO 
guidelines5, and intensity testing indicated that resistance is of moderate to high intensity. These are important 
findings, particularly considering the reliance on pyrethroid ITNs for vector control in the Bijagós. This data can 
be incorporated into future decisions on which vector-based control tools to implement. Pyrethroid resistance 
has become widespread across malaria endemic countries20, and a number of updated ITN recommendations 
have been issued in recent years4. In 2017, WHO recommended the use of pyrethroid-PBO ITNs, which 
contain the synergist piperonyl butoxide (PBO), which inhibits cytochrome P450 metabolic enzymes within 
mosquitoes and enhances the potency of the pyrethroid net component2. This was followed in 2023 by a strong 
recommendation for the deployment of pyrethroid-chlorfenapyr ITNs in areas of pyrethroid resistance4. These 
pyrethroid-chlorfenapyr ITNs combine a pyrethroid with a pyrrole insecticide with a separate mode of action, 
increasing the efficacy of the net4. A third type of ITN, pyrethroid-pyriproxyfen nets, were also given a conditional 
recommendation by WHO for deployment instead of pyrethroid-only nets in areas of pyrethroid resistance. 
These nets combine a pyrethroid with the insect growth regulator pyriproxyfen, which disrupts mosquito growth 
and reproduction30. Given that this study identified resistance to pyrethroids on the most populated island of 
the Bijagós, these recommendations have increased relevance in the area. Future studies would benefit from 
conducting additional WHO intensity bioassays with 5x and 10x deltamethrin concentrations to gather more 
information about the intensity of resistance. In addition, future studies would benefit from synergist-insecticide 
bioassays to further investigate metabolic resistance in this population31. Furthermore, it would be informative 
to collect insecticide bioassay data from other islands in the archipelago, as one limitation of this study is that 
experiments were conducted on Bubaque island only.

WGS analysis of Anopheles gambiae s.s. mosquitoes revealed the presence of six SNPs that have previously 
been associated with, or putatively associated with, insecticide resistance. These were the vgsc SNPs: T791M, 
L995F, N1570Y, A1746S, and P1874L, and the gste2 SNP L119V. Two mutations: vgsc N1570Y and gste2 L119V, 
were identified in resistant mosquitoes but not in susceptible mosquitoes. Previous research has shown that the 
N1570Y mutation increases pyrethroid resistance levels when in combination with L995F12. Analysis of linkage 
disequilibrium identified that the T791M and the A1746S mutations were in complete linkage disequilibrium. 
Twenty additional non-synonymous SNPs were identified across the four insecticide resistance genes which 
have not previously been associated with insecticide resistance. Of these, four mutations were present at > 5% 
frequency, including T154S, I126F and G26S in the vgsc gene and A65S in ace1. All four of these mutations 
were present in both resistant and susceptible mosquitoes. One of these SNPs, T154S, was previously reported 

Chromosome Gene Description (Vector Base) FST value

2L

AGAP004835 Protein coding gene, unspecified product 0.177
AGAP029530 Protein coding gene - unspecified product 0.150
AGAP005510 Oxysterol binding protein-like 9 0.153
AGAP007133 Protein coding gene - unspecified product 0.140
AGAP007576 Protein coding gene - unspecified product 0.196

2R

AGAP001535 Histone-lysine N-methyltransferase ASH1L 0.156
AGAP001786 Protein coding gene - unspecified product 0.184
AGAP002748 Protein kinase C 0.163
AGAP029576 Protein coding gene – unspecified product 0.155
AGAP003115 Protein coding gene - unspecified product 0.199

3L

AGAP010621 Glycine transporter 0.198
AGAP029077 Protein coding gene - unspecified product 0.174
AGAP029564 Ig-like domain-containing protein 0.293
AGAP029790 Protein coding gene - unspecified product 0.195
AGAP028685 DUF4806 domain-containing protein 0.195

3R

AGAP010407 Elongator complex protein 4 0.311
AGAP010884 Protein coding gene – unspecified product 0.133
AGAP011540 Dynein intermediate chain 2, axonemal 0.156
AGAP029516 Protein coding gene - unspecified product 0.128
AGAP029760 Clustered mitochondria protein homolog 0.135

X

AGAP000433 Ras-related protein Rab-39B 0.145
AGAP029672 Protein tweety homolog 0.150
AGAP029671 Protein coding gene - unspecified product 0.150
AGAP000863 Lachesin 0.125
AGAP000932 Protein coding gene - unspecified product 0.127

Table 4. Genes identified within FST windows of significance, between resistant and susceptible Anopheles 
gambiae s.s. whole genome sequence data.
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in mosquitoes from the Bijagós19, Guinea, Ivory Coast and the laboratory strain Kisumu originally isolated 
from Kenya32, warranting further investigation. The other SNPs at frequency of > 5% have not previously been 
reported in the literature to our knowledge.

In our previous study, multiplex amplicon sequencing of > 200 mosquitoes collected in 2019 identified four 
mutations previously associated with, or putatively associated with, insecticide resistance: vgsc L995F, N1570Y, 
A1746S and rdl A296G19. In contrast, this study did not identify the rdl A296G mutation. This SNP was previously 
identified at very low frequency, so its absence may be explained by the smaller sample set of mosquitoes used 
in this study19. Of note, the mosquitoes sequenced in this study were collected over a smaller geographical area 
than those collected in 201919.

The presence of copy number variants (CNVs) in metabolic genes offers the possibility of elevated 
transcription of genes associated with enzymatic detoxification of insecticides, and has been strongly linked 
with insecticide resistance in Anopheles mosquitoes33. A number of CNVs of interest have previously been 
identified in Anopheles gambiae s.l17. Because we used WGA genomic data, we could not analyse CNVs using 
read coverage data or quantitative PCR. Therefore, we used a rapid screening method to indicate the likely 
presence of these specific CNVs through the analysis of soft clipped reads at previously identified breakpoints17. 
The only CNV allele indicated in this study that was unique to resistant mosquitoes was Cyp6aap_Dup7. This 
soft-clipping screen is only indicative and to confirm the presence or absence of CNVs in future studies, WGS 
should be conducted without prior WGA, allowing CNVs to be verified through the analysis of read coverage 
data. This is a small sample set of deltamethrin resistant mosquitoes, but the indicative presence of Cyp6aap_
Dup7 is particularly interesting; this CNV contains two cytochrome P450 genes adjacent to the cyp6 gene cluster, 
cyp6aa1 and cyp6aa2, and contains part of the carboxylesterase coeae60 gene17. Cyp6aap_Dup7 has been found 
previously in An. gambiae s.l. in Burkina Faso, Côte d’Ivoire, Ghana and Guinea17 and cyp gene amplifications 
have previously been identified in mosquitoes from mainland Guinea-Bissau7. Copy number of cyp6aa1 has 
previously been associated with deltamethrin resistance in An. coluzzii in Ghana6, and copy number of cyp6aa2 
has been associated with deltamethrin resistance in An. coluzzii in Côte d’Ivoire34. Furthermore, transcription 
of cyp6aap1 was higher in pyrethroid resistant An. coluzzii compared to susceptible colonies in Burkina Faso35, 
and CYP6AA1 was overexpressed in pyrethroid resistant An. gambiae s.s. compared to susceptible colonies in 
Tanzania36. CYP6AA1 has been shown to metabolize pyrethroids in Drosophila melanogaster, and modelling 
indicates that it should be able to bind to permethrin and deltamethrin in An. gambiae14. One limitation of our 
approach is that we were only able to investigate CNVs which had previously been identified by the Ag1000G 
project17, and only those that consistently identified with soft-clipped reads during our verification step. We are 

Fig. 2. Genome Wide Selection Scan: H12 values across chromosome X for resistant (blue) and susceptible 
(pink) mosquitoes. The peak in H12 values indicates a selective sweep over this portion of the chromosome.
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only able to indicate the putative presence of CNV alleles using this screening method, and other CNV alleles 
associated with resistance may be present in the population.

Along with investigating SNPs and CNV alleles, we analysed the WGS data for signatures of differentiation 
and selection. Genes identified with significant fixation index (FST) scores included the CPFL4 gene (Cuticular 
protein 4 from CPFL family - AGAP010905, FST = 0.122) on chromosome 3L. This gene family encodes 
structural cuticular proteins, for which differential expression has been associated with insecticide resistance 
in An. arabiensis37. We identified two selective sweeps in the Anopheles gambiae s.s. mosquito genomes. These 
sweeps are not associated with resistance in our small sample set, but they do indicate selection within the 
mosquito population. The selective sweep on chromosome X included the cyp9k1 gene, which is a cytochrome 
P450 gene able to metabolise deltamethrin15,16. This gene has previously been associated with deltamethrin 
resistance in An. gambiae s.l6., An. funestus16 and An. coluzzii38, and has been found to be up-regulated in 
mosquitoes that are resistant to pyrethroids39 and DDT40. This study identified the putative presence of one CNV 
allele containing the cyp9k1 gene in the Bijagós population (Cyp9k1_Dup12)17. The selective sweep identified in 
chromosome 2R overlapped with several metabolic genes associated with insecticide resistance from the cyp6aa/
cyp6p gene cluster, including cyp6aa1, cyp6aa2, cyp6p1, cyp6p2, cyp6p3, cyp6p4, cyp6p5, cyp6p15p and cyp6ad1, 
and the carboxylesterase gene coeae60. Overexpression of the coeae60 gene has previously been associated with 
permethrin resistance in An. coluzzii41. Multiple studies have identified associations between these genes from the 
Cyp6 subfamily and pyrethroid resistance; upregulation of cyp6m2 and cyp6p3 has been identified in pyrethroid 
resistant An. gambiae42 and An. coluzzii38, expression of cyp6p3 has also been shown to have a role in carbamate 
resistance, and expression of cyp6p4 has been associated with pyrethroid resistance in An. arabiensis42. Of note, 
the putative CNV allele that we found indicated within our resistant mosquito population (Cyp6aap_Dup7) 
contains the genes cyp6aa1, cyp6aa2, and part of coeae6017, associated with metabolic insecticide resistance. The 
indicative presence of CNV alleles and selective sweeps over metabolic genes indicates that metabolic resistance 
is a key component of insecticide resistance on the Archipelago. However, synergist assays are required to further 
understand the extent of metabolic resistance.

This study provides evidence of deltamethrin resistance and the first whole genome sequence data analysis 
of An. gambiae s.s. mosquitoes from the Bijagós Archipelago. Our genome-wide selection scan using H12 has 
identified two selective sweeps, both of which contain metabolic resistance genes that have previously been 
associated with metabolic resistance to pyrethroids. These selective sweeps indicate that the use of pyrethroid-
based ITNs in the Bijagós has likely resulted in selection in metabolic genes. Future studies should include 
synergist-insecticide bioassays to investigate the presence of metabolic resistance in this mosquito population. 
The small sample sizes in this study have made drawing statistically significant conclusions between the presence 

Fig. 3. Genome Wide Selection Scan: H12 values across chromosome 2R for resistant (blue) and susceptible 
(pink) mosquitoes. The peak in H12 values indicates a selective sweep over this portion of the chromosome.
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of SNPs, sweeps, haplotype clusters and the resistance phenotype difficult. However, our work provides a 
baseline for future studies with larger sample sizes to measure robust statistical significance. Furthermore, this 
study provides mortality data for deltamethrin resistance which can contribute towards evidence-based decision 
making in the selection of future vector control measures.

Methods
Mosquito sampling and insecticide resistance assays
Mosquito larvae were collected by dipping in three in-land pools close to Bubaque village on Bubaque island 
in November 2022. All larvae were collected in vials and reared in larval trays using their native water where 
possible. Upon eclosion, adult mosquitoes were maintained in 35 × 35 × 35 cm insect rearing cages (BugDorm, 
Taichung, Taiwan) with 10% sucrose solution. WHO tube tests were conducted with non-bloodfed females 
between 3 and 5 days old as per WHO guidelines5. Susceptibility to deltamethrin was measured at discriminating 
doses of 0.05% and at 5x concentration (0.25%) using deltamethrin-treated paper, which was procured from 
Universiti Sains Malaysia, Penang, Malaysia. Deltamethrin 0.05% concentration tests were conducted over 5 
replicates, with an average of 20 mosquitoes introduced per tube. Deltamethrin 0.25% concentration tests were 
conducted over 3 replicates, with an average of 15 mosquitoes introduced per tube. Control tests were conducted 
using control test papers treated with oil as opposed to insecticide, which were procured from Universiti Sains 
Malaysia, Penang.

���������������������������������Ƥ������
DNA was extracted using Dynabeads™ (ThermoFisher Scientific Inc), following the standard protocol. Species 
identification was conducted using the Bass (2008) qPCR protocol43 to distinguish An. gambiae (An. gambiae s.s, 
An. coluzzii and An. gambiae – An. coluzzii hybrids) from An. melas. The Santolamazza (2008) SINE200 PCR44 
was then used to distinguish between An. gambiae s.s, An. coluzzii and An. gambiae – An. coluzzii hybrids. DNA 
was quantified using the Qubit dsDNA HS Kit (Thermo Fisher Scientific Inc).

Whole genome sequencing
Mosquitoes identified as Anopheles gambiae s.s. were selected for whole genome sequencing. A small quantity of 
genetic material was available for whole genome sequencing, so samples were processed using Whole Genome 
Amplification (WGA) prior to sequencing. WGA was conducted using the REPLI-g® mini kit (Qiagen) following 
the standard protocol. This included 23 resistant, 10 susceptible and 9 control mosquitoes. Control mosquitoes 
were used in phenotypic bioassays as control mosquitoes for survival, so the resistance phenotype for controls 
is unknown. DNA was sequenced at Eurofins Genomics GmbH, Germany, using the Illumina Novaseq 6000 
(2 × 150 bp paired-end read configuration).

Bioinformatic analysis
Raw FastQ files were trimmed using trimmomatic software (version 0.39, using the parameters LEADING:3 
TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:36) to remove poor quality sequences45. Trimmed data was 
aligned to the Anopheles gambiae reference genome (Anopheles_gambiae.AgamP4.dna.toplevel.fa), using bwa-
mem software (version 0.7.17-r1188, default parameters) to produce a BAM file for each sample. The samtools 
(version 1.12) functions fixmate and markdup were applied to the resulting BAM files46. SNPs were called 
using GATK’s HaplotypeCaller (version 4.1.4.1) using the option -ERC GVCF. Validated VCFs were merged 
into a database using GATK’s GenomicsDBImport function, and a combined VCF was created using GATK’s 
GenotypeGVCFs function47. This combined VCF was filtered for high quality variants using bcftools (version 
1.17)46. Samples were retained if 40% of the genome had > 10-fold coverage. GATK VariantFiltration was 
then used to retain SNPs with high quality following GATK filter recommendations: QD > 5.0, QUAL > 30.0, 
SOR < 3.0, FS < 60.0, MQ > 40.0, MQRankSum > -12.5 and ReadPosRankSum > -8.0. Bcftools was used to retain 
SNPs with DP > 5 and QQ > 20, and to remove variants with a high proportion of missing genotypes (> 20%). 
The filtered VCF was phased using beagle (version 5.2)48.

Linkage disequilibrium (LD) was calculated using the method of Rogers and Huff26, using the allel.rogers_
huff_r function in scikit-allel (https://scikit-allel.readthedocs.io/en/stable/), to provide an R2 value for each 
combination of target SNPs in the vgsc gene.

Due to low sample availability in this study, samples underwent whole genome amplification (WGA) prior to 
whole genome sequencing. Therefore, we could not reliably identify CNVs using read coverage data, as coverage 
can be distorted by WGA. Instead, we used a rapid screening method to investigate the presence of specific CNV 
alleles of interest in the Bijagós mosquitoes by identifying soft clipping. This involved computing the proportion 
of reads that had been soft-clipped at CNV breakpoints previously described by Lucas et al. (2019)17. In doing so, 
we screened for 40 of these previously identified CNV alleles by analysing the proportion of soft-clipped reads 
in mapped reads with mapping quality score ≥ 10 (Supplementary Data 2). Normalised clipping was computed 
from BAM files as the proportion of reads at each position that had been soft clipped. Soft-clipping screening 
was conducted for a ‘verification set’ of samples available from The Anopheles gambiae 1000 Genomes Project 
phase 3 data resource, accessed via the MalariaGEN Ag3 API client, for which CNV data is available. Screening 
for soft-clipping at known breakpoints in each CNV of interest17 was able to correctly identify the presence of 
CNVs, indicated by a high proportion of soft clipped reads present at the start, end, or both ends of the known 
CNV. A threshold of proportion soft clipped was set at 19.5% from the soft-clipping proportions computed for 
the verification set of samples (Supplementary Data 2).

FST was calculated between resistant and susceptible mosquitoes for non-overlapping 1 Kbp windows of the 
genome using the allel.windowed_patterson_fst function in scikit-allel. As described in Lucas et al. (2023)6, peaks 
in FST could have been caused by extended haplotype homozygosity in a region due to a selective sweep, even if 
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that sweep were not due to phenotype, because the non-independence of SNPs within that window would lead 
to increased FST variance compared to other regions of the genome6. To identify peaks that were associated with 
phenotype, we performed 200 simulations in which the phenotype of the mosquitoes was randomly permuted 
and FST was recalculated. FST windows of interest were then kept if their FST value was higher than the 99th 
centile of these simulations. Additionally, we only kept FST windows of interest if the FST value was higher than 
three times the minimum distribution, as in Lucas et al. 20236, to reduce noise.

Haplotype clusters were determined by hierarchical clustering on pairwise genetic distance between 
haplotypes. Dendrograms were generated using the scipy_cluster_hierarchy function in SciPy (version 1.11.1), 
linkage method = single and metric = hamming. Clusters with > 20 similar haplotypes were included in 
Supplementary Data 1.

To detect regions of the genome undergoing selective sweeps, which may be due to selection pressure for 
insecticide resistance, we performed a genome wide selection scan using Garud’s H12 statistic28,29. Garud’s H12 
was calculated using the garuds_h function in scikit-allel (https://scikit-allel.readthedocs.io/en/stable/), using 
phased biallelic SNPs in windows of 1000 SNPs. 200 Iterations of H12 were computed for samples, and the mean 
value for each 1Kbp window of SNPs was plotted.

Data availability
The processed datasets are available at ENA Project PRJEB71957, https://www.ebi.ac.uk/ena/browser/view/PR-
JEB71957. All code used to analyse the data can be found at https://github.com/sophiemoss/anopheles_popgen.
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Supplementary Data 1 
 
 

Supplementary Table 1: Insec4cide resistance SNPs of interest 

Posi%on                  Chromosome SNP Gene 
2390177 2L R254K    vgsc 
2391228 2L V402L vgsc 
2399997 2L D466H vgsc 
2400071 2L M490I vgsc 
2402466 2L G531V vgsc 
2407967 2L Q697P vgsc 
2416980   2L T791M vgsc 
2422651    2L L995S   vgsc 
2422652 2L L995F    vgsc 
2429556 2L      V1507I   vgsc 
2429617 2L I1527T vgsc 
2429745 2L         N1570Y vgsc 
2429897 2L E1597G   vgsc 
2429915   2L K1603T vgsc 
2430424 2L A1746S vgsc 
2430817 2L V1853I vgsc 
2430863 2L      I1868T   vgsc 
2430880 2L         P1874S vgsc 
2430881 2L       P1874L vgsc 
2431061 2L A1934V vgsc 
2431079 2L I1940T vgsc 
28598166 3R I114T gste2 
28598057 3R F120L   gste2 
28598062 3R L119V gste2 
25429236 2L A296G rdl 
25429235 2L A296S rdl 
3492074 2R       G280S*   ace1 

 
 
Supplementary Table 2: Linkage disequilibrium R2 values for pairwise combina4ons of insec4cide resistance 
muta4ons in vgsc 

 

R2 value 
2416980 
(T791M) 

2422652 
(L995F) 

2429745 
(N1570Y) 

2430424 
(A1746S) 

2430881 
(P1874L) 

2416980 
(T791M) 0.000 0.112 0.008 1.000 0.007 
2422652 
(L995F) 0.112 0.000 0.372 0.112 0.301 
2429745 
(N1570Y) 0.008 0.372 0.000 0.008 0.023 
2430424 
(A1746S) 1.000 0.112 0.008 0.000 0.007 
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2430881 
(P1874L) 0.007 0.301 0.023 0.007 0.000 

 
 
 

Supplementary Informa;on: FST 
 
FST was calculated between resistant and suscepUble mosquitoes. This was calculated over 1000bp 
windows for each chromosome using the scikit-allel, allel.windowed_pa^erson_fst funcUon. FST 

values can be seen ploged in blue. To idenUfy significant FST values we followed the methodology in 
Lucas et al (2023)2: we found the difference between the smallest FST value and the mode of the 
distribuUon, and considered an outlier to be any value more than three Umes this distance away 
from the mode. We also calculated 200 permutaUons of FST, which can be seen ploged in grey. FST 
values were considered significant if they were greater than the 99th percenUle of the 200 
permutaUons for that window. 1000bp windows with significant FST values are highlighted with dark 
blue dots.  
 
 
 

 
Supplementary Figure 1: FST values between resistant and suscep4ble mosquitoes across Chromosome 2L 

 
There were 16 provisional windows of interest idenRfied on chromosome 2L, with FST values greater than the 
99th percenRle of 200 permuted FST values. 
 
Supplementary Table 3: Provisional windows of interest iden4fied on chromosome 2L, where significant FST 
values were calculated between resistant and suscep4ble mosquitoes. 

 
Window (chromosome 2L) ‘Real’ FST 

Value 
99th Percen%le of 200 
permutated FST values 

Feature(s) in overlapping 
window 

2194206 -2195205 0.211 0.107 - 

4299206 - 4300205 0.177 0.074 AGAP004835 – protein coding 
gene, unspecified product  

5811206 - 5812205 0.127 0.084 - 

11122206 - 11123205 0.183 0.176 - 

13283206 - 13284205 0.150 0.101 AGAP029530 - protein coding 
gene - unspecified product   

13785206 - 13786205 0.135 0.132 - 
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16287206 - 16288205 0.130 0.118 AGAP005505 - RNA-binding 
protein 45 

16529206 - 16530205 0.153 0.085 AGAP005510 - oxysterol binding 
protein-like 9 

17512206 - 17513205 0.120 0.102 - 

18079206 - 18080205 0.129 0.090 AGAP005637 - aldehyde oxidase 

18832206 - 18833205 0.119 0.064 - 

20991206 - 20992205 0.139 0.103 - 

21390206 - 21391205 0.129 0.080 - 

27276206 - 27277205 0.123 0.086 AGAP029236 - putaRve 
metabotropic glutamate 
receptor 1 

43230206 - 43231205 0.140 0.122 AGAP007133 – protein coding 
gene - unspecified product 

47794206 - 47795205 0.196 0.168 AGAP007576 – protein coding 
gene - unspecified product 

48981206 - 48982205 0.121 0.048 AGAP029465 – protein coding 
gene -unspecified product 

 
 
Chromosome 2R 
 
 

 
Supplementary Figure 2: FST values between resistant and suscep4ble mosquitoes across Chromosome 2R 

 
There were 21 provisional windows of interest idenRfied on chromosome 2R, with FST values greater than the 
99th percenRle of 200 permuted FST values. 
 
Supplementary Table 4: Provisional windows of interest iden4fied on chromosome 2R, where significant FST 
values were calculated between resistant and suscep4ble mosquitoes. 

 
Window (chromosome 
2R) 

‘Real’ FST 
Value 

99th Percen%le of 200 
permutated FST values 

Feature(s) in overlapping 
window 

2178086 – 2179085 0.116 0.088 AGAP001273 – karyopherin 
(imporRn) alpha 4 

5946086 -5947085 0.156 0.082 AGAP001535 – histone-lysine 
N-methyltransferase ASH1L 
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8353086 – 8354085 0.148 0.116 AGAP001683 – 
calcium/calmodulin-dependent 
serine protein kinase 

9578086 – 9579085 0.166 0.074 - 

10394086 – 10395085 0.184 0.112 AGAP001786 – protein coding 
gene – unspecified product 

11333086 – 11334085 0.201 0.085 - 

18600086 – 18601085 0.115 0.049 AGAP002288 -
hydroxymethylglutaryl-CoA 
reductase (NADPH) 

26085086 – 26086085 0.142 0.121 AGAP002748 -protein kinase C 

26645086 – 26646085 0.161 0.046 AGAP002748 -protein kinase C 

26649086 – 26650085  0.137 0.052 AGAP002748 -protein kinase C 

26754086 – 26755085 0.163 0.115 AGAP002748 -protein kinase C 

30763086 – 30764085 0.136 0.128 AGAP002997 – tumor necrosis 
factor alpha-induced protein 8-
like protein 

30859086 – 30860085 0.155 0.089 AGAP029576 – protein coding 
gene – unspecified product 

32748086 – 32749085 0.199 0.120 AGAP003115 – protein coding 
gene – unspecified product 

32755086 – 32756085 0.123 0.073 - 

42603086 – 42604085 0.209 0.082 - 

43388086 – 43389085 0.151 0.096 AGAP003795 – protein coding 
gene – unspecified product 
 
AGAP003796 – cyclin-
dependent kinases regulatory 
subunit 1 

45526086 – 45527085 0.127 0.091 - 

49260086 – 49261085 0.116 0.109 AGAP004059 – Ca-acRvated cl 
channel protein 

52913086 – 52914085 0.138 0.071 AGAP004232 – pellino 

53629086 – 53630085 0.223 0.178 - 

 
Chromosome 3L 
 

 
Supplementary Figure 3:  FST values between resistant and suscep4ble mosquitoes across Chromosome 3L 
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There were 51 provisional windows of interest idenRfied on chromosome 3L, with FST values greater than the 
99th percenRle of 200 permuted FST values. 
 
Supplementary Table 5: Provisional windows of interest iden4fied on chromosome 3L, where significant FST 
values were calculated between resistant and suscep4ble mosquitoes. 

 
Window (chromosome 3L) ‘Real’ FST Value 99th Percen%le of 

200 permutated 
FST values 

Feature(s) in overlapping 
window 

1849825 - 1850824 0.126 0.085 - 

2056825 - 2057824 0.123 0.119 - 

2066825 - 2067824 0.170 0.099 - 

2068825 - 2069824 0.119 0.100 - 

2078825 - 2079824 0.144 0.128 - 

2659825 - 2660824 0.125 0.081 - 

2675825 - 2676824 0.127 0.111 - 

5379825 - 5380824 0.123 0.113 - 

7299825 - 7300824 0.171 0.119 - 

7300825 - 7301824 0.195 0.136 - 

7322825 - 7323824 0.158 0.152 AGAP010621 -glycine 
transporter 

7323825 - 7324824 0.198 0.152 AGAP010621 -glycine 
transporter 

7324825 - 7325824 0.166 0.165 AGAP010621 -glycine 
transporter 

7328825 - 7329824 0.186 0.179 - 

7483825 - 7484824 0.141 0.072 - 

7484825 - 7485824 0.130 0.079 - 

7485825 - 7486824 0.132 0.062 - 

7486825 - 7487824 0.171 0.098 - 

7553825 - 7554824 0.174 0.155 AGAP029077 – protein 
coding - unspecified 
product 

7597825 - 7598824 0.128 0.086 - 

9128825 - 9129824 0.116 0.109 AGAP010737 – protein 
coding - unspecified 
product 

9444825 - 9445824 0.124 0.099 - 

9554825 - 9555824 0.134 0.111 - 

9696825 - 9697824 0.164 0.129 AGAP029992 – protein 
coding - unspecified 
product 

10576825 -10577824 0.147 0.083 AGAP010800 -nuclear 
protein NHN1 

10579825 - 10580824 0.124 0.067 AGAP010800 -nuclear 
protein NHN1 

11424825 - 11425824 0.135 0.089 AGAP029564 - Ig-like 
domain-containing 
protein 
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11428825 - 11429824 0.293 0.244 AGAP029564 - Ig-like 
domain-containing 
protein 

11444825 - 11445824 0.271 0.188 AGAP029564 - Ig-like 
domain-containing 
protein 

11465825 - 11466824 0.167 0.165 - 

11475825 - 11476824 0.122 0.087 - 

12825825 - 12826824 0.115 0.071 - 

12829825 - 12830824 0.122 0.113 AGAP010905 - cuRcular 
protein 4 from CPFL 
family 

12830825 - 12831824 0.152 0.130  

12845825 - 12846824 0.114 0.078  

14423825 - 14424824 0.120 0.115 AGAP010978 - nuclear 
pore complex protein 
Nup62 

16288825 - 16289824 0.141 0.114 AGAP029789 - DUF4806 
domain-containing 
protein 
AGAP029790 – protein 
coding gene - unspecified 
product 

16290825 - 16291824 0.195 0.119 AGAP029790 – protein 
coding gene - unspecified 
product 
AGAP028685 - DUF4806 
domain-containing 
protein 

16296825 - 16297824 0.148 0.094 AGAP028688 – protein 
coding gene - unspecified 
product 

17622825 - 17623824 0.159 0.129 - 

23222825 - 23223824 0.158 0.144 - 

23501825 - 23502824 0.128 0.103 - 

23591825 - 23592824 0.137 0.079 AGAP011395 - patched 1 

24875825 - 24876824 0.119 0.115 - 

26433825 - 26434824 0.133 0.067 AGAP011520 - CS 
domain-containing 
protein 

28495825 - 28496824 0.119 0.059 - 

33442825 - 33443824 0.151 0.081 - 

33547825 - 33548824 0.143 0.084 - 

35824825 - 35825824 0.129 0.105 AGAP011980 – protein 
coding gene - unspecified 
product 

37509825 - 37510824 0.168 0.124 AGAP012087 - 7SK snRNA 
methylphosphate 
capping enzyme 
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AGAP012088 - stromal 
membrane-associated 
protein 

41074825 - 41075824 0.138 0.091 AGAP012358 - ATP-
dependent RNA helicase 
DDX52/ROK1 

 
 
Chromosome 3R 
 
 

 
Supplementary Figure 4: FST values between resistant and suscep4ble mosquitoes across Chromosome 3R 

There were 13 provisional windows of interest idenRfied on chromosome 3R, with FST values greater than the 
99th percenRle of 200 permuted FST values. 
 
Supplementary Table 6: Provisional windows of interest iden4fied on chromosome 3R, where significant FST 
values were calculated between resistant and suscep4ble mosquitoes. 

 
Window (chromosome 
3R) 

‘Real’ FST Value 99th Percen%le of 200 
permutated FST values 

Feature(s) in overlapping window 

2791201 - 2792200 0.311 0.107 AGAP010407 - Elongator complex 
protein 4 

12436201 - 12437200 0.133 0.112 AGAP010884 – protein coding 
gene – unspecified product 

14843201 - 14844200 0.131 0.078 - 
26950201 - 26951200 0.156 0.101 AGAP011540 - dynein 

intermediate chain 2, axonemal 
31449201 - 31450200 0.128 0.108 AGAP029516 – protein coding 

gene - unspecified product 
34047201 - 34048200 0.135 0.085 AGAP029760 - clustered 

mitochondria protein homolog 
40445201 - 40446200 0.120 0.099 - 
42389201 - 42390200 0.141 0.086 - 
42641201 - 42642200 0.143 0.095 - 
43054201 - 43055200 0.132 0.078 - 
43618201 - 43619200 0.126 0.098 - 
49311201 - 49312200 0.125 0.055 - 
52344201 - 52345200 0.146 0.140 - 
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Chromosome X 
 
 

 
 
Supplementary Figure 5: FST values between resistant and suscep4ble mosquitoes across Chromosome X 

There were 30 provisional windows of interest idenRfied on chromosome X, with FST values greater than the 
99th percenRle of 200 permuted FST values. 
 
Supplementary Table 7: Provisional windows of interest iden4fied on chromosome X, where significant FST 
values were calculated between resistant and suscep4ble mosquitoes. 

 
Window (chromosome X) ‘Real’ FST 

Value 
99th Percen%le of 200 
permutated FST values 

Feature(s) in overlapping 
window 

6676973 - 6677972 0.119 0.072 - 

7695973 - 7696972 0.145 0.112 AGAP000433 - Ras-related 
protein Rab-39B 

12708973 - 12709972 0.164 0.090 - 

15836973 - 15837972 0.121 0.095 AGAP000859 – protein coding – 
unspecified product 

15842973 - 15843972 0.125 0.094 AGAP029672 - protein tweety 
homolog 

15843973 - 15844972 0.128 0.112 AGAP029672 - protein tweety 
homolog  

15846973 - 15847972 0.150 0.104 AGAP029672 - protein tweety 
homolog  
AGAP029671 – protein coding 
gene - unspecified product 

15854973 - 15855972 0.148 0.112 - 

15855973 - 15856972 0.154 0.121 - 

15856973 - 15857972 0.185 0.165 - 

15857973 - 15858972 0.149 0.120 - 

15867973 - 15868972 0.124 0.117 AGAP000861- protein coding 
gene - unspecified product 

16030973 - 16031972 0.125 0.105 AGAP000863 – lachesin 

16043973 - 16044972 0.115 0.081 - 
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17620973 - 17621972 0.127 0.044 AGAP000932 - unspecified 
product 

17703973 - 17704972 0.141 0.062 - 

17738973 - 17739972 0.154 0.051 - 

17745973 - 17746972 0.121 0.069 - 

17766973 - 17767972 0.158 0.070 - 

17772973 - 17773972 0.127 0.078 - 

17900973 - 17901972 0.114 0.098 - 

17999973 - 18000972 0.130 0.073 - 

18523973 - 18524972 0.120 0.105 - 

18531973 - 18532972 0.155 0.146 - 

18567973 - 18568972 0.125 0.075 - 

18621973 - 18622972 0.115 0.060 - 

18623973 - 18624972 0.118 0.068 - 

18624973 - 18625972 0.157 0.079 - 

18627973 - 18628972 0.178 0.058 - 

23417973 - 23418972 0.147 0.089 - 
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Haplotype associa;on 
 
We invesUgated the presence of swept haplotypes within each putaUve window of interest idenUfied 
during the FST analysis. Hierarchical clustering was performed on haplotypes in each window of 
interest using pairwise geneUc distances between haplotypes. This hierarchical clustering idenUfied 
clusters of > 20 haplotypes that are highly similar to each other, which we refer to as ‘haplotype 
clusters’. Dendrograms were generated for each window of interest and the tree was cut at 1% of the 
maximum distance idenUfied for each window. Dendrograms and genomic posiUons are included 
below. Genomic posiUons given are relaUve to each chromosome. AssociaUons between haplotype 
clusters and insecUcide resistance phenotype were explored. Mosquitoes are diploid and so have 
two haplotypes. For each haplotype cluster, mosquitoes were given a score of 2 if both of their 
haplotypes matched with a haplotype in the cluster, a score of 1 if 1 of their haplotypes matched 
with a haplotype in the cluster, or a score of 0 if neither of their haplotypes matched with haplotypes 
in the cluster. These scores were then aggregated by phenotype for each window and can be seen in 
the tables below. Sample sizes were not large enough to compute robust regression models to 
determine if there was a significant associaUon between these haplotype clusters and resistance 
phenotype. However, indicaUve analysis does not reveal any of these haplotype clusters to be shared 
by a majority of resistant mosquitoes (see tables below). We conclude that a larger sample size is 
required to reveal associaUons between haplotype clusters and the resistance haplotype. 
 
Chromosome 3L  
 
Supplementary Table 8: Window 7295325 – 7305324 included one cluster of ≥20 haplotypes.  

 
Window 7295325 – 7305324 haplotype cluster 

Phenotype Score % of mosquito haplotypes 
Resistant 11 11/46 (23.9%) 
SuscepRble 5 5/20 (25.0%) 
Control 4 4/18 (22.2%) 

 
 

 
Supplementary Figure 6: Dendrogram for Chromosome 3L, Window 7295325 - 7305324 
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Supplementary Table 9: Window 7296325-7306324 included one cluster of ≥ 20 haplotypes. 

 
Window 7296325-7306324 haplotype cluster 

Phenotype Score % of mosquito haplotypes 
Resistant 11 11/46 (23.9%) 
SuscepRble 5 5/20 (25.0%) 
Control 4 4/18 (22.2%) 

 
 

 
Supplementary Figure 7: Dendrogram for Chromosome 3L, Window 7296325 - 7306324 
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Chromosome 3R 
 
Supplementary Table 10: Window 52339701 – 52349700 included two clusters of ≥20 haplotypes. 

 
Window 52339701 – 52349700 haplotype cluster (red) 

Phenotype Score % of mosquito haplotypes 
Resistant 22 22/46 (47.8%) 
SuscepRble 17 17/20 (85.0%) 
Control 11 11/18 (61.1%) 
Window 52339701 – 52349700 haplotype cluster (purple) 
Phenotype Score % of mosquito haplotypes 
Resistant 14 14/46 (30.4%) 
SuscepRble 2 2/20 (10.0%) 
Control 5 5/18 (27.8%) 

 

 
Supplementary Figure 8: Dendrogram for Chromosome 3R, Window 52339701-52349700 
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Chromosome X 
 
Supplementary Table 11: Window 15832473-15842472 included one cluster of ≥20 haplotypes. 

 
Window 15832473-15842472 haplotype cluster 

Phenotype Score % of mosquito haplotypes 
Resistant 14 14/46 (30.4%) 
SuscepRble 4 4/20 (20.0%) 
Control 10 10/18 (55.6%) 

 

 
Supplementary Figure 9: Dendrogram for Chromosome X, Window 15832473 - 15842472 
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Supplementary Table 12: Window 15838473-15848472 had one cluster of ≥ 20 haplotypes. 

 
Window 15838473-15848472 haplotype cluster 

Phenotype Score % of mosquito haplotypes 
Resistant 15 15/46 (32.6%) 
SuscepRble 3 3/20 (15.0%) 
Control 10 10/18 (55.6%) 

 
 

 
Supplementary Figure 10: Dendrogram for Chromosome X, Window 15838473 - 15848472 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 129 

 
 
 
Supplementary Table 13: Window 15839473-15849472 had one cluster with ≥ 20 haplotypes. 

 
Window 15839473-15849472 haplotype cluster 

Phenotype Score % of mosquito haplotypes 
Resistant 15 15/46 (32.6%) 
SuscepRble 3 3/20 (15.0%) 
Control 10 10/18 (55.6%) 

 

 
Supplementary Figure 11: Dendrogram for Chromosome X, Window 15839473-15849472 
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Supplementary Table 14: Window 15842473-15852472 had one cluster with ≥ 20 haplotypes 

 
Window 15842473-15852472 haplotype cluster 

Phenotype Score % of mosquito haplotypes 
Resistant 15 15/46 (32.6%) 
SuscepRble 3 3/20 (15.0%) 
Control 10 10/18 (55.6%) 

 
 

 
 
Supplementary Figure 12: Dendrogram for Chromosome X, Window 15842473-15852472 
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Supplementary Table 15: Window 15850473-15860472 had one cluster with ≥ 20 haplotypes. 

 
Window 15850473-15860472 haplotype cluster 

Phenotype Score % of mosquito haplotypes 
Resistant 12 12/46 (26.1%) 
SuscepRble 3 3/20 (15.0%) 
Control 10 10/18 (55.6%) 

 
 

 
Supplementary Figure 13: Dendrogram for Chromosome X, Window 15850473 - 15860472 
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Supplementary Table 16: Window 15851473-15861472 had one cluster with ≥ 20 haplotypes. 

 
Window 15851473-15861472 haplotype cluster 

Phenotype Score % of mosquito haplotypes 
Resistant 12 12/46 (26.1%) 
SuscepRble 2 2/20 (10.0%) 
Control 10 10/18 (55.6%) 

 
 

 
Supplementary Figure 14: Dendrogram for Chromosome X, Window 15851473 - 15861472 
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Supplementary Table 17: Window 15852473-15862472 had one cluster with ≥ 20 haplotypes. 

Window 15852473-15862472 haplotype cluster 
Phenotype Score % of mosquito haplotypes 
Resistant 11 11/46 (23.9%) 
SuscepRble 2 2/20 (10.0%) 
Control 7 7/18 (38.9%) 

 
 

 
Supplementary Figure 15: Dendrogram for Chromosome X, Window 15852473-15862472 
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Supplementary Table 18: Window 15853473-15863472 had one cluster with ≥ 20 haplotypes. 

 
Window 15853473-15863472 haplotype cluster 

Phenotype Score % of mosquito haplotypes 
Resistant 10 10/46 (21.7%) 
SuscepRble 2 2/20 (10.0%) 
Control 8 8/18 (44.4%) 

 
 
 

 
Supplementary Figure 16: Dendrogram for Chromosome X, Window 15853473-15863472 
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Supplementary Table 19: Window 15863473-15873472 had one cluster with ≥ 20 haplotypes. 

 
Window 15863473-15873472 haplotype cluster 

Phenotype Score % of mosquito haplotypes 
Resistant 21 21/46 (45.7%) 
SuscepRble 4 4/20 (20.0%) 
Control 10 10/18 (55.6%) 

 
 

 
 
Supplementary Figure 17: Dendrogram for Chromosome X, Window 15863473 - 15873472 
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Supplementary Table 20: Window 16039473-16049472 had one cluster with ≥ 20 haplotypes. 

 
Window 16039473-16049472 haplotype cluster 

Phenotype Score % of mosquito haplotypes 
Resistant 10 10/46 (21.7%) 
SuscepRble 4 4/20 (20.0%) 
Control 7 7/18 (38.9%) 

 
 

 
Supplementary Figure 18: Dendrogram for Chromosome X, Window 16039473 - 16049472 
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Supplementary Data 2: Soh Clipping 

 
 
 
 

We analysed soft-clipped reads to detect the presence of CNV alleles previously identified by 
the Anopheles gambiae 1000 Genomes Consortium1. This included the following CNV alleles:

CNV Allele1

Cyp6aap_Dup1
Cyp6aap_Dup2
Cyp6aap_Dup3
Cyp6aap_Dup4
Cyp6aap_Dup5
Cyp6aap_Dup6
Cyp6aap_Dup7
Cyp6aap_Dup8
Cyp6aap_Dup9
Cyp6aap_Dup10
Cyp6aap_Dup11
Cyp6aap_Dup12
Cyp6aap_Dup13
Cyp6aap_Dup14
Cyp6m_Dup1
Cyp6z_Dup1
Cyp9k1_Dup1
Cyp9k1_Dup2
Cyp9k1_Dup3
Cyp9k1_Dup4
Cyp9k1_Dup5
Cyp9k1_Dup6
Cyp9k1_Dup7
Cyp9k1_Dup8
Cyp9k1_Dup9
Cyp9k1_Dup10
Cyp9k1_Dup11
Cyp9k1_Dup12
Cyp9k1_Dup13
Cyp9k1_Dup14
Cyp9k1_Dup15
Cyp9k1_Dup16
Gstue_Dup1
Gstue_Dup3
Gstue_Dup4
Gstue_Dup5
Gstue_Dup6
Gstue_Dup7
Gstue_Dup8
Gstue_Dup9
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Bijagós soU clipping: The proporRon of reads at the start or end of a CNV that have been soh-clipped, for each 
An. gambiae s.s. mosquito from the Bijagós sample set. Breakpoint posiRons defined in Lucas et al (2019) 
supplementary informaRon. Soh-clipping proporRons above the verificaRon threshold have been highlighted in 
green to indicate the possible presence of this CNV allele. 
 
 
  

Sample Cyp6aap_Dup11_Pos_Range_Start Cyp6aap_Dup11_Pos_Range_End
c12 0.00 0.00
c14 0.00 2.50
c16 0.00 2.22
c17 0.00 0.00
c2 5.88 0.00
c4 0.00 0.00
c5 0.00 0.00
c7 0.00 0.00
c9 0.00 0.00
res10 0.00 0.00
res11 0.00 0.00
res12 0.00 0.00
res15 0.00 0.00
res16 0.00 0.00
res17 0.00 0.00
res24 0.00 2.56
res29 0.00 0.00
res35 0.00 0.00
res36 0.00 0.00
res3 0.00 1.85
res45 0.00 0.00
res46 0.00 0.00
res49 15.38 1.30
res50 0.00 2.40
res52 0.00 1.18
res54 0.00 5.88
res55 3.13 0.97
res56 0.00 1.52
res57 0.00 0.00
res6 0.00 0.00
res8 0.00 0.00
res9 0.00 0.00
sus18 0.00 0.00
sus25 0.00 0.00
sus2 10.53 1.47
sus30 33.33 3.13
sus33 0.00 0.00
sus35 0.00 0.00
sus3 0.00 0.00
sus40 0.00 2.70
sus4 0.00 0.00
sus7 0.00 1.49
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Sample Cyp6aap_Dup7_Pos_Range_Start Cyp6aap_Dup7_Pos_Range_End
c12 0.00 0.00
c14 3.57 0.00
c16 0.00 0.00
c17 0.00 0.00
c2 0.00 0.00
c4 0.00 0.00
c5 0.00 0.00
c7 0.00 0.00
c9 0.00 0.00
res10 0.00 0.00
res11 0.00 0.00
res12 0.00 0.00
res15 0.00 0.00
res16 0.00 0.00
res17 0.00 0.00
res24 0.00 0.00
res29 0.00 0.00
res35 0.00 0.00
res36 0.00 0.00
res3 0.00 0.00
res45 0.00 0.00
res46 0.00 0.00
res49 0.00 0.00
res50 0.00 14.29
res52 0.00 0.00
res54 0.00 0.00
res55 0.00 0.00
res56 0.00 0.00
res57 0.00 0.00
res6 0.00 0.00
res8 0.00 0.00
res9 0.00 20.00
sus18 0.00 0.00
sus25 0.00 0.00
sus2 0.00 0.00
sus30 0.00 0.00
sus33 0.00 0.00
sus35 0.00 0.00
sus3 0.00 0.00
sus40 0.00 0.00
sus4 0.00 0.00
sus7 0.00 0.00
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Sample Cyp9k1_Dup12_Pos_Range_Start Cyp9k1_Dup12_Pos_Range_End
c12 0.00 0.00
c14 0.00 0.00
c16 0.00 0.00
c17 0.00 0.00
c2 0.00 0.00
c4 0.00 0.00
c5 0.00 0.00
c7 0.00 0.00
c9 0.00 0.00
res10 0.00 0.00
res11 0.00 0.00
res12 0.00 0.00
res15 0.00 0.00
res16 0.00 0.00
res17 0.00 0.00
res24 0.00 0.00
res29 0.00 0.00
res35 0.00 0.00
res36 0.00 0.00
res3 0.00 0.00
res45 0.00 6.67
res46 0.00 0.00
res49 0.00 0.00
res50 0.00 0.00
res52 0.00 0.00
res54 0.00 0.00
res55 0.00 5.88
res56 0.00 0.00
res57 0.00 0.00
res6 0.00 0.00
res8 0.00 0.00
res9 0.00 0.00
sus18 0.00 0.00
sus25 0.00 0.00
sus2 0.00 0.00
sus30 0.00 0.00
sus33 0.00 0.00
sus35 0.00 0.00
sus3 0.00 22.22
sus40 0.00 0.00
sus4 0.00 0.00
sus7 0.00 0.00
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Sample Gstue_Dup3_Pos_Range_Start Gstue_Dup3_Pos_Range_End
c12 0.00 0.00
c14 0.00 0.00
c16 0.00 0.00
c17 0.00 0.00
c2 9.09 0.00
c4 0.00 0.00
c5 0.00 0.00
c7 0.00 0.00
c9 0.00 0.00
res10 0.00 0.00
res11 0.00 0.00
res12 0.00 0.00
res15 0.00 0.00
res16 0.00 0.00
res17 0.00 0.00
res24 0.00 0.00
res29 0.00 0.00
res35 0.00 0.00
res36 0.00 0.00
res3 0.00 0.00
res45 0.00 0.00
res46 0.00 0.00
res49 0.00 0.00
res50 0.00 0.00
res52 0.00 0.00
res54 0.00 0.00
res55 0.00 0.00
res56 0.00 0.00
res57 0.00 0.00
res6 0.00 0.00
res8 0.00 0.00
res9 0.00 0.00
sus18 0.00 0.00
sus25 0.00 0.00
sus2 0.00 0.00
sus30 0.00 25.00
sus33 0.00 0.00
sus35 0.00 0.00
sus3 0.00 0.00
sus40 0.00 0.00
sus4 0.00 0.00
sus7 0.00 0.00
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Supplementary Data 3: Odds RaRos 
 

Allele based Odds RaRo calculaRons 
 

Table 1 (from main text): 
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2L vgsc 2416980 T791M 18 0 0 5 8 1 0 1 8 1 0 0 

2L vgsc 2422652 L995F 15 7 0 0 7 3 0 0 6 3 0 0 

2L vgsc 2429745 N1570Y 18 5 0 0 10 0 0 0 7 1 0 1 

2L vgsc 2430424 A1746S 23 0 0 0 9 1 0 0 7 1 0 1 

2L vgsc 2430881 P1874L 21 2 0 0 8 2 0 0 7 1 0 1 

3R gste2 28598062 L119V 19 3 0 1 9 0 0 1 9 0 0 0 

 
 
Odds RaRo calculaRons: 
 
T791M 
 

 Resistant 
phenotype 

SuscepRble 
phenotype 

Carries allele 0 1 

Does not carry 
allele 

18 8 

 
Using the Haldane-Anscombe correcRon. 
OR = (0.5*8.5)/(1.5*18.5) = 0.153 
ln(OR) = -1.876 
SE(ln(OR)) = sqrt(1/0.5 + 1/1.5 + 1/18.5 + 1/8.5) = 1.685 
ln(95% Confidence Interval) = -1.876 ± (1.96 x 1.685) =  -1.565 ± 3.303 =  -4.868 to 1.738 
95% CI = e^(-4.868) to e^(1.738) 
95% CI = 0.007 to 5.686 
No sta4s4cal significance. 
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L995F 
 

 Resistant 
phenotype 

SuscepRble 
phenotype 

Carries allele 7 3 

Does not carry 
allele 

15 7 

 
Odds RaRo = 1.086 
95% Confidence Interval (0.172, 8.4) 
No sta4s4cal significance. 
 
N1570Y 
 

 Resistant 
phenotype 

SuscepRble 
phenotype 

Carries allele 5 0 

Does not carry 
allele 

18 10 

 
Using the Haldane-Anscombe correcRon. 
OR = (5.5*10.5)/(0.5*18.5) = 6.243 
ln(OR) = 1.831 
SE = sqrt(1/5.5 + 1/0.5 + 1/18.5 + 1/10.5) = 1.527 
ln(95% CI) = 1.831 ±  (1.96*1.527) 
ln(95% CI) = 1.831 ± 2.99 = -1.159 to 4.821 
95% CI = (0.314, 124.09) 
No sta4s4cal significance 
 
A1746S 

 Resistant 
phenotype 

SuscepRble 
phenotype 

Carries allele 0 1 

Does not carry 
allele 

23 9 

 
Using the Haldane-Anscombe correcRon. 
OR = (0.5*9.5)/(1.5*23.5) = 0.135 
ln(OR) = -2.002 
SE = sqrt(1/0.5 + 1/1 + 1/23 + 1/9) = 1.776 
ln(95% CI) = -2.002 ± (1.96*1.776) 
ln(95% CI) = -2.002 ± 3.481 = -5.483 to 1.479 
95% CI = (0.004, 4.389) 
No sta4s4cal significance 
 
P1874L 
 

 Resistant 
phenotype 

SuscepRble 
phenotype 

Carries allele 2 2 

Does not carry 
allele 

21 8 
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Odds RaRo = 0.394 
95% Confidence Interval (0.025, 6.287) 
No sta4s4cal significance. 
 
L119V 
 

 Resistant 
phenotype 

SuscepRble 
phenotype 

Carries allele 3 0 

Does not carry 
allele 

19 9 

 
Using the Haldane-Anscombe correcRon. 
OR = (3.5*9.5)/(0.5*19.5) = 3.41 
ln(OR) = 1.227 
SE = sqrt(1/3.5 + 1/0.5 + 1/19.5 + 1/9.5) = 1.56 
ln(95% CI) = 1.227± (1.96*1.56) 
ln(95% CI) = 1.227 ± 3.06 = (-1.833,4.287) 
95% CI =  (0.160, 72.75) 
No sta4s4cal significance 
 
Table 3 (from main text, includes only SNPs with an allele frequency over 5% in the sample populaRon): 
 

Ge
ne

 

Po
siR

on
 

Am
in

o 
ac

id
 C

ha
ng

e 

 

Resistant 

mosquitoes  

SuscepRble 

mosquitoes  

 

Control mosquitoes  

Ho
m

oz
yg

ou
s r

ef
er

en
ce

 

He
te

ro
zy

go
us

 

Ho
m

oz
yg

ou
s A

lte
rn

at
e 

N
o 

ca
ll 

Ho
m

oz
yg

ou
s r

ef
er

en
ce

 

He
te

ro
zy

go
us

 

Ho
m

oz
yg

ou
s A

lte
rn

at
e 

N
o 

ca
ll 

Ho
m

oz
yg

ou
s r

ef
er

en
ce

 

He
te

ro
zy

go
us

 

Ho
m

oz
yg

ou
s A

lte
rn

at
e 

N
o 

ca
ll 

gste2 28597956 T154S 5 13 4 1 2 5 1 2 3 5 1 0 

gste2 28598041 I126F 19 3 0 1 8 1 0 1 8 1 0 0 

gste2 28598505 G26S 20 2 0 1 8 1 0 1 9 0 0 0 

ace1 3489405 A65S 4 14 5 0 1 7 2 0 4 4 1 0 
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Odds raRo calculaRons: 
 
gste2 T154S 
 

 Resistant 
phenotype 

SuscepRble 
phenotype 

Carries allele 17 6 

Does not carry 
allele 

5 2 

 
Odds RaRo = 1.129 
95% Confidence Interval (0.0857, 9.606) 
No sta4s4cal significance. 
 
gste2 I126F 
 

 Resistant 
phenotype 

SuscepRble 
phenotype 

Carries allele 3 1 

Does not carry 
allele 

19 8 

 
Odds RaRo = 1.254 
95% Confidence Interval (0.0846,74.492) 
No sta4s4cal significance. 
 
gste2 G26S 
 

 Resistant 
phenotype 

SuscepRble 
phenotype 

Carries allele 2 1 

Does not carry 
allele 

20 8 

 
Odds RaRo = 0.081 
95% Confidence Interval (0.0369,53.029) 
No sta4s4cal significance. 
 
ace1 A65S 
 

 Resistant 
phenotype 

SuscepRble 
phenotype 

Carries allele 19 9 

Does not carry 
allele 

4 1 

 
Odds RaRo = 0.537 
95% Confidence Interval (0.009,6.556) 
No sta4s4cal significance. 
 
 
 



 146 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER SIX 
Published paper: Whole genome sequence analysis of popula7on structure and 
insec7cide resistance markers in Anopheles melas from the Bijagós Archipelago, 

Guinea-Bissau 
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Whole genome sequence analysis 
of population structure and insecticide 
resistance markers in Anopheles melas 
from the Bijagós Archipelago, Guinea-Bissau
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Mamadou Ousmane Ndiath2, Holly Acford-Palmer1, Emma L. Collins1, Matthew Higgins1, Jody Phelan1, 
Robert T. Jones1, Hristina Vasileva1,2, Amabelia Rodrigues3,4, Sanjeev Krishna5,6,7, Taane G. Clark1,8†, 
Anna Last1† and Susana Campino1† 

Abstract 
Background Anopheles melas is an understudied malaria vector with a potential role in malaria transmission 
on the Bijagós Archipelago of Guinea-Bissau. This study presents the first whole-genome sequencing and popula-
tion genetic analysis for this species from the Bijagós. To our knowledge, this also represents the largest population 
genetic analysis using WGS data from non-pooled An. melas mosquitoes.

Methods WGS was conducted for 30 individual An. melas collected during the peak malaria transmission season 
in 2019 from six different islands on the Bijagós Archipelago. Bioinformatics tools were used to investigate the popula-
tion structure and prevalence of insecticide resistance markers in this mosquito population.

Results Insecticide resistance mutations associated with pyrethroid resistance in Anopheles gambiae s.s. 
from the Bijagós were absent in the An. melas population, and no signatures of selective sweeps were identified 
in insecticide resistance-associated genes. Analysis of structural variants identified a large duplication encompassing 
the cytochrome-P450 gene cyp9k1. Phylogenetic analysis using publicly available mitochondrial genomes indicated 
that An. melas from the Bijagós split into two phylogenetic groups because of differentiation on the mitochondrial 
genome attributed to the cytochrome C oxidase subunits COX I and COX II and the NADH dehydrogenase subunits 1, 
4, 4L and 5.

Conclusions This study identified an absence of insecticide-resistant SNPs common to An. gambiae in the An. melas 
population, but did identify structural variation over insecticide resistance-associated genes. Furthermore, this study 
presents novel insights into the population structure of this malaria vector using WGS analysis. Additional studies are 
required to further understand the role of this vector in malaria transmission.

Keywords Anopheles melas, Whole-genome sequencing, Guinea-Bissau, Population structure, Insecticide resistance, 
Malaria
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Background
Malaria is a persistent public health problem in Guinea-
Bissau, West Africa, where the population of 2.1 million 
people experienced an estimated 225,200 malaria cases 
and 1023 malaria deaths in 2022 [1]. The Bijagós Archi-
pelago (Bijagós) is a group of 88 islands and islets located 
approximately 50 km off the coast of Guinea-Bissau and 
is a designated UNESCO Biosphere Reserve [2]. The 
Archipelago is home to approximately 25,000 people, 
who live on 19 permanently inhabited islands [3]. Malaria 
transmission on the Bijagós is highly seasonal and sta-
ble [4], and Plasmodium falciparum prevalence on the 
Archipelago can peak at up to 15% at the end of the rainy 
season in November [5].

A survey in 2017 on Bubaque Island, the most popu-
lous island of the Archipelago, identified all Anopheles 
species on Bubaque to be members of the Anopheles 
gambiae sensu lato (s.l.) complex. Of the species present, 
Anopheles gambiae sensu stricto (s.s.) was identified as 
the primary malaria vector and Anopheles melas as hav-
ing a role in low level transmission during the dry season 

[4]. Anopheles melas is a saltwater-tolerant species able 
to sustain population numbers during the dry season by 
laying eggs in brackish water, giving this species a par-
ticular advantage during the dry season when freshwater 
oviposition sites have dried up [6]. The Bijagós Archi-
pelago has an abundance of mangroves and mud flats 
[2], which are commonly associated with the presence 
of An. melas [7, 8]. A larger survey conducted on 16 of 
the inhabited islands of the Archipelago was conducted 
between October and December 2019 during the peak 
malaria transmission season. This survey used indoor 
and outdoor light-traps and identified 85.2% of trapped 
mosquitoes to be An. melas (Pretorius et  al. 2024, in 
review). A sub-sample of mosquitoes were investigated 
for Plasmodium falciparum sporozoite positivity using 
circumsporozoite protein (CSP) ELISA, which calculated 
a sporozoite rate of 0.86% and identified all CSP-positive 
specimens collected as An. melas (Pretorius et  al. 2024, 
in review). This study indicates that An. melas may be 
important in malaria transmission on the Bijagós, par-
ticularly regarding residual transmission during the dry 

Graphical abstract
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season (Pretorius et al. 2024, in review). This is supported 
by previous studies which have identified An. melas to 
have a role in malaria transmission, including in Senegal 
[9], The Gambia [10, 11] and Equatorial Guinea [12].

Vector control on the Bijagós relies on the use of insec-
ticide-treated nets (ITNs) impregnated with pyrethroid 
insecticides, which are distributed every 3 years and 
have high estimated coverage and usage of around 90% 
[13, 14]. Pyrethroid ITNs are the most successful vector 
control intervention developed to date, having prevented 
approximately 68% of malaria deaths in Africa between 
2000 and 2015 [15]. Alarmingly, resistance to pyrethroids 
is highly prevalent worldwide [16]. Of all countries that 
reported resistance data to WHO between 2010 and 
2020, 87% declared pyrethroid resistance in at least one 
malaria vector [1]. Resistance to pyrethroids has been 
associated with single-nucleotide polymorphisms (SNPs) 
in the voltage-gated sodium channel gene (vgsc) of An. 
gambiae, including L995F and L995S, also known as the 
kdr west and kdr east alleles [17, 18], and the N1570Y 
mutation [19]. In addition, target site mutations in the 
gste2 gene have been associated with pyrethroid resist-
ance, including L119V and I114T [20]. Resistance to 
pyrethroids has been associated with copy number vari-
ants (CNVs) encompassing genes in three major enzyme 
families: cytochrome-P450s, esterases and glutathione-S-
transferases (GSTs) [21–24].

Insecticide resistance is a growing threat to the control 
of malaria. This threat has propelled the understanding of 
Anopheles genetic variation through international collab-
orations such as the Anopheles Gambiae 1000 Genomes 
Project [25]. Genomics research has focused on the key 
malaria vectors An. gambiae s.s. and Anopheles coluzzii, 
but few studies have investigated An. melas. On the 
Bijagós, a previous study on Bubaque Island investigated 
the presence of the kdr east and west alleles in An. gam-
biae s.l. mosquitoes using targeted PCR sequencing [4], 
and a subsequent study across 13 islands investigated the 
prevalence of known insecticide resistance mutations 
using high-throughput multiplex-amplicon sequenc-
ing [26]. This study identified four mutations associated 
with insecticide resistance in An. melas at low preva-
lence. This included three mutations in the vgsc gene, 
L995F, N1570Y and A1746S, one mutation in the rdl 
gene, A296G, and no known insecticide resistance muta-
tions in the ace1 or gste2 genes [26]. However, no previ-
ous studies using whole-genome sequence (WGS) data 
from An. melas on the Bijagós Archipelago have been 
conducted, and population structure and signatures of 
selection have not previously been investigated. Further-
more, to our knowledge, only two studies analysing WGS 
data from An. melas have previously been published. This 
includes a study of Pool-seq WGS data from An. melas 

in The Gambia, Cameroon and Equatorial Guinea, where 
the DNA from several individual mosquitoes was pooled 
prior to sequencing [27] and the Anopheles 16 Genomes 
Project, which produced the reference genome assembly 
for An. melas [28]. The previous study using Pool-seq 
WGS data identified three genetically distinct clusters of 
An. melas on the West African coast, An. melas West, An. 
melas South and An. melas Bioko, which ranged respec-
tively from The Gambia to Northwest Cameroon, South-
east Cameroon to Angola and Bioko Island in Equatorial 
Guinea [27, 29]. Genetic differentiation between these 
clusters was high and mostly distributed evenly across 
the genome, with elevated differentiation along the X 
chromosome, indicative of allopatric divergence [27].

Here, we generate and analyse WGS data from 30 indi-
vidual mosquitoes of this little-known species, collected 
during the 2019 vector survey on the Bijagós Archipel-
ago, combined with WGS data from seven An. melas 
specimens made available through the Anopheles 16 
Genomes Project [28]. WGS data are a valuable resource 
which we utilise to investigate the genetic diversity of this 
mosquito population, the  presence of SNPs associated 
with insecticide resistance and genomic signatures of 
selection in this species.

Methods
Mosquito sampling
Mosquitoes were collected from the Bijagós Archipelago 
during October and November 2019 using CDC indoor 
and outdoor light traps (Model 512; John W. Hock Co., 
Gainesville, FL, USA) using previously described meth-
odology [30]. This included mosquitoes from six different 
islands across the Archipelago highlighted with purple 
triangles in Fig. 1: Soga, Bubaque, Tchedega (Maio), Uno, 
Caravela and Uracane. Collected mosquitoes were sepa-
rated by genus, and Anopheles mosquitoes were morpho-
logically identified using previously described keys [31]. 
All mosquitoes were identified as belonging to the An. 
gambiae s.l. complex.

DNA extraction
DNA extraction was conducted following the manu-
facturer’s instructions, using the  QIAamp® 96 DNA 
 QIAcube® HT Kit (Qiagen) with the QIAcube Extraction 
Robot. DNA was eluted in 80 µl AE buffer and stored at 
–  20 ℃. No additional processing of DNA, for example 
whole-genome amplification or selective genome amplifi-
cation, was conducted prior to sequencing.

Species identification
Female mosquitoes were then identified to species at 
the Medical Research Council Unit The Gambia at 
London School of Hygiene & Tropical Medicine using 
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PCR-RFLP to distinguish between members of the An. 
gambiae s.l. complex, based on the protocol of Fanello 
et al. [32]. This used primers to amplify the intergenic 
spacer (IGS) region, which differs in size between mem-
bers of the An. gambiae complex. The following prim-
ers were used: Universal F: GTG TGC CCC TTC CTC 
GAT GT; Anopheles gambiae R: CTG GTT TGG TCG 
GCA CGT TT; An. arabiensis R: AAG TGT CCT TCT 
CCA TCC TA; An. melas R: TGA CCA ACC CAC TCC 
CTT GA. Amplified PCR products were then digested 
using the HhaI enzyme to differentiate An. gambiae s.s. 
and An. coluzzii specimens. The band sizes of the PCR 
products were visualised using electrophoresis with the 
QIAxcel capillary electrophoresis system (Qiagen). The 
band sizes of PCR product were analysed to distinguish 
species: An. gambiae s.s. (257 and 110  bp), An. arabi-
ensis (292 bp), An. melas (435 bp), An. coluzzii (367 bp) 
and An. coluzzii/An. gambiae s.s. hybrid (257  bp, 
110 bp and 367 bp).

Whole-genome sequencing and bioinformatic analysis
The DNA of 30 An. melas mosquitoes from six differ-
ent islands across the archipelago was whole-genome 
sequenced at Eurofins Genomics using the Illu-
mina  Novaseq  6000 (2 × 150  bp configuration). This 
included 11 An. melas from Soga, 7 from Bubaque, 7 
from Tchedega (Maio), 3 from Uno, 1 from Caravela 
and 1 from Uracane. Average read depth for all samples 
across the whole genome was 32.61. Over 55% of the 
genome for each sample had a read depth ≥ 20. Publicly 
available An. melas data were included for population 
analyses. This included one sample from The Gambia 
and six samples from Cameroon, made available through 
the Anopheles 16 Genomes Project [28, 33]. Mosquitoes 
were phenotypically identified as female during sampling, 
and this was called again using the modal coverage ratio 
between chromosome 3R and chromosome X (with a 
ratio between 0.4 and 0.6 = male and ratio between 0.8 
and 1.2 = female, with other ratios leading to sample 
exclusion, as previously described [34]).

Raw WGS data were trimmed using trimmomatic 
(version 0.39) [35] before aligning to the Anopheles 
gambiae (AgamP4) reference genome and the Anoph-
eles melas (AmelC2) reference genome, using bwa-
mem software (default parameters)[36]. The AgamP4 
alignment was taken forward as the AgamP4 reference 
genome is of better quality than the An. melas reference 
genome, and the percentage of reads which mapped to 
AgamP4 was higher (average 92.8%) than the percent-
age of reads which mapped to AmelC2 (average 79.3%). 
Furthermore, the AmelC2 reference genome is not a 
chromosomal level assembly, consisting of over 22,000 
scaffolds with a mean N50 value of 18,103, compared to 
a AgamP4, which is a chromosomal level assembly with 
mean N50 value of 49,364,325. Therefore, mapping of An. 
melas WGS data to the AgamP4 reference genome also 
allowed interpretation of genetic variation in the context 
of chromosome location. Finally, mapping of An. melas 
data to the An. gambiae reference genome has been 
conducted in previously published studies with ampli-
con [26] and WGS data [27] and is an accepted method. 
Mapping and coverage statistics from the resulting bam 
files were calculated using samtools [37]. Variants were 
called for each sample using GATK’s HaplotypeCaller (v 
4.1.4.1) to generate a VCF for each sample [38]. A com-
bined, genotyped VCF was created for the An. melas 
samples from the Bijagós, The Gambia and Cameroon 
using GATK’s GenomicsDBImport and GenotypeGVCFs 
function [38]. The multi-sample VCF was filtered using 
bcftools (v 1.17) and GATK’s VariantFiltration to include 
chromosomal variants with the following parameters: 
QD > 5.0, QUAL > 30.0, SOR < 3.0, FS < 60.0, MQ > 40.0, 
MQRankSum > −  12.5, ReadPosRankSum > -8.0. Reads 

Fig. 1 Mosquito sample collection sites. A Location of Bijagós 
Archipelago, created using ArcGIS ArcMap 10.8.1. B Mosquitoes were 
collected from the six islands labelled with purple triangles. Map 
from OpenStreetMap 2023-05-06
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were subsequently filtered to remove reads with DP < 5.0 
or GQ < 20.0, and variants were filtered to remove those 
with > 20.0% missing genotypes or MAF < 0.01. The final 
filtered VCF contained 6,767,012 variants.

Population genetic analysis
A distance matrix was generated using PLINK (v 
1.90b6.21), and principal component analyses were com-
puted in R (v 4.3.1). A maximum likelihood tree was 
made using RAxML-NG (v 1.2.0) with the mitochondrial 
FASTA sequences for the An. melas samples and 43 An. 
gambiae samples from the Bijagós Archipelago [26]. The 
resulting maximum likelihood tree was visualised using 
iTOL [39]. Admixture analysis was computed using 
ADMIXTURE (v 1.3.0) [40]. The estimated number of 
ancestral populations (optimum K-value) was computed 
through cross-validation of 1–10 dimensions of eigen-
value decay (k = 4).

Nucleotide diversity (π) was computed for the N = 30 
Bijagós An. melas mosquitoes in 20,000-bp windows on 
chromosome 3  L using phased filtered variants and the 
scikit-allel function allel.windowed_diversity. Tajima’s 
D was calculated using the function allel.windowed_
tajima_d. Analysis was conducted with chromosome 3 L 
only because of the presence of large chromosomal inver-
sions in the other chromosomes in the An. gambiae s.l. 
complex [41].

Genetic divergence between An. melas from the 
Bijagós and Cameroon was investigated using the fixation 
index,  FST. The windowed_weir_cockerham_fst function 
in scikit-allel was used to compute  FST in 1-kbp windows 
over each chromosome (https:// scikit- allel. readt hedocs. 
io/ en/ stable/). Signatures of selection were investigated 
using three different complementary statistics: H12 [42], 
iHS and XP-EHH [43, 44]. Garud’s  H12 was computed 
using the moving_garud_h function in scikit-allel, using 
phased biallelic SNPs in windows of 1000 SNPs. Two 
hundred iterations of  H12 were calculated, and the mean 
value for each window was plotted. iHS was computed 
using phased biallelic SNPs using the allel.ihs function in 
scikit-allel (https:// scikit- allel. readt hedocs. io/ en/ stable/). 
Raw iHS scores were standardized using the allel.stand-
ardize_by_allele_count function, and p-values were com-
puted and plotted. XP-EHH was calculated using phased 
biallelic SNPs using the allel.xpehh function in scikit-allel 
(https:// scikit- allel. readt hedocs. io/ en/ stable/). XP-EHH 
scores were standardised using the allel.standardize_by_
allele_count function and plotted.

Identification of SNPs associated with insecticide 
resistance
The filtered VCF was analysed to identify SNPs in four 
genes previously associated with resistance: vgsc, rdl, 

gste2 and ace1. Identified variants were annotated using 
SnpEff (v 5.1d). The vgsc G2042C non-synonymous (NS) 
SNP was identified in 100% of allele calls in An. melas 
from all locations. This mutation has not been reported 
in this study as a novel NS SNP with possible association 
with resistance, as the identified presence in 100% of An. 
melas may have resulted from alignment to the AgamP4 
genome, reflecting a species-specific mutation between 
our An. melas samples and the reference An. gambiae.

Identification of structural variants
DELLY software was used to identify large structural var-
iants (SVs) [45]. Individual bcf files were created for each 
sample from their bam files using DELLY [45], which 
were then merged and filtered to remove samples with 
average genome read depth of < 20 × and SVs with > 20% 
missingness. Filtered SVs were retained for analysis.

Results
Whole-genome sequence data and genetic diversity
WGS data from 30 An. melas from the Bijagós Archi-
pelago were combined with an additional seven An. 
melas mosquitoes with publicly available WGS data, 
which were downloaded and incorporated for analysis. 
This included An. melas from Cameroon (N = 6) and The 
Gambia (N = 1). The combined dataset (N = 37) contained 
6,767,012 high-quality SNPs after filtering. Average 
sequencing depth across the core genome ranged from 
23.1 to 55.61-fold coverage, with an average of 32.61-fold 
coverage across all samples. The mitochondrial genome 
was sequenced to very high depth, averaging 2600-fold 
coverage and ranging from a minimum of 420- up to 
5930-fold coverage.

Nucleotide diversity (π) and Tajima’s D were com-
puted in 20,000-bp windows across chromosome 3L. This 
resulted in mean π = 0.003 (SD = 0.001), indicating that 
for any pair of mosquitoes, 0.3% of nucleotides would 
differ, implying low nucleotide diversity in the popula-
tion. Mean Tajima’s D for chromosome 3L was calculated 
as D = −  1.531 (SD = 0.710), indicating an excess of rare 
alleles. Tajima’s D was much higher at the start of the 
chromosome, with mean D = 1.518 (SD = 1.334) for the 
first 50 windows (1Mbp) of the chromosome, suggesting 
balancing selection in this region (Supplementary Data 
1).

Population genetic and ancestry analysis
A maximum likelihood tree was generated using mito-
chondrial sequences from the Bijagós, combined with 
publicly available mitochondrial sequences from addi-
tional Anopheles mosquitoes from across Africa in the 
Anopheles gambiae s.l. complex: An. gambiae s.s., An. 
melas, An. merus, An. arabiensis and An. coluzzii (Fig. 2). 
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As expected, An. melas from the Bijagós group with 
the other An. melas specimens from The Gambia and 
Cameroon.

A second maximum likelihood tree was computed 
using whole mitochondrial sequences of An. melas 
(N = 37) and previously published An. gambiae samples 
from the Bijagós (N = 43) ([26], in review) (Fig.  3). The 
An. melas samples from the Bijagós group with the An. 
melas individual from The Gambia, and are situated next 
to the An. melas samples from Cameroon. No cluster-
ing of An. melas from different islands on the Bijagós 
was identified in the maximum likelihood tree. However, 
the Bijagós An. melas appear to form two distinct clus-
ters, labelled A and B (Fig. 3). These clusters do not cor-
respond to different islands of the Bijagós Archipelago, 
with mosquito specimens from several islands appearing 
in each cluster.

Principal component analysis (PCA) was conducted 
per chromosome to further investigate the relationship 
between the Bijagós An. melas mosquitoes (Fig. 4). For 

all chromosomes, PCA indicated that An. melas from 
the Bijagós is genetically distinct from An. melas sam-
ples from Cameroon and The Gambia. Comparisons 
with the Gambia should be treated with caution as 
this analysis includes only one sample. This geographic 
separation depicted by PC1 explains a large amount 
of variation for all chromosomes, ranging from 28.7% 
in chromosome 2  L to 59.8% in the mitochondrial 
genome. The clustering of An. melas from the Bijagós 
into two phylogenetic groups (A and B in Fig.  3) is 
supported by the PCA analysis for the mitochondrial 
genome. However, PCA analysis of the chromosomes 
2 L, 2R and 3 L shows An. melas from the Bijagós clus-
tering into one group, and chromosome X and 3R indi-
cate some divergence but not clearly between groups 
A and B. Furthermore, little variance was explained by 
PC2 for the X and 3R chromosomes compared to the 
mitochondrial genome, 1.8% for chromosome X and 
5.5% for chromosome 3R, compared with 15.7% for the 
mitochondrial genome (Fig. 4).

Fig. 2 Maximum likelihood tree of whole mitochondrial sequences: Anopheles melas and An. gambiae from the Bijagós Archipelago with other 
species from the An. gambiae sensu lato species complex
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The clustering of Bijagós An. melas into groups A and 
B was further investigated using fixation index  (FST) 
analysis across 100-bp and 1000-bp windows. The high-
est  FST values were on the mitochondrial genome, with 
a mean  FST value of 0.476, compared to a mean  FST value 
between 0.038 and 0.040 on the other chromosomes 
(Table  1). This indicates that most of the population 

differentiation is due to genetic differentiation between 
An. melas groups A and B in regions on the mitochon-
drial genome.

Genes underlying peaks in  FST were identified. There 
were seven genomic windows with an  FST ≥ 0.5. These 
windows of the genome include the protein-coding genes 
detailed in Table  2. This includes genes encoding the 

Fig. 3 Maximum likelihood tree using Anopheles melas mitochondrial sequences from the Bijagós Archipelago, The Gambia and Cameroon and An. 
gambiae mitochondrial sequences from the Bijagós Archipelago. An. melas from the Bijagós split into two groups, labelled A and B. Support values 
can be seen in Supplementary Data 1
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cytochrome C oxidase subunits COX I and COX II and 
the NADH dehydrogenase subunits 1, 4, 4L and 5.

Additional PCA was conducted to investigate the rela-
tionship between the genomes of the An. melas speci-
mens from the Bijagós, Cameroon and The Gambia and 
An. gambiae s.s. mosquitoes from the Bijagós to inves-
tigate the possibility of hybridisation between An. melas 
and An. gambiae s.s. (Fig.  5). This mitochondrial PCA 

indicates that An. melas from the Bijagós separates from 
Anopheles gambiae s.s. from the Bijagós, and this rela-
tionship is also reflected in the PCA analyses of all other 
individual chromosomes (Supplementary Data 1). This 
gives no indication of hybridization between the An. 
melas and An. gambiae s.s. from the Archipelago.

Admixture analysis was conducted with WGS data 
from the combined sample set of N = 37 An. melas 

Fig. 4 Principal component analysis for An. melas from the Bijagós Archipelago, Guinea-Bissau (N = 30), Cameroon (N = 6) and The Gambia (N = 1)



 157 

 

Page 9 of 19Moss et al. Parasites & Vectors          (2024) 17:396  

available globally (Fig.  6). This admixture analysis indi-
cated an optimum of K = 4 ancestral groups. Anopheles 
melas from the Bijagós and The Gambia had a mixture 
of three different K ancestries (K = 1, 2 and 4), whilst An. 
melas from Cameroon had a clearly separate ancestry 
(K = 3).

Population differentiation between An. melas from the 
Bijagós (N = 30) and An. melas from Cameroon (N = 6) 
was investigated using the fixation index  (FST) statistic 
(Table 3).

Fifty-nine protein coding genes were identified as 
overlapping windows with  FST ≥ 0.9 on chromosome 

Table 1 FST calculated between the two clusters of Anopheles 
melas, A and B, from the Bijagós Archipelago, calculated for each 
chromosome and the mitochondrial genome

Chromosome Mean (median)  FST for each 
chromosome (100-bp 
windows)

Mean (median)  FST for each 
chromosome (1000-bp 
windows)

2L 0.038 (0.023) 0.021 (0.014)

2R 0.039 (0.024) 0.025 (0.016)

3L 0.038 (0.024) 0.023 (0.014)

3R 0.040 (0.025) 0.025 (0.016)

X 0.038 (0.022) 0.026 (0.016)

Mt 0.476 (0.528) 0.331 (0.441)

Table 2 Protein coding genes in regions of high Fst (Fst ≥ 0.5) in the mitochondrial genome, comparing the two clusters of Anopheles 
melas from the Bijagós Archipelago

Window position in mitochondrial genome 
(100-bp windows)

Highest  FST value Gene ID Description

1567–1666 0.799 AGAP028364 Cytochrome C oxidase subunit (cox1)

1667–1766 0.528

3467–3566 0.630 AGAP028366 Cytochrome C oxidase subunit II (cox2)

7067–7166 0.758 AGAP028380 NADH dehydrogenase subunit 5 (nadh5)

8667–8766 0.548 AGAP028382 NADH dehydrogenase subunit 4 (nadh4)

9667–9766 0.678 AGAP028383 NADH dehydrogenase subunit 4L (nadh4l)

12,367–12,466 0.748 AGAP028389 NADH dehydrogenase subunit 1 (nadh1)

Fig. 5 Principal components analysis comparing Anopheles melas and An. gambiae s.s. from the Bijagós Archipelago. Includes additional An. melas 
samples from Cameroon and The Gambia
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2L, 72 on chromosome 2R, 51 on chromosome 3L, 56 
on chromosome 3R and 56 on chromosome X (Supple-
mentary Data 1). No genomic windows with  FST ≥ 0.9 
were identified on the mitochondrial genome. Conse-
quently, windows with  FST ≥ 0.6 were investigated, and 
15 protein coding genes were identified (Supplemen-
tary Data 1). This included cytochrome C oxidase subu-
nits II (cox2) and III (cox3) and NADH dehydrogenase 
subunits ND2 (nadh2), ND3 (nadh3), ND4 (nadh4), 
ND4L (nadh4l) and ND5 (nadh5).

Selection analysis identified signals of selection within An. 
melas populations
Genome-wide selection scans of filtered variants were 
performed to identify signals of directional selection 
within and between populations of An. melas. Three dif-
ferent selection metrics were calculated: integrated hap-
lotype score (iHS) was used to identify regions of the 
genome under selection within the An. melas Bijagós 
population. The cross-population haplotype homozygo-
sity metric (XP-EHH) was used to identify regions of the 
genome under selection when comparing the Bijagós and 
Cameroon An. melas populations. Finally, Garud’s H12 
was computed as an additional method to identify both 
hard and soft selective sweeps within the Bijagós An. 
melas population. In a single population analysis of An. 
melas from the Bijagós using the iHS metric [44], 194 loci 
were identified as having significant iHS scores (iHS ≥ 4) 
(Fig.  7). This included 102 SNPs in 29 different protein 
coding genes: 3 in chromosome 2L, 13 in chromosome 
2R, 7 in chromosome 3L, 4 in chromosome 3R and 2 in 
chromosome X (Table  4). None of the protein coding 
genes identified with significant iHS scores have previ-
ously been implicated in insecticide resistance. 

Cross-population analysis using XP-EHH was con-
ducted between An. melas from the Bijagós and Cam-
eroon (Fig.  8). More positive scores indicate positive 
selection in the Bijagós An. melas population (significant 

Fig. 6 Admixture based on geographic location, K = 4. N = 1 The Gambia, N = 6 Cameroon, N = 30 Bijagós [N = 11 from Soga, 7 from Bubaque, 7 
from Tchedega (Maio), 3 from Uno, 1 from Caravela and 1 from Uracane]

Table 3 Mean (median)  FST for each chromosome, comparing 
Anopheles melas from the Bijagós and Cameroon

Chromosome Mean (median)  FST for 
each chromosome (1-kbp 
windows)

2L 0.257 (0.213)

2R 0.261 (0.216)

3L 0.270 (0.228)

3R 0.273 (0.233)

X 0.314 (0.245)

Mt 0.357 (0.305)
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at XP-EHH ≥ 5), whereas more negative scores indicate 
positive selection in the Cameroon An. melas population 
(significant at XP-EHH ≤ − 5). Protein coding genes con-
taining SNPs under positive selection in the Bijagós pop-
ulation (Table 5) and the Cameroon population (Table 6) 
are detailed.

Garud’s  H12 was used to identify signatures of recent 
positive selection in the Bijagós An. melas population 
[42].  H12 was computed per chromosome, and no clear 
peaks of selection were identified on any chromosome 
(Supplementary Data 1).

Detection of structural variants
Structural variants (SVs) were identified in the Bijagós 
An. melas mosquito population using DELLY software 
[45] and were discovered in relation to the AgamP4 (An. 
gambiae) reference genome. A total of 113,121 SVs were 
identified across the whole genome following quality 
control filtering. Of these 113,121 filtered SVs, 116 were 
identified in genes associated with insecticide resistance 
or in gene families associated with insecticide metabo-
lism. This included 48 deletions, 38 inversions, 22 inser-
tions and 8 duplications.

SVs were annotated using SnpEff [46]. Of the 48 
identified deletions, four were annotated as having 
high impact. This included one deletion (40  bp) in 

chromosome 2R, which was found at 3% allelic fre-
quency and resulted in a frameshift in cyp6p15p and 
the up- or downstream modification of cyp6aa2, 
coeae60, cyp6p3 and cyp6p5. Two high-impact dele-
tions on chromosome 2  L (766,776  bp) and 3R 
(714,267  bp) resulted in feature ablation of multiple 
genes and were found in all An. melas samples from 
the Bijagós and Cameroon, indicating that these dele-
tions may be species specific to An. melas and could 
have been identified as a result of aligning to the 
AgamP4 reference genome. The fourth high-impact 
deletion was identified in chromosome X (505,172 bp) 
at 47.9% allelic frequency in the Bijagós population and 
28.6% in the Cameroon population, which resulted in 
the deletion of multiple genes including AGAP000817, 
AGAP000816 and AGAP013474 (protein coding genes 
with unspecified products). Two deletions were anno-
tated as having moderate impact. The first was found 
at 1.7% allelic frequency in the cyp6m4 gene on chro-
mosome 3R (575 bp). The second was on chromosome 
2R (38 bp) in AGAP013202 and was identified in all An. 
melas samples from the Bijagós and Cameroon so may 
be An. melas specific.

Of the 22 insertions identified, 5 were in introns, 8 
were in intergenic regions, 4 were downstream gene vari-
ants, and 5 were upstream gene variants. None of these 

Fig. 7 Within population selection analysis using iHS scores for Anopheles melas from the Bijagós Archipelago
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insertions were identified as having high impact, and 14 
were identified in all of the Bijagós An. melas isolates, 
indicating that they may be species specific insertions.

Of the eight identified duplications, five were anno-
tated as having high impact. Two of these duplica-
tions were identified on chromosome 2R at 2% allelic 
frequency. The first leads to bidirectional gene fusion 
between cyp6p4 and the solute carrier family 8 sodium/
calcium exchanger (AGAP002859), and the second 
leads to bidirectional gene fusion between AGAP002876 
(encoding a DNA glycosylase) and AGAP002877 (encod-
ing a tetratricopeptide repeat protein). Two other high-
impact duplications were identified on chromosome 3R. 
The first was found at 2% allelic frequency and leads to 
gene fusion between cyp6m2 and cyp6m3, whereas the 
second occurred at 4% allelic frequency and results in 
a premature stop codon in gste1. Finally, a large dupli-
cation on chromosome X between genomic positions 
14,939,828 and 15,316,733 (376,905  bp) was identified 

to have high impact. All Bijagós An. melas and six of the 
seven Cameroon An. melas were heterozygous for this 
duplication, which spans multiple protein coding genes 
including the cytochrome P450 cyp9k1. In addition, one 
moderate impact duplication was identified at 1.7% allelic 
frequency in cyp9k1 on chromosome X.

Of the 38 identified inversions, 8 were annotated as 
having high impact. This included three different inver-
sions in the vgsc gene on chromosome 2L found at 10%, 
4% and 2% allelic frequency, respectively, two differ-
ent inversions in the AGAP009189 gene on chromo-
some 3R found at 2% allelic frequency, one inversion in 
gste8 on chromosome 3R found at 4% allelic frequency 
and one inversion in the zf-C3Hc3H domain-contain-
ing protein (AGAP029190) gene in chromosome 2R 
found at 6% frequency. One large, high-impact, inver-
sion in chromosome 2L spanned from genomic posi-
tions 2,161,433 to 2,666,161 and led to bidirectional 
gene fusion between AGAP004717 and AGAP029667 

Table 4 Significant iHS scores (iHS ≥ 4) in protein coding genes in Anopheles melas from the Bijagós Archipelago

Chromosome iHS score Protein coding gene

2L 4.36 AGAP005394—MFS domain-containing protein

4.19 AGAP005449—E3 ubiquitin-protein ligase CBL

4.00 AGAP005450—protein coding gene—unspecified product

2R 4.15 AGAP001824—protein coding gene—unspecified product

4.50 AGAP002118—zinc finger protein 622

4.14 AGAP002119—dual-specificity tyrosine-(Y)-phosphorylation regulated kinase

4.54 AGAP002123—axin

4.09 AGAP002235—GATA-binding protein 4/5/6

4.11 AGAP002243—ankyrin repeat and FYVE domain-containing protein 1

4.51 AGAP002274—protein coding gene—unspecified product

4.69 AGAP002299—XK-related protein

4.37 AGAP002336—Ig-like domain-containing protein

4.34 AGAP002573—GTPase-activating Rap/Ran-GAP domain-like protein 3

4.49 AGAP002677—coiled-coil domain-containing protein lobo homolog

4.78 AGAP029573—protein coding gene—unspecified product

4.15 AGAP004670—protein coding gene—unspecified product

3L 4.24 AGAP010344—solute carrier family 26

4.07 AGAP010536—nucleolar complex protein 2

5.39 AGAP029471—protein coding gene—unspecified product

6.03 AGAP029721—fibrinogen C-terminal domain-containing protein

4.22 AGAP011223—fibrinogen C-terminal domain-containing protein

4.30 AGAP011379—Frizzled receptor

4.46 AGAP011384—protein coding gene—unspecified product

3R 4.45 AGAP008712—solute carrier organic anion transporter family member

4.02 AGAP008826—protein coding gene—unspecified product

4.15 AGAP009716—cadherin

5.11 AGAP010295—Ca_chan_IQ domain-containing protein

X 4.23 AGAP001046—Abl interactor 2

4.35 AGAP001064—transmembrane emp24 domain-containing protein 10 precursor
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(protein coding genes with unspecified products). All 
An. melas Bijagós and Cameroon mosquitoes were 
homozygous alternate for this inversion, indicating that 
this could be a species-specific inversion in An. melas 
identified through alignment to the AgamP4 reference 

genome. One additional moderate impact inversion 
was identified on chromosome 3L at 15% allelic fre-
quency, impacting the DNA-directed RNA polymerase 
III subunit RPC1 (AGAP004703), compass compo-
nent SPP1 (AGAP004704), arginyl-tRNA synthetase 

Fig. 8 Cross population selection analysis using XP-EHH metric between Anopheles melas from the Bijagós and Cameroon

Table 5 Protein coding genes containing SNPs under positive selection in the Bijagós Anopheles melas population, relative to the 
Cameroon An. melas population, with XP-EHH scores ≥ 5

Chromosome XP-EHH score Protein coding gene

2L 5.54 AGAP005483—transcription factor grauzone

5.32 AGAP005562—RING-box protein 2

2R 5.00 AGAP001773—putative allatostatin receptor 2

5.36 AGAP003997—casein kinase 1, gamma

5.20 AGAP004032—alpha-mannosidase

3L 5.28 AGAP010310—eukaryotic peptide chain release factor subunit

5.56 AGAP010324—Groucho

5.29 AGAP029721—fibrinogen C-terminal domain-containing protein

5.45 AGAP010814—TEP6 thioester-containing protein 6

3R 5.52 AGAP028085—LITAF domain-containing protein

5.39 AGAP009115—phosphatidylinositol phospholipase C, beta

5.08 AGAP009253—protein coding gene—unspecified product

5.17 AGAP009723—cadherin

5.28 AGAP029826—Tox-SGS domain-containing protein

X 5.41 AGAP001073—protein coding gene—unspecified product
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Table 6 Protein coding genes containing SNPs under positive selection in the Cameroon Anopheles melas population, relative to the 
Bijagós An. melas population, with XP-EHH scores ≤ − 5

Chromosome XP-EHH score Protein coding gene

2R − 5.35 AGAP013143—Rho GTPase-activating protein 26

3L − 5.15 AGAP010663—female reproductive tract protease GLEANR_2575

3R − 5.48 AGAP009415—lysophosphatidate acyltransferase

− 5.30 AGAP009970—Cullin-associated NEDD8-dissociated protein 1

X − 5.02 AGAP000116—Rab11 family-interacting protein 1/2/5

− 5.24 AGAP013158—protein coding gene—unspecified product

− 5.45 AGAP000304—protein twisted gastrulation

− 5.07 AGAP000311—UNC93-like protein MFSD11

− 5.19 AGAP000356—SCP domain-containing protein

− 5.06 AGAP000547—rabenosyn-5

− 5.11 AGAP000567—protein coding gene—unspecified product

Table 7 Non-synonymous SNPs identified in the Bijagós Anopheles melas mosquito population in resistance genes

a SNP positions correspond to the AgamP4 reference genome. bCodon numbering according to transcript in the AgamP4 reference genome. M490I has been 
highlighted with a † symbol

Gene Chromosome Positiona Average 
read depth

SNPb Transcript Homozygous 
reference

Heterozygous Homozygous 
alternate

Allelic frequency

vgsc 2L 2,358,197 31.37 S14C AGAP004707-RD 21 9 0 15%

2,390,341 59.67 T309A AGAP004707-RD 29 1 0 2%

2,390,449 63.67 G317D AGAP004707-RD 28 2 0 3%

2,390,472 61.37 S325T AGAP004707-RD 29 1 0 2%

2,390,737 56.73 L377Q AGAP004707-RD 29 1 0 2%

2,391,309 69.53 E429K AGAP004707-RD 1 29 0 48%

2,400,071 33.63 †M490I AGAP004707-RD 29 1 0 2%

2,416,868 33.47 L754M AGAP004707-RD 28 2 0 3%

2,424,377 31.57 N1123D AGAP004707-RD 28 2 0 3%

2,429,991 33.37 E1628D AGAP004707-RD 29 1 0 2%

2,431,184 36.30 R1975Q AGAP004707-RD 29 1 0 2%

2,431,396 33.33 G2046S AGAP004707-RD 0 0 30 100%

gste2 3R 28,597,858 34.53 I187F AGAP009194-RA 29 1 0 2%

28,597,879 34.47 H180Y AGAP009194-RA 29 1 0 2%

28,597,905 35.83 G171D AGAP009194-RA 23 7 0 12%

28,598,032 36.73 D129N AGAP009194-RA 29 1 0 2%

28,598,526 28.37 E19K AGAP009194-RA 29 1 0 2%

28,598,573 29.83 N3S AGAP009194-RA 4 11 15 68%

rdl 2L 25,433,558 28.60 P474Q AGAP006028-RA 29 1 0 2%

25,433,561 27.70 P475Q AGAP006028-RA 29 1 0 2%

ace1 2R 3,489,216 34.23 E2K AGAP001356-RA 29 1 0 2%

3,489,310 34.50 P33Q AGAP001356-RA 29 1 0 2%

3,489,391 36.37 A60V AGAP001356-RA 29 1 0 2%

3,493,397 28.50 P644T AGAP001356-RA 26 3 1 8%

3,493,401 28.77 N645S AGAP001356-RA 28 1 0 2%

3,493,715 28.47 A714V AGAP001356-RA 28 1 0 2%

3,493,759 31.03 L729F AGAP001356-RA 29 1 0 2%

3,493,771 31.00 V733I AGAP001356-RA 28 2 0 3%
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(AGAP004708) and five protein coding genes with 
unspecified products.

Identification of non-synonymous SNPs in resistance genes
We investigated the presence of target site mutations in 
the vgsc, gste2, rdl and ace1 genes, which have previously 
been associated with insecticide resistance (Supplemen-
tary Data 1). In total, we identified 28 non-synonymous 
mutations in these resistance genes (Table  7). Of these, 
the only mutation that has been reported previously is 
vgsc M490I, which we identified at an allelic frequency 
of 2% and is highlighted with a  † symbol in Table  7. 
This mutation was previously identified in An. gambiae 
samples from Kenya, where it was found to potentially 
be under selection [47]. To our knowledge, none of the 
other missense mutations identified here have previ-
ously been reported in the An. gambiae s.l. complex. The 
vgsc G2046S mutation was fixed in the Bijagós An. melas 
population (100% allelic frequency) and was identified 
in one An. melas sample from The Gambia (100% allelic 
frequency) but was not found in any An. melas samples 
from Cameroon (0% allelic frequency).

Discussion
Anopheles melas is highly abundant on the Bijagós Archi-
pelago of Guinea-Bissau and may have a role in malaria 
transmission [4] (Pretorius et al. 2024, in review). How-
ever, the population structure and insecticide resistance 
status of this malaria vector are not well understood. This 
study used WGS data from 30 An. melas from across the 
Archipelago to investigate genetic diversity, population 
structure and signatures of selection in insecticide resist-
ance genes within this vector population.

Maximum likelihood trees generated using the whole 
mitochondrial genome showed that An. melas from the 
Bijagós split into two groups. Mosquito samples were 
collected from six different islands in the Archipelago, 
but this split was not associated with sampling island, 
and analyses indicated that the clustering of An. melas 
into two groups was due to genetic differentiation on the 
mitochondrial genome. The protein coding genes under-
lying the peaks in  FST on the mitochondrial genome 
included the cytochrome C oxidase subunits cox1 and 
cox2 and the NADH dehydrogenase subunits nadh1, 
nadh4, nadh4L and nadh5. Both cox1 and nadh4 have 
previously been used to investigate phylogenetic rela-
tionships within multiple vector complexes and between 
cryptic species, including the An. gambiae s.l. com-
plex [48–50]. Further investigation with a larger sample 
size of An. gambiae s.l. complex mosquitoes from the 
Bijagós Archipelago will help to understand the clusters 
observed.

The computed maximum likelihood trees indicate 
that An. melas from the Bijagós are closely related to 
An. melas from The Gambia and Cameroon. The level 
of genetic differentiation between An. melas from the 
Bijagós and Cameroon was higher than previously identi-
fied for other species of An. gambiae. Average  FST across 
chromosomes 3L and 3R between the Bijagós and Cam-
eroon An. melas was 0.27. However,  FST across these 
chromosomes was previously identified at a tenfold 
lower score of 0.028 between mainland Guinea-Bissau 
and Cameroon An. gambiae [25]. Higher than expected 
levels of genetic differentiation have previously been 
identified between An. melas populations using whole-
genome data. A previous study by Deitz et al. found that 
divergence between large An. melas clusters along the 
West African coast were due to high levels of differen-
tiation across the whole genome, indicative of allopatric 
separation [27]. Nucleotide diversity was similar to that 
previously identified for An. melas from Bioko Island, 
Equatorial Guinea (π = 0.0034) [27], and was lower than 
the average nucleotide diversity calculated for An. gam-
biae sampled from 15 locations across Africa (π = 0.015) 
[25]. Ancestry analysis using a combined database of 
these An. melas samples indicated K = 4 ancestral popu-
lations, with An. melas samples from the Bijagós and The 
Gambia sharing ancestries K = 1, 2 and 4 and Cameroon 
An. melas samples sharing a distinct K = 3 ancestry. 
There was no clear distinction between the ancestries of 
An. melas from different islands on the Archipelago, indi-
cating historical gene flow between the islands, despite 
the geographical distance between islands  being greater 
than the distance An. gambiae s.l. are known to disperse 
[51]. This is supported by a previous study, which iden-
tified extensive gene flow between Anopheles s.s. on the 
Bijagós Archipelago and mainland Guinea-Bissau [52]. 
Fixation index analysis identified 59 protein coding genes 
with high genetic differentiation between An. melas from 
the Bijagós and Cameroon, including the cyp307a1 gene 
(AGAP001309) on chromosome X, which is a member of 
the cytochrome P450 gene family associated with meta-
bolic resistance to insecticides [53, 54]. This analysis was 
conducted with a large sample size disparity, with 30 
samples from the Bijagós vs. 6 samples from Cameroon. 
Additional WGS data are required to further investigate 
this genetic differentiation.

Genome-wide selection scans were computed to iden-
tify signatures of selection across the genome. Within-
population analysis of Bijagós An. melas using the iHS 
statistic identified signatures of directional selection 
in 29 protein coding genes, none of which have previ-
ously been associated with insecticide resistance. Cross-
population analysis between An. melas from the Bijagós 
and Cameroon using the XP-EHH metric identified 



 164 

 

Page 16 of 19Moss et al. Parasites & Vectors          (2024) 17:396 

15 protein coding genes within the Bijagós population 
undergoing positive selection compared to the Came-
roon population. This included the gene encoding tep6, 
a thioester-containing protein in the same family as tep1, 
which is implicated in An. gambiae resistance to para-
site infection [55]. This analysis also identified 11 pro-
tein coding genes undergoing positive selection in the 
Cameroon population compared to the Bijagós popu-
lation, none of which have previously been associated 
with insecticide resistance. Genome-wide selection scans 
using the  H12 statistic did not identify any clear selective 
sweeps in the Bijagós An. melas genome, in contrast to 
our previous study of An. gambiae s.s. collected during 
2022 from Bubaque Island, where  H12 analysis identified 
two distinct selective sweeps on chromosomes X and 
2R spanning multiple cytochrome-P450 genes involved 
in insecticide metabolism ([26], in review). The absence 
of selective sweeps in insecticide resistance-associated 
genes in the An. melas genome suggests that this species 
may be under less selective pressure from insecticides 
than An. gambiae on these islands.

Structural variants (SVs) were analysed in the Bijagós 
An. melas population in relation to the An. gambiae 
AgamP4 reference genome. One deletion identified in 
chromosome 2R at 3% allelic frequency resulted in a 
frameshift in cyp6p15p and modification of cyp6aa2, 
coeae60, cyp6p3 and cyp6p5. These cyp6p genes are 
associated with metabolic insecticide resistance in mos-
quitoes [53, 54, 56, 57]. Another variant resulted in the 
duplication of multiple protein coding genes including 
the cytochrome P450 cyp9k1, which metabolises del-
tamethrin and has been associated with pyrethroid resist-
ance in An. coluzzii populations following vector control 
interventions [21, 22]. Furthermore, cyp9k1 duplications 
have previously been identified in An. gambiae s.l. com-
plex mosquitoes from mainland Guinea-Bissau ([23], 
Supplementary S7) [23]. Copy number variants resulting 
in gene duplication are under positive selection in the An. 
gambiae s.l. complex [23], and CNVs leading to increased 
expression of metabolic genes have been shown to 
increase insecticide metabolism, leading to insecticide 
resistance [56, 58–60]. Eight high-impact inversions were 
identified, including three inversions in the vgsc gene 
associated with resistance to DDT and pyrethroids [17, 
18, 56, 61], and one inversion in the gste8 gene, which is 
in the same gene family as gste2, which encodes a DDT-
detoxifying enzyme [62].

Analysis of non-synonymous SNPs in insecticide resist-
ance genes identified the vgsc M490I mutation in the 
Bijagós An. melas population at low frequency, which 
has previously been reported in An. gambiae in Kenya as 
under possible directional selection [47]. No other SNPs 
previously associated with insecticide resistance were 

found. In our previous study of amplicon data from An. 
melas from the Archipelago collected in the same year, 
three SNPs previously associated with insecticide resist-
ance were identified. These were vgsc L995F (2.14% 
allelic frequency), N1570Y (1.12% allelic frequency) and 
A1746S (0.76% allelic frequency) [26]. However, these 
SNPs were identified at very low frequency and found 
at significantly lower frequency in An. melas than in An. 
gambiae s.s. Therefore, the absence of these SNPs in our 
dataset is not unexpected.

The absence of insecticide resistance-associated SNPs 
in An. melas further suggests that this species is under 
less insecticide resistance selection pressure than An. 
gambiae on the Bijagós Archipelago. This is supported by 
a previous study in Equatorial Guinea, where no insec-
ticide resistance mutations were identified in An. melas 
[12]. This may be because An. melas is biting people 
outdoors, circumventing exposure to the insecticides in 
ITNs, or because An. melas may be feeding mostly on 
non-human hosts [6]. In an entomological survey on the 
Bijagós in 2019, a greater proportion of Plasmodium-
positive An. melas were caught in the outdoor than 
indoor traps. However, Plasmodium-positive An. melas 
were also caught in indoor traps, indicating human-host 
seeking indoors and outdoors (Pretorius et  al. 2024, in 
review). As ITNs are the only vector control method used 
in the Bijagós, outdoor biting would reduce selection 
pressure for resistance evolution in this species. Whilst 
maintaining susceptibility to insecticides is positive, pref-
erential outdoor biting by An. melas may present further 
issues for vector control on the islands as conventional 
ITNs and IRS may not be as effective. This is supported 
by studies in Equatorial Guinea which identified high lev-
els of outdoor biting by An. melas [63]. Alternatively, the 
absence of insecticide resistance-associated mutations 
and selective sweeps in An. melas found in this study may 
be because this species is evolving separate molecular 
mechanisms of resistance to An. gambiae s.s. Notably, 
Anopheles mosquitoes are among the most genetically 
diverse eukaryotic organisms known [25], and it is plau-
sible that different species may evolve unique molecular 
pathways for resistance. Further investigation using addi-
tional sampling, phenotypic bioassays, synergist-insecti-
cide bioassays and ‘omics studies should be undertaken 
to understand the resistance status and molecular mech-
anisms of resistance in this understudied malaria vector.

The main limitations of this study are the absence of 
phenotypic insecticide resistance data for An. melas and 
that the current An. melas reference genome necessi-
tated aligning our An. melas WGS data to the An. gam-
biae (AgamP4) reference genome. The AgamP4 reference 
genome is of higher quality, and 92.8% of An. melas 
reads mapped successfully to AgamP4 compared to 
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79.3% mapping to the poorer quality AmelC2 reference 
genome, giving us confidence in our approach. However, 
future analyses would benefit from a chromosome-level 
reference genome assembly for An. melas, particularly as 
all structural variants were discovered in relation to the 
AgamP4 reference. Furthermore, the genes discussed in 
this study have been annotated from the An. gambiae ref-
erence genome, and though these genes are likely to have 
very similar functions in An. melas, they could play dif-
ferent roles.

Conclusions
In conclusion, using WGS data, this study identifies 
two separate phylogenetic clusters of An. melas on the 
Bijagós Archipelago of Guinea-Bissau because of genetic 
differentiation on the mitochondrial genome. Structural 
variants encompassing genes that could be involved in 
metabolic insecticide resistance were identified. How-
ever, common SNPs associated with insecticide resist-
ance in An. gambiae s.s. were absent in the An. melas 
population, and there were no clear signatures of selec-
tion in known insecticide-resistance genes. This suggests 
that An. melas may experience less selective pressure 
for insecticide  resistance evolution than An. gambiae, 
potentially through biting outdoors and circumventing 
selection pressure from ITNs or because they are feed-
ing primarily on non-human hosts. Further investiga-
tions using larger data sets and phenotypic bioassays are 
required.
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Supplementary Data 

Supplementary Table 1: Single NucleoAde Polymorphisms (SNPs) with FST ≥ 0.9 for chromosome 2L: 

comparison between An. melas from the Bijagós Archipelago with An. melas from Cameroon. 

Chromosome Window (Genomic 
bps) 

FST 

Value 
Gene ID Protein coding gene 

2L 2897239-2898238 0.905 
 

AGAP029113 protein coding gene - unspecified product 

4429239-4430238 0.937 
 

AGAP004847 Class B Scavenger Receptor (CD36 domain) 

4956239-4957238 0.937 
 

AGAP004886 protein coding gene - unspecified product 

6891239-6892238 0.937 AGAP029910 protein coding gene - unspecified product 

7332239-7333238 0.937 AGAP004970  protein coding gene - unspecified product 

AGAP004971 protein coding gene - unspecified product 

7838239-7839238, 
7873239-7874238 

0.905 AGAP005008 protein coding gene - unspecified product 

9956239-9957238 0.902 AGAP005093 protein coding gene - unspecified product 

10159239-10160238 0.937 AGAP005106 protein coding gene - unspecified product 

10335239-10336238 0.937 AGAP005127 RNA-binding protein 15 

12182239-12183238 0.937 AGAP005197 E2 ubiquiRn-conjugaRng enzyme, bendless 

12220239-12221238 0.937 AGAP005205 pepRdoglycan recogniRon protein (long) 

12448239-12449238 0.937 AGAP005219 protein coding gene - unspecified product 

12672239-12673238 0.905 AGAP005235 protein coding gene - unspecified product 

12999239-13000238 0.905 AGAP005246 serine protease inhibitor (serpin) 10 

13330239-13331238 0.937 AGAP029530 protein coding gene - unspecified product 

13509239-13510238 0.937 AGAP005273 LRRCT domain-containing protein 

13842239-13843238 0.906 AGAP005300 protein coding gene - unspecified product 

14259239-14260238 0.937 AGAP005339 chiRnase 

14448239-14449238 0.937 AGAP005351 DEAD box polypepRde 5 

14643239-14644238 0.937 AGAP005359 F-box and WD-40 domain protein 7 

14682239-14683238 0.937 AGAP005368 protein coding gene - unspecified product 

16464239-16465238 0.937 AGAP005508 protein coding gene - unspecified product 

16692239-16693238 0.905 AGAP005534 protein coding gene - unspecified product 

16962239-16963238 0.937 AGAP005549 Pre-mRNA-splicing factor rse1 

16992239-16993238 0.937 AGAP005553 cellular reRnaldehyde binding protein 

16997239-16998238 0.937 AGAP005554 protein coding gene - unspecified product 

20056239-20057238 0.937 AGAP029489 protein coding gene - unspecified product 

20304239-20305238 0.905 AGAP005759 DUF2236 domain-containing protein 

22662239-22663238 0.937 AGAP005866 glutamate decarboxylase 

24444239-24445238 0.905 AGAP005978 zinc finger and SCAN domain containing 2 
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AGAP005979 protein coding gene - unspecified product 

25392239-25393238 0.937 AGAP006028 GABA-gated chloride channel subunit 

25525239-25526238 0.937 AGAP006038 serine/arginine repeRRve matrix protein 2 

25592239-25593238 0.937 AGAP006045 protein yorkie 

25970239-25971238 0.905 AGAP006063 protein coding gene - unspecified product 

26504239-26505238 0.905 AGAP006089 protein coding gene - unspecified product 

30252239-30253238 0.905 AGAP006347 potassium voltage-gated channel KQT-like 
subfamily, invertebrate 

30424239-30425238 0.937 AGAP006350 defecRve proboscis extension response 11 

32692239-32693238 0.902 AGAP006475 protein coding gene - unspecified product 

35674239-35675238 0.937 AGAP006652 ubiquiRn carboxyl-terminal hydrolase 10 

37076239-37077238 0.937 AGAP006702 protein coding gene - unspecified product 

38676239-38677238 0.937 AGAP006805 Lariat debranching enzyme 

40223239-40224238 0.905 AGAP006954 CLIP-domain serine protease 

45424239-45425238 0.937 AGAP007327 protein coding gene - unspecified product 

45781239-45782238 0.905 AGAP028466 protein coding gene - unspecified product 

46057239-46058238 0.905 AGAP007361 translocaRon protein SEC63 

46122239-46123238 0.937 AGAP007369 Ras-related protein Rap-1b precursor 

46467239-46468238 0.905 AGAP007416 MH2 domain-containing protein 

46728239-46729238 0.937 AGAP007465 protein coding gene - unspecified product 

46949239-46950238 0.937 AGAP007500 Lachesin 

47187239-47188238 0.921 AGAP007523 myosin heavy chain 

47638239-47639238 0.905 AGAP007563 protein coding gene - unspecified product 

47756239-47757238 0.937 AGAP007567 membrane bound O-acyltransferase domain 
containing 2a 

47786239-47787238 0.937 AGAP007573 RAD54-like protein 2 

48026239-48027238 0.937 AGAP007587 protein coding gene - unspecified product 

48549239-48550238 0.937 AGAP007640 protein coding gene - unspecified product 

48883239-48884238 0.937 AGAP007667 sugar transporter ERD6-like 4 

49188239-49189238 0.937 AGAP007712 A-kinase anchor protein 13 

 

 

 

 

 

 



 170 

Supplementary Table 2: Single NucleoAde Polymorphisms (SNPs) with FST ≥ 0.9 for chromosome 2R: 

comparison between An. melas from the Bijagós Archipelago with An. melas from Cameroon. 

Chromosome Window (Genomic 
bps) 

FST 

Value 
Gene ID Protein coding gene 

2R 644736-645735 0.905 AGAP001157 UBR-type domain-containing protein 

748736-749735 0.905 AGAP001179 nuclear pore complex protein Nup88 

2467736-2468735 0.905 AGAP012950 protein coding gene - unspecified product 

5358736-5359735 0.905 AGAP001472 SAP domain-containing protein 

7212736-7213735 0.937 AGAP001635 sodium-coupled monocarboxylate transporter 2 

8460736-8461735 0.937 AGAP001690 protein coding gene - unspecified product 

9205736-9206735 0.937 AGAP001743 estrogen-related receptor ERR 

10340736-10341735 0.905 AGAP001786 protein coding gene - unspecified product 

11033736-11034735 0.921 AGAP001824 protein coding gene - unspecified product 

11482736-11483735 0.937 AGAP029451 ATP-binding cassepe transporter (ABC 
transporter) family G member 3 

11983736-11984735 0.905 AGAP001905 zinc finger RNA-binding protein 

14010736-14011735 0.937 AGAP002019 COMPASS component SWD3 

16660736-16661735 0.937 AGAP029491 protein coding gene - unspecified product 

16871736-16872735 0.937 AGAP002172 POU domain transcripRon factor, class 4 

18039736-18040735 0.937 AGAP002238 protein coding gene - unspecified product 

18263736-18264735 0.906 AGAP002261 Ras GTPase-acRvaRng protein 3 

19415736-19416735 0.937 AGAP002315 autophagy related gene 

19950736-19951735 0.937 AGAP002329 carniRne O-octanoyltransferase 

20116736-20117735 0.905 AGAP002336 Ig-like domain-containing protein 

22059736-22060735 0.937 AGAP002503 4-coumarate:CoA ligase 

AGAP002502 translaRon iniRaRon factor 4G 

22085736-22086735 0.937 AGAP002505 voltage-dependent calcium channel alpha 1, 
invertebrate 

23047736-23048735 0.905 AGAP002573 GTPase-acRvaRng Rap/Ran-GAP domain-like 
protein 3 

23135736-23136735 0.905 AGAP002577 voltage-dependent p/q type calcium channel 

23177736-23178735 0.937 AGAP002578 protein coding gene - unspecified product 

23276736-23277735 0.903 AGAP002581 protein coding gene - unspecified product 

23291736-23292735 0.937 AGAP002586 glycogen(starch) synthase 

24200736-24201735 0.937 AGAP012958 IRF-2BP1_2 domain-containing protein 

25093736-25094735 0.905 AGAP002649 protein coding gene - unspecified product 

25186736-25187735 0.937 AGAP002654 protein coding gene - unspecified product 

25886736-25887735 0.937 AGAP002707 defecRve proboscis extension response 18 

28401736-28402735 0.905 AGAP002859 solute carrier family 8 (sodium/calcium 
exchanger) 

29658736-29659735 0.937 AGAP002924 protein tweety homolog 
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29838736-29839735 0.937 AGAP002935 EukaryoRc translaRon iniRaRon factor 3 subunit F 

32937736-32938735 0.937 AGAP003124 dihydropyrimidinase 

33575736-33576735 0.905 AGAP013292 Rho-GAP domain-containing protein 

33590736-33591735 0.905 AGAP003180 protein coding gene - unspecified product 

AGAP029060 protein coding gene - unspecified product 

34787736-34788735 0.905 AGAP003276 splicing factor, arginine/serine-rich 17 

34917736-34918735 0.937 AGAP003283 atrial natriureRc pepRde receptor A 

35926736-35927735 0.937 AGAP003318 protein coding gene - unspecified product 

36885736-36886735 0.905 AGAP003366 myotubularin-related protein 13 

37843736-37844735 0.937 AGAP003445 tuberous sclerosis 1 

37869736-37870735 0.937 AGAP003449 rootleRn 

37966736-37967735 0.937 AGAP003463 protein coding gene - unspecified product 

39069736-39070735 0.937 AGAP003516 protein coding gene - unspecified product 

40460736-40461735 0.905 AGAP003604 protein coding gene - unspecified product 

40512736-40513735 0.937 AGAP003613 palmitoyltransferase ZDHHC3 

44341736-44342735 0.937 AGAP003845 bromodomain-containing protein 8 

45584736-45585735 0.905 AGAP003887 Knickkopf 

46351736-46352735 0.905 AGAP003925 kinesin family member 1/13/14 

47409736-47410735 0.905 AGAP003976 protein coding gene - unspecified product 

47718736-47719735 0.937 AGAP003997 casein kinase 1, gamma 

48605736-48606735, 
48610736-48611735 

0.905 AGAP004046 Mpv17-like protein 

49938736-49939735 0.905 AGAP004106 protein coding gene - unspecified product 

AGAP004107 protein coding gene - unspecified product 

50126736-50127735 0.937 AGAP004112 protein kinase domain-containing protein 

51445736-51446735 0.937 AGAP004184 protein coding gene - unspecified product 

51641736-51642735 0.937 AGAP004192 heat shock 70kDa protein 5 

51964736-51965735 0.905 AGAP004215 protein coding gene - unspecified product 

53248736-53249735 0.905 AGAP004249 Methyltransf_11 domain-containing protein 

54363736-54364735 0.905 AGAP004310 protein coding gene - unspecified product 

54375736-54376735 0.937 AGAP004311 phosphopantothenate-cysteine ligase 

55236736-55237735 0.937 AGAP004369 protein coding gene - unspecified product 

55696736-55697735 0.905 AGAP004402 solute carrier family 17 member 7 

56153736-56154735,  
56178736 -56179735 0.919 

AGAP004443 glycogen synthase kinase 3 beta 

56563736-56564735 0.937 AGAP004453 GPCR Dopamine Family 3 

56740736-56741735 0.937 

AGAP013052 protein coding gene - unspecified product 

AGAP004474 protein coding gene - unspecified product 

56805736-56806735 0.905 AGAP004483 Lethal giant larvae 
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Supplementary Table 3: Single NucleoAde Polymorphisms (SNPs) with FST ≥ 0.9 for chromosome 3L: 

comparison between An. melas from the Bijagós Archipelago with An. melas from Cameroon. 

Chromosome Window (Genomic bps) FST 

Value 
Gene ID Protein coding gene 

3L 2813051-2814050 0.905 AGAP010410 protein coding gene - unspecified product 

3062051-3063050,  
3064051-3065050 0.937 

AGAP010422 Limbic system-associated membrane 
protein 

3316051-3317050 0.937 AGAP010435 protein coding gene - unspecified product 

3893051-3894050 0.916 AGAP010456 protein coding gene - unspecified product 

5011051-5012050 0.937 AGAP010490 rabconnecRn 

6257051-6258050, 
6259051-6260050 0.937 

AGAP010551 STE20-like kinase 

7928051-7929050 0.921 AGAP010642 WH2 domain-containing protein 

7931051-7932050 0.937 AGAP010643 protein coding gene - unspecified product 

8613051-8614050 0.937 AGAP028154 V-type proton ATPase proteolipid subunit 

10390051-10391050 0.905 AGAP029197 Fapy acyl-CoA reductase 

12417051-12418050 0.937 AGAP010883 kinesin-like protein costa 

12418051-12419050 0.937 AGAP010884 protein coding gene - unspecified product 

12759051-12760050 0.937 AGAP028617 SorRlin-related receptor 

12896051-12897050 0.937 AGAP010910 phosphaRdylinositol glycan, class Z 

13496051-13497050 0.905 AGAP010939 autophagy related gene 

16550051-16551050 0.905 AGAP011094 protein coding gene - unspecified product 

17204051-17205050 0.937 
AGAP011113 potassium voltage-gated channel KQT-like 

subfamily member 1 

20503051-20504050 0.905 
AGAP011279 solute carrier family 6 (neurotransmiper 

transporter, amino acid/orphan) 

21595051-21596050 0.937 AGAP011349 GABA-gated chloride channel 

21754051-21755050 0.937 AGAP011355 protein coding gene - unspecified product 

23138051-23139050 0.905 AGAP011384 protein coding gene - unspecified product 

24403051-24404050 0.902 
AGAP011421 IQ moRf and SEC7 domain-containing 

protein 

24589051-24590050 0.905 AGAP011433 protein coding gene - unspecified product 

24760051-24761050 0.905 AGAP011446 far upstream element-binding protein 

25469051-25470050, 
25660051-25661050 0.937 

AGAP029048 Electroneutral potassium-chloride 
cotransporter 1 

27994051-27995050 0.901 AGAP011573 protein coding gene - unspecified product 

29931051-29932050 0.937 AGAP011618 DOMON domain-containing protein 

31421051-31422050 0.905 AGAP029516 protein coding gene - unspecified product 

31497051-31498050 0.937 AGAP011695 homeobox protein SIX1 

32456051-32457050 0.937 AGAP029606 protein coding gene - unspecified product 

33225051-33226050 0.937 AGAP011779 TAK1-associated binding protein 2 

33453051-33454050 0.937 AGAP011809 protein coding gene - unspecified product 
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33951051-33952050 0.906 AGAP029637 protein coding gene - unspecified product 

34665051-34666050 0.937 AGAP011893 Potentail helicase MOV-10 

35229051-35230050 0.937 AGAP011929 protein coding gene - unspecified product 

36011051-36012050 0.937 AGAP029590 protein coding gene - unspecified product 

36050051-36051050 0.937 AGAP012000 fibrinogen and fibronecRn 

36522051-36523050 0.905 AGAP012023 DBF4-type domain-containing protein 

36683051-36684050 0.916 AGAP028133 protein coding gene - unspecified product 

37106051-37107050 0.937 AGAP029616 RRM domain-containing protein 

37207051-37208050 0.937 
AGAP029469 Non-specific serine/threonine protein 

kinase 

37403051-37404050 0.905 AGAP029447 protein coding gene - unspecified product 

37463051-37464050 0.902 AGAP012079 Miranda 

37486051-37487050 0.905 AGAP029653 protein coding gene - unspecified product 

37671051-37672050 0.937 
AGAP012103 Insulin-like growth factor 2 mRNA-binding 

protein 2 

37766051-37767050 0.937 AGAP012113 ubiquiRn carboxyl-terminal hydrolase L3 

37857051-37858050 0.937 AGAP012123 F-box and leucine-rich repeat protein 16 

38092051-38093050 0.937 AGAP012154 solute carrier family 15 member 1 

38570051-38571050 0.937 AGAP012193 ubiquiRn-conjugaRng enzyme E2 F 

38574051-38575050 0.905 AGAP012194 DnaJ (Hsp40) homolog, subfamily B 

39339051-39340050 0.937 AGAP012252 classical protein kinase C 
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Supplementary Table 4: Single NucleoAde Polymorphisms (SNPs) with FST ≥ 0.9 for chromosome 3R: 

comparison between An. melas from the Bijagós Archipelago with An. melas from Cameroon. 

Chromosome Window (Genomic bps) FST 

Value 
Gene ID Protein coding gene 

3R 528366-529365 0.937 AGAP007771 Nucleic_acid_bd domain-containing protein 

1245366-1246365,  
1309366-1310365 

0.937 AGAP007803 protein coding gene - unspecified product 

1543366-1544365 0.937 AGAP007836 sodium-coupled monocarboxylate 
transporter 2 

1553366-1554365 0.921 AGAP007838 Sodium-coupled monocarboxylate 
transporter 2 

2085366-2086365 0.905 AGAP007849 laminin, alpha 1/2 

2420366-2421365 0.937 AGAP007877 protein coding gene - unspecified product 

2585366-2586365 0.937 AGAP007901 Ras-related protein Rab-5C 

2914366-2915365 0.905 AGAP007925 Ralgapb 

2939366-2940365 0.905 AGAP007928 Turtle protein, isoform 

3296366-3297365 0.905 AGAP007955 protein coding gene - unspecified product 

5111366-5112365 0.937 AGAP008077 protein coding gene - unspecified product 

8799366-8800365 0.905 AGAP008304 3',5'-cyclic-nucleoRde phosphodiesterase 

9612366-9613365 0.937 AGAP008347 PutaRve glycoprotein hormone rk-like 
receptor 

10075366-10076365 0.937 AGAP008364 thioester-containing protein 15 (TEP15) 

10214366-10215365 0.905 AGAP008384 protein coding gene - unspecified product 

10555366-10556365 0.937 AGAP008418 Rab-GAP TBC domain-containing protein 

13746366-13747365 0.937 AGAP008626 Androgen-induced 1 

13834366-13835365 0.906 AGAP008640 protein coding gene - unspecified product 

13961366-13962365 0.905 AGAP008646 cGMP-specific 3',5'-cyclic phosphodiesterase 

15993366-15994365 0.937 AGAP008717 hydroxymethylglutaryl-CoA lyase 

18219366-18220365 0.937 AGAP008814 transcripRon factor 4/12 

19492366-19493365 0.937 AGAP028027 protein coding gene - unspecified product 

20311366-20312365 0.905 AGAP008889 ATP-binding cassepe transporter (ABC 
transporter) family G member 1 

20661366-20662365 0.937 AGAP008912 Rac GTPase-acRvaRng protein 1 

22484366-22485365 0.905 AGAP008979 protein coding gene - unspecified product 

25851366-25852365 0.937 AGAP009112 TPR_REGION domain-containing protein 

27722366-27723365 0.937 AGAP009158 protein coding gene - unspecified product 

31271366-31272365 0.937 AGAP009325 protein coding gene - unspecified product 

31800366-31801365 0.937 AGAP009364 protein coding gene - unspecified product 

32994366-32995365 0.905 
AGAP009424 Calponin-homology (CH) domain-containing 

protein 

33476366-33477365 0.937 AGAP009432 Daxx-like protein 



 175 

34725366-34726365 0.925 
AGAP009493 nicoRnic acetylcholine receptor subunit 

alpha 9 

35330366-35331365 0.937 AGAP009522 protein coding gene - unspecified product 

35605366-35606365 0.916 AGAP009537 cytochrome c 

36058366-36059365 0.937 AGAP029897 protein coding gene - unspecified product 

36546366-36547365 0.905 AGAP009580 protein coding gene - unspecified product 

37167366-37168365 0.905 AGAP009625 protein coding gene - unspecified product 

37243366-37244365 0.921 AGAP009626 Kv channel-interacRng protein 4 isoform 2 

37472366-37473365 0.937 AGAP009641 kelch-like protein diablo 

37663366-37664365 0.905 AGAP029517 protein coding gene - unspecified product 

41751366-41752365 0.937 AGAP029589 protein coding gene - unspecified product 

41865366-41866365 0.937 AGAP029558 Protein Wnt 

42190366-42191365 0.937 
AGAP028645 Aryl hydrocarbon receptor nuclear 

translocator 
43190366-43191365, 
43201366-43202365 0.937 

AGAP009777 mothers against decapentaplegic homolog 
2/3 

43366366-43367365 0.905 AGAP009793 protein coding gene - unspecified product 

44349366-44350365 0.937 AGAP009853 gustatory receptor 5 

44516366-44517365 0.937 AGAP009860 protein coding gene - unspecified product 

44741366-44742365 0.937 AGAP029461 protein coding gene - unspecified product 

45275366-45276365 0.937 AGAP029826 Tox-SGS domain-containing protein 

45444366-45445365 0.905 AGAP009932 protein coding gene - unspecified product 

46152366-46153365 0.905 AGAP029448 protein coding gene - unspecified product 

47386366-47387365 0.905 AGAP009995 anoctamin 10 

47594366-47595365 0.905 
AGAP010012 Leucine-rich repeat and calponin-like 

proteiny domain-containing protein 3 

47851366-47852365 0.905 AGAP029234 protein coding gene - unspecified product 

49308366-49309365 0.937 AGAP010135 NCK adaptor protein 

50375366-50376365 0.903 AGAP010189 Arf-GAP domain-containing protein 
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Supplementary Table 5: Single NucleoAde Polymorphisms (SNPs) with FST ≥ 0.9 for chromosome X: 

comparison between An. melas from the Bijagós Archipelago with An. melas from Cameroon. 

Chromosome Window (Genomic bps) FST 

Value 
Gene ID Protein coding gene 

X 211895-212894 0.905 AGAP000017 protein coding gene - unspecified product 

447895-448894 0.937 AGAP000035 protein coding gene - unspecified product 

708895-709894 0.937 AGAP000045 G_PROTEIN_RECEP_F1_2 domain-containing 
protein 

1470895-1471894 0.905 AGAP029109 protein coding gene - unspecified product 

1744895-1745894 0.905 AGAP000104 protein coding gene - unspecified product 

1835895-1836894 0.937 AGAP000112 NAD+ synthase (glutamine-hydrolysing) 

2011895-2012894 0.937 AGAP000123 C-type lecRn (CTL) 

2052895-2053894 0.905 AGAP013373 protein coding gene - unspecified product 

2185895-2186894 0.905 AGAP000143 beta-mannosidase 

2553895- 
2555894 

0.937 AGAP013158 protein coding gene - unspecified product 

2804895-2805894 0.937 AGAP000159 Kinesin-like protein 

2828895-2829894 0.937 AGAP000161 Adaptor-related protein complex 3, delta 1 
subunit 

2910895-2911894 0.937 AGAP000171 E3 ubiquiRn-protein ligase 

3421895-3422894 0.905 AGAP000205 protein coding gene - unspecified product 

4174895-4175894 0.905 AGAP000223 protein coding gene - unspecified product 

4231895-4232894 0.937 AGAP000225 protein coding gene - unspecified product 

4373895-4374894 0.937 AGAP000232 regulator of G-protein signaling 

4414895-4415894,  
4420895-4421894 

0.937 AGAP000235 Thymosin 

4436895-4437894 0.905 AGAP000236 3',5'-cyclic-nucleoRde phosphodiesterase 

4555895-4556894 0.937 AGAP000243 Rhophilin-2 

4937895-4938894 0.905 AGAP000264 protein coding gene - unspecified product 

5318895-5319894 0.905 AGAP000297 protein coding gene - unspecified product 

5808895-5809894 0.937 AGAP000331 low density lipoprotein-related protein 2 

6273895-6274894 0.937 AGAP000351 neuropepRde Y receptor 1 

6988895-6989894 0.905 AGAP000383 protein coding gene - unspecified product 

7196895-7197894 0.905 AGAP000393 Trimeric intracellular caRon channel type B 

7206895-7207894 0.937 AGAP013009 protein coding gene - unspecified product 

7250895-7251894 0.937 AGAP000399 squid 

7338895-7339894 0.937 AGAP000410 histone deacetylase 4/5 

7560895-7561894 0.905 AGAP000421 protein coding gene - unspecified product 

7881895-7882894 0.937 AGAP000449 protein coding gene - unspecified product 

8295895-8296894,  
8335895-8336894 

0.937 AGAP000477 serine/threonine kinase 32 
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8696895-8697894 0.937 AGAP029670 protein coding gene - unspecified product 

9252895-9253894 0.937 AGAP000519 diacylglycerol kinase (ATP dependent) 

9414895-9415894,  
9430895-9431894 

0.905 AGAP000522 Ig-like domain-containing protein 

9717895-9718894 0.937 AGAP013055 protein coding gene - unspecified product 

10571895-10582894 0.905 AGAP000591 decaprenyl-diphosphate synthase subunit 1 

10663895-10664894 0.919 AGAP000596 lysophosphaRdylcholine acyltransferase / 
lyso-PAF acetyltransferase 

10692895-10693894 0.937 AGAP000601 LRRNT domain-containing protein 

11035895-11036894,  
11117895-11118894 

0.905 AGAP000606 putaRve GPCR class a orphan receptor 19 

11236895-11237894 0.905 AGAP000620 protein coding gene - unspecified product 

11788895-11789894 0.937 AGAP000663 protein coding gene - unspecified product 

12170895-12171894 0.905 AGAP000685 protein coding gene - unspecified product 

14279895-14280894 0.912 AGAP000785 SynapRc vesicle protein 

14327895-14328894 0.937 AGAP000787 protein coding gene - unspecified product 

15416895-15417894 0.905 AGAP000834 protein coding gene - unspecified product 

16030895-16031894 0.905 AGAP000863 Lachesin 

16434895-16435894 0.937 AGAP000874 protein coding gene - unspecified product 

17022895-17023894 0.937 AGAP000900 Protein-tyrosine sulfotransferase 

17087895-17088894 0.905 AGAP029488 protein coding gene - unspecified product 

17455895-17456894 0.926 

AGAP000926 inositol 
hexakisphosphate/diphosphoinositol-
pentakisphosphate kinase 

17615895-17616894 0.905 AGAP000932 protein coding gene - unspecified product 

17823895-17824894 0.937 AGAP029105 protein coding gene - unspecified product 

18750895-18751894 0.937 AGAP000974 protein coding gene - unspecified product 

20011895-20012894 0.937 AGAP001039 cytochrome P450 – CYP307A1 
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Supplementary Table 6: Single NucleoAde Polymorphisms (SNPs) with FST ≥ 0.6 for the mitochondrial 

genome: comparison between An. melas from the Bijagós Archipelago with An. melas from 

Cameroon. 

Chromosome 
Window 
(Genomic bps) 

FST Value Gene ID Protein coding gene 

Mt 1172-2171 0.661 AGAP028360 NADH dehydrogenase subunit 2 

AGAP028361 Protein coding gene - unspecified product 

AGAP028362 Protein coding gene - unspecified product 

AGAP028363 Protein coding gene - unspecified product 

AGAP028364 cytochrome c oxidase subunit I 

5172-6171 0.750 AGAP028371 cytochrome c oxidase subunit III 

AGAP028372 tRNA-Gly for anRcodon UCC 

AGAP028373 NADH dehydrogenase subunit 3 

AGAP028374 Protein coding gene - unspecified product 

AGAP028375 Protein coding gene - unspecified product 

AGAP028376 Protein coding gene - unspecified product 

AGAP028377 Protein coding gene - unspecified product 

7172-8171 0.856 AGAP028380 NADH dehydrogenase subunit 5 

AGAP028381 Protein coding gene - unspecified product 

AGAP028382 NADH dehydrogenase subunit 4 
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 Supplementary Table 7: Non-synonymous SNPs associated/putaAvely associated with insecAcide 

resistance which were invesAgated in the An. melas populaAon 

Gene Chromosome Average 
depth of 
coverage 

Posi%on SNP Frequency of 
SNP in 
Anopheles 
melas 

vgsc 2L 24.98 2390177 R254K 0% 
2391228 V402L 0% 
2399997 D466H 0% 
2400071 M490I 2% 
2402466 G531V 0% 
2407967 Q697P 0% 
2416980 T791M 0% 
2422651 L995S 0% 
2422652 L995F 0% 
2429556 V1507I 0% 
2429617 I1527T 0% 
2429745 N1570Y 0% 
2429897 E1597G 0% 
2429915 K1603T 0% 
2430424 A1746S 0% 
2430817 V1853I 0% 
2430863 I1868T 0% 
2430880 P1874S 0% 
2430881 P1874L 0% 
2431061 A1934V 0% 
2431079 I1940T 0% 

gste2 3R 22.21 28598166 I114T 0% 
28598057 F120L 0% 
28598062 L119V 0% 

rdl 2L 19.70 25429236 A296G 0% 
25429235 A296S 0% 

ace1 2R 21.45 3492074 G280S* 0% 
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Supplementary Figure 1: NucleoAde diversity across chromosome 3L, Bijagós An. melas mosquitoes, 

N = 30 

 

Supplementary Figure 2: Tajima's D computed across chromosome 3L, Bijagós An. melas mosquitoes, 

N = 30 
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Supplementary Figure 3: Genome wide selecAon scan of H12 values across Chromosome 2L, Bijagós 

An. melas, N=30 

 

 

 

 

 

 

 

  

 

Supplementary Figure 4: Genome wide selecAon scan of H12 values across Chromosome 2R, Bijagós 

An. melas, N=30 
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Supplementary Figure 5: Genome wide selecAon scan of H12 values across Chromosome X, Bijagós 

An. melas, N=30 

 

 

 

 

 

 

 

 

 

Supplementary Figure 6: Genome wide selecAon scan of H12 values across Chromosome 3L, Bijagós 

An. melas, N=30 
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Supplementary Figure 7: Genome wide selecAon scan of H12 values across Chromosome 2R, Bijagós 

An. melas, N=30 
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CHAPTER SEVEN 
 

Discussion 
 
Malaria control on the Bijagós Archipelago of Guinea-Bissau is currently comprised of a combinaUon 

of tools targeUng the Plasmodium parasite and the Anopheles vectors. These include pyrethroid-

treated ITNs, IPTp with SP, and case detecUon and treatment with AL1. Despite good coverage and 

use of these intervenUons, malaria transmission persists on the Bijagós, and innovaUve malaria 

control approaches are required to reach eliminaUon2. As intervenUons are implemented, an 

evoluUonary arms race ensues between the Plasmodium parasite and anUmalarials, and between 

the Anopheles vectors and insecUcides3. Understanding and monitoring the evoluUon of drug 

resistance and insecUcide resistance is a crucial component in effecUve malaria control, and 

resistance data can be used to make evidence-based decisions on which control tools to implement, 

and where4,5.  Prior to this thesis, there have been no previous studies of anUmalarial resistance in 

Plasmodium parasites on the Bijagós, and previous insecUcide resistance studies in Anopheles 

vectors were limited to the main island of Bubaque and to a very limited set of insecUcides and 

associated molecular markers6. The aim of this thesis was to harness genome sequencing and 

surveillance tools to explore the geneUc diversity and resistance status of the Plasmodium parasite 

and Anopheles vectors on the Archipelago, to beger inform future malaria surveillance acUviUes and 

control intervenUons in this region. This secUon provides a brief overview of the findings of this 

thesis in relaUon to its objecUves, including limitaUons, lessons learned, and recommendaUons for 

future studies. For full details, please see the chapters highlighted below for each objecUve. 

 

Plasmodium falciparum on the Bijagós Archipelago 
 

Objec;ve 1: To generate and analyse WGS data from DBS samples collected prior to 

implementa;on of MDA with DHAP on the Bijagós, to inves;gate popula;on dynamics and 

molecular markers of drug resistance in P. falciparum infec;ons. 

 

Published Research Paper 7 - Chapter 3 

 

The MATAMAL MDA trial using DHAP and adjuncUve ivermecUn was implemented in 2021 and 20222. 

This thesis used DBS samples collected during a cross-secUonal survey in 2018 prior to the start of 

the MATAMAL trial to invesUgate the geneUc diversity and drug resistance profile of P. falciparum on 

the Archipelago. High quality WGS data was generated for a small sample of P. falciparum infecUons 



 185 

from the Bijagós and analysed in a combined dataset with 795 open-source P. falciparum samples 

from across the African conUnent8. PopulaUon structure analyses idenUfied that Bijagós P. falciparum 

clustered with samples from mainland West Africa, without forming a separate phylogeneUc group. 

The Bijagós P. falciparum samples had 86.7% monoclonality (FWS ≥ 0.95) and slightly higher IdenUty-

by-Descent (IBD) fracUons than P. falciparum from the other West African countries analysed. These 

results are likely to reflect reduced outcrossing within the P. falciparum populaUon and reduced 

likelihood of simultaneous infecUon with P. falciparum of different genotypes, indicaUve of the 

isolated nature of the Archipelago and its low to moderate malaria transmission intensity. 

 

I hypothesised that anUmalarial resistance mutaUons associated with resistance to SP, CQ, and AL 

would be present due to the use of these drugs in the region. In line with my hypothesis, we 

observed widespread molecular markers of resistance to SP, which are likely to reflect the conUnued 

use of IPTp with SP. This included fixaUon of the SP resistance-associated mutaUons pfdhfr N51I and 

S108N, 92.9% allelic frequency of C59R, and high allelic frequency of pfdhps A437G (60.0%) and 

S436A (20.0%). 13 of the Bijagós samples carried the triple mutant haplotype pfdhfr N51I-C59R-

S108N. These allelic frequencies were broadly similar to previously published data from mainland 

Guinea-Bissau, in a 2014-2016 study by Nag et al (2017)11. Nag et al found a slightly lower frequency 

of pfdhfr N51I (88%), S108N (92.4%) and C59R (87.1%), and a slightly higher frequency of pfdhps 

A437G (66.8%)11. In this thesis, we idenUfied the pfcrt K76T mutaUon associated with chloroquine 

resistance at a frequency of 28.6% on the Archipelago. Prior to the introducUon of AL in 20089, 

malaria was rouUnely treated with triple the standard dose of CQ10. Between 2014 and 2016, the 

K76T mutaUon was idenUfied at 52-61% prevalence on mainland Bissau using mulUplex amplicon 

sequencing by Nag et al (2017)11 and targeted sequencing of DNA extracted from RDTs by Nag et al 

(2019)12. This indicates that the K76T mutaUon has been maintained in Guinea-Bissau despite 

chloroquine not being included in malaria treatment policy since 2008. Whereas, the withdrawal of 

CQ in other seungs has resulted in the reversion to wild-type K76 and the recovery of CQ 

suscepUbility13,14,15. The maintenance of the K76T allele in Guinea-Bissau may be due to off-label use 

of CQ, which oten involves the sale of low-quality CQ products16. The extent of off-label CQ use in 

the Bijagós or in mainland Guinea-Bissau is not well understood, but is seen widely in other malaria 

endemic countries16. The first-line drug for malaria treatment in the Bijagós is AL2. The Pfmdr1 N86 

allele associated with resistance to lumefantrine17,18 was idenUfied at a frequency of 92.3% in our 

study, which is similar to the allele frequency idenUfied in mainland Bissau by previous studies 

between 2014 and 2016 (88-92%)11,12. Despite this high frequency, the efficacy of AL for first-line 

treatment in Guinea-Bissau is sUll high (94%), as idenUfied in a randomised controlled trial conducted 
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between 2012 and 201519. The pfexo E415G mutaUon associated with resistance to piperaquine20 

was not idenUfied. Finally, mutaUons associated with parUal-resistance to artemisinin were not 

idenUfied in the Bijagós P. falciparum samples, in line with previous studies conducted on mainland 

Bissau between 2014 and 201611,12.  

 

This research provides the first WGS data from P. falciparum on the Archipelago. Furthermore, this 

research provides a baseline geneUc diversity and resistance profile of resistance-associated SNPs 

prior to the implementaUon of MDA with DHAP in the region. This work can be built upon in the 

future, following the conclusion of the MDA trial, to beger understand the impact of MDA and other 

malaria control intervenUons on anUmalarial resistance and populaUon dynamics of P. falciparum on 

the Archipelago. Changes in the frequencies of anUmalarial resistance markers following 

intervenUons can be monitored over Ume, providing early warning signals of the emergence of 

anUmalarial resistance, and allowing for the idenUficaUon of novel genomic markers of resistance. 

 

Anopheles mosquitoes on the Bijagós Archipelago 
 

Objec;ve 2: To use mul;plex amplicon sequencing to iden;fy molecular markers associated with 

insec;cide resistance in An. gambiae s.l. complex mosquitoes collected during the peak malaria 

transmission season in October/November 2019. 

 

Published Research Paper 21 – Chapter 4 

 

Although WGS was successfully uUlised in Chapter 3 to amplify P. falciparum DNA, this technique is 

expensive and can be cost-prohibiUve. To overcome this limitaUon when analysing Anopheles 

gambiae, I demonstrated the uUlity of high-throughput mulUplex amplicon sequencing to target 

~500 bp stretches of the genome. MulUplex barcodes enabled DNA from different mosquito 

specimens and target regions to be pooled together, necessitaUng fewer PCR reacUons and reducing 

the cost of sequencing11,22–24. This thesis used high-throughput mulUplex amplicon sequencing to 

screen An. gambiae s.l. complex mosquitoes from the Bijagós for mutaUons associated with 

insecUcide resistance. These mosquitoes were collected from islands across the Archipelago during a 

vector surveillance survey during the peak malaria transmission season in October and November 

201925. I hypothesised that insecUcide resistance mutaUons associated with pyrethroid resistance 

would be widespread in An. gambiae s.l. on the Archipelago. Seventeen mutaUons previously 

associated with resistance were invesUgated across four key insecUcide resistance genes. Four of 

these screened mutaUons were present in the Bijagós populaUon: vgsc L995F (12.2% allelic 
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frequency), N1570Y (6.2%) and A1746S (0.7%) associated with pyrethroid resistance, and rdl A269G 

(1.1%) associated with resistance to dieldrin. An addiUonal eight non-synonymous SNPs were 

idenUfied which have not been reported previously and may be involved in insecUcide resistance. 

This study was also the first to report the vgsc L995F (kdr)-west allele in An. melas, which was 

idenUfied at an allelic frequency of 2.14%. Inter-island comparisons were conducted between islands 

where more than 20 mosquito specimens were collected. These included the islands of Bubaque, 

Orangozinho, Soga, Tchedega (Maio), and Uno. The vgsc L995F and N1570Y mutaUons were found at 

a significantly higher prevalence on Bubaque than on the other islands studied. Bubaque is the most 

populated island in the Archipelago and the site of the main port connecUon to mainland Bissau. The 

higher frequency of mutaUons associated with pyrethroid resistance on Bubaque island may be due 

to the presence of more ITNs on this island than the other islands, as it is more populated. This may 

have resulted in increased selecUon pressure for pyrethroid resistance in An. gambiae s.l. 

populaUons on Bubaque compared to elsewhere. In addiUon, the frequency of insecUcide resistance 

mutaUons could be impacted by “hitchhiking” mosquitoes travelling between the ports on Bubaque 

and mainland Bissau, which may drive the spread of resistance mutaUons from the mainland. 

 

Objec;ve 3: To conduct phenotypic tes;ng of deltamethrin suscep;bility in An. gambiae s.l. 

complex mosquitoes on the main island of Bubaque. 

 

Published Research Paper – Chapter 5 

 

The idenUficaUon of mutaUons associated with pyrethroid resistance in Objec;ve 2, Chapter 4, 

coupled with the absence of phenotypic tesUng for deltamethrin resistance prior to this thesis, 

necessitated conducUng insecUcide suscepUbility tesUng on the Archipelago. In Chapter 5, I reared 

An. gambiae s.l. mosquitoes on Bubaque island and tested them for phenotypic resistance to 

deltamethrin using WHO tube tests5. I hypothesised that deltamethrin resistance would be present 

on the Archipelago due to the use of pyrethroid ITNs on the islands and the presence of pyrethroid 

resistance on mainland Guinea-Bissau26. In line with my hypothesis, this insecUcide suscepUbility 

tesUng idenUfied a corrected treatment mortality of 45.35% at discriminaUng concentraUons (DC) of 

deltamethrin (0.05%)5. The WHO thresholds for confirming resistance to an insecUcide are corrected 

treatment mortality < 90%, confirming the presence of deltamethrin resistance in this vector 

populaUon. Subsequent tesUng with 5x DC concentraUon was conducted to idenUfy the intensity of 

deltamethrin resistance. Intensity concentraUon bioassays resulted in 92.52% mortality, indicaUng 

moderate to high level resistance. This was the first phenotypic tesUng for deltamethrin resistance to 
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be conducted on the Bijagós Archipelago, providing valuable data to the NMCP for making evidence-

based decisions about which vector control tools to implement on these islands. Due to the presence 

of pyrethroid resistance, the use of pyrethroid-chlorfenapyr ITNs instead of pyrethroid-only ITNs may 

be beneficial. However, addiUonal phenotypic suscepUbility studies may be required to generate the 

required evidence for this policy change.  

 

Objec;ve 4: To generate and analyse WGS data from deltamethrin suscep;ble and resistant An. 

gambiae s.s. mosquitoes, to inves;gate gene;c diversity and signatures of selec;on. 

 

Published Research Paper – Chapter 5 

 

Following the idenUficaUon of phenotypic deltamethrin resistance in Objec;ve 3, Chapter 5, An. 

gambiae s.s. complex mosquitoes idenUfied as deltamethrin resistant and deltamethrin suscepUble 

were processed and their DNA was whole genome sequenced. In contrast to the mulUplex amplicon 

sequencing technique used in Chapter 4, whole genome sequencing was used to idenUfy signatures 

of selecUon across the genome, and to aim to idenUfy novel markers of deltamethrin resistance. 

InsecUcide resistance mutaUons were invesUgated, and six SNPs previously associated with 

insecUcide resistance were idenUfied in the mosquito populaUon. This included T791M, L995F, 

N1570Y, A1746S and P1874L in the vgsc gene, and L119V in the gste2 gene. No SNPs were found in 

100% associaUon with the resistant or suscepUble phenotype. However, the vgsc N1570Y and L119V 

gste2 SNPs associated with pyrethroid resistance were idenUfied only in resistant mosquitoes and 

not in suscepUble mosquitoes. An addiUonal 20 non-synonymous SNPs were idenUfied in insecUcide-

resistance associated genes which have not been reported previously. Four of these novel SNPs were 

present at frequencies ≥ 5% in the populaUon: T154S, I126F and G26S in the vgsc gene and A65S in 

the ace1 gene. Notably, three of the four mutaUons idenUfied in Chapter 4 using mulUplex amplicon 

sequencing of An. gambiae s.l. mosquitoes were also idenUfied in this An. gambiae s.s. Bubaque 

populaUon using WGS. These were the vgsc mutaUons associated with pyrethroid resistance: L995F, 

N1570Y, and A1746S. Whereas, the rdl A269G mutaUon associated with dieldrin resistance that was 

idenUfied in the An. gambiae s.l. populaUon in Chapter 4 was not idenUfied in An. gambiae s.s. in 

this chapter. This may be because A269G was idenUfied at a low allelic frequency of 1.1% in Chapter 

4 using amplicon sequencing, and this low frequency may explain its absence in the sample of An. 

gambiae s.s. mosquitoes analysed with WGS in this chapter. 
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Anopheles mosquitoes have been idenUfied as some of the most geneUcally diverse eukaryoUc 

organisms ever sequenced27, and known SNPs associated with resistance are sUll unable to explain 

the majority of the variance in phenotypic resistance seen in Anopheles vector populaUons28,29. In 

addiUon to SNPs, insecUcide resistance has been associated with CNVs in metabolic resistance genes 

including cytochrome P450s30,31, and pyrethroid resistance in Anopheles has been strongly associated 

with CNVs in P450 encoding genes28,30,32–35. In this chapter, genome wide selecUon scans using 

Garud’s H12 staUsUc were used to invesUgate the presence of selecUve sweeps in the resistant and 

suscepUble An. gambiae s.s. mosquitoes across each chromosome. This analysis idenUfied two 

selecUve sweeps: one in chromosome X and one in chromosome 2R. These selecUve sweeps 

overlapped with metabolic genes previously associated with insecUcide resistance, including the 

cytochrome P450s cyp9k1 and the cyp6aa/cyp6p gene cluster32,33,36. These selecUve sweeps were 

idenUfied in both resistant and suscepUble mosquito populaUons and were not associated with the 

resistance phenotype in our small sample set. However, they do indicate selecUon within the 

mosquito populaUon in genes known to metabolise insecUcides28,32,33,36. Chapter 5 presents the first 

phenotypic tesUng for deltamethrin resistance and the first WGS data for Anopheles mosquitoes 

from the Archipelago, contribuUng further data of significance for vector control policy in this region. 

 

Objec;ve 5: To generate and analyse WGS data for An. melas mosquitoes from across the 

Archipelago, to inves;gate the gene;c diversity, insec;cide resistance status and signatures of 

selec;on within this popula;on. 

 

Published Research Paper – Chapter 6 

 

An. melas is the most abundantly reported Anopheles species on the Bijagós Archipelago and persists 

throughout the dry season when populaUon numbers of other An. gambiae s.l. species dwindle25. 

This species may have a role in malaria transmission on the Archipelago6,25. However, the geneUc 

diversity and insecUcide resistance status of An. melas on the Bijagós has not previously been 

studied. In Chapter 6,  I generated and analysed WGS data for 30 An. melas mosquitoes collected 

from across the Bijagós Archipelago. These data provide unique insights into this species which may 

be relevant to malaria control in this and other similar coastal seungs in West Africa.  

 

I hypothesised that An. melas would harbour low frequencies of insecUcide resistance mutaUons 

common to other species in the An. gambiae s.l. complex, and that we would detect geneUc 

separaUon between An. melas from different islands. Maximum likelihood trees indicated that the 
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populaUon of An. melas from the Archipelago clustered into two disUnct groups. However, these 

groups were not determined by the geographic locaUon of samples. This is suggesUve of historical 

gene flow between An. melas populaUons on the different islands, despite their geographical 

distance being greater than the known dispersal ranges of An. gambiae s.l. mosquitoes37. Closer 

analysis using fixaUon staUsUcs and principal components analysis (PCA) revealed that the 

differenUaUon of An. melas into two disUnct groups was mainly localised to the mitochondrial 

genome. Whereas the nuclear genomes were relaUvely homogenous between groups. Furthermore, 

geneUc differenUaUon between the two groups localised to the cytochrome C oxidase subunits cox1 

and cox2, and the NADH dehydrogenase subunits nadh1, nadh4, nadh4L and nadh5. These gene 

families have been used previously to invesUgate phylogeneUc relaUonships within the An. gambiae 

s.l. complex22,38,39, and geneUc separaUon between the two groups of An. melas is intriguing. Guinea-

Bissau is a region of extreme hybridisaUon, with rates of An. gambiae s.s. – An. coluzzii hybridisaUon 

> 20% consistently reported40. However, the An. melas grouping was not explained by hybridisaUon 

in this analysis. This study warrants WGS with a larger sample size of An. melas to further invesUgate 

the existence of this grouping, but hints towards the possible existence of a sub-species of An. melas 

in Guinea-Bissau.  

 

Analysis of geneUc variaUon in An. melas found that SNPs commonly associated with insecUcide 

resistance in An. gambiae s.s. and An. coluzzii were absent in the An. melas populaUon. Only one of 

the target insecUcide resistance mutaUons was idenUfied in An. melas: vgsc M490I. An addiUonal 27 

non-synonymous SNPs were idenUfied in the resistance genes vgsc, gste2, rdl, and ace1 which have 

not previously been reported. Signatures of selecUon were invesUgated across insecUcide resistance 

genes using a genome-wide selecUon scan with Garud’s H12 staUsUc, and no peaks indicaUng 

selecUon were observed. This absence of selecUon signatures contrasted starkly to the two peaks of 

selecUon that were idenUfied using H12 analysis in chromosomes X and 2R of Anopheles gambiae s.s. 

in Chapter 5. Within populaUon and between populaUon selecUve signatures were also invesUgated 

in An. melas using the iHS and XP-EHH staUsUcs. No significant iHS or XP-EHH scores were idenUfied 

in loci associated with insecUcide resistance. Overall, these data indicate an apparent absence of 

selecUon pressure from insecUcides in the An. melas populaUon. There are a number of possible 

explanaUons for this absence of selecUon signatures. 1) It may be because An. melas come into 

contact with ITNs less frequently than other An. gambiae s.l. species through outdoor biUng or 

circumvenUng exposure to ITNs, which is supported by previous research25,41. 2) AlternaUvely, An. 

melas may be evolving resistance in response to insecUcide selecUon pressure, but through different 

molecular mechanisms to other more extensively studied An. gambiae s.l. species. Consequently, 
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this may be resulUng in different target SNPs in An. melas which could even be in different insecUcide 

resistance genes. 3) The sample size of 30 was relaUvely small and we may have seen signatures of 

selecUon in the An. melas genome using a larger sample size. In Chapter 5, using a larger sample size 

of 113 An. melas, we idenUfied three of the An. gambiae s.l. target insecUcide resistance mutaUons 

at low allelic frequencies: vgsc L995F (2.14%), N1570Y (1.12%) and A1746S (0.76%). This suggests 

that these alleles are circulaUng in the An. melas populaUon, albeit at very low frequency, and that 

we may have idenUfied them in this WGS study with a larger sample size. 4) Finally, An. melas could 

be feeding mostly on non-human hosts and therefore have ligle exposure to ITNs. Overall, the 

apparent absence of insecUcide resistance mutaUons and absence of selecUve sweeps in insecUcide 

resistance genes in An. melas is encouraging. However, if this species is playing a role in malaria 

transmission and is circumvenUng contact with insecUcides, this presents a potenUal challenge to 

vector control as convenUonal ITNs and IRS may be less effecUve for controlling this species. More 

research is required to understand the contribuUon of An. melas to malaria transmission and 

whether it is phenotypically resistant to key insecUcides.  

 

Key Study Limita7ons 
 

The limitaUons of this thesis have been discussed in detail in the individual chapters, and key 

limitaUons are summarised here. 

 

In Chapter 3, P. falciparum WGS data was generated from DBS samples collected during a cross-

secUonal survey during the peak malaria transmission season in 2018. The DBS samples were 

collected from survey parUcipants with asymptomaUc malaria, making acquisiUon of Plasmodium 

DNA difficult. To overcome this challenge, SWGA was used to selecUvely amplify the Plasmodium 

DNA within the total DNA extracUon from the DBS42–44. This enabled the acquisiUon of sufficient 

quanUUes of parasite DNA to generate high quality WGS data, enabling the analysis of populaUon 

dynamics and drug resistance mutaUons in these parasiUc infecUons. Although successful, data were 

generated for a small set of P. falciparum infecUons, making it challenging to draw conclusions about 

the P. falciparum populaUon on the Archipelago as a whole. Furthermore, the use of SWGA to 

amplify DNA can distort genome coverage data, which meant that analysing the copy number of 

genes associated with anUmalarial drug resistance was not feasible, and coverage of mutaUons 

associated with artemisinin-resistance was poor. In future studies, a larger number of P. falciparum 

samples from the Archipelago should be used to generate drug resistance profiles. For example, 

using targeted mulUplex amplicon sequencing11,44 or direct WGS from dried erythrocyte spots (DESs) 
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collected from leukocyte-depleted venous blood samples45. These techniques may allow for more 

reliable acquisiUon of parasite genome sequence data in this resource limited seung. 

 

In Chapter 4, mulUplex amplicon sequencing was used to invesUgate the prevalence of insecUcide 

resistance markers in Anopheles gambiae s.l. from 13 islands across the Archipelago. The key 

limitaUon of this study was that inter-island comparisons were limited to 5 islands due to the small 

sample sizes of mosquitoes sampled from the remaining islands. In the future, mulUplex amplicon 

sequencing could be scaled up to include more samples from each of the different islands, including 

mulUple sites per island, to enable more robust comparisons of allele frequencies of insecUcide 

resistance markers between different locaUons in the Archipelago. 

 

In Chapter 5, insecUcide suscepUbility bioassays were conducted to test whether the An. gambiae s.l. 

vector populaUon on Bubaque island exhibited deltamethrin resistance. The recommended sample 

size for discriminaUng concentraUon tesUng was reached5, confirming the presence of deltamethrin 

resistance on the islands. However, due to logisUcal constraints during fieldwork, the sample size for 

tesUng with 5x and 10x discriminaUng concentraUons was not reached. Therefore, moderate to high 

intensity resistance was indicated, but further phenotypic tests are required to confirm this finding. 

 

In Chapter 6, the geneUc diversity and insecUcide resistance status of An. melas was invesUgated. 

The key limitaUon of this chapter is that the An. melas sequencing reads were aligned to the An. 

gambiae s.l. reference, as the quality of the An. melas reference genome was not sufficient for 

populaUon geneUc analyses. This meant that structural variants and gene annotaUons were made in 

reference to the An. gambiae s.l. reference. Future studies of the populaUon dynamics within this 

species would benefit from an improved reference genome for An. melas.  

 

Future Studies 
 

This thesis has invesUgated the geneUc diversity and anUmalarial resistance status of P. falciparum, 

and the geneUc diversity and insecUcide resistance status of An. gambiae s.l. vectors, on the Bijagós 

Archipelago. As a result of this work, there are several areas of research which should be further 

explored. 

 

Chapter 3 of this thesis invesUgated the populaUon dynamics and insecUcide resistance markers in P. 

falciparum from the Bijagós for the first Ume, using DBS samples collected before the start of the 

MATAMAL MDA trial. Following the conclusion of the MATAMAL MDA trial, addiUonal DBS samples 
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have been collected as part of rouUne malaria prevalence surveys2. These DBS samples could be used 

to compare the prevalence of anUmalarial resistance mutaUons in the P. falciparum populaUon at the 

end of the trial with the baseline resistance profile generated in Chapter 3. This would enable 

invesUgaUon of the impact of the MATAMAL MDA with DHAP on molecular markers of anUmalarial 

drug resistance. If candidate resistance markers were idenUfied, these could be invesUgated using in 

vitro funcUonal characterisaUon to study their impact on drug resistance. Future work with larger 

sample sizes also presents the opportunity to invesUgate geneUc differenUaUon between P. 

falciparum from different islands of the Archipelago, which would require high quality genomic data 

to be generated from enough samples from different islands.  

 

Chapter 4 of this thesis uses mulUplex-amplicon sequencing to invesUgate the prevalence of 

molecular markers of insecUcide resistance in An. gambiae s.l. on the islands. Chapter 5 includes 

suscepUbility tesUng for deltamethrin resistance in An. gambiae s.l. using WHO tube tests on 

Bubaque island, followed by WGS of mosquitoes to invesUgate the genomics of deltamethrin 

resistance. Future studies would benefit from conUnuing with intensity concentraUon bioassays to 

determine the intensity of deltamethrin resistance. In addiUon, suscepUbility tesUng should be 

expanded to test addiUonal insecUcides which may be used in the region in the future, such as the 

pyrrole insecUcide chlorfenapyr5, and synergist-insecUcide bioassays should be used to idenUfy the 

presence of metabolic resistance5. Currently, the infrastructure required to conduct larval rearing and 

insecUcide suscepUbility bioassays does not exist on islands other than Bubaque. However, 

investment in the development of a limited number of senUnel sites over a small number of islands 

would enable the collecUon of extensive insecUcide suscepUbility data. For example, senUnel sites 

could be set up on 4 of the 18 permanently inhabited islands, deliberately selected to be 

geographically far apart, and rouUne insecUcide suscepUbility tesUng could be conducted. This would 

generate insecUcide resistance data across different Umepoints from different geographic locaUons 

across the Archipelago. This could include the collecUon of phenotypic bioassay data, intensity of 

resistance data, synergist insecUcide bioassay data, and genomic data. Genomic data could be 

generated using high throughput mulUplex amplicon sequencing to rouUnely invesUgate the 

prevalence of known resistance mutaUons, and using WGS, which could be used to further unveil the 

populaUon structure of An. gambiae s.l. on the islands35. The phenotypic and genomic insecUcide 

resistance data collected could be used to inform surveillance and potenUally implementaUon of 

future vector control tools on the Archipelago. For example, to input into an InsecUcide Resistance 

Monitoring and Management plan, as recommended by WHO46,47. Furthermore, this data could be 

analysed longitudinally to monitor the evoluUon of insecUcide resistance in response to the 



 194 

implementaUon of novel vector control tools. Importantly, knowledge of insecUcide resistance status 

is only one component of effecUve vector control. There is also a need to measure addiUonal factors 

including the coverage, usage, and durability of ITNs on the islands, along with longevity of 

insecUcides48,49.  

 

Chapter 6 of this thesis studies the lesser-known vector species An. melas. Further studies need to 

be conducted to understand the contribuUon of this species to malaria transmission, and to 

understand the phenotypic resistance status of this vector. Considering the recommendaUons for 

longitudinal genomic and phenotypic resistance surveillance in Anopheles vectors on the 

Archipelago, these studies should include provision for molecular characterisaUon of Anopheles 

gambiae s.l. species. This would enable phenotypic and genomic resistance data to be species 

disaggregated, which would allow us to understand the potenUally differing insecUcide resistance 

statuses of the different species within this crypUc vector complex. This would require large 

mosquito sample size collecUons to be able to catch enough of each species to ensure robust sample 

sizes during phenotypic tesUng35.  

Finally, research should be conducted into the level of migraUon of An. gambiae s.l. mosquitoes and 

P. falciparum parasites between mainland Guinea-Bissau and the Bijagós Archipelago. This could be 

done by invesUgaUng phylogeneUc relaUonships between mainland and island populaUons, as has 

been done previously on the Comoros islands in the Indian Ocean50. Levels of migraUon will be 

important to understand to be able to predict the likelihood of reintroducUon of Plasmodium to the 

Bijagós Archipelago, in the event of successful malaria eliminaUon. 

 

Historically, genomics research involving data derived from malaria-endemic communiUes has 

occurred in the context of large-scale export of samples from countries in the Global South to 

wealthier insUtuUons in the Global North, with analysis conducted in the majority by researchers of 

European descent51–54. This pagern reinforces exisUng inequaliUes in Global Health, and 

demonstrates the need for greater equity in genomics research54. The genomics community has 

made some progress in increasing equity53, but the future calls for the funders of health research to 

invest in sustainable capacity strengthening in the Global South, and for increased knowledge sharing 

between insUtuUons in the Global North and Global South. Capacity strengthening in the Bijagós 

Archipelago could include the investment of funding by research partners and programmes into the 

development of senUnel sites on the islands, where phenotypic and genomic tesUng into the 

presence of anUmalarial resistance and insecUcide resistance could take place. Technological 

advances including the development of portable and more resource-efficient methods for genome 
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sequencing are encouraging and will facilitate the use of these technologies in resource-limited 

seungs. Emerging technologies including portable sequencing devices such as the MinION enable 

long read sequencing in remote seungs, and may increase the availability of sequencing 

technologies in resource-limited seungs55. Furthermore, these portable devices present the 

possibility of generaUng real-Ume insights into drug resistance markers in paUents with symptomaUc 

malaria, which could then inform treatment regimens55. 

 

As novel malaria control tools are implemented and sequencing technologies conUnue to improve, 

genomic techniques can be used to understand the impact of malaria control intervenUons on the 

geneUc diversity, populaUon structure, and resistance profile of the P. falciparum parasite and An. 

gambiae s.l. mosquitoes. By understanding the impact of malaria intervenUons on both the parasite 

and vectors in specific seungs, the selecUon and development of malaria control tools can be beger 

opUmised towards achieving eliminaUon of this disease, and winning the evoluUonary arms race. 
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