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Abstract

The impact of insecticide resistance and parasite infection on vector behaviour.

Katherine Gleave

Vector control remains one of the most important methods for reducing insect-borne

diseases across the globe. However, heavy reliance on insecticides has led to the rapid

spread of insecticide resistance, threatening the operational success of control

programmes. In response to concerns over the sustained efficacy of our current tools, novel

insecticides and products are now in development and various next-generation bednets are

now in widespread use across Africa to combat resistance and restore ITN effectiveness.

Understanding how resistance and new control methods may alter vector-specific disease

transmission parameters is crucial. While insecticide resistance and parasite infection rates

are documented in many populations, their effect on mosquito life-history traits and

behaviour is less understood.

This thesis aimed to assess the impact of insecticide resistance and parasite infection on

mosquito fitness and behaviour and how changes in either could impact the efficacy of new

control tools and vectorial capacity.

This was achieved through work that 1) quantified and mapped insecticide resistance in

Africa to document the spread of resistance in malaria vectors and the role of different

resistance mechanisms, 2) evaluated next-generation ITNs for reducing malaria prevalence,

3) measured the impact of insecticide resistance on mosquito behavioural responses to

ITNs and 4) studied the impact of exposure to insecticides and parasite infection on

mosquito behaviour and longevity.

The results present data collated on the spatial distribution of insecticide resistance

phenotypes and genotypes, which can be used to guide control programmes in resistance

monitoring and consider changes in bed net distribution. The analysis generated by a

systematic review showed that next-generation pyrethroid-PBO nets increase mosquito

mortality, reduce blood-feeding success and lower clinical malaria incidence in areas with

high insecticide resistance. Room-scale video tracking of mosquitoes around these

next-generation nets has enabled us to investigate how these ITNs worked, capturing data

showing the effects on mosquito behaviour of a number of different ITNs are remarkably

consistent, with no significant differences in the responses between strains of different
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pyrethroid susceptibility to different net treatments. Laboratory studies have explained how

insecticide selection impacted mosquito fitness in male and female mosquitoes,

demonstrating trade-offs in life-history traits that could limit or enhance disease

transmission. It was also demonstrated that mosquitoes exposed to parasitic infection show

a dynamic, stage-specific and density-dependent change in behaviour to host cues,

decreased flight ability and reduced energy resources. Incorporating knowledge on the

spread of insecticide resistance, the effects of next-generation nets on mosquito mortality

and behaviour, and the impacts of resistance and infection on mosquito physiology will lead

to a more holistic understanding of the impact of new vector control tools on

mosquito-transmitted diseases.
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Introduction

1.1 Anopheles

Mosquitoes make up a large group of Diptera within the family Culicidae. They comprise

two major subfamilies: the Anophelinae, which contains Anopheles mosquitoes, and the

Culicidae, which contains Aedes, Culex, Mansonia and other genera.

Approximately 40 Anopheles species can transmit human malaria (Sinka et al., 2011), with

the An. gambiae s.l complex and An. funestus group being the most important malaria

vectors in Africa due to their susceptibility to Plasmodium falciparum and behavioural

preferences, which contribute to their increased vectorial capacity (Battle et al., 2012;

Wiebe et al., 2017). These species complexes and groups comprise morphologically

indistinguishable sibling species that can possess different genetic and behavioural traits.

The An. gambiae complex comprises eight sibling species; however, the most dominant in

Africa are An. gambiae Giles (historically ‘M-form’), An. coluzzii Coetzee & Wilkerson

(historically ‘S-form’) (Coetzee et al., 2013) and An. arabiensis (Gillies, 1968; Gillies and

Coetzee, 1987). The An. funestus group comprises eleven sibling species, with An. funestus

Giles being the most competent disease vector (M. Coetzee & Fontenille, 2004) and one of

the first species believed to have adapted to feeding on human hosts (Charlwood et al.,

1995). Anopheles species display important differences in their geographical distribution,

which can be influenced by factors such as temperature, humidity, vegetation type and

proximity to humans (Wiebe et al., 2017) (Figure 1).
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Figure 1. Predictive map for occurrence of sibling species. Relative probability of occurrence for each species is
shown within its range plus a 300km buffer. (a) An. coluzzii, (b) An. gambiae, (c) An. arabiensis, (d) An. funestus,
(e) An. melas, (f) An. merus (Wiebe et al., 2017).

Due to climate change, the global temperature is increasing, converting parts of the world

that were never habitable to mosquitoes into more favourable climates. This could lead to

an increase in population densities, shorter extrinsic incubation periods, longer disease

transmission seasons and the distribution of vectors expanding to more temperate regions

that  are not equipped for disease control (Colón-González et al., 2021).
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1.2 Mosquito behaviour

Mosquitoes have four distinct life cycle stages, developing from eggs to larvae and pupae

and emerging as adults (Service, 2012). Mosquitoes mate soon after emergence, with

females typically only mating once and storing enough sperm in the spermatheca to fertilise

all eggs for a lifetime. Females are anautogenous, so they require a blood meal for

vitellogenesis. Once egg development is complete, females will find a water source to lay

their eggs in, where they will hatch within 1-2 days to first instar larvae (L1). Larvae feed in

the water and undergo four moults before developing into the non-feeding pupal stage

after around 7-8 days, depending on habitat conditions. Blood-feeding, resting post-blood

meal, and subsequent oviposition is termed the gonotrophic cycle. Adult mosquitoes

emerge and, depending on species, show distinct behaviours which influence their

importance as vectors for disease. These include host or blood meal source preferences,

whether they feed indoors or outdoors and whether they rest inside or outside to digest a

meal. The entire process can take 10-23 days, depending on environmental conditions such

as temperature, larval density, and nutrient availability.

1.2.1 Host-seeking behaviour

Female mosquitoes use a combination of thermal, olfactory, and visual cues to locate a host

when searching for a blood meal (Bowen, 1991; McMeniman et al., 2014; Takken, 1991;

Zwiebel & Takken, 2004). These cues are utilised at different times during the host-seeking

process (McMeniman et al., 2014). Over long-range host-seeking (55-70m), olfactory and

visual cues play a significant role, while changes in behavioural responses at short-range

utilise thermal, moisture and skin volatile cues (Cardé, 2015; J F Sutcliffe, 1994) (Figure 2).

Carbon dioxide activates mosquito flight and initiates the search for a host, with other

olfactory cues coming from lactic acid, ammonia and carboxylic acids (Van Breugel, Riffell,

Fairhall, & Dickinson, 2015). Females will navigate through an odour plume upwind,

following a scent concentration through a flight process known as ‘casting’. While following

an odour plume, females also use visual cues to aid flight towards a host (Rudolfs, 1922),

assessing progress relative to cues below them (known as optomotor anemotaxis) ( M. T.

Gillies, 1980; Gibson & Torr, 1999). Mosquitoes have highly sensitive eyes even in low light,

with diurnal species responding better to colour and brightness, while nocturnal species

rely on visual contrast to assess flight progress (Allan, Day, & Edman, 1987; Bidlingmayer,
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1994). Human hosts become visible when they are 5-15m away, showing that visual stimuli

play an intermediate role between long-range plume tracking behaviour and short-range

host cues (Van Breugel et al., 2015).

As a female approaches a host, short-range cues stimulate landing and probing, including

heat detection and sensing volatiles from the skin, sweat and microbiota (De Jong & Knols,

1995; Gibson & Torr, 1999; Howlett, 1910; McMeniman et al., 2014). These short-range

cues are crucial for distinguishing between anthropophilic and zoophagic preferences. In

addition, the individual components of skin volatiles can result in variations in host

attractiveness, resulting in the potential for different disease transmission dynamics

(Smallegange, Verhulst, & Takken, 2011; Zwiebel & Takken, 2004). Some volatile organic

compounds can either attract or repel mosquitoes. A study by Robinson et al., 2018,

reported Plasmodium-induced increases in the attractiveness of skin odour and found that

certain aldehydes produced in greater amounts by infected individuals were more

favourable to host-seeking mosquitoes (Robinson et al., 2018). This is often termed

‘deceptive signalling’ where host cues favoured by host-seeking insects are exaggerated,

thus increasing the host’s attractiveness, even though the parasite-infected blood meal is

unfavourable to the vector.
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Figure 2. Sensory cues, range of detection and accompanying behaviour experienced by a female mosquito while

host-seeking (Van Breugel et al., 2015).

1.2.2 Blood feeding behaviour

Female mosquitoes exhibit distinct feeding behaviours which differ between species, such

as preferences for feeding on humans (anthropophagic), feeding on animals (zoophagic),

feeding indoors or outdoors (endophagic/exophagic), time of day to take a meal, and

resting inside or outside post blood meal (endophilic/exophilic). Most Anopheles species

are crepuscular or nocturnal, with the most efficient vectors of disease belonging to the

gambiae complex, which tend to bite humans indoors after 23.00. Conversely, Aedes

aegypti are usually anthropophagic but prefer to feed by day and rest outdoors. Vector-host

contact rate is a key parameter of parasite epidemiology and can vary with vector

abundance (Smith et al., 2007).
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Females have elongated mouth parts, which have little difficulty penetrating through

clothing that does not have a tight weave. When a female bites a host, her paired

mandibles, maxillae, labrum and hypopharynx pierce the skin. Mosquito saliva contains

antihaemostatic enzymes and anticoagulants, which both facilitate blood uptake. Once fully

engorged, females will find a resting site. Blood meal digestion is temperature-dependent

(Service, 2012); in the tropics usually taking between 2-3days, but in cooler climates taking

between 7-14 days. Once the blood meal is digested, and eggs have fully developed,

females are considered gravid and will search for a suitable oviposition site. After

egg-laying, females will take another blood meal 2-3days later and start the process again.

The gonotrophic cycle will be repeated several times during a female’s life span.

1.2.3 Oviposition behaviour

Once gravid, females will seek out an oviposition site. As with host-seeking, mosquitoes use

a range of olfactory cues to assess suitable breeding sites; sensing smells from nutrients and

cues other mosquito larvae. In addition, oviposition cues are species-specific, with one site

being attractive to a particular species but not to another (Afify & Galizia, 2015).

These sites vary depending on species and range from large permanent bodies of water

such as marshes and rice fields to smaller, more temporary water sources such as pools,

puddles, and ditches. Most water sources can provide a habitat for mosquito larvae unless

they are also home to large numbers of predators, with natural containers (tree holes,

bamboo stumps and split coconut shells) and artificial containers (discarded tyres, plant

pots, water storage vessels) close to human dwellings being ideal breeding grounds. Again,

depending on species, females will lay between 30-300 eggs in any one gonotrophic cycle,

with Anopheles laying their eggs singularly and directly onto the water where they float.

1.3 Vectors of disease

The behaviour of mosquitoes plays a vital role in disease epidemiology, with certain specific

behaviours influencing when females will encounter humans. For example, biting outdoors

and late at night means endophagic vectors are more likely to bite adults and not children;

however, during hot temperatures, people of all ages are more likely to sleep outside, so

human contact increases. Disease transmission can occur between humans due to the
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requirements of a parasite life cycle, where either development or replication needs to be

completed within the mosquito.

The vast range of breeding sites that mosquitoes can oviposition in makes them an ideal

vector for human-disease transmission. Large and small bodies of water around human

dwellings, along with work environments such as rice fields, mean that as soon as females

emerge and mate, they are near a blood meal source.

If female mosquitoes can avoid premature death from insecticide exposure or parasitic

damage, then they are able to survive long enough to transmit a range of parasites. The

time needed for parasites to develop within a vector is the extrinsic incubation period (EIP).

Females need to take at least two blood meals to transmit disease, one to pick up an

infection and one to pass it on. The risk of death before parasite transmission occurs

increases if females host seek and attempt to feed before parasite development is

complete. Females can lay an egg batch 2-3days after their first blood meal, and then host

seek again 2-3days later for their next meal, so it would be detrimental to the parasite if the

mosquito went searching for the second blood meal so soon. There have been multiple

studies showing that mosquito host-seeking and blood-feeding behaviour is altered

depending on the stage of parasite development (Wekesa, Copeland, & Mwangi, 1992;

Anderson, Koella, & Hurd, 1999; Vézilier et al., 2012).

1.3.1 Malaria

Anopheles species are vectors for malaria, lymphatic filariasis and several arboviruses. 2020

saw an estimated 241 million malaria cases across 85 disease-endemic countries, with the

World Health Organisation (WHO) African Region accounting for 95% of all cases (WHO,

2021). Despite previous global reductions in malaria burden, this increased by around 14

million cases from the year before, with malaria deaths increasing by 12% in the same

period. These increases are associated with disruptions in health care access and disease

intervention measures caused by the COVID-19 pandemic.

Malaria is an acute illness caused by five Plasmodium species: Plasmodium falciparum, P.

vivax, P. malariae, P. ovale and P. knowlesi (WHO, 2021), with disease severity depending on

species and host immunity. Parasites infect human liver cells and red blood cells to mature

and replicate, where they are responsible for causing anaemia, fever, chills, headaches and

muscle aches. Malaria parasites are picked up by female Anopheles mosquitoes when they

ingest a blood meal from an infected vertebrate host containing Plasmodium gametocytes,
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where it then takes between 9-16 days for parasites to develop within the mosquito (the

extrinsic incubation period) before they become infective (Ohm et al., 2018; Paaijmans et

al., 2010; Vaughan, 2007; Venugopal, Hentzschel, Valkiūnas, & Marti, 2020).

1.3.2 Lymphatic filariasis

Lymphatic filariasis (LF) is a neglected tropical disease (NTD), causing 863 million people in

50 countries to require preventative chemotherapy to stop the spread of infection (WHO,

2022). LF is the second largest cause of permanent and long-term disability worldwide, with

an estimated loss of 2.8 million disability-adjusted life-years (DALYs). Symptoms can be

incredibly painful and disfiguring and include lymphoedema, elephantiasis and the

enlargement of multiple body parts, all of which can lead to not only physical disability but

impact mental health and a person’s ability to work, resulting in monetary losses.

Decreasing the burden of the disease will improve quality of life and help reduce poverty.

While infection can lead to acute or chronic disease, many people remain asymptomatic

and fuel community transmission of the parasite.

Three filarial nematode species are responsible for causing LF: Wuchereria bancrofti

(responsible for 90% of all cases), Brugia malayi and Brugia timori. Adult worms will live in

the lymphatic vessels of humans for up to eight years, during which time they produce and

release millions of microfilariae (mf) into the blood. Disease transmission is indirect, with

parasites developing within a mosquito vector before being transmitted to the definitive

vertebrate host. This requires a mosquito to ingest a blood meal from a human with

circulating mf in their peripheral blood. Mf then escape out of the midgut by penetrating

the midgut wall, upon which they migrate to the thoracic muscles and undergo two larval

moults to become the infective L3 stage. Finally, the infective stage moves to the head,

where they will burst out of the mouthparts when the mosquito takes its next blood meal,

actively penetrating the bite site to enter the host bloodstream. Unlike malaria parasites,

there is no parasite reproduction within the mosquito, so infective L3 numbers are limited

on initial mf uptake (Figure 3).
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Figure 3. The life cycle of Brugia malayi.
(https://www.cdc.gov/parasites/lymphaticfilariasis/biology_b_malayi.html)

Different mosquitoes from the four major genera Culex, Anopheles, Aedes and Mansonia

can transmit LF, but susceptibility differs between species due to multiple barriers to

parasite development, such as the cibarial armature found in Anopheles species. In

addition, filarial worm development is also highly damaging to the mosquito, with midgut

penetration, movement through the flight muscles and consumption of energy reserves for

moulting through life stages all taking a toll on mosquito fitness and health.

1.4 Conventional vector control

With parasite development occurring within the vector, interventions that shorten the

lifespan of mosquitoes will reduce vectorial capacity and disease transmission. Vectorial

capacity is a measure of transmission potential of vector-pathogen systems and describes

the total number of potentially infectious bites that would arise from all the mosquitoes

biting a single infectious human on a single day (Garrett-Jones ’, 1964; Macdonald &

Director, 1956) (Figure 4). An infectious person will be subject to the attention of ‘m’
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mosquitoes (if we assume that everyone is equally attractive to mosquitoes) and will

receive ‘ma’ bites each day. For mosquitoes to become infectious they must survive the

extrinsic incubation period (EIP, the time it takes for a vector to become infectious with

probability ‘Pn’). Adult mosquitoes on average live for ‘1/(-lm(p)’ days of biting, and

potentially infecting, humans at a rate of ‘a’ per day. Changes in vector fitness and

transmission dynamics can change depending on vector competence, with not all

mosquitoes that are exposed being able to transmit pathogens effectively. To be effective,

control measures need to be in line with mosquito behaviour, for example, targeting

endophagic and endophilic species using interventions in the home, which are different to

those that can be used outside to target exophilic and exophagic vectors. Reducing the

vector population has proven to be a very effective measure for disease prevention, with

the main method being the use of insecticide-treated nets (ITNs) (Bhatt et al., 2016; Pryce,

Richardson, & Lengeler, 2018). By 2020, 65% of households in sub-Saharan Africa had at

least one insecticide-treated net (ITN) (WHO, 2021) (Figure 4). ITNs provide a physical

barrier to reduce biting and contain an insecticide to kill mosquitoes. By inducing mosquito

mortality, ITNs will reduce vector density and reduce the age structure of a population,

which will contribute to ‘community protection’ where people without an ITN still benefit

from others using them (Hawley et al., 2003).

Figure 4. Vectorial capacity equation

Pyrethroids are the most commonly used insecticides to treat ITNs, and prior to 2017, they

were the only class approved for use due to their low mammalian toxicity but rapid
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insecticidal activity. Pyrethroids are neurotoxins that target an insect’s peripheral and

central nervous system, altering the voltage-gated sodium channel (Vgsc), which causes the

repeated, uncontrollable firing of neurons, leading to paralysis and ultimately death

(Bloomquist, 1996; Davies et al., 2007; Soderlund et al., 2002).

Figure 5. The cumulative number of insecticide-treated nets shipped worldwide by 2021. (A) standard pyrethroid
only nets, (B) pyrethroid-PBO nets, (C) new active-ingredient nets, and (D) all net types. (sourced from The
Alliance for Malaria Prevention, netmappingproject.allianceformalariaprevention.com/).

1.5 Resistance to standard insecticides

Despite substantial improvement in reducing clinical incidences of mosquito-borne

diseases, progress has stalled in recent years (WHO, 2019). When mosquitoes can survive

exposure to a previously determined standard dose of insecticide, due to physiological or

behavioural mechanisms, they are deemed to be insecticide-resistant (WHO, 2016). We can

now see an association between the increase in the mass distribution of ITNs across Africa

and a rise in mosquito insecticide resistance during the same period (H Ranson &

Lissenden, 2016; WHO, 2018).
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Unfortunately, resistance to pyrethroids is now widespread in African malaria vectors and

threatens vector control interventions’ operational success. Resistance to pyrethroids was

first recorded in An. gambiae s.l (Elissa et al., 1993) and An. funestus (Hargreaves et al.,

2000) 30 years ago and in the past ten years, 78 malaria-endemic countries have reported

resistance to at least one insecticide class in at least one malaria vector (Figure 5). Nineteen

of these have recorded resistance to all four classes of insecticide approved for use

(pyrethroids, organochlorines, carbamates and organophosphates) (WHO, 2021). A

multi-country trial (Kleinschmidt et al., 2018) recently showed that the personal protective

qualities of ITNs were not impacted by insecticide resistance; however, it is accepted that

resistance in major disease vectors will eventually weaken the efficacy of pyrethroid-only

ITNs and threatens the operational success of many vector control programmes (Figure 6).

This has led to innovative new bed nets becoming essential to overcome the threat of

resistance and continue to protect millions of people.

The mechanisms leading to insecticide resistance in mosquitoes can be split into four main

groups; target site, metabolic, cuticular and behavioural resistance.
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Figure 6. Timeline of insecticide use for agricultural and public health purposes.

1.5.1 Target-site resistance

Target-site resistance involves genetic point mutations that alter the site that insecticides

bind to, with the commonly reported target site mutations in Anopheles being in

acetylcholinesterase (resistance to organophosphates and carbamates) and the

voltage-gated sodium channel (Vgsc) (resistance to pyrethroids and DDT). In An. gambiae

and An. coluzzii there are three mutations (L99SF, L99SS, N1570Y) in the Vgsc that are

frequently documented to cause resistance (Jones et al., 2012; Martinez-Torres et al., 1998;

H Ranson et al., 2000; Silva, Santos, & Martins, 2014).
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1.5.2 Metabolic resistance

Metabolic resistance acts by increasing the sequestration rate of insecticides before they

can reach their target site within an insect through alterations or increases in detoxification

and/or metabolism enzymes. The three enzyme groups that have been highly studied in

relation to this form of resistance are the carboxylesterases (COEs), glutathione

S-transferases (GSTs) and cytochrome p450s (p450s), with the latter well categorised in An.

gambiae (Adolfi et al., 2019; Müller et al., 2008; Stevenson et al., 2011).

1.5.3 Cuticular resistance

Insecticides used on ITNs or treated surfaces, as with indoor residual spraying (IRS), must

first penetrate through the cuticle of mosquitoes before they can reach their target site.

Therefore, alterations in cuticle thickness or composition can affect how well insecticides

can enter inside the mosquito and is termed cuticular resistance (Balabanidou et al., 2016;

Wood et al., 2010). Cuticular resistance is measured using insecticide penetration assays or

by comparing cuticle thickness between different mosquitoes species (Yahouédo et al.,

2017).

1.5.4 Behavioural resistance

Any alterations to standard mosquito behaviour, such as a change in biting time, biting

location or host preference, can reduce the chance of females encountering insecticides

and limit the success of control measures (Gatton et al., 2013; Killeen, 2014; Killeen et al.,

2006; Pates & Curtis, 2005). Following mass ITN distribution campaigns, multiple studies

have shown a shift in biting time to earlier in the evening or morning when people are less

likely to be under the protection of their bed nets (Moiroux et al., 2012; Thomsen et al.,

2017), as well as changes in host preferences (Charlwood & Graves, 1987). Behavioural

resistance can be challenging to quantify as it requires studies conducted over a long time

frame that describe and quantify mosquito behaviour before and after a vector control

intervention, and collect regular data on species-specific identification as sibling species will

impacted by interventions in different ways.

Studies looking at the effects of insecticide resistance on behavioural alterations are limited

and the topic requires further investigation.
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1.5.5 Insecticide resistance monitoring

Insecticide resistance of a population is a constantly evolving state, but resources to

monitor vast numbers of mosquito populations simultaneously are not readily available.

Entomological data is necessary to determine when and where to employ new ITNs.

Standard resistance surveillance methods include the use of WHO tube assays, CDC bottle

bioassays and WHO cone assays (ITNs). These methods can be straightforward, but

complications can arise when we consider the large numbers of mosquitoes required, the

various insecticides to test (including synergist testing), the need for resistance mechanism

testing and the importance of standardised protocols and reporting across multiple sites.

1.6 Next-generation bed nets

In response to insecticide resistance, bed net manufacturers have developed ‘next

generation’ ITNs, which contain a pyrethroid insecticide plus an additional chemistry. These

next generation nets include dual-active ingredient (AI) ITNs which contain an additional

insecticide that has a different mode of action (MoA) to pyrethroids, ITNs that have a

synergist incorporated into the net to target enzymes in the mosquito responsible for

resistance, or nets that contain chemicals to sterilise adult female mosquitoes. There are

currently 23 LLINs with WHO Prequalification (PQ) listing, eight of which are defined as

next-generation nets (WHO, 2019a) (Table 1). Of these eight, six contain the insecticide

synergist piperonyl butoxide (PBO), one contains the growth hormone regulator

pyriproxyfen, and one is impregnated with the non-pyrethroid insecticide chlorfenapyr.

Table 1. List of WHO Prequalified Insecticide Treated Nets.

Product name Manufacturer Active ingredient
Date of

prequalification

DuraNet LN ® Shobikaa Impex
Private Ltd

Incorporated net,
Alpha-cypermethrin

(150D, 5.8g/kg)

Dec 2017

DuraNet Plus ® Shobikaa Impex
Private Ltd

Incorporated net,
Alpha-cypermethrin

(150D, 6.0g/kg), Piperonyl Butoxide
(2.2g/kg)

Aug 2020
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Interceptor® BASF AGRO B.V
Arnhem (NL)
Freienbach Branch

Coated net, Alpha-cypermethrin

(75D, 6.7g/kg) (100D, 5.0g/kg)

Dec 2017

Interceptor G2 ® BASF AGRO B.V
Arnhem (NL)
Freienbach Branch

Coated net, Alpha-cypermethrin
(75D, 3.2g/kg; 100D, 2.4g/kg),
Chlorfenapyr (75D, 6.4g/kg; 100D,
4.8g/kg)

Jan 2018

MAGNet LN ® V.K.A Polymers Pvt.
Ltd

Incorporated net,
Alpha-cypermethrin (150D,
5.8g/kg)

Feb 2018

MiraNet® A to Z Textile Mill
Ltd

Incorporated net,
Alpha-cypermethrin (130D,
4.5g/kg)

Feb 2018

OLYSET Net ® Sumitomo Chemical
Co., Ltd

Incorporated net, Permethrin
(150D, 20g/kg)

Dec 2017

OLYSET PLUS ® Sumitomo Chemical
Co., Ltd

Incorporated net, Permethrin
(150D, 20g/kg), Piperonyl Butoxide
(10g/kg)

Jan 2018

Panda Net ® Life Ideas
Biotechnology Co.,
Ltd

Incorporated net, Deltamethrin
(120D, 1.8g/kg)

May 2018

PermaNet 2.0 ® Vestergaard Sarl Coated net, Deltamethrin (75D,
1.8g/kg; 100D, 1.4g/kg; 150D,
1.4g/kg)

Dec 2017

PermaNet 3.0 ® Vestergaard Sarl Coated net, Deltamethrin (roof:
100D, 4.0g/kg; sides: 75D, 2.8g/kg;
100D, 2.1g/kg; 150D, 2.1g/kg),
Piperonyl Butoxide (roof: 25.0g/kg)

Jan 2018

Reliefnet
ReverteTM

Real Relief Health
ApS

Incorporated net, Deltamethrin
(120D, 1,8g/kg)

Jan 2021

Royal Guard® Disease Control
Technology LLC

Incorporated net,
Alpha-cypermethrin (120D,
5.5g/kg; 150D, 5.0g/kg),
Pyriproxyfen (120D, 5.5g/kg;
5.0g/kg)

Mar 2019

Royal Sentry® Disease Control
Technology LLC

Incorporated net,
Alpha-cypermethrin (150D,
5.8g/kg)

Dec 2017

Royal Sentry 2.0 ® Disease Control
Technology LLC

Incorporated net,
Alpha-cypermethrin (120D,
5.8g/kg)

Feb 2019

SafeNet® Mainpol GmbH Coated net, Alpha-cypermethrin
(75D, 6.7g/kg)

Feb 2018
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Tsara® Moon Netting FZCO Incorporated net, Deltamethrin
(120D, 2.2g/kg)

Aug 2020

Tsara Boost ® Moon Netting FZCO Incorporated net, Deltamethrin
(130D, 3.0g/kg), Piperonyl Butoxide
(11.0g/kg)

Jan 2018

Tsara Plus ® Moon Netting FZCO Incorporated net, Deltamethrin
(roof: 130D, 3.0g/kg; sides: 100D,
2.5g/kg), Piperonyl Butoxide
(11.0g/kg)

Jan 2018

Tsara Soft ® Moon Netting FZCO Incorporated net, Deltamethrin
(75D, 2.7g/kg; 100D, 2.0g/kg; 150D,
2.0g/kg)

Oct 2020

VEERALIN ® V.K.A Polymers Pvt.
Ltd

Incorporated net,
Alpha-cypermethrin (130D,
6.0g/kg), Piperonyl Butoxide
(2.2g/kg)

Jan 2018

Yahe LN ® Fujian Yamei
Industry & Trade
Co. Ltd

Coated net, Deltamethrin (50D,
2.3g/kg; 75D, 1.85g/kg; 100D,
1.4g/kg)

Feb 2018

Yorkool LN ® Tianjin Yorkool
International
Trading Co., Ltd

Coated net, Deltamethrin (75D,
1.8g/kg; 100D, 1.4g/kg; 150D,
1.4g/kg)

Feb 2018

(Note: D = denier)

1.6.1. Pyrethroid-PBO nets

Pyrethroid-PBO nets are one example of a dual AI ITN as they contain a pyrethroid and the

synergist PBO. Synergists are generally non-lethal themselves, but PBO improves the

efficacy of these ITNs as it specifically targets the metabolic enzymes within the mosquito

that are responsible for resistance to pyrethroids. By inhibiting the action of these enzymes,

the lethal action of the pyrethroid on the bed net can be restored. PBO targets the

metabolic enzymes cytochrome p450s (p450s), which in resistant mosquito populations

typically sequester or detoxify pyrethroids and inhibit their neurotoxic action.

Pyrethroid-PBO nets vary in their design and AI concentration depending on the

manufacturer. Some have PBO throughout all parts of the net (Olyset Plus), while others

only contain PBO on the roof of the net (PermaNet 3.0), working on the results from studies

that have shown the majority of mosquito contact with a bed net occurs on the roof (Lynd

& Mccall, 2013). Differences between manufactured nets make it challenging to directly

compare the efficacy of these ITNs. However, the results from recent cluster-randomised
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controlled trials in Tanzania (Protopopoff et al., 2018) and Uganda (Staedke et al., 2020),

where mosquito populations have high levels of resistance to pyrethroids, have shown that

pyrethroid-PBO nets reduced malaria parasite prevalence by 60% in Tanzania and 17% in

Uganda two-years post-deployment. Using the results from these trials, the WHO has now

released new guidelines stating that pyrethroid-PBO nets are recommended in places that

meet the following criteria: pyrethroid resistance that results in 10-80% mortality in

susceptibility tests, which is conferred at least in part by monooxygenase-based resistance

mechanisms (WHO, 2017). There is a need for more data on comparisons of different net

types, with standardised testing being used throughout studies, alongside results collected

on both epidemiological and entomological outcomes to help feed into malaria

transmission models (Churcher, Lissenden, Griffin, Worrall, & Ranson, 2016) and better

equip control programmes.

Mosha et al., (2022) have been undertaking a cluster-randomised trial, again in Tanzania, to

investigate the effectiveness and cost-effectiveness of three types of dual active-ingredient

bed nets in comparison with pyrethroid-only ITNs. In this study, the pyrethroid-PBO nets

showed increased effectiveness compared to standard nets, but this was sustained for a

shorter time than in the previous Protopopoff et al., (2018) trial. One explanation for this is

that net use declined more quickly in the latest study, which the authors state may have

been a consequence of a high proportion of the nets being more torn than the other LLINs,

and they recommend that manufacturers need to improve the physical integrity of these

nets.

1.6.2 Interceptor G2

The ITN currently on the market containing an additional, non-pyrethroid insecticide is

Interceptor G2 (IG2) (BASF). IG2 combines the pyrethroid alpha-cypermethrin (100mg/m2)

alongside chlorfenapyr (200mg/m2). Chlorfenapyr is from the pyrrole class of insecticides

and is a broad-spectrum pro-insecticide that shows stomach and contact toxicity in insects

by acting at the cellular level to disrupt respiratory pathways and proton gradients. This

pro-insecticide requires initial activation by mixed-function oxidases to produce the active

compound. Oxidative removal of the N-ethoxymethyl group of chlorfenapyr leads to the

toxic form identified as CL 303268, which functions to uncouple oxidative phosphorylation

in the mitochondria, resulting in disruption of adenosine triphosphate (ATP) production and

loss of energy leading to cell dysfunction and subsequent death of the mosquito (Black et

al., 1994; Treacy et al., 1994).

30



The above-mentioned study by Mosha et al., (2022) examined chlorfenapyr nets and those

containing either PBO or pyriproxyfen and reported that chlorfenapyr nets are a safe,

effective and cost-effective alternative to standard pyrethroid-only ITNs. In a highly

pyrethroid-resistant setting, chlorfenapyr nets provided significantly better protection over

two years than a standard pyrethroid net, with children aged six months to ten years having

a 44% lower malaria incidence. The entomological inoculation rate (EIR) was 85% lower,

arising from a reduced vector population density and reduced longevity.

Unfortunately, it has not proven easy to replicate these results within a laboratory setting.

There are challenges to finding a laboratory assay predictive of the mortality levels

observed in experimental hut studies, with studies reporting a failure to reach 100%

mortality in pyrethroid susceptible An. gambiae Kisumu strain (Camara et al., 2018;

N’Guessan et al., 2016). This has proven confusing, as the alpha-cypermethrin content

within these nets should still be effective at killing susceptible mosquitoes, despite being

lower than the pyrethroid only counterpart Interceptor G1. There is currently no easily

accessible WHO recommended protocol for testing chlorfenapyr on ITNs, but the overnight

tunnel test using an animal bait has shown promising results when other method such as

cone and tube tests do not perform well. However, Oxborough et al., (2015) performed

work under different conditions and stated that temperature, length of insecticide

exposure, time of day and exposure method could all have different effects on the mortality

results (Oxborough et al., 2015). There is currently limited knowledge on the bioefficacy of

pyrethroids and chlorfenapyr when used in combination on a net or their impact on

mosquito life-history traits and behaviour.

To date, there is no published evidence of any cross-resistance with chlorfenapyr; however,

activation to the lethal form (tralopyril) requires mixed-function oxidases that are

upregulated in some resistant populations giving the potential for negative cross-resistance

to arise. As these nets are being used across Africa, insecticide resistance needs to be

closely monitored and planned into control programmes, with susceptibly to chlorfenapyr

currently being confirmed using CDC bottle bioassays.

1.6.3 Royal Guard
Pyriproxyfen (PPF) is an insect juvenile hormone analogue which interferes with

reproduction and the development of mosquitoes by inhibiting embryogenesis and

metamorphosis (Dhadialla, Carlson, & Le, 1998). PPF has been shown to inhibit oogenesis
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and sterilise adult female mosquitoes (Harris et al., 2013; Ohashi et al., 2012), meaning that

adults can no longer contribute to the next generation of potential disease-transmitting

vectors. Previous hut trials in Benin and Cote d’Ivoire using one type of pyrethroid-PPF net,

Olyset Duo, have shown that nets provided personal protection through the excito-repellent

property of the included pyrethroid and sterilisation of female mosquitoes which survive

exposure to pyrethroids due to resistance (Ngufor et al., 2014), and also protected against

clinical malaria compared to pyrethroid only ITNs in areas of high Plasmodium falciparum

transmission (Tiono et al., 2018). Royal Guard is a newer pyrethroid-PPF net created by

Disease Control Technologies (DCT) and has the pyrethroid alphacypermethrin and PPF

incorporated into the net fibres. Laboratory studies have shown to induce >80% mortality

and sterilised mosquitoes that survived after exposure. In experimental hut trials in Benin,

Royal Guard nets gave an 83% reduction in mosquito oviposition rate and a 95% reduction

in viable offspring when unwashed (Ngufor et al., 2020). Current work is ongoing to

establish the regeneration time of the Royal Guard after the nets have been washed three

times to ensure that PPF returns to the nets surface in amounts capable of inducing

oviposition inhibition (Lees et al, in progress).

1.7 The challenges of evaluating new control tools

Understanding insecticide mode of action (MoA) is critical for assays to measure ITN

efficacy and durability accurately. The WHO is responsible for evaluating VC products for

global use, and in January 2017, the WHO Pesticide Evaluation Team (WHOPES) changed to

the WHO Prequalification Team Vector Control Group (PQT-VC). All ITN manufacturers must

submit documents on the efficacy, safety and content of their products for this panel to

review. If a product does not fall within a current class of net type that is already

predetermined, then it requires epidemiological evidence of its efficacy. For the evaluation

of ITNs, products undergo laboratory testing, small-scale trials and large-scale trials and

must pass through a set of criteria before moving on to the next testing phase. For example,

in Phase I laboratory studies, mortality must exceed 80% in a standard WHO cone bioassay

after washing 20times > in Phase II nets must perform as well, or better than, those

currently on the marker > and for Phase III nets that are collected after three years of use

must retain an efficacy of more than 80% mortality on WHO cone tests. Laboratory trials

are performed under strict, standardised conditions and include the WHO cone bioassay

and tunnel test (WHO, 2013). These bioassays measure the efficacy, wash resistance and
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insecticide regeneration time of ITNs by measuring knock-down at 60minutes and mortality

at 24hours. The tunnel test also measures blood-feeding inhibition, as mosquitoes have

access to a live animal to feed on if they pass through holes in the net. Similarly, small-scale

studies using experimental huts collect data on wash resistance and efficacy by examining

24hour mortality and blood-feeding inhibition, but they also record mosquito deterrence

and exophily. The last phase of prequalification testing is large-scale village trials which

assess ITN efficacy over multiple time points (bed nets should have a field life of three

years), loss or attrition of nets, durability and community perceptions of bed nets.

Pyrethroid only ITNs are well categorised, and the bioassays to study their efficacy are well

understood and used globally. However, new active-ingredients with different MoAs used

on next-generation nets may require different testing methods. For example, the synergist

PBO used to improve the efficacy of pyrethroids is generally itself not insecticidal, so a

susceptible strain must be tested alongside a resistant strain to ensure that we can detect

the effect of PBO separate to the pyrethroid as the measured outcome for both is mortality.

For other MoAs, we need to consider measuring endpoints that are not considered in

previous protocols, such as delayed mortality (mortality after 24hours) and impact on

fecundity (egg laying, larval hatching).

Recent work by Lissenden et al., (2022) has produced consensus standard operating

procedures (SOPs), through collating and interrogating several different assay methods and

working with multiple partners, to evaluate the biological durability of new ITNs (Lissenden

et al., 2022). These SOPs explain how a large number of factors need to be considered and

include but are not limited to: temperature and humidity, time of day (light/dark cycle for

mosquitoes), acclimatisation of nets and mosquitoes, recorded details of larval collection

sites, details of the location of the sample taken from net (to account for some ITNs

containing different concentration of AIs on different areas, like PermaNet 3.0), the number

of samples tested and the number of replicates performed. The processes used must allow

data to be generated which is directly linked to how the MoA functions, and to encourage

novel technologies, we need to keep an open mind to new testing methods.

As resistance status, resistance mechanisms, and intensity vary between mosquitoes over

time, ITN evaluation methods must consider this when deciding which populations to utilise

(Lees et al., 2022). The Vector Control Advisory Group (VCAG) proposed criteria on suitable

mosquitoes to test; at three strains, of which two must have different metabolic resistance,

showing a range of mechanisms and have a resistance level greater than ten-fold that of the
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susceptible colony (VCAG, 2015). However, as the list of different resistance mechanisms is

already long and continues to increase with the discovery of more, covering all of these

different requirements in only three strains will be a challenge, and adding more strains

would increase the workload for each new net tested.

1.8 Impacts of insecticide resistance and infection on behaviour

While insecticide resistance reduces the impact that control methods have on vector

populations, it is essential to consider what effects resistance can have on the mosquito.

Removing insecticide pressures from an area results in lower resistant allele frequencies in

populations, suggesting that it is costly for mosquitoes to maintain resistance in the

absence of insecticides (David et al., 2018). Resistance mechanisms can cause multiple

alterations in key physiological functions, such as depleting energy reserves, affecting larval

development time (Rahim, Ahmad, & Maimusa, 2017; Ramos et al., 2018) and impacting

vector immune responses (Vontas et al., 2005).

Lipids and glycogen are necessary energy resources, being used for short and long-range

flight, vitellogenesis, oogenesis, larval moulting and while undergoing an immune response

(Beenakkers, Horst, & Marrewijk, 1981; Steele, 1981). However, the elevated enzyme

activity involved in metabolic resistance can be energetically costly, diverting these

resources to be used for the metabolism and detoxification of insecticides (Saingamsook et

al,, 2019), with lipids being used for amino-acid synthesis. Multiple studies (Diniz et al.,

2015; Martins et al., 2012; Viana-Medeiros, Bellinato, Martins, & Valle, 2017) have reported

that temephos resistant females produce smaller egg batches than susceptible controls.

Considering the impact on male fecundity, Belinato et al., (2012) found that temephos

resistant Aedes aegypti had a significantly reduced frequency of female insemination

compared to their susceptible counterpart, and this effect was more pronounced with a

higher resistance ratio (Belinato, Martins, & Valle, 2012).

The effects of insecticide resistance may not always have negative physiological impacts.

For example, Chan & Zairi, (2013) found that permethrin resistant Aedes albopictus

survived for longer under harsh rearing conditions with reduced food, and produced larger

females when larvae were reared at crowded densities. Increasing longevity in resistant

mosquitoes increases the likelihood of surviving through a parasite extrinsic incubation

period, improving vectorial capacity.
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When studying parasites and vectors within the environment, there are multiple factors to

consider: how different parasites interact with various vector species and hosts, what

impact changes in environmental conditions between different geographical areas have,

and how larval crowding and competition for nutrients affect vectorial capacity? (Figure 7).

Figure 7. Interactions to consider for vector-parasite disease transmission.

Parasite infection can cause mechanical damage to mosquitoes through tissue destruction

and can also lead to an increased susceptibility to other infections, a reduction in energy

content (lipid and glycogen reserves) and changes in the immune response. Melanisation is

one example of an innate immune response whereby filarial worms are encased and

melanised, stopping their development within the mosquito; however, this is specific to

certain species, and little is known on why it occurs in some and not others.

The relationship between mosquitoes and parasites can result in different transmission

outcomes, which is particularly relevant for LF transmission. For example, anopheline

mosquitoes are generally categorized as poor LF vectors due to their inability to support

filarial worm development at low densities because of the damage caused by cibarial
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armature. However, work performed by Erickson et al., (2013) investigated mosquito

survivorship post-exposure to filarial parasites and saw more significant mortality in An.

farauti at high mf densities compared to low mf densities, with mosquito survival being no

different to that of the uninfected controls and reaching 14DPE (when infective L3 are

present). This suggests that despite not being the ‘ideal’ vectors for transmission, those

parasites that do avoid damage do not cause increased mortality to the vector, so

transmission can be sustained at low parasite levels.

Long-lived mosquitoes that survive that extrinsic incubation period of parasites maximise

the chance of disease transmission, which is an essential consideration for control

programmes. While some studies show that infection leads to a shorter lifespan, others

have demonstrated that fecundity is reduced instead, implying an adaptive strategy to

divert resources to longevity. Vézilier et al., (2012) demonstrated that the number of eggs

laid was strongly dependent on whether females were infected with Plasmodium parasites

or not, with those harbouring an infection producing a significantly smaller egg batch. We

have discussed how behavioural resistance can cause shifts in biting times, but we also

need to consider how parasite infection could affect mosquito feeding and how this would

alter disease dynamics. A study looking at biting behaviour (Anderson et al., 1999) showed

that in An. stephensi, feeding persistence decreased in the presence of malaria oocysts

(non-transmissible stage) but increased when parasites had developed in the transmissible

sporozoite stage.

Similarly, Wekesa et al., (1992) observed that malaria-infected females probed for nearly

twice as long as uninfected females. One hypothesis for this is that salivary gland apyrase

functions as an anticoagulant that minimises the time needed to take a blood meal, but this

apyrase function is reduced in mosquitoes when they harbour a Plasmodium infection, thus

increasing probing and feeding time. Again, these behavioural modifications could increase

the chance of multiple contacts with a host, or contact with multiple hosts, when parasites

are in the salivary glands increasing the risk of transmission.

Cator et al., (2013) demonstrated that mosquitoes with an early-stage Plasmodium

infection showed reduced attraction to a human host, whereas those with a late-stage

infection showed increased attraction towards the host compared to controls. However,

further studies found that the observed behavioural changes could also be generated by an

immune challenge and were hence not explicitly linked to the presence of Plasmodium

parasites. Heat killed E.coli displayed the same behavioural alterations as those observed

with malaria parasites suggesting that altered behavioural phenotypes could arise from
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host resource allocation amongst immunity, blood-feeding and reproduction that is not

specific to Plasmodium infection (Cator et al., 2013).

The variety of potential alterations and differing results between studies highlights the

importance of taking multiple endpoint measures and considering a range of factors when

planning experiments to assess mosquito behaviour and fitness.

Investigating the impact of insecticide resistance and parasite infection is becoming

increasingly important as we move towards elimination. Transmission dynamics such as

vector biting rate and parasite density depend on the vector, parasite and interactions

between them. Many models assume that uninfected mosquitoes share the same fitness

costs as infected counterparts and do not take into consideration the possible negative or

positive effects of an infection or insecticide selection phenotypes.
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Aims and objectives

This project investigated the effects of insecticide resistance and parasite infection on the

behaviour of mosquitoes. The specific aims were:

1. To document the spread of insecticide resistance in the main malaria vectors in

Africa by quantifying and mapping the spatial distribution of resistance phenotypes

and genotypes.

2. To evaluate the epidemiological and entomological efficacy of next-generation

ITNs through a meta-analysis of experimental hut studies and cluster-randomised

controlled trials with data on pyrethroid-PBO nets.

3. To measure the efficacy of next-generation ITNs compared to standard

pyrethroid-only nets and assess the effect of insecticide resistance on mosquito

behaviour using a room-scale tracking system.

4. To study the impact of insecticide and parasite exposure on mosquito physiology

and behaviour using laboratory bioassays.
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Summary of studies

To achieve the aim of the thesis, this body of work was completed between 2014 – 2022

(Table 2) with publication dates ranging from 2016 – 2022. A full list of author’s publications

can be found in Appendix 1.

Table 2. Characteristics of the publications submitted as part of this thesis

Chapter Number Title Journal and date Author list

1

1

Developing global maps of

insecticide resistance risk to

improve vector control

Malaria Journal

February 2017

M. Coleman

J. Hemingway

K. Gleave

A. Wiebe

P. W. Gething

C. L. Moyes

2

Analysis-ready datasets for

insecticide resistance

phenotype and genotype

frequency in African malaria

vectors

Nature Scientific

Data

July 2019

C. L. Moyes

A. Wiebe

K. Gleave

A. Trett

P. A. Hancock

G. G Padonou

M. S. Chouaibou

A. Sovi

S. A. Abuelmaali

E. Ochomo

C.

Antonio-Nkondjio

D. Dengela

H. Kawada

R. K. Dabire

M. J. Donnelly

C. Mbogo

C. Fornadel

M. Coleman

2 3

Piperonyl butoxide (PBO)

combined with pyrethroids in

insecticide-treated nets to

prevent malaria in Africa

Cochrane Database

of Systematic

Reviews

May 2021

K. Gleave

N. Lissenden

M. Chaplin

L. Choi
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H. Ranson

3 4

Behaviour of pyrethroid

resistant Anopheles gambiae at

two dual active-ingredient bed

nets, assessed by infrared

room-scale video tracking

Malaria Journal

April 2022

K. Gleave

A. Guy

F. Mechan

A. Matope

M. Emery

A. Murphy

V. Voloshin

C. E. Towers

D. Towers

G. Foster

H. Ranson

P. J. McCall

4

5

The effects of temephos,

permethrin and malathion

selection on the fitness and

fecundity of Aedes aegypti

Medical and

Veterinary

Entomology

November 2021

K. Gleave

F. Mechan

L. J. Reimer

6

Filarial infection influences

mosquito behaviour and

fecundity

Nature Scientific

Reports

October 2016

K. Gleave

D. Cook

M. J. Taylor

L. J. Reimer

7

The consequences of Brugia

malayi infection on the flight

and energy resources of Aedes

aegypti mosquitoes

Nature Scientific

Reports

December 2019

A. G. T. Somerville

K. Gleave

C. M. Jones

L. J. Reimer

These studies show a combination of data collation activities, a systematic review and

extensive laboratory work within the Liverpool School of Tropical Medicine.
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Chapter 1. Quantifying and mapping insecticide resistance in Africa

Paper 1 – Developing global maps of insecticide resistance risk to improve vector

control.

Rationale

A 40% reduction in the clinical incidence of malaria-causing Plasmodium falciparum is

predominantly attributed to long-lasting insecticidal nets (Bhatt et al., 2016). However,

increasing insecticide resistance threatens these gains as we are now observing a decrease

in mosquito mortality to the most used class of insecticides, the pyrethroids. This reduction

in mortality poses a threat to vector control programmes as the number of alternative

insecticide classes approved for use in public health is limited. As resistance continues to

spread, control programmes must have the capacity to monitor mosquito populations and

share information quickly to provide accurate vector surveillance. Previous open-access

databases have contained differing amounts of resistance data, all of which are displaying

data as single points (Dialynas et al., 2009; Knox et al., 2014; Mnzava et al., 2015), but they

do not consider potential confounding factors within the data, which are important for

robust and comprehensive estimates of resistance. This global mapping project

(IR-MAPPER) collated and assessed all available field data on insecticide resistance,

developing a modelling framework to analyse spatiotemporal patterns of resistance, which

can be combined with species and disease prevalence information.

Methods

Resistance data were collated from three sources: published articles, contacting authors;

and contacting custodians of unpublished data sets. The data was disaggregated to single

sites and collection periods to give a fine spatial resolution. We extracted data on mosquito

collection methods, identification methods, bioassay conditions including protocol

followed, insecticide concentration and exposure time, generation tested, tested synergists,

information about the collection site and information on the data source. Sites less than

25km2 were assigned coordinates either from those provided or using an online gazetteer.

We defined areas of more than 25 km2 by either their borders using GIS software or

defined them from the FAOs Global Administrative Unit Layers (GAUL). To best visualise any

trends in the data, we filtered all results to those that used a pyrethroid and then these

results were split over three time periods to correspond to data availability and the

introduction of pyrethroids in global health and agriculture. Mortality data was plotted onto
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maps, and when resistance mechanism data were also available, it was linked to the

relevant bioassay.

Results

The data set as of October 2016

includes data from 1955, spans

71 malaria-endemic countries

and 74 anopheline species or

species complexes. This data

includes 1018 locations reporting

carbamate resistance, 1655

reporting organochlorine

resistance, 1056 reporting

organophosphate resistance and

3127 reporting pyrethroid

resistance. Analysis of the data

(Figure 8) shows that information

for each insecticide class is highly

clustered, indicating that

interpretation needs to consider any

bias in the location sampled.

Summary interpretation and conclusion

The establishment of IR-MAPPER has aided in developing tools that can use the data

available to provide the best estimates of the spatial distribution of insecticide resistance, in

turn helping to prolong the life of current insecticides, reduce control programme costs and

aid in reducing malaria prevalence. As up to date data on insecticide resistance is crucial for

deploying all insecticide- based control strategies , IR Mapper provides a free, user-friendly

tool for policymakers, control programme managers and researchers to visualise current

information on insecticide resistance across multiple vectors. Reported data can be

continually added to the global database. While volumes are increasing, there is still a need

to increase reporting on resistance mechanisms and species identification, mainly because

anopheline species will differ in the rise and spread of different mechanisms.

42



There are multiple sibling species within the Gambiae complex, and they can differ in biting

and resting locations, geographical distribution and insecticide resistance status. With this

in mind, we built upon this work and used the new IR Mapper resource to look into the

geographical distributions of African malaria vector sibling species and evidence for

insecticide resistance (Wiebe et al., 2017) (Appendix 1). The work from this can be coupled

with the publicly available data on insecticide resistance and vector distribution to improve

policy decisions and provide a more focused vector control. Similarly, we analysed the

relationships in resistance across the insecticides most commonly used in malaria vector

control (Hancock et al., 2018) (Appendix 1), examining resistance prevalence, focusing on

resistance phenotype and frequency of resistance genes. We looked for associations within

insecticide class, between insecticide class, and between the prevalence of resistance

phenotype and allele frequency. By building on previous work and analysing patterns of

variation in insecticide resistance, we were able to find relationships across different types

of insecticides used across Africa, allowing predictions of resistance to be improved.

Author contribution

KG compiled insecticide resistance data from published articles, contacted authors for

unpublished or missing data and by contacted custodians of unpublished data sets. KG

geopositioned all collated data and contributed to the interpretation and write up of

results.
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Paper 2 – Analysis-ready datasets for insecticide resistance phenotype and

genotype frequency in African malaria vectors.

Rationale

Vector control (VC) activities to combat malaria rely heavily on insecticides; however, the

rise and spread of insecticide resistance mechanisms disrupt current control efforts

(Hemingway et al., 2016). Previous work carried out in multiple countries has been

undertaken to investigate the impact of insecticide resistance (Kleinschmidt et al., 2018). To

obtain fully understand the situation we need to have access to more quantitative

resistance information on species distributions and malaria infection prevalence. There are

currently several databases containing this information; however, one platform that

combines all these factors and information on insecticide resistance that users can

download as analysis-ready datasets is vital (Eisen et al., 2011; Moyes et al., 2013). To

predict the impact of insecticide resistance, diverse datasets over time and space are

needed (Coleman et al., 2017).

This work aimed to collect data from studies that characterise resistance phenotype and

genotype across multiple species, locations, and time points. Our main objective was to

generate standardised datasets to address questions that would aid control programmes by

using geospatial analysis. In addition, this work will provide measures of insecticide

resistance for a representative sample of a mosquito population at a specific time and place

rather than at the level of an individual mosquito.

Methods

We obtained the data used in this work was obtained from published journal articles,

reports and unpublished data sets. Our data search ran from 1956 up to December 2017

and yielded 3,685 articles, of which 342 provided data on field samples of mosquitoes in

malaria-endemic countries in Africa for either insecticide resistance phenotype and/or

genotype. Once all data were collected, replicates from the same collection site and period

were combined. Datasets were constructed based on mosquito samples representing either

a single species or a species complex or subgroup. To use the data collected in a geospatial

model with a resolution of ~5km, each collection location was classified as either a point (a

site located within a 2.5 arc-minute grid cell, giving an area of ~ 5km x 5km) or a polygon (a

site with an area great than that of a point). We assessed all data for quality and internal

consistency.
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Results

The database was used to generate eight individual data files to address specific questions

(Table 3).

Table 3. Summary of each of the eight data files released (Moyes et al., 2019)

Number Title
No. data

points

1 Standard WHO susceptibility test results for the Anopheles gambiae

complex and Anopheles funestus subgroup.

13,618

2 Standard WHO susceptibility test results for individual species. 3,525

3 Standard CDC bottle bioassay results for the An. gambiae complex

and An. funestus subgroup.

1,061

4 Paired WHO susceptibility test or CDC bottle bioassay results with and

without a synergist (An. gambiae complex and An. funestus

subgroup).

1,013

5 WHO and CDC intensity bioassay results (An. gambiae complex and

An. funestus subgroup).

1,816

6 Vgsc allele frequencies for the An. gambiae complex and An. funestus

subgroup.

1,068

7 Vgsc allele frequencies for individual species 1,890

8 Paired Vgsc allele frequencies from dead and alive subsamples after

an insecticide susceptibility test.

296

All data are available to download from the Dyrad Digital Repository

(https://datadryad.org/stash/dataset/doi:10.5061/dryad.dn4676s). Data File 1 is the largest

dataset, but all eight have similar spatial distributions with clustered sampling in east and

west Africa. These datasets also show similar temporal distributions, with phenotypic data

volumes increasing over time, particularly from 2008. In addition to extracting data on

voltage-gated sodium channel (Vgsc) allele frequencies, we also examined data for Ace-1

allele frequencies and metabolic resistance mechanisms such as cytochrome P450s,

esterases and glutathione-S-transferases; however, the amount of data available at the time

did not meet our requirements for providing standardised data for many locations. The

spatial and temporal distributions of standard WHO susceptibility test results for the

Anopheles gambiae complex and Anopheles funestus subgroup are shown in Figure 9 (Date

File 1).
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Figure 9. Spatial and temporal distributions of Data File 1. (a) The locations of mosquito collections of the An.
gambiae complex and the An. funestus subgroup that were used in standard WHO susceptibility tests. (b) The
number of data points available for each year for the An. gambiae complex and An. funestus subgroup (Moyes
et al., 2019).

Summary interpretation and conclusion

The data files provided here show results for a representative sample of a species complex

or subgroup, with the files having been designed for use in geospatial analyses, giving

precise location and date information. This allows results to be matched with

environmental information and previous vector control interventions. The information

released provides sufficient volumes of standardised values to support a range of analyses

of insecticide resistance in malaria vectors in Africa and is freely available to all. However,

due to the difficulties of rearing An.funestus within an insectary setting, there is still a
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shortage of data points compared to the volume that we have for An.gambiae. After this

paper was published, predicted values for the prevalence of resistance (i.e. mortality in a

standard WHO susceptibility test) at every location in a ~5km resolution grid for 2005 –

2017 were modelled and released.

Moyes et al., 2020 used the data on pyrethroid resistance in all African malaria vectors from

this paper to produce maps that show the probability that the mean prevalence of

pyrethroid resistance in an area meets a set of thresholds linked to specific malaria control

programme recommendations. This allowed them to provide data for areas with gaps in

their resistance results over space and time. The work mentioned above will allow for more

focused and resource-efficient vector control and aid in future resistance modelling.

Author contribution

KG extracted, processed and geopositioned collected data. KG extracted recommended

sample sizes, doses and exposure durations from all WHO and CDC protocols. KG

contributed to final manuscript.
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Chapter 2. Evaluating next-generation ITNs

Paper 3 – Piperonyl-butoxide (PBO) combined with pyrethroids in

insecticide-treated nets to prevent malaria in Africa.

Rationale

An estimated 663 million cases of malaria have been prevented in Africa between 2000 and

2015 (Bhatt et al., 2016; WHO, 2017), attributed mainly to the use of insecticide-treated

nets (ITNs) (Bhatt et al., 2016), which are used to target the malaria vector. All ITNs

currently in use contain a pyrethroid insecticide due to their dual properties of low

mammalian toxicity yet rapid insecticidal activity (Zaim, Aitio, & Nakashima, 2000).

However, widespread pyrethroid insecticide resistance within mosquito populations now

threatens ITN effectiveness (Churcher et al., 2016; Ranson & Lissenden, 2016), increasing

the urgency for novel bed net chemistries and insecticide innovation to maintain the

efficacy of this vector control method. One way to overcome resistance is to add the

insecticide synergist – piperonyl butoxide (PBO) – to the net. PBO inhibits mosquitoes’

specific metabolic enzymes (cytochrome P450s) and results in a new combination net

(pyrethroid-PBO nets) with efficacy in insecticide-resistant mosquito populations.

This Cochrane systematic review aimed to assess evidence of the effectiveness of

pyrethroid-PBO nets against African malaria vectors in areas of different resistance levels to

their standard pyrethroid-only counterpart. Accordingly, we conducted a meta-analysis of

all relevant trials and examined epidemiological and entomological endpoints.

Methods

Included studies in this review were either randomised trials that measured epidemiological

outcomes, entomological outcomes or both, and experimental hut trials. Participants in

trials were adults and children living in malaria-endemic areas in Africa and mosquitoes

from the Anopheles gambiae complex or Anopheles funestus group. Studied nets must have

been treated with both a pyrethroid and PBO and have received a minimum of

interim-WHO approval. Control nets had to contain a pyrethroid only but could be treated

with a different dose from the intervention to allow for the critical appraisal of all

pyrethroid-PBO nets on the market. Primary epidemiological outcomes were malaria

parasite prevalence or incidence of clinical malaria, and entomological outcomes were

mosquito mortality, mosquito knock-down (KD), blood-feeding success and sporozoite rate.

We assessed risk of bias (ROB) for each trial using a set of predetermined criteria used to
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judge certainty of evidence using the Cochrane GRADE approach (Schünemann, 2013), to

low-, moderate- or high-certainty of evidence.

When possible, analyses were stratified by trial design and mosquito resistance level (Table

4). We also performed analyses for the primary outcomes stratified by follow-up time

(4-6months, 9-12months, 16-18months and 21-25months).

Table 4. Stratification of resistance level

Outcome Low Moderate High Unclassified

Mosquito mortality

%

61-90% 31-60% <30% Unknown

Results

We identified 389 records, removed duplicates, and screened all articles for possible

inclusion. After abstract and title screening, we excluded ineligible trials and were left with

25 full-text articles to assess eligibility (Figure 10). Overall, 16 trials conducted between

2010 and 2020 compared standard pyrethroid nets to pyrethroid-PBO nets that met all the

inclusion criteria. These consisted of ten experimental hut trials, four village trials, and two

cluster-randomised controlled trials (cRCTs). The two cRCTs measured the impact of

pyrethroid-PBO nets on malaria infection in humans; all other studies recorded their impact

on mosquito populations (mortality and blood-feeding inhibition).
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Figure 10. Study flow diagram.

The first cRCT, conducted in Tanzania (N Protopopoff et al., 2018), compared parasite

prevalence in children using Olyset Plus (pyrethroid-PBO net) with that of children using

Olyset Net (standard pyrethroid ITN) where mosquito populations are highly resistant to

pyrethroids and found that at the final sampling time-point (21 months), pyrethroid-PBO

nets reduced parasite prevalence by 60% (Table 5) (Table 6). The second cRCT compared

parasite prevalence in children using Olyset Plus or PermaNet 3.0 nets with children using

Olyset Net or PermaNet 2.0 nets across East and West Uganda (Staedke et al., 2020), where

mosquito vectors are also highly resistant to pyrethroids and found that pyrethroid-PBO

nets reduced parasite prevalence by 17% at the latest time point (25months). Examining

results from both studies showed that at 21-25 months post-deployment of nets, parasite

prevalence was lower in the intervention arm (Odds Ratio [OR] 0.79, 96% Confidence

Interval [CI] 0.67 to 0.95; 2 trials, 2 comparisons; moderate-certainty evidence).

Stratifying data from experimental hut studies by resistance levels showed that in areas

where mosquitoes are highly resistant to pyrethroids, new and unwashed pyrethroid-PBO

nets will cause significantly higher mosquito mortality (Risk Ratio [RR] 1.84, 95% CI 1.60 to

2.11; 14,620 mosquitoes, 5 trials, 9 comparisons; high-certainty evidence), and will reduce
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blood-feeding rates (RR 0.60, 95% CI 0.50 to 0.71; 14,000 mosquitoes, 4 trials, 8

comparisons; high-certainty evidence), compared to their non-PBO counterpart. These

effects were not sustained once nets had been washed. We found no evidence for any

difference in the performance of pyrethroid-PBO nets from different manufacturers against

highly resistant mosquitoes.
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Table 5. Adapted summary of findings (Gleave, at al., 2021). Pyrethroid-PBO nets compared to long-lasting insecticidal nets (LLINs) for malaria control when insecticide resistance is high.

Outcomes
Anticipated absolute effects* (95% CI)

Relative effect (95% CI) Number of participants (trials) Certainty of the evidence (GRADE)
Risk with LLIN Risk with pyrethroid-PBO nets

Parasite prevalence

(4–6-month follow-up)
254 per 1000

201 per 1000

(174 to 233)

OR 0.74

(0.62 to 0.89)

11,582 people (2 trials, 2

comparisons, 61 PBO clusters, 64

non-PBO clusters)

HIGH

Parasite prevalence

(9–12-month

follow-up)

180 per 1000
136 per 1000

(118 to 159)

OR 0.72

(0.61 to 0.86)

11,370 people (2 trials, 2

comparisons, 61 PBO clusters, 64

non-PBO clusters)

MODERATE

Due to inconsistency

Parasite prevalence

(16–18-month

follow-up)

248 per 1000
228 per 1000

(196 to 255)

OR 0.88

(0.74 to 1.04)

10,603 people (2 trials, 2

comparisons, 61 PBO clusters, 64

non-PBO clusters)

MODERATE

Due to inconsistency

Parasite prevalence

(21–25-month

follow-up)

350 per 1000
298 per 1000

(265 to 338)

OR 0.79

(0.67 to 0.95)

10,603 people (2 trials, 2

comparisons, 54 PBO clusters, 60

non-PBO clusters)

MODERATE

Due to inconsistency

Mosquito mortality

(un-washed nets)
238 per 1000

438 per 1000

(381 to 503)

RR 1.84

(1.60 to 2.11)

14,620 mosquitoes (5 trials, 9

comparisons)
HIGH

Mosquito mortality

(washed nets)
201 per 1000

242 per 1000

(177 to 328)

RR 1.20

(0.88 to 1.63)

10,268 mosquitoes (4 trials, 5

comparisons)

VERY LOW

Due to imprecision and inconsistency

Blood-feeding success

(un-washed nets)
428 per 1000

263 per 1000

(241 to 311)

RR 0.60

(0.50 to 0.71)

14,000 mosquitoes (4 trials, 8

comparisons)
HIGH

Blood-feeding success

(washed nets)
494 per 1000

400 per 1000

(356 to 454)

RR 0.81

(0.71 to 0.92)

9674 mosquitoes (3 trials, 4

comparisons)
HIGH

*The risk in the intervention group (and 95% CI) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI).

CI: confidence interval; LLINs: long-lasting insecticidal nets; OR: odds ratio; PBO: piperonyl butoxide; RR: risk ratio
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Table 6. GRADE Working Group grades of evidence.

High certainty We are very confident that the true effect lies close to that of the estimate

of the effect.

Moderate certainty We are moderately confident in the effect estimate: the true effect is likely

to be close to the estimate of the effect, but there is a possibility that it is

substantially different.

Low certainty Our confidence in the effect estimate is limited: the true effect may be

substantially different from the estimate of the effect.

Very low certainty We have very little confidence in the effect estimate: the true effect is likely

to be substantially different from the estimate of the effect.

Summary interpretation and conclusion

Data from the studies included in this review show that pyrethroid-PBO nets were more

effective than standard pyrethroid-only nets in reducing the number of malaria infections,

killing mosquitoes, and preventing blood-feeding in areas where mosquito populations are

highly resistant to pyrethroid insecticides. We presented results from this review to the

WHO Evidence Review Group (ERG) for consideration. Results support a recent WHO policy

recommendation that pyrethroid-PBO nets should be considered for use in areas were

insecticide resistance to pyrethroids has been confirmed in the main malaria vectors (WHO,

2017). There is no evidence suggesting that pyrethroid-PBO nets are less effective than

standard LLINs for inducing mosquito mortality in any setting, so if pyrethroid-PBO nets

perform as well or better than standard LLINs, then the choice to switch to these

next-generation nets relies on economics.

The durability of pyrethroid-PBO nets requires further investigation and protocols need to

be adjusted to utilize pyrethroid-resistant colonies so that the impact of PBO, separate from

a pyrethroid, can be measured over the intended lifespan of a net. A recent paper involving

the authors of this Cochrane review proposed a pipeline for monitoring the residual efficacy

of pyrethroid-PBO nets (Lissenden et al., 2022) (Appendix 1).

Author contribution

KG conceived and designed the protocol along with co-author and corresponding author. KG

conducted trial screening, data extraction and analysis along with co-author. KG prepared

the first drafts of the manuscript with co-author, all authors contributed to the final

manuscript.
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Chapter 3. The impact of insecticide resistance on mosquito behavioural

response to insecticides

Paper 4 – Behaviour of pyrethroid resistant Anopheles gambiae at the interface of

two dual active-ingredient bed nets assessed by room-scale infrared room-scale

video tracking

Rationale

Our current main defence line against malaria-transmitting vectors is insecticide-treated bet

nets (ITNs) containing a pyrethroid. However, with resistance to pyrethroids now well

documented across Africa in multiple mosquito species (Penelope A. Hancock et al., 2020),

there is a growing need for new compounds and combinations to help restore the efficacy

of ITNs (Pryce et al., 2018). The success of ITNs relies mainly on the well characterised daily

behaviour of the main malaria vectors, with Anopheles species being anthropophagic (feed

on humans), endophagic (bite indoors), endophilic (rest indoors) and feed during the

evening when most people are more likely to be underneath bed nets (Killeen et al., 2006;

Pates & Curtis, 2005). There have been reports of mosquito behavioural alterations

contributed to widespread ITN use (Gatton et al., 2013). Moiroux et al., (2012) reported a

shift in An. funestus biting times in Benin, from a peak late at night to early morning,

following a mass ITN distribution campaign in two villages. With the introduction of

next-generation nets, it is essential to understand how mosquitoes will behave around new

chemistries. Room-scale video tracking allows recording of active mosquito behaviour

around an entire net, capturing visits towards the human host, contact number and contact

duration (Parker et al., 2017). This study reports the first room-scale behavioural tracking of

insecticide-resistant Anopheles mosquitoes around an untreated net, a standard pyrethroid

only net and two next-generation nets, Interceptor G2 and Permanet 3.0. 

Methods

Two insecticide-susceptible (Kisumu and N’gousso) and two insecticide-resistant (VK7 and

Banfora) strains of Anopheles gambiae were reared at the Liverpool School of Tropical

Medicine (LSTM) under standard insectary conditions (27 °C and 80% relative humidity,

12:12 light/dark cycle). The ITNs used in this study are shown in Table 7, and all

experiments required a human volunteer to act as ‘bait’ underneath a bed net.
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Table 7. Insecticide treated nets used in room scale tracking assays. (Gleave et al., 2022)

Net type   Specification  Manufacturer 

Polyester control  Untreated  Bayer AG, Leverkusen, Germany 

Olyset Net 150 denier polyethylene net with permethrin

at 800 mg/m2 

Sumitomo Chemical Company,

Tokyo, Japan 

PermaNet 3.0   roof is 100 denier polyethylene net with

deltamethrin at 120mg/m2 and PBO at

750mg/m2, sides are 75 denier polyethylene

net with deltamethrin at 84mg/m2 

Vestergaard Sarl, South Africa 

Interceptor G2 75 denier polyester net with

alphacypermethrin at 100mg/m2 and

chlorfenapyr at 200 mg/m2 

BASF AGRO B.V Arnhem (NL),

Germany 

Experiments were performed in a climate-controlled custom-built free-flight testing room

(7m x 4.8m x 2.5m), with all assays performed during the ‘night’ phase of a mosquito’s

circadian rhythm.

We release 25 mosquitoes into the room and recorded behaviour over 2hours using paired

identical recording systems. Figure 11 shows a schematic diagram of the filming apparatus.

ITN treatments were rotated approximately every three weeks, and the testing room was

deep cleaned.

Data extracted during video analysis included trajectory duration, distance travelled, the

number, duration and location of contact with the bed net, and track velocity, all of which

have been previously described by Parker et al., (2015). Since we released multiple

mosquitoes into the room it was impossible to track them individually, and so analyses

were performed on individual flight tracks, which could be categorised into different

behavioural modes; swooping, visiting, bouncing or resting (Table 8). After each tracking

assay, mosquitoes were collected and underwent sub-lethal pipeline monitoring to assess

60minute knock-down (KD), 24hour mortality, willingness to feed at 60minutes or 24hours,

overall longevity and wing length. Table 9 summarises all outcomes and measured

endpoints of this study.
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Figure 11. Set-up of room scale tracking recording system. Adapted from (Voloshin et al., 2020). (A) camera, (B)
lens, (C) LED ring light, (D) Fresnel lens, (E) Retroreflective screen, (F) bednet and volunteer.

Table 8. Definition of mosquito behavioural modes.

Behavioural

mode 

Definition 

Swooping Flight tracks without net contact.

Visiting

Tracks where extended periods of flight were interspersed with infrequent

contacts with the bed net. Contacts were characterized as sharp 80° turns or

more in the trajectory, and when multiple contacts occurred with the net, the

minimum interval between each contact was 0.4 seconds (i.e., an interval of at

least 20- frames, at 50 frames per second).

Bouncing

Tracks where the mosquito made multiple contacts at intervals of less than 0.4

seconds with the bed net surface; including tracks with short flights between the

contacts, or tracks maintaining contact with the bed net surface without being

static. This includes ‘walking’ or ‘probing’ the net with gaps in movement lasting

less than 0.75 seconds 
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Resting

Tracks where the mosquitoes were static for at least 0.75 seconds on the net

surface, or where the velocity of mosquito movement was less than 1.33 mm/s.

Dead mosquitoes were excluded by limiting resting periods to a maximum of

300 seconds, however, no dead mosquitoes were found on nets at the end of

each test 

Table 9.  Outcome and measured endpoints.

Outcome Measured endpoint

Bioefficacy of nets Mosquito mortality at 24hours post-exposure

Mosquito longevity Overall longevity, monitored until natural day of death

Mosquito activity Total activity, calculated as the sum of all mosquito activity, regardless of

behavioural mode

Mosquito activity per

behavioural mode

Total activity time split between the four behavioural modes

Total net contact

number

The sum of the number of all contacts occurring with the bed net where

contacts are obtained from visits, bounces or resting tracks

Total net contact

duration

The sum of the total duration of all contacts occurring with the bed net

where contacts are obtained from visits, bounces or resting tracks

Contact location Filming field of view was divided into 16 regions, 10 of which are on the

bed net and so contact number and duration in each region could be

assessed

Flight speed Speed (m/s) using whole swooping tracks around the net

Activity decay Total activity in first 5minutes of recording subtracted from total activity

in final 5minutes of recording

Willingness to feed Mosquitoes offered blood meal at 60minutes and 24hours post-exposure

Mosquito size Wing length

Results

One thousand six hundred ninety mosquitoes were tested across 73 assays, using 18

different volunteers as human ‘bait’. Olyset (OL), PermaNet 3.0 (P3) and Interceptor G2

(IG2) killed more than 90% of susceptible strains at 24hours, however, mortality rates were

significantly lower for resistant strains on all ITNs (OL: VK7 20.4%, Banfora 45.4%; P3: VK7

71.4%, Banfora 72.4%; IG2: VK7 15.9%). Mortality at 72hours for VK7 after exposure to IG2

was 25.3%.
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Across all treatments, flight track length ranged from 2.51mm to 20249.09mm

(20.25metres), and track duration ranged from 0.077 seconds to 1010.03 seconds

(16,83minutes). For all four strains, total activity around an untreated net was significantly

longer than that around any ITNs. There was no difference in total activity observed

between susceptible and resistant strains around any of the ITNs tested (Figure 12). The

number of contacts and contact duration was also similar for all ITNs and strains.

Figure 12. Behaviour of Anopheles gambiae at human baited bed nets. Mean total activity time of Anopheles
gambiae recorded for each behavioural mode over two-hour recording period. As multiple mosquitoes were
active simultaneously in the field of view, the total activity time could exceed the total recording time of 2 hours
(7,200 seconds) (Gleave et al., 2022).

The distribution of total activity for all strains was heavily focused on the roof of all nets

(>90% on UT, >85% OL, >72% P3 and >87% IG2) and did not change throughout the assay.

We observed a steep decay in activity for both susceptible strains in the presence of OL and

P3, but only a decrease in activity over time for Kisumu with IG2. Resistant strains showed a
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less dramatic decay in activity when OL and P3 were present, but decay was still more

pronounced than with an untreated net (Figure 13).

Figure 13. Rates of Anopheles gambiae activity across four behavioural modes, throughout 120minute recording
test period. Total activity is shown for untreated net (UT), Olyset Net (OL), PermaNet 3.0 (P3) and Interceptor G2
(IG2) for Kisumu, N’gousso, VK7 and Banfora (Gleave et al., 2022).

All ITNs reduced blood-feeding in resistant strains one-hour post-exposure, with a more

pronounced effect seen with OL and P3 than IG2.

Summary interpretation and conclusion

These are the first results to provide an in-depth description of the behaviour of susceptible

and resistant Anopheles gambiae strains around next-generation bed nets using a

room-scale tracking system to capture multiple behaviours. This study indicates that the

range of effects on ITNs on mosquito behaviour is consistent, with no major alterations in

mosquito responses between differing insecticide resistance levels.

Our results show that despite promising results from experimental hut studies (Bayili et al.,

2017; Camara et al., 2018; Tungu et al., 2021) and a recent clinical trial (Mosha et al., 2022)

looking at Interceptor G2, both 24hr and 72hr mortality of insecticide-resistant mosquitoes

remains low when tested under these conditions. This is concerning as we observed no

difference in the number of contacts or the duration of time spent contacting ITNs between

susceptible or resistant strains.

Behavioural data, like that collected in this study, could be used to improve insect trapping

or non-lethal collection methods in the future. It is, however, important to consider that

that this system does not accurately represent the shape of a bed net that would be used in
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a realistic setting, and due to our testing being carried out under controlled insectary

conditions, we were not able to replicate any potential wind flow or room atmospheric

changes which may alter mosquito behaviour over the course of a night.

Leading on from this study, the tracking system is currently being used in Benin to record

the behaviour of wild Anopheles gambiae around next-generation nets.

Author contribution

KG and AG collected data. KG analysed results and prepared the manuscript.
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Chapter 4. The impact of insecticide resistance and parasite infection on

mosquito behaviour and longevity

Paper 5 – The effect of temephos, permethrin and malathion selection on the

fitness and fecundity of Aedes aegypti.

Rationale

Within the major arbovirus vector Aedes aegypti, resistance to all four classes of

insecticides commonly used in public health has been documented in larval and adult life

stages (Montella et al., 2007). Resistance mechanisms have been reported to cause

significant alterations to key physiological functions in vectors, such as depleting energy

recourses (Diniz et al., 2015), affecting development time (Martins et al., 2012; Rahim et al.,

2017; Ramos et al., 2018), and altering immune functions (Vontas et al., 2005), all of which

can impact on disease transmission. In addition, there are often multiple interactions

occurring between fitness-related phenotypes, so this study aimed to investigate to what

extent mosquito fitness may be affected in a colony of Aedes aegypti after selection with

temephos, permethrin or malathion insecticides by measuring energetic reserves,

development time, longevity, reproduction, and flight.

Methods

Aedes aegypti colony from Recife, Brazil, was used to create four strains via exposure over

ten generations to either: the larval organophosphate temephos (REC-R); the adult

pyrethroid permethrin (REC-P), the adult organophosphate malathion (REC-M); or no

insecticide exposure (REC-U) (Thornton, Gomes, Ayres, & Reimer, 2020). All strains were

established and maintained at the Liverpool School of Tropical Medicine (LSTM) under

standard rearing conditions (27 °C and 80% relative humidity, 12:12 light/dark cycle).

We measured immature development, sex ratio, adult longevity, energetic reserves (lipid

and glycogen) under different rearing conditions (standard and crowded) and time points

(two and eight days post-exposure), ingested bloodmeal volume, mosquito size (wing

length), male and female reproductive fitness (sperm number, individual mating success,

cross mating success, female egg laying, larval hatch rate) and flight capability (using an

insect tethered flight mill) in the unexposed offspring of the four strains (Table 10).
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Table 10. Study objectives and measured endpoints. *denotes wing length measurements were taken. (Gleave,
Mechan, & Reimer, 2022)

Objective Cohort Outcome Measured endpoints

Life traits

Standard
density

Immature
development

Number successfully pupated and
time to pupation and sex ratio

Number successfully eclosed and
time to eclosion and sex ratio

Adult longevity Day of death

Crowded
density

Immature
development

Time to pupation and sex ratio

Time to eclosion and sex ratio

Energy
reserves

Standard
density

Blood meal volume Haemoglobin content

Reserves (day 2)
Lipid content (µm/mL)*

Glycogen content (µm/mL)*

Reserves (day 8)
Lipid content (µm/mL)*

Glycogen content (µm/mL)*

Crowded
density

Reserves (day 2)
Lipid content (µm/mL)*

Glycogen content (µm/mL)*

Reserves (day 8)
Lipid content (µm/mL)*

Glycogen content (µm/mL)*

Reproductive
fitness

Male

Fertility
Total sperm count per male *

Sperm number per mm wing length

Individual mating
success

Number females inseminated per
male

Cross mating success
Number females inseminated per

male

Female Female fecundity
Total egg number per female fed to

repletion

Total L1 per female fed to repletion

Flight
capability

Female
Flight distance

Total distance (m)

Average speed (m/s)

Flight bursts Number of bursts over test period

Results

At both rearing densities, REC-R

had the highest pupation and

eclosion rates; however, for all

strains, the time to 50%

pupation and eclosion were

slower for the crowded rearing

density. With a mean female

survival of 28.07 days and mean

male survival of 35.13days,

REC-R lived significantly longer
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than REC-U and REC-M. The best fit model for lipid content reported a significant

interaction between ‘strain’ and ‘age’. At two DPE, lipid content for REC-R was significantly

higher than REC-M and REC-P. In contrast, REC-M lipids were significantly higher than REC-P

at day eight. Regarding glycogen content, there was a significant interaction between

‘strain’ and ‘density’, showing that mean glycogen content for REC-R was significantly higher

than both REC-P and REC-U. At two DPE, REC-R contained significantly more glycogen

reserves than all other strains, but no difference was observed at day eight. For

reproductive fitness: REC-R contained significantly more sperm per mm of wing length than

all other strains; REC-R was significantly poorer at mating three females than REC-U (Figure

14); REC-U produced a larger mean egg batch and had a higher larval hatch rate than REC-R

and REC-M however these results were not significant. When we flew mosquitoes on the

tethered insect flight mill, REC-P flew a longer distance within an hour than REC-R.

Summary interpretation and conclusion

We found that insecticide selection impacts fitness traits in both female and male

mosquitoes, with our results suggesting that continued selection with temephos at larval

stages leads to shorter development time and increased longevity but reduces fecundity.

However, switching to selection with malathion at the adult stage leads to better

reproductive fitness. One explanation for this is that exposure during larval stages can only

lead to resource allocation to promote survival rather than be used for reproduction. This

suggests that continued exposure to insecticide pressure can lead to trade-offs in

life-history phenotypes that could either enhance or limit vectorial capacity. These results

have implications for VC programmes targeting the larval stages as mosquito longevity is

crucial for vectorial capacity and disease transmission.

Author contribution

KG and corresponding author conceived and designed the study. KG collected and analysed

the data. KG prepared initial drafts of manuscript with all authors contributing to the final

version.
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Paper 6 – Filarial infection influences mosquito behaviour and fecundity.

Rationale

The neglected tropical disease (NTD), lymphatic filariasis (LF), is the second-largest cause of

permanent and long-term disability worldwide (WHO, 2010). Three species of filarial

nematode are responsible for causing LF: Wuchereria bancrofti, Brugia malayi, and Brugia

timori (WHO, 2022), and they can be transmitted with varying degrees of success by

mosquitoes from the Anopheles, Culex, Aedes and Mansonia genera (Wattam &

Christensen, 1992; Erickson et al., 2013; WHO, 2022). LF transmission is indirect, with

parasites undergoing development within the mosquito vector before passing on to the

definitive human host (Paily, Hoti, & Das, 2009). Parasite development within the host takes

between 11-14 days and can be highly damaging to the mosquito as microfilariae (mf)

penetrate out of the midgut wall and, as larvae, migrate through flight muscles.  Previous

work in different disease systems has shown that parasite infection can alter vector

physiology and behaviour, which are essential for disease transmission. Understanding

vector-parasite interactions is becoming critical as we move towards control programme

elimination goals, where vector dynamics may differ with reduced transmission pressure.

This study aimed to determine how an infection with Brugia malayi influences Aedes

aegypti host-seeking behaviour and fecundity after exposure to low and high densities of

microfilaraemic blood.

Methods

Aedes aegypti Liverpool strain (LVP strain) mosquitoes were reared and maintained under

standard insectary conditions (27 °C and 80% relative humidity, 12:12 light/dark cycle). We

split 4–6-day-old females  into separate cohorts and allowed them to feed on either control

uninfected blood or blood containing Brugia malayi parasites at low (5,450 - 7,750 mf/ml)

or high (10,550 - 15,400 mf/ml) densities for 30minutes. Mosquitoes were dissected at

different time points to correspond with the development times of Brugia malayi within the

vector. All filarial worms recovered were included in the study and categorised as mf,

developing (L1 and L2) or infective (L3), along with recording body region in which they

were found.

To assess the impact of infection on behaviour in the presence of a host, a short-range host

assay was carried out on mosquitoes 4-6 days post-exposure (DPE) and at 11-13 DPE,

followed by mosquito dissection. Per replicate, we placed ten mosquitoes into a holding

chamber which was connected to another chamber of the exact dimensions via a ‘tunnel’ of
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48cm (Figure 15). Mosquitoes settled in the holding chamber before we opened a gate, and

they had the option to move through the tunnel towards host cues in the second chamber.

Those that remained in the holding cage were considered to non-responsive, while those

that flew down were responsive to host cues. Fecundity assays were carried out three days

after blood-feeding.

Figure 15. Schematic diagram of short-range host-seeking assay.

Results

We observed a dynamic, stage-specific and density-dependent change in Aedes aegypti

behaviour towards host cues when exposed to Brugia malayi filarial parasites. During filarial

larval development (L1/L2), mosquitoes exhibited reduced flight towards host cues

compared to controls: however, when infective stage larvae (L3) were present, mosquitoes

were five times more likely to fly towards host cues (p<0.001) (Figure 16). This observed

behaviour was density-dependent, with non-responsive mosquitoes harbouring a more

significant burden of L1/L2, while activated mosquitoes contained a greater number of L3

(p<0.001). Reductions in fecundity were also density-dependent and extended to

mosquitoes exposed to mf but did not support larval development.
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Figure 16. Incidence rate ratio (IRR) of mosquito convergence in the presence of host cues. (a) Converging
mosquitoes at the developing stage (4-6 DPE) compared to the control cohort. (b) Converging mosquitoes at the
infective stage (11-13 DPE) compared to the control cohort. All observed behaviours were significantly different
than the control un-infected mosquitoes at both time points (p<0.0001). Control (n=790), Low Density (n=250),
High Density (n=930) (Gleave et al., 2016).

Summary interpretation and conclusion

Many disease transmission models are based on set parameters that describe the same

behaviours, physiology and vector-parasite interactions for all mosquitoes regardless of

infection state. Here we have explained how these traits can differ depending on whether

mosquitoes are uninfected, exposed to mf but do not harbour an infection, or contain

developing or infective larvae, all in a density-dependant manner. As current elimination

programmes rely on mass drug administration, which reduces community mf prevalence, it

is essential to consider what effect this could have on continued parasite transmission and

the vectorial capacity of mosquitoes. Mosquitoes that avoid risky behaviour while parasitic

worms are in the developing stage, are more likely to survive until they become infective,

thus improving their vectorial capacity and ability to transmit disease.

Further work is needed to understand how the complexity of these behavioural changes

contributes to transmission dynamics, particularly when considering whether alterations in

behaviour towards hosts could impact flight around control interventions such as bed nets.

Similarly, we need to consider whether alterations in flight towards host cues could be

caused by parasite infection damaging the thoracic muscles. This led the author team to

consider the work that ultimately led to paper 7 (Somerville, Gleave, Jones, & Reimer,

2019). We also considered other factors that could contribute to alterations in vectorial

capacity and went on to carry out a study investigating the impact that insecticide selection

has on mosquito life-history traits. (Gleave, Mechan, & Reimer, 2022) (Paper 5).
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Author contribution

KG along with corresponding author conceived and designed the study. KG conducted

experiments and carried out data analysis. KG prepared initial drafts of manuscript with all

authors contributing to the final version.
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Paper 7 – The consequences of Brugia malayi infection on the flight and energy

resources of Aedes aegypti mosquitoes.

Rationale

Previous experimental infection studies have shown that infected mosquitoes exhibit

altered host-seeking behaviours, with suppression and activation of these traits dependent

on the parasite’s developmental stage (Gleave, Cook, Taylor, & Reimer, 2016). The exact

cause of this altered host-seeking behaviour remains unclear; however, damage to flight

muscles or the impact of infection on mosquito energy reserves could influence vital

life-history traits. As any alterations in vector behaviour or physiological functions can

significantly impact disease transmission and vectoral capacity (Cator, et al., 2014; Killeen et

al., 2017), future modelling frameworks could benefit from an increased understanding of

these interactions (Irvine et al., 2015). The primary aim of this work was to determine the

influence of filarial infection on a range of mosquito flight parameters and assess whether

infection also altered mosquito energy resources.

Methods

Aedes aegypti Liverpool strain (LVP strain) was reared at LSTM under standard rearing

conditions (27 °C and 80% relative humidity, 12:12 light/dark cycle). We offered mosquitoes

a blood meal containing either microfilaraemic blood (20,000 mf/ml) or uninfected blood,

removing all mosquitoes that had not fed to repletion from the study.

We assessed flight ability using a tethered insect flight mill (Figure 17), at 4-6 DPE (when

developing L1/L2 were present) or 11-13 DPE (when infective L3 were present). Flight

parameters measured are described in Table 11. We split mosquitoes into four treatment

cohorts: a one-hour flight mill assay 4-6 DPE followed by dissection to recover larvae; a

one-hour flight mill assay 11-13 DPE followed by dissection to recover larvae; a one-hour

flight mill assay 9 DPE followed by lipid and glycogen analysis; lipid and glycogen analysis 9

DPE but with no flight. In addition, we measured wing length to determine if there was a

correlation with flight activity.
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Figure 17. The set-up of a flight mill used during testing in this study, including rotor. Mosquitoes fly around a
radius measuring 4cm, causing the light encoder to periodically break a laser beam with measures distance. 1
rotation = 25.13cm. (Image provided by A. Somerville).

Table 11. The definition and rationale for the flight responses measured and analysed using the tethered insect
flight mill system (Somerville et al., 2019).

Flight parameter Unit Definition Rationale

Flight distance Meters (m) Total distance

covered in one

hour.

Damage caused to thoracic flight

muscles by developing filarial worms is

likely to affect flight distance. Previous

studies indicate reduced distance from

filarial infection.

Average speed Meters per

second (m/s)

Average distance

covered per second

across one hour.

Damage caused to thoracic flight

muscles by developing filarial worms is

likely to affect measures of speed.

Maximum speed Meters per

second (m/s)

Highest speed

reached within

flight testing.

Damage caused to thoracic flight

muscles by developing filarial worms is

likely to affect measures of speed

Number of flight

bursts

- Any flight attempt

that lasts more

than 5 seconds and

covered a distance

of at least 0.25m.

Previous studies indicate reduced flight

attempts following filarial infection.
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Results

Two hundred and seventeen mosquitoes (123 fed with infected blood and 94 fed with

uninfected blood) were flown on the tethered insect flight mill for one hour across three

replicate experiments. Dissections performed post-flight on those fed on infected blood

found that 63.1% were infected with developing larvae (4-6 DPE), and 50.0% contained

infective larvae (11-13 DPE). We split mosquitoes into three groups for analysis: ‘exposed’

(fed on infected blood but did not contain filarial worms at the time of dissection),

‘infected’ (fed on infected blood and contained at least one worm at time of dissection,

‘control’ (fed on uninfected blood).

Generalised Linear Mixed Models (GLMMs) indicated that infection status had a significant

effect on flight distance (χ² = 10.5, p=0.005), average speed (χ² = 10.3, p=0.006), maximum

speed (χ² = 20.5, p<0.001) and the number of flight bursts (χ² = 17.6, p<0.001). Pairwise

comparisons found that both exposure and infection lead to a decline in distance and speed

of flight and an increase in the number of flight bursts a mosquito makes. We analysed 76

mosquitoes for energy resources, with infected mosquitoes containing significantly less

glycogen and lipid content than controls. Flight activity had no significant effect on glycogen

levels but did increase lipid content (Figure 18).

Figure 18. The glycogen and lipid content of Aedes aegypti mosquitoes based on Brugia malayi mf feeding status
and flight status. (a) Glycogen, (b) Lipid. All mosquitoes were allowed to fly for a total time of one hour.
Mosquitoes are categorised as either control or having fed on infected blood, as confirmation of infection
intensity was not possible. Standard error bars are shown (Somerville et al., 2019).
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Summary interpretation and conclusion

This work followed a previous study reporting parasite stage-specific alteration in the

host-seeking behaviour of Aedes aegypti(Gleave et al., 2016).  Questions arose as to

whether the observed changes were parasite-mediated, or due to damage caused by

parasite movement through body tissues that would affect flight ability. These results found

that exposure to microfilaraemic blood led to a significant decrease in average and

maximum flight speeds even in the absence of an established infection. In addition,

mosquitoes fed on microfilaraemic blood showed reduced levels of glycogen (−37.9%) and

lipids (−49.7%) compared to controls at nine days post-exposure. However, a one-hour

period of flight activity caused an increase in lipid content for both infected and control

mosquitoes.

Further exploration into the complication dynamics between parasites and vectors is

needed. Aedes mosquitoes do not tend to disperse as far as Anopheles mosquitoes do, so

any alterations in flight caused by damage or parasite manipulation could lead to smaller

flight areas and hence smaller pockets of sustained diseases transmission. However, this

work, along with others, has increased our understanding of the interactions between

parasite infection, fitness costs, immunity and flight, all of which may explain the

heterogeneous distribution of lymphatic filariasis.

Author contribution

KG aided in training, data collection and manuscript preparation.
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Discussion

Our reliance on insecticides for vector control means that the rapid spread of insecticide

resistance across Africa poses a considerable threat and could halt the progress already

made in reducing the clinical incidence of vector-borne diseases such as malaria (Churcher

et al., 2016; Hancock et al., 2020; Ranson & Lissenden, 2016).

Consequently, the first chapter of this thesis investigated the spread and distribution of

resistance in the main malaria vectors in Africa. In response to growing concerns over

insecticide resistance, it is crucial to have accurate data available to inform control

programmes and aid decision making on which control methods would be best placed in

which areas.

The collation and analyses of all available insecticide resistance data from Africa has

provided a modelling framework which can be used to analyse spatial and temporal

patterns of resistance for different Anopheles species. This work includes results from 71

countries and covers resistance to carbamates, organochlorines, organophosphates and

pyrethroids. Between paper 1 (Coleman et al., 2017) and paper 2 (Moyes et al., 2019), we

now have information from a geospatial analysis which can be downloaded as standardised

datasets on resistance phenotype and genotype for multiple species across multiple

locations and time points. One of the challenges of working with large datasets is that

information is often collected using various methods, with different assay protocols,

different species and sibling species being tested, and different volumes of mosquitoes

used. This can make results difficult to interpret, but projects like IR-MAPPER, which give

measures of resistance for a representative sample of a population, will aid policymakers,

control programmes and researchers in decision making on which vector methods and

regimes should be implemented, hopefully prolonging the use of current and new

insecticides.

We have previously observed that the introduction of insecticides into countries without

prior sufficient insecticide resistant testing and profiling, can have detrimental effects.

During South Africa’s indoor residual spraying (IRS) control programme, pyrethroids were

chosen for use and had a negative effect on disease control, as pyrethroid resistant

Anopheles funestus were reintroduced into areas and malaria cases increased (Hargreaves

et al., 2000). This has also been observed in Burkina Faso where local vectors are now 1000
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fold resistant to pyrethroids, meaning that both the personal and community protection of

ITNs has been lost (Toé et al., 2014).

Many control programmes use a combination of vector control tools; however, multiple

countries are now reporting resistance to two or more classes of insecticide with differing

resistance mechanisms. If we are to continue having success in controlling disease vectors,

we must use insecticide resistance data alongside new methods to target and kill

pyrethroid-resistant mosquitoes. One way to achieve this is by adding the synergist

piperonyl-butoxide to pyrethroid nets to inhibit cytochrome p450s and prevent the

metabolism of pyrethroids within mosquitoes, thus restoring a net’s lethal effect. In 2021

over 40% of all ITNs distributed across Africa were next-generation pyrethroid-PBO nets

(The Alliance for Malaria Prevention 2022). However, while these nets are currently widely

distributed, there are still gaps in our knowledge about their effectiveness under different

conditions and durability after washing over the intended three-year lifespan (Gleave et al.,

2021; Kleinschmidt et al., 2018; Mosha et al., 2022).

Various trials have been completed, but it can generally be challenging to understand the

overall impact of these new nets on entomological and epidemiological outcomes. So a

Cochrane systematic review was designed and carried out (Gleave et al., 2021). This review

assessed the effectiveness of pyrethroid-PBO nets, compared to their pyrethroid-only

counterparts, against malaria vectors in Africa in areas of differing pyrethroid resistance.

The rigorous examination of entomological and epidemiological data is crucial, having set

criteria for trials so that results can be meta-analysed together.

Two cluster randomised controlled trials were available to analyse at the time of this review,

one in Tanzania (Protopopoff et al., 2018) and one in Uganda (Staedke et al., 2020). The trial

in Tanzania compared parasite prevalence in children using either Olyset Plus

(pyrethroid-PBO net) or Olyset Net (pyrethroid only) in areas where mosquitoes are highly

resistant to pyrethroids. They found that pyrethroid-PBO nets reduced malaria prevalence

by 60% at the final reported timepoint of 21months. The second cRCT compared two

pyrethroid-PBO nets, Olyset Plus and PermaNet.30, against their pyrethroid-only

counterparts, Olyset Net and PermaNet 2.0, again in areas of high pyrethroid resistance.

Results from this trial reported that pyrethroid-PBO nets also reduced parasite prevalence

by 17% at 25months post-deployment. We found the trial methods and results of these

studies to be robust and concluded that we are very confident that the intervention’s true

effect lies close to that of the estimate of the effect (high-certainty evidence).
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To best examine entomological data from experimental hut studies, we stratified results by

resistance level and found that PBO-nets reduced mosquito blood-feeding rates and

increased mosquito mortality in areas of high pyrethroid resistance. However, these results

were not sustained when nets had been washed. The results from this review highlight the

importance of examining data in this way. We were able to determine that in areas of high

pyrethroid resistance, pyrethroid-PBO nets increased mosquito mortality, reduced

blood-feeding success and reduced the clinical incidence of malaria. We found no

differences in the performance of nets from different manufacturers; however, due to the

low number of studies available, we could not compare them all.

Pyrethroid-PBO nets were not superior in moderate or low pyrethroid resistance areas, but

they did not perform any worse than standard ITNs, so we present no evidence that they

should not be used in all settings if it would be cost-efficient to do so. Performing hut trials

alongside cRCTs will aid with measuring the effect of new active ingredients, such as PBO,

on resistant populations and would be useful for assessing net durability (Lees et al., 2022;

Lissenden et al., 2022), particularly if the effects on mortality and blood-feeding do not

appear to be sustained after washing. A recent study by Mosha et al., (2022), undertaken in

a high pyrethroid-resistant area of Tanzania, reported that pyrethroid-PBO nets sustained

their effectiveness for less time than the nets included in this review. One explanation is

that net use declined more rapidly in the study areas due to poor physical integrity and nets

becoming more torn than other ITNs.

Most of the available data evaluated in the performance of pyrethroid-PBO nets is against

Anopheles gambiae s.l, with very little data available for the second major species complex

in Africa, Anopheles funestus, and none for other minor species. To increase our

understanding, more studies need to be carried out in areas where different species are

present, as they will have different behaviours and different mechanisms of resistance. This

is a critical data gap to fill as it could have implications for net deployment where members

of the An. gambiae complex are not the primary vector of disease.

The success of next-generation nets relies, in the same way as previous ITNs, on the daily

behaviour of mosquito populations (Pates & Curtis, 2005; Killeen et al., 2006). If a mosquito

does not contact a treated net, then the intended effects (mortality or a reduction in

fecundity) will not occur. While there have been multiple field trials for next-generation nets

examining their impact on disease reduction and mosquito mortality ( N’Guessan et al.,
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2016; Bayili et al., 2017; Camara et al., 2018; Protopopoff et al., 2018; Tungu et al., 2021;

Mosha et al., 2022), there is little work on how mosquitoes interact with these nets.

A room-scale infrared video tracking system increased our knowledge of mosquito

interactions around novel insecticide chemistries and combinations. Previous work using

this system (Parker et al., 2017) categorised mosquito behaviour into four behavioural

modes (swooping, visiting, resting and bouncing) and reported that the majority of

mosquito interactions with bednets occurred on the roof above the human torso, which

correlates with results from a previous study (Lynd & Mccall, 2013).

The work in this thesis explains the first results using room-scale video tracking to record

susceptible and resistant mosquitoes around two different next-generation

insecticide-treated nets – PermaNet 3.0 and Interceptor G2 (Gleave et al., 2022). Using this

system, data was collected and analysed on net bioefficacy, mosquito longevity and

blood-feeding success, mosquito activity and behavioural modes, number and duration of

contacts made with the net and rates of activity decline over time. Bioefficacy of the

standard pyrethroid-only net was low as expected against resistant strains. The

pyrethroid-PBO net induced higher mortality but did not manage to kill all mosquitoes

(24hour mortality VK7 71%, Banfora 72%), and the efficacy of Interceptor G2 against

resistant VK7 was lower, causing 16% mortality. To consider the delayed lethal action of

chlorfenapyr, we recorded mortality at 72hours and monitored mosquito longevity until the

natural day of death. Resistant strain mortality at 72hours increased to 24%; however, the

median survival time for mosquitoes exposed to Interceptor G2 was the same as those

exposed to an untreated net (10 days). The low mosquito mortality in this study does not

reflect the promising entomological results from experiments carried out in the field (Bayili

et al., 2017; Camara et al., 2018; Tungu et al., 2021). The recent randomised controlled trial

in Tanzania (Mosha et al., 2022) also reported the high efficacy of chlorfenapyr nets,

showing a decrease in malaria incidence in children alongside a decrease in vector

abundance and longevity. These results are not mirrored in the room-scale tracking study;

however, we did observe a reduction in blood-feeding success with resistant mosquitoes

that survived exposure.

Total mosquito activity was higher around untreated nets, comparable to previous work

(Parker et al., 2017). However, all essential characteristics of responses were the same

between the three ITNs for both susceptible and resistant strains, observing no difference

in activity, contact number or contact duration. This is promising for next-generation nets as
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it suggests that resistant mosquitoes do not interact differently around the novel

chemistries used compared to a pyrethroid only net. However, with this style of behavioural

study, it is important to note that results must be interpreted carefully. We could not track

individual mosquitoes throughout the recording to interpret the effects of insecticide

exposure, so contact duration with a net could vary between mosquitoes. This room-scale

tracking system is now being implemented in Benin to investigate the behaviour of local

wild mosquitoes around the same next-generation nets.

For mosquitoes to be successful disease vectors, they need to survive the parasite extrinsic

incubation period (EIP). A substantial part of this thesis was investigating the effect of

insecticide selection and parasite infection on mosquito behaviour and physiology and

considering how this may impact vectorial capacity. Insecticide resistance mechanisms

cause alterations to physiological functions by depleting energy reserves (Diniz et al., 2015),

affecting development time (Martins et al., 2012) and impacting immune responses (Vontas

et al., 2005). To examine the effects of insecticide selection, we measured multiple

life-history parameters after exposure to temephos, malathion and permethrin or after no

sustained insecticide exposure on mosquitoes that originated from the same parental

colony. This study concluded that insecticide exposure impacted both male and female

physiological traits, suggesting that exposure to the larval organophosphate temephos leads

to shorter developmental times and increased longevity but reduces fecundity. However,

selection with the adulticide malathion leads to improved reproductive fitness. We believe

this can be explained by differences in resource allocation that promote survival rather than

increasing offspring. Our temephos resistant line had an increased number of sperm per

millimetre of wing length compared to the other strains, but the poor insemination success

suggests that these males potentially produce a larger ejaculate but at less frequent

intervals. Similar results were observed in a different study, were male mating success was

inversely proportional to the temephos resistance ratio (Belinato, Martins, & Valle, 2012)

and in work by Diniz et al., (2015) who showed that resistance status impacts male mating

success. Body size is a well-documented factor in  male mating success, with previous

studies (A Ponlawat & Harrington, 2007; Alongkot Ponlawat & Harrington, 2009) reporting

that Aedes aegypti body size was correlated with sperm number. However, our study

confirmed that the significant differences in sperm number between strains were not

attributable to differences in body size.

Our results on female fecundity were again similar to that of Belinato et al., (2012), who

showed females from a highly resistant temephos field strain laid fewer eggs than the
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susceptible counterpart. While reduced fecundity in resistant strains could lead to lower

mosquito densities, adult female longevity is a crucial factor in the vectorial capacity of wild

mosquito populations. REC-R female and male mosquitoes survived significantly longer

than other strains in this study, however, previous work using a different Aedes albopictus

strain reported that temephos resistant field strains had a shorter life span than their

susceptible counterpart (Rahim et al., 2017). One notable difference between these studies,

is that we tested laboratory mosquitoes with an extended history of insecticide pressure, in

contrast to a progeny originating from only one round of larviciding. The outcomes of

insecticide selection presented here will have different effects on vectorial capacity, either

increasing the chance to survive the EIP or reproducing effectively and passing on resistance

genes.

Along with increasing our understanding of the effects of resistance, this thesis expands our

knowledge on another essential factor in vectorial capacity, the effect of parasite infection.

Parasite transmission relies on a vector’s ability to successfully locate a host and acquire a

blood meal. Previous studies, mainly investigating mosquito-Plasmodium interactions, have

shown that parasitic infection can alter this behavioural process, with infective vectors

more likely to initiate probing, probe for longer and feed to repletion (Anderson et al., 1999;

Koella, Rieu, & Paul, 2002; Wekesa et al., 1992). These alterations in host-seeking behaviour

appear to be stage specific, with mosquitoes positive for infective sporozoites being more

likely to initiate probing, probe for longer and feed to repletion. These results suggest that

mosquito behaviour may be altered in order to reduce risky behaviour, such as foraging and

blood-feeding, when parasites are still developing, while promoting these behaviours when

infective parasites are present. However, subsequent work by Cator and colleagues (Cator

et al., 2013, 2015) suggested that the change in receptivity and host-seeking behaviour was

a generic response to exposure, that corresponded with Plasmodium developmental stages.

Paper 6 (Gleave et al., 2016) examines the effects of the filarial nematode Brugia malayi on

the host-seeking behaviour and fecundity of Aedes aegypti. Results demonstrated a

stage-specific and density-dependent alteration in host-seeking behaviour during filarial

development (L1/L2), with infected females less likely to follow host cues, however at the

infective L3 stage, females were five times more likely to host-seek than uninfected

controls. These results could suggest a parasite-mediated change in mosquito behaviour

through reducing risky behaviour, which could lead to premature vector death, such as

host-seeking, during parasite development is beneficial to the parasite for sustained
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transmission. Only increasing host-seeking behaviour when the infective stage is present,

increases the chance of passing on an infection.

It is vital to consider all interactions within a vector-parasite system. For example, what if

the alterations we observed were not due to parasite manipulation but instead caused by

the mechanical damage of an active infection, affecting the gut wall, thoracic muscles or

mouthparts. This thought led to the study described in paper 7 (Somerville et al., 2019),

undertaken to provide a more in-depth understanding of how a filarial infection can affect

mosquito flight parameters. It can be complicated to disentangle the effects observed

during behavioural studies, which in this case were: are mosquitoes not host-seeking while

harbouring developing larvae because of parasite manipulation to reduce risky foraging

behaviour or is the damage caused by larvae consuming energy reserves, moulting through

life stages and moving through flight muscle prohibiting mosquitoes from being able to fly.

Aedes aegypti were given the opportunity to feed on blood containing microfilaria, and

then at either 4-6 days post-exposure (developing larvae present), or 11-13 days

post-exposure (infective larvae present), they were attached to a tethered insect flight mill

and flown for 1 hour. Results showed a detrimental impact on flight capacity after exposure

to microfilaraemic blood at both time points compared to unexposed controls. This

suggests that the decline in flight could be caused by internal damage or energy resource

consumption by larvae. It is interesting to note that filarial infection increased the number

of flight bursts a mosquito took, suggesting infected vectors may take several smaller,

slower flight attempts. This finding lends it support to previous research which has found

Plasmodium infection is associated with an incapacitation of flight (Rowland & Boersma,

1988; Schiefer, Ward, & Eldridge, 1977), but increased nectar-feeding. Reduced energetic

reserves caused by harbouring an infection could support this idea, although further

research is needed. This could affect transmission potential if mosquitoes have a reduced

flight range to host seek within.

Mosquito behaviour is crucial for disease transmission; hence any alterations need to be

considered, whether this is a change in species distribution, a shift in biting time or biting

location, alterations in flight activity around a novel bed net to prevent insecticide contact,

manipulations by parasites or the effects of resource depletion from harbouring insecticide

resistance mechanisms.

The studies in this thesis have contributed significantly to our understanding of how

insecticide resistance and parasite infection influence mosquito behaviour. Therefore, when
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considering control and elimination programmes, is it essential to have a more holistic

understanding of the factors that can affect vector dynamics and to incorporate mosquito

physiological parameters into transmission models.

Future work

This thesis found that insecticide resistance and parasite infection affected mosquito

behaviour in multiple ways.

Further work which would be beneficial to add to our knowledge and understanding are:

● The development of standardised assays to measure the effects of next-generation

nets on mosquito mortality and fecundity and utilising them to continually monitor

the efficacy and durability on different species in different locations.

● To build on the work presented here, behavioural studies that consider various

interactions would benefit this subject area. Investing the impact of insecticide

selection and parasitic infection in the same mosquito cohort would benefit

modelling and control programmes. Results already show that resistance and

infection can affect life-history parameters positively and negatively, so it will be

interesting to examine how multiple factors interact.

● Expanding our knowledge on how mosquitoes interact with new chemistries, using

strains with different resistance mechanisms, such as cuticular resistance, to

explore further how new nets may perform in Africa.

● Investigating evidence for parasite manipulation on mosquito behaviour requires

more studies to attempt to disentangle the multiple interactions at play.
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Additional files.

Database field Notes
Sample ID A unique identifier for a single collection sample used in a

single test (or a set of tests conducted on the same
mosquitoes) and linked to up to four citations (see below).

Field collection table
Sample ID A unique identifier for a single collection sample used in a

single test (or a set of tests conducted on the same
mosquitoes).

Site ID A unique identifier for each location.
Capture method Four fields are provided to list up to four capture methods if

mosquitoes caught using different methods were pooled.
Start month The dates of the field collection for the sample that was

tested.
Start year The dates of the field collection for the sample that was

tested.
End month The dates of the field collection for the sample that was

tested.
End year The dates of the field collection for the sample that was

tested.
Field site table
Site ID A unique identifier for each location.
Country
Site name
Site type A ‘point’ location defined as an area <25km2 or a polygon

location defined as an area >25km2. If mosquitoes from
multiple sites were pooled before they were tested, this is
recorded as ‘multi-point’ or ‘multi-polygon’ as applicable.

Latitude Provided for point locations, in decimal degrees. This field is
repeated for ‘multi-points’.

Longitude Provided for point locations, in decimal degrees. This field is
repeated for ‘multi-points’.

GAUL code An identifier for polygon locations that match a formal
administrative division as defined by the UN’s Global
Administrative Units Layers.

Polygon code An identifier for polygons that do not match GAUL (see
above).

Species identification table part I: all species
Sample ID A unique identifier for a single collection sample used in a

single test (or a set of tests conducted on the same
mosquitoes).

Species or complex name Taxonomic classification of the sample that was tested.
Identification method Two fields are provided to list up to two different

identification methods.
Subset identified Classifies the sample that was identified as either ‘all’

mosquitoes assayed, ‘survivors’ only, ‘dead’ only, or a
‘mixture’ of survivors and dead but not all of those assayed.
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Pooled sample If samples were pooled before mosquitoes were identified,
the sample ID for the record linked that has been linked to
the identification data is recorded.

No. identified The number of mosquitoes used in the molecular
identification tests.

Percent identified
correctly

The percent of mosquitoes identified as the species given
under ‘species name’.

Species identification table part II: An. Gambiae species complex
% An. gambiae/coluzzii
% An. coluzzii
% An. gambiae
% An. arabiensis
% An. melas
% An. merus
% An. quadriannulatus
No. g/c identified If a subset of the sample used in a first identification test

that did not split out coluzzii and gambiae was then used in
a second test to split out coluzzii and gambiae, the number
used in the second test is recorded.

% An. coluzzii / subset
% An. gambiae / subset
Bioassay table
Sample ID A unique identifier for a single collection sample used in a

single test (or a set of tests conducted on the same
mosquitoes).

Insecticide
Insecticide class
Synergist
Test method WHO protocol from a specific year, or CDC bottle assay.
WHO insecticide
concentration (%)
CDC insecticide
concentration
CDC concentration unit
Synergist concentration
Synergist concentration
unit
WHO exposure time (min.) Duration in minutes.
CDC exposure time (min.) Duration in minutes.
Wild caught ‘adults’ or ‘larvae’ or ‘both’.
Generation tested ‘wild’ = F0, or ‘F1’ or a ‘mixture’ of F0 and F1.
Lower age (days)
Upper age (days)
Fed status ‘blood fed’ or ‘non blood fed’.
Gravid status
No. mosquitoes tested
No. mosquitoes dead
Corrected % mortality
kdr frequency table

113



Sample ID A unique identifier for a single collection sample used in a
single test (or a set of tests conducted on the same
mosquitoes).

Subset tested Defines the overlap with the sample bioassayed as ‘all’,
‘survivors’, ‘dead’, or a ‘mixture’ of survivors and dead but
not all of those assayed.

Test method Two fields are provided to list up to two kdr test performed
on the same sample.

No. tested
L/L % Percent homozygous for L allele
L/F % Percent with L and F alleles
L/S % Percent with L and S alleles
S/S % Percent homozygous for S allele
L/C % Percent with L and C alleles
C/C % Percent homozygous for C allele
F/S % Percent with F and S alleles
F/C % Percent with F and C alleles
Susc/Susc % Percent homozygous for susceptible allele
Resist/Resist % Percent with no susceptible allele
Susc/Resist % Percent heterozygous for susceptible allele
L1014L % Frequency of the L allele
L1014F % Frequency of the F allele
L1014S % Frequency of the S allele
L1014C % Frequency of the C allele
kdr % Frequency of resistant alleles
P450/MFO data table I: enzyme activity
Sample ID A unique identifier for a single collection sample used in a

single test (or a set of tests conducted on the same
mosquitoes).

Subset tested Defines the overlap with the sample bioassayed as ‘all’,
‘survivors’, ‘dead’, or a ‘mixture’ of survivors and dead but
not all of those assayed.

Test method Two fields are provided to list up to two kdr test performed
on the same sample.

No. tested
Comparison strain
Evidence for elevated
activity

‘yes’ or ‘no’ based on significant increase in enzyme activity
as defined by the original study.

P450/MFO data table I: expression
Sample ID A unique identifier for a single collection sample used in a

single test (or a set of tests conducted on the same
mosquitoes).

Subset tested Defines the overlap with the sample bioassayed as ‘all’,
‘survivors’, ‘dead’, or a ‘mixture’ of survivors and dead but
not all of those assayed.

Test method Two fields are provided to list up to two kdr test performed
on the same sample.

No. tested
Gene
Comparison strain
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Fold change
Evidence for elevated
expression

‘yes’ or ‘no’ based on significantly higher expression as
defined by the original study.

Esterase data table I: enzyme activity
Sample ID A unique identifier for a single collection sample used in a

single test (or a set of tests conducted on the same
mosquitoes).

Subset tested Defines the overlap with the sample bioassayed as ‘all’,
‘survivors’, ‘dead’, or a ‘mixture’ of survivors and dead but
not all of those assayed.

Test method Two fields are provided to list up to two kdr test performed
on the same sample.

No. tested
Comparison strain
Evidence for elevated
activity

‘yes’ or ‘no’ based on significant increase in enzyme activity
as defined by the original study.

Source information table
Citation Four fields are provided to list up to four sources for the

data on that sample and the test(s) performed.
Citation type ‘journal article’ or ‘published report’ or ‘unpublished

report’ or ‘personal communication’.
Release status ‘published’ or ‘unpublished but permission to release’ or

‘confidential’.
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Supplementary Information

● Inclusion criteria

● Recommended doses and exposure periods

● Species identification methods

127



Inclusion criteria for data on the prevalence of the insecticide resistance phenotype
1. Was a WHO susceptibility test used?
a. If yes, was 100% mortality in the susceptible strain achieved after exposure to the treated
paper?
i. If yes, see question 2.
ii. If no, exclude.

b. If no, was a CDC bottle bioassay used?
i. If yes, see question 2.
ii. If no, exclude.

2. Were F0 or F1 generation mosquitoes derived from a field collection used?
a. If yes, see question 3.
b. If no, exclude.

3. Are the results disaggregated to species?
a. If no, include in the dataset for the relevant complex/subgroup only.
b. If yes, can the species results be combined to provide an unbiased result for the original
complex/subgroup sample?
i. If yes, include each species result in the species dataset and include the combined result
in the complex/subgroup dataset.
ii. If no, include each species result in the species dataset only.

Inclusion criteria for data on Vgsc allele frequencies
1. Were Vgsc alleles tested for?
a. If yes, see question 2.
b. If no, exclude.

2. Were F0 or F1 generation mosquitoes derived from a field collection used?
a. If yes, see question 3.
b. If no, exclude.

3. Are the results disaggregated to species and/or to dead/alive mosquitoes?
a. If no, include in the dataset for the relevant complex/subgroup only.
b. If disaggregated to species only, can the species results be combined to provide an
unbiased result for the original complex/subgroup sample?
i. If yes, include each species result in the species dataset and include the combined result
in the complex/subgroup dataset.
ii. If no, include each species result in the species dataset only.

c. If disaggregated to dead/alive mosquitoes only, can the dead/alive results be combined
to provide an unbiased result for the original complex/subgroup sample?
i. If yes, include in the dataset for the relevant complex/subgroup.
ii. If no, exclude.

d. If disaggregated to both species and to dead/alive, can the dead/alive results for a
species be combined to provide an unbiased result for that species?
i. If no, exclude.
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ii. If yes, can the species results then be combined to provide an unbiased result for the
original complex/subgroup sample? I. If yes, include each species result in the species
dataset and include the combined result in the complex/subgroup dataset.
II. If no, include each species result in the species dataset only.
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Behaviour of pyrethroid resistant Anopheles

gambiae at the interface of two dual

active-ingredient bed nets, assessed by

room-scale infrared video tracking

 

K. Gleave, A. Guy, F. Mechan, A. Matope, M. Emery, A, Murphy, V. Voloshin, C. E. Towers, D.

Towers, H. Ranson, G. M. Foster, P. J. McCall *

 *corresponding author

Background  

 

Resistance to insecticides has emerged in mosquitoes across the globe and threatens the

future use of insecticides to control many vector-borne diseases. The most effective malaria

control method in Africa, where the vast majority of malaria cases occur, is the widespread

use of  insecticide-treated nets (ITNs) (Pryce et al., 2018). The first generation of ITNs use

fast-acting pyrethroids, and pyrethroid resistance has spread at an alarming rate through

Anopheles populations in Africa (Hancock et al., 2020; Hemingway, 2017; Ranson &

Lissenden, 2016) reducing ITN efficacy (Churcher et al., 2016). Several types of

‘next-generation ITNs’ are now available and used in many malaria-endemic countries;

these all contain pyrethroids plus an additional active ingredient (AI) with a different mode

of action (MoA). Currently, the most widely used next-generation nets are

pyrethroid-piperonyl butoxide nets (pyrethroid-PBO nets); PBO increases the potency of

pyrethroids by blocking enzymes that break down insecticides. In 2021, pyrethroid-PBO
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nets constituted 42.8% of the nets distributed in Sub-Saharan Africa with public funds (The

Alliance for Malaria Prevention, 2022). Recent clinical trials of ITNs with two insecticides

(Interceptor G2®, BASF, containing a pyrethroid plus the pyrrole insecticide chlorfenapyr)

(Mosha et al., 2022) or containing pyrethroid plus pyriproxyfen (a chemical that sterilises

female adults) (Tiono et al., 2018) have shown improved clinical outcomes over standard

ITNs. However, improved epidemiological outcomes have only been demonstrated in a

single setting with pyriproxyfen nets showing no improved public health value over

standard ITNs in the Tanzanian trial (Mosha et al, 2022). Further evidence of their efficacy in

different ecological and epidemiological environments is needed prior to national or global

policy changes.   

The success of ITNs relies predominantly on the daily behaviour of the major malaria

vectors in Africa, where Anopheles species are largely anthropophagic, endophagic,

endophilic and feed during the night when people are more likely to be underneath their

bed nets ( Pates & Curtis, 2005; Killeen et al., 2006). Multiple types of mosquito behavioural

alterations in response to widespread ITN use at the population level could decrease their

efficacy (Gatton et al., 2013; Killeen, 2014), and several examples of this behavioural

resistance have been described after multiple years of net use.  For example following a

mass ITN distribution programme in Benin, An. funestus have shown a shift in biting time

from a peak late at night to early morning when people emerge from their protective ITNs

(Moiroux et al., 2012). Monitoring these population changes induced by widespread

deployment of ITNs, or any other vector control tool, is essential to explain and predict their

epidemiological impact. Indeed, modelling studies have indicated that behavioural

resistance and physiological resistance (caused, for example, by target site modifications or

enhanced detoxification) could be equally detrimental to the efficacy of ITNs (Gatton et al.,
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2013). Therefore, surveillance of vector behaviour is an essential component of resistance

management programmes.

In addition to population surveillance, critical insights into the behaviour of mosquitoes in

response to ITNs can be gained by laboratory and semi-field studies that quantify important

traits This includes net contact time and blood-feeding volumes and relates these to key

endpoints such as longevity and reproductive outputs. Performing these tests on mosquito

populations with different levels, and mechanisms of pyrethroid resistance, may inform

predictions on the efficacy of standard and next-generation ITNs in different environments.

Standard WHO assays, designed to measure the performance of a single, fast-acting

insecticide in ITNs (i.e pyrethroids) are not suitable for measuring the impact of combining

AIs with differing MoAs and endpoints. We have therefore been developing and evaluating

a series of benchtop and room-scale assays to record mosquito responses to a more diverse

range of ITNs.

The ‘baited box’ assay allows for close-range observation of mosquitoes attempting to take

a blood meal through an ITN, with results from Hughes et al., reporting that the

accumulated duration of net contact by Anopheles gambiae was 50% lower on ITNs

compared to untreated nets, with no difference in contact duration between susceptible

and resistant mosquitoes (Hughes et al., (2020). Benchtop tests are undoubtedly

informative, but the impacts of ITNs extend beyond the close range captured in these

assays. Parker et al., (2015, 2017) used an infrared tracking system to characterise mosquito

behaviour at mid-range, i.e. host-seeking events around an entire human-baited PermaNet®

2.0 bed net (Vestergaard Sarl), from room entry to arrival at the ITN. The initial behaviour of

insecticide-susceptible An. gambiae and wild An. arabiensis did not differ between an

untreated or pyrethroid ITN; mosquitoes continued to respond to the host without any
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evidence of repellency until they contacted the insecticide on the net surface. After this

time, activity decayed rapidly, reaching zero after around 30 minutes, demonstrating the

highly efficient rapid action of pyrethroid-treated ITNs. Here we apply this method to

studying the behaviour of insecticide-resistant mosquitoes to next-generation bed nets to

gain initial insights into the utility of this method in comparing responses between

mosquito populations and net types.

This study investigated the mosquito response to two next-generation nets, PermaNet® 3.0

(Vestergaard Sarl) and Interceptor® G2 (BASF AGRO B.V Arnhem [NL] Freienbach Branch)

performed in comparison with a standard pyrethroid only ITN (OlysetTM Net, Sumitomo

Chemical Co., Ltd) and an untreated net, as measured by impacts on both pyrethroid

susceptible and resistant mosquitoes. This study also sought evidence for any altered

behaviours during host-seeking at the net which may be attributed to the new nets.

Materials and Methods  

 

Mosquitoes from two insecticide-susceptible (Kisumu and N’gousso) and two

insecticide-resistant (VK7 and Banfora) An. gambiae s.l strains were maintained under

standard insectary-controlled conditions (27°C ± 2°C, and 80% relative humidity (RH)) at the

Liverpool School of Tropical Medicine (LSTM). Susceptible An. gambiae s.s Kisumu colony

originates from Kenya (Shute, 1956) and has been maintained in colony since 1975. An.

coluzzii N’gousso was colonised from Cameroon in 2006 (Harris et al., 2010). An. coluzzii

VK7 and Banfora strains originated from Burkina Faso, have been reared at LSTM since 2014

and 2015, respectively, and are highly resistant to pyrethroids with susceptibility only

partially restored by PBO pre-exposure (Williams et al., 2019, 2022). The VK7 strain is fixed
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for the knockdown resistant (Kdr) 995F allele in the voltage-gated sodium channel (Vgsc),

whereas the Banfora strain has a more complex set of Vgsc mutants (Ingham et al., 2021).

Both strains have elevated cytochrome P450 expression, but additional resistance

mechanisms are present in the Banfora strain including an increased respiratory rate

(Ingham et al., 2021). All mosquitoes were reared under an altered 12:12 light/dark cycle to

allow for testing to be conducted during the ‘night’ phase of the circadian rhythm.  

The ITNs used are shown in Table 1. Nets were obtained directly from the manufacturer,

aired at room temperature for four weeks prior to testing and then adjusted in size to fit the

custom-made bed net frame, ensuring maximum visualisation of mosquito activity. A single

net was used for each treatment, each stored at 4°C between testing replicates and

acclimatised at 27±2°C and 70±10% humidity for at least one hour prior to testing. 

Table 1. Insecticide treated nets used in room scale tracking assays. 

Net type   Specification  Manufacturer 

Polyester control  Untreated  Bayer AG, Leverkusen, Germany 

Olyset Net (OL)  150 denier polyethylene net incorporated with

permethrin at 800 mg/m2 

Sumitomo Chemical Company,

Tokyo, Japan 

PermaNet 3.0 (P3)  Roof: 100 denier polyethylene net

incorporated with deltamethrin at 120mg/m2

and PBO at 750mg/m2, Sides: 75 denier

polyethylene net with deltamethrin at

84mg/m2 

Vestergaard Sarl, South Africa 

Interceptor G2

(IG2) 

75 denier polyester net coated with

alphacypermethrin at 100mg/m2 and

chlorfenapyr at 200 mg/m2 

BASF AGRO B.V Arnhem (NL),

Germany 
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All experiments required a human volunteer to act as bait under the net. Volunteers were

asked to wear light clothing, not to wear any strong scented products and not to bathe for

at least four hours prior to testing. During the experiment, volunteers were asked to lie as

motionless as possible, while still being comfortable. To control for any effect of body

positioning, volunteer orientation was randomly assigned either with head or feet nearest

to the mosquito release point. 

A total of 25, three-to-five-day old un-fed female mosquitoes were used per test replicate,

as per Parker 2015 (Parker et al 2015). Mosquito access to 10% sugar solution was removed

by 16:00 the day prior to testing and replaced with distilled water; this was removed three

hours prior to testing.  

Experimental set-up 

All experiments were performed in the LSTM Accelerator building, using a custom built

free-flight testing room (7m x 4.8m in area, 2.5m high) which is climate controlled (27±2°C

and 70% ±10% RH), while recording is operated from an adjacent room. Assays were

performed during the afternoon to coincide with the ‘night’ phase of the mosquito’s

circadian rhythm when they would be host-seeking in the wild. Frames made of carbon rods

with roofs tilted towards the recording equipment were constructed for each bed net type

to allow accurate observations of mosquito activity (dimensions: front height 45cm, rear

height 75cm, roof width 90cm, roof length 180cm).  

Mosquitoes were placed into a holding cup one hour prior to testing to acclimatise within

the testing room. The cup was attached to a long cord allowing mosquitoes to be released

remotely by the operator outside the tracking room. Fifteen minutes before the test began

the volunteer entered the ITN; to start the test, the release cord was pulled. After two-hour

recording, free flying and knocked down mosquitoes were collected using a HEPA filter
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mouth aspirator (John. W. Hock, USA) to avoid any insect damage and placed into a fresh

collection cup. Mortality was recorded at 24 hours, with all mosquitoes individually

monitored for sub-lethal insecticide effects (see below). 

ITN treatments were changed approximately every three weeks and the testing room

decontaminated between each ITN type, using 5% Decon90 solution (Decon Laboratories

Conway Street, UK), followed by two water washes and a final wash with 70% ethanol.

World Health Organisation (WHO) cone tests (World Health Organization, 2006) using

susceptible An. gambiae were performed on the walls 24hours after decontamination for

quality control (QC). During testing, no WHO cone assays resulted in >20% mortality,

therefore all cleaning procedures were considered to pass the QC process. 

Mosquito Tracking 

Mosquitoes were tracked using paired identical recording systems, positioned 1050 mm

apart and consisting of the following: each recording system used one camera (12 MPixel

Ximea CB120RG-CM with a 14mm focal length lens), aligned with a single Fresnel lens (1400

x 1050mm and 3mm thick, 1.2m focal length; NTKJ Co., Ltd, Japan) placed approximately

12100 mm away. Cameras recorded with an exposure time of 5ms and -3.5 dB gain with a

lens aperture of F#8.0 (Voloshin et al., 2020). As experiments were carried out in the dark,

infrared light was provided using custom ring light sources constructed by colleagues at

Warwick university (12 OSRAMTM SFH 4235 infrared LEDs with a peak wavelength of 850nm)

which illuminated the total recording volume of 2 x 2 x 1.4m. To reflect light back towards

the cameras a custom designed Retroreflective screen (2.4 x 2.1 m, material: 3MTM

ScotchliteTM High Gain Reflective Sheeting 7610) was placed 2m from the Fresnel lenses,

with the bed and ITN placed in between both. The reflected light is focused by the Fresnel

lens and forms a telecentric lens pair with an imaging optic mounted on the camera which
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allows illumination and imaging to occur from one side of the experimental set up. More

information on signal processing can be found in Voloshin et al., (2020). Recordings were

captured for both cameras over the two-hour assay using StreamPix recording software

(StreamPix V7, Norpix, Montreal, Canada) at 50 frames per second (fps) onto a Windows PC

(Intel® Xeon® Silver 4114 CPU 2.20 GHz, 24 Gigabytes RAM, Windows 10 Pro; 12 configured

into 2 RAID arrays of 24 Terabytes each, at 1 array per camera.

Video analysis 

All video analysis was carried out using bespoke software written in Matlab (Mathworks)

developed by collaborators at Warwick University (Angarita-Jaimes et al., 2016). Video

segmentation, then compression to .mp4 files was performed before all videos were

manually reviewed and cleaned to remove false tracks and human movement using ‘Seq

File Processing’ software.  Data extracted includes trajectory duration, distance travelled,

the number, duration and location of contacts with the bed net, time to first contact and

track velocity, all of which have been previously described by Parker et al., (2015).

Additional track joining and the deletion of false tracks created by volunteer and camera

noise was performed in ‘Post Processing’ along with categorising activity into behavioural

modes using existing quantification algorithms (Table 2) and dividing the field of view into

10 distinct regions to quantify net contact location and duration at 10 different regions of

the bed net. Since multiple mosquitoes were released into the room in all tests, tracking

individual mosquitoes was not possible, hence analysis was performed on flight tracks with

each track from entry into and exit out of the field of view analysed separately. One flight

track could consist of three different behavioural modes (visiting, bouncing and resting as

they all involve net contact), upon which the time spent in each mode were recorded

separately.
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Table 2. Definition of mosquito behavioural modes (adapted from (Parker et al., 2017).

Behavioural mode  Definition 

Swooping  Flight tracks without net contact.

Visiting  Tracks where extended periods of flight were interspersed with infrequent

contacts with the bed net. Contacts were characterized as sharp 80° turns or

more in the trajectory, and when multiple contacts occurred with the net, the

minimum interval between each contact was 0.4 seconds (i.e., an interval of

at least 20- frames, at 50 frames per second).

Bouncing  Tracks where the mosquito made multiple contacts at intervals of less than

0.4 seconds with the bed net surface; including tracks with short flights

between the contacts, or tracks maintaining contact with the bed net surface

without being static. This includes ‘walking’ or ‘probing’ the net with gaps in

movement lasting less than 0.75 seconds 

Resting  Tracks where the mosquitoes were static for at least 0.75 seconds on the net

surface, or where the velocity of mosquito movement was less than

1.33 mm/s. Dead mosquitoes were excluded by limiting resting periods to a

maximum of 300 seconds, however, no dead mosquitoes were found on nets

at the end of each test 

 

Sub-lethal pipeline 

The methods for sub-lethal pipeline monitoring have been previously described in Hughes

et al., (in press).  After each tracking assay, the following were measured for each individual

mosquito:  24hour mortality, willingness to feed at 60 minutes, or 24hours (by exposure to

the arm of a human volunteer), longevity and wing length (Figure 1).

 

Data analysis 
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A sample size for comparing net contact times at three different ITNs was calculated using

the mean difference in net contact time for a single strain between untreated and treated

nets generated in an earlier study in the statistical program R (R Development Team, 2017),

and using the phia (Rosario-Martinez, 2015) and pwr (Champely, 2017) packages. With a

significance level of 0.05 that gives at least a power of 90%, a minimum sample size was

determined inflating the sample size with 30% to adjust for any potential confounding

factors. A common standard deviation was assumed for all groups used was 562.14

(obtained from the previous study based on the ANOVA or t-test (Parker et al., 2017)). A

total of 6 replicates per strain and treatment was the minimum requirement determined to

compare net contact times at different ITNs. This sample size does not account for the

correlation of the measurements from the same volunteer, although this correlation may

still exist.

ITN bioefficacy and mosquito longevity

Bioefficacy of nets was assessed through measuring mosquito mortality post-exposure.

Mosquitoes were transferred to individual falcon tubes, provided with a source of 10%

sugar water and mortality measured daily until all mosquitoes had died.

Quantifying mosquito activity and behaviour

Total activity per strain (seconds of movement), per net treatment was calculated as the

sum of all mosquito activity, regardless of behavioural mode and binned into 5-minute

intervals for analysis. Further analyses were performed using the total activity stratified into

the four described behavioural modes (swooping, visiting, resting and bouncing).

Defining and quantifying mosquito contact with the bed net interface
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Total contact number and total contact duration with a net was calculated from the sum of

all contacts obtained from visits, bounces or resting tracks. Total duration of contact in the

first 10 minutes of the assay was calculated as a percentage from overall contact duration

along with an average of mosquito duration. As it was not possible to determine individual

mosquito contact, we calculated the possible minimum and maximum values of net contact

as in Parker et al., (2015): for the maximum value, total contact duration was divided by the

maximum number of mosquitoes seen simultaneously contacting the net in any one frame

of the recording; the minimum value assumed that all 25 mosquitoes released into the

assay responded at the same time.

Determination of contact location

The recording field of view was divided into 16 regions using previously described software

(Angarita-Jaimes et al., 2016). Ten of these regions were on the net surface; six on top of

the bed net, two on the front of the net and one at either side.

Speed around the bed nets

Flight speed was analysed using whole swooping tracks around the bed nets to investigate

any changes in mosquito flight.

Mosquito activity decay over the 2hour assay

Exponential decay modelling was considered for analysis of activity over time, as reported

previously by Parker et al., (2015) but many of the test replicates violated the equation

constraints, so an alternative method was used whereby total activity in the first 5 minutes

of recording was subtracted from total activity in the final 5 minutes of recording. A

negative value indicated that activity decayed over time and a positive value represented an

increase in activity between the two timepoints.
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Determining willingness to refeed and mosquito size

Wing length was used as an estimate for mosquito body size and to control for potential

size differences between cohorts. The right wing was removed, and an image taken using

GXCAM ECLIPSE Wi-Fi camera attached to a GX Stereo microscope (GT Vision Ltd). The

length of the wing was measured from the axial vein to the distal end of the R1 vein using

GXCAM software (GXCAM Ver.6.7).  

To assess any effects of sub-lethal insecticide exposure, mosquitoes were offered a blood

meal at 1-hour post-exposure and longevity measured. Blood feeding inhibition was

calculated by considering all mosquitoes in each replicate and assessing whether they were

able to take a blood meal or not.

 

Figure 1. Measured sub-lethal pipeline outcomes per room scale video tracking assay.

Statistical analysis
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Statistical analysis was performed used Prism 6 (GraphPad) and R (R Core Team 2019).

24hour mortality was assessed using t-tests for the comparison of observed means, and

mosquito longevity was analysed using Kaplan Meir Long-rank (Mantel-Cox) tests.

Shapiro-Wilk tests were carried out on all activity data to check for normality. Total activity

was analysed used Welch’s ANOVA as we did not assume that all groups sampled were from

populations with equal variance. Generalised linear models (GLMs) with normal probability

distribution were used to analyse pairwise comparisons of mosquito strain and net type for:

behavioural mode, contact number, contact duration, duration of contact in first 10

minutes, average contact duration, swooping speed, activity decay, willingness to refeed

and wing length. Post-hoc analysis used the Tukey method of adjustment for comparing a

family of four estimates. We used a binomial GLM to look for any interactions that might

explain a relationship between net contact duration and mortality, however the model

showed that there was no interaction between net type and contact duration or strain and

contact duration. We used a GLM to investigate the relationship between mosquito wing

size and blood feeding success, considering interactions with mosquito strain and net type.

For all statistical comparisons, the α threshold used was 0.05. Unless stated otherwise, 95%

confidence intervals are reported.

Ethical permission 

With no infection risk and no exposure to untested chemicals, the procedures involved in

generating these data results did not require clearance by LSTM Research Ethics

Committee. We obtained written consent from all volunteers.

Results  

A total of 1690 mosquitoes were tested across 73 assays, with 18 different volunteers being

used as a human ‘bait’. The total number of replicates performed for each strain and
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treatment are shown in Table 3. It was not possible to reach the target replicate number of

six for all strain and net treatment combinations because several video files were

corrupted during a computer failure resulting in missing videos, time constraints due to

national COVID-19 restrictions and the LSTM Banfora colony which lost its high level of

resistance before PermaNet 3.0 and Interceptor G2 replicates could be completed. All room

scale recordings were completed between June 2019 and February 2020. 

Table 3. Total number of replicates performed per ITN, per mosquito strain. (UT = untreated net,

OL = Olyset Net, P3 = PermaNet 3.0, IG2 = Interceptor G2)

 

Strain  Recording dates 
Long-Lasting Insecticidal Nets 

UT  OL P3 IG2

Kisumu  Jun 2019 –Jan 2020  5  6 6 6

N’gousso  Jun 2019 – Nov 2019  4  6 2 6

VK7  Jun 2019 – Feb 2020  4  5 5 5

Banfora  Jul 2019 – Dec 2020  4  6 3 0

Mosquito survival 

Bioefficacy 

Mortality at 24h after the two-hour room scale tracking assay on untreated net (UT) was

below 20% for all strains (Figure 2). OL, P3 and IG2 all killed more than 90% of susceptible

strains within 24hours. Mortality rates at 24hours were significantly lower for resistant VK7

and Banfora strains with OL, P3 and IG2 nets (Figure 2) (Additional Table 1) compared to

susceptible strains Kisumu and N’gousso (OL: VK7 v Kisumu p<0.0001, VK7 v N’gousso

p<0.0001, Banfora v Kisumu p=0.0013, Banfora v N’gousso p=0.0014; P3: VK7 v Kisumu

p=0.0042, N’gousso v VK7 p=0.0903, N’gousso v Banfora p=0.0602 Banfora v Kisumu
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p=0.0007; IG2: VK7 v Kisumu p<0.0001, VK7 v N’gousso p<0.0001) (Additional Table 2). Note

that the N’gousso results derive from only 2 test repeats, which may account for the non-

significant P-values, despite the differences in mean mortalities. The highest 24hour

mortality observed for VK7 strain was following P3 tests, which was significantly higher than

that of OL (p=0.0009) and IG2 (p<0.0001). There was no significant difference in mortality

rates between OL and IG2. Twenty-four-hour mortalities of the Banfora strain ranged

between 45.34% and 72.38% and were not significantly different between ITNs.

Cumulative mortality rates 72hr after exposure to IG2 (containing the slower acting pyrrole

insecticide chlorfenapyr) were lower in VK7 than in both susceptible strains (VK7 25.25%,

95% CI 10.29, 40.21]; Kisumu 95.91%, 95% CI [86.91, 100]; N’gousso 98.86%, 95% CI [95.25,

100]; VK7 v Kisumu t(8)= 9.28, p<0.0001; VK7 v N’gousso t(8)= 10.04, p<0.0001). Cumulative

72hr mortality for VK7 and Banfora after exposure to OL increased to 35.04% and 61.42%

respectively, and after P3 exposure to 79.29% and 73.53% respectively. The increase in

mortality between 24 and 72 hours seen after all ITN exposure was not significantly

different to the increase seen in this time frame after exposure to UT nets for either

resistant strains.
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Figure 2. Mean mortality of two susceptible (Kisumu, and N’gousso) and two resistant (VK7 and

Banfora) Anopheles gambiae strains at 24h after a two-hour exposure during room scale tracking

to untreated net (UT), Olyset Net (OL), PermaNet 3.0 (P3) and Interceptor G2 (IG2) with 95%

Confidence Intervals. 

 

Longevity 

For VK7, median survival time after  IG2 exposure was identical to that recorded after UT

exposure IG2 10days [95% CI 7.53, 12.48]; UT 10days [95% CI 8.23, 11.77]] with no

significant difference in overall longevity [VK7 UT v IG2 p=0.2150]. For the same strain,

median survival times following OL exposure was five days [95% CI 3.20, 6.80] and following

P3 was one day [95% CI 0, 1]. In both resistant strains, P3 exposure had the largest impact in

reducing longevity (VK7: UT v OL p=0.0198, UT v P3 p<0.0001; Banfora: UT v OL p=0.0026,

UT v P3 p=0.0099) (Figure 3). Both resistant strains survived significantly longer after
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exposure to all three ITNs compared to the susceptible strains (Additional Table 3).  The

median survival time after exposure to UT nets varied between strains  (Kisumu 7 days [95%

CI 5.58, 8.33]; N’gousso 12 days [95% CI 10.25, 13.76]; VK7 10 days [95% CI 8.23, 11.77];

Banfora 8 days [95% CI 6.49, 9,51]).

  

Figure 3. Survival curves for susceptible (Kisumu and N’gousso) and resistant (VK7 and Banfora)

Anopheles gambiae after exposure in the room scale tracking room to either untreated net (UT),

Olyset Net (OL), PermaNet 3.0 (P3) or Interceptor G2 (IG2). Day 0 is day of exposure. 

 

 Mosquito activity and behaviour
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Total activity and behavioural mode

Figure 4 shows mean total mosquito activity for each strain and net combination, across a

two-hour recording, with activity separated into the four distinct behavioural modes:

swooping, visiting, bouncing or resting defined by Parker et al (2015). Across all treatments,

flight track length ranged from 2.5mm to 20,249mm and track duration ranged from 0.08

seconds to 1,010 seconds. For all four strains, total activity was significantly longer at an UT

net than at any of the three ITNs (Kisumu Welch’s F(3.0, 8.71)=44.44, p<0.0001; N’gousso

Welch’s F(3.0, 3.59)=24.15, p=0.0074; VK7 Welch’s F(3.0, 7.27)=20.82, p=0.0006; Banfora

Welch’s F(2.0, 5.29)=32.17, p=0.0011). Comparing  net types showed no significant

differences in total activity between any of the strains (UT Welch’s F(3.0, 6.90)=3.94,

p=0.0626; OL Welch’s F(3.0, 9.38)=2.21, p=0.1543; P3 Welch’s F(3.0, 4.11)=2.23, p=0.2240;

IG2 Welch’s F(2.0, 9.30)=0.60, p=0.5709). 
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 Figure 4. Behaviour of Anopheles gambiae at human baited bed nets. Mean total activity time of

Anopheles gambiae recorded for each behavioural mode over two-hour recording period. As

multiple mosquitoes were active simultaneously in the field of view, the total activity time could

exceed the total recording time of 2 hours (7,200 seconds). 

 

Breaking down total mosquito activity to look at time spent in each of the four distinct

behavioural modes, revealed that both susceptible and resistant mosquitoes always spent

more time swooping, visiting, bouncing and resting at an UT net than at any of the three

ITNs (Additional Table 4;he one exception to this was comparing VK7 on UT and IG2, where

there was no difference in total time spent resting (VK7 UT v IG2 p=0.1591)). However,

248



there were no significant differences in the proportionate amounts of time spent swooping,

visiting, bouncing, or resting between different ITNs (Additional Table 5). 

Results comparing total activity changes on each net between strains for the four

behavioural modes, showed that there was no difference in swooping activity between any

strains on any nets, bar VK7 showing more activity than Kisumu around an UT net (UT

Kisumu v VK7 p=0.0010). Analysis of total visiting time showed that N’gousso and VK7 spent

more time in this behavioural mode than Kisumu when an UT net was present (UT Kisumu v

N’gousso p=0.0352, Kisumu v VK7 p=0.0248), but there were no differences when

comparing between any other nets. Banfora spent significantly more time bouncing on UT

net than all other strains (UT Kisumu v Banfora p=0.0014, N’gousso v Banfora p<0.0001, VK7

v Banfora p<0.0001), and both susceptible strains spent more time bouncing than resistant

VK7 (Kisumu v VK7 p<0.0001 N’gousso v VK7 p=0.0032). There was no difference in time

spent bouncing between any strains on any of the ITNs. Kisumu and Banfora spent more

time resting on an UT net than VK7 (UT Kisumu v VK7 p=0.0004, VK7 v Banfora p=0.0001),

but there were no other significant differences in total time spent resting with an UT net or

any of the ITNs (Additional Table 6). 

 

Quantifying number and duration of net contact  

Contact number

All strains showed significantly greater mean total number of contacts with the UT net than

with any of the ITNs (Additional Table 7). There were significant differences in the mean

number of contacts with an UT net between some strains: Banfora had significantly more

contact with the UT net than N’gousso and VK7, while Kisumu and N’gousso had more

contact than VK7. Within strain comparisons showed there was no significant difference in
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the number of contacts made with any of the ITNs (Additional Table 8). There was also no

difference in the number of contacts made between any of the strains on any of the ITNs

(Additional Table 9) (Figure 5, panel A). 

Contact duration

Both susceptible and resistant mosquitoes spent significantly more time in contact with the

UT net than any of the ITNs. Kisumu spent significantly more time in contact with IG2 than

OL, but there were no other differences between nets (Additional Table 10). Between strain

comparisons showed that Banfora spent significantly more time on UT net than all other

strains, and both susceptible strains had longer contact duration than VK7. There was no

significant difference in net contact duration for any strain combinations on treated nets

(Additional Table 11) (Figure 5, panel B). 

We calculated that during the 120-minute recording period each mosquito had between

285.62 seconds and 1041.79 seconds of contact with the UT net. There were no significant

differences in the minimum and maximum time that susceptible and resistant mosquitoes

spent on any of the three ITNs (OL: susceptible strains between 7.58 seconds and 101.39

seconds, resistant strains between 3.39 seconds and 255.53 seconds; P3: susceptible strains

between 40.30 seconds to 241.77 seconds, resistant strains 33.35 seconds to 273.47

seconds; IG2: susceptible strains between 40.45 seconds and 403.39 seconds, resistant

strain between 34.44 seconds and 378.73 seconds). The only notable differences we

observed were that the minimum time that one Kisumu mosquito could have spent on OL

was significantly lower than IG2 (p=0.0344), and the maximum time that N’gousso spent on

IG2 was longer than on OL (p=0.0243) (Table 4).
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Table 4. Minimum and maximum individual mosquito net contact duration (seconds) for entire

120minute recording.

Treatment Strain
Minimum contact duration

(s)

Maximum contact duration

(s)

Untreated

Kisumu 301.45 952.28

N’gousso 398.72 962.83

VK7 285.62 714.06

Banfora 542.17 1041.79

Olyset

Kisumu 7.58 101.39

N’gousso 9.96 64.28

VK7 18.7 77.93

Banfora 3.39 255.53

P3

Kisumu 40.3 241.77

VK7 33.35 273.47

Banfora 46.65 323.24

IG2

Kisumu 52.44 403.39

N’gousso 40.45 341.07

VK7 34.44 378.73
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 Figure 5. Mean total number of net contacts (A) and mean total duration net contact (B) with 95%

Confidence Intervals for susceptible (Kisumu and N’gousso) and resistant (VK7 and Banfora)

Anopheles gambiae strains on untreated net (UT), Olyset Net (OL), PermaNet 3.0 (P3) and

Interceptor G2 (IG2).
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Net interactions in first 10minutes of assay

We investigated net contact in the first 10 minutes of the video tracking to examine if there

was any suggestion of immediate repellent effects of the ITNs. While contact number and

contact duration was lower at ITNs than UT nets, a higher percentage of overall contact

duration occurred in the first 10 minutes of the assay on ITNs for the susceptible strains

(Table 5). In the first 10 minutes, Kisumu spent significantly more time in contact with the

ITNs than UT, and  more time in contact with IG2 than OL or P3. Similarly, N’gousso had a

higher percentage of contact time occurring in the first part of the assays when OL and IG2

were present, compared to the UT net. Again, N’gousso also had a longer contact duration

on IG2 than OL. For resistant VK7, the highest initial 10-minute contact duration was

observed on P3, whereas Banfora showed similar time spent across all three treatments.

Despite differences within strains on different nets, there were no differences observed

between susceptible and resistant strains for 10-minute contact duration when an UT net or

P3 was present. There was, however, a difference with OL, as both susceptible strains had a

higher percentage of their overall contact duration occurring in this first period than both

resistant strains. Susceptible strains also spent considerably more time contacting IG2 than

VK7 (Additional Table 12, 13, 14, 15).

 Table 5. Percentage of overall contact duration occurring in the first 10minutes of the 2hour assay

[95% Confidence Intervals].

Net Strain % 10mins [95% CI]

UT

Kisumu 5.49 [3.43, 7.55]

N’gousso 8.58 [-0.26, 17.42]

VK7 1.81 [0.16, 3.46]

Banfora 4.65 [1.91, 7.40]
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OL

Kisumu 48.13 [21.76, 74.50]

N’gousso 55.86 [38.31, 73.41]

VK7 1.27 [-1.93, 4.47]

Banfora 6.39 [-1.09, 13.87]

P3

Kisumu 29.68 [10.70, 48.65]

N’gousso 31.73 [-59.07, 122.53]

VK7 23.73 [5.20, 42.26]

Banfora 11.75 [3.64, 19.85]

IG2

Kisumu 38.57 [33.29. 43.85]

N’gousso 34.67 [17.65, 51.68]

VK7 6.00 [1.01, 10.98]

 

Location of activity at the bed net interface

The distribution of total activity was heavily focused on the roof of the bed net for all strains

and all net treatments (>90% on UT, >85% OL, >72% P3 and >87% IG2) as described in

previous studies on standard ITNS (Lynd & Mccall, 2013; Parker et al., 2017) (Table 6). There

was no significant difference in the percentage of contact occurring on the roof of the net

for any strain or net combinations.

Table 6. Percentage of overall contact across different regions of the bed net (%).

Treatment Strain Roof Front Sides

Untreated

Kisumu 93.91 5.81 0.28

N’gousso 96.49 2.83 0.69

VK7 91.64 7.51 0.86

Banfora 95.73 3.47 0.80

Olyset Net
Kisumu 92.58 7.09 0.33

N’gousso 86.39 10.27 3.34
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VK7 86.59 11.99 1.42

Banfora 85.22 13.15 1.63

PermaNet 3.0

Kisumu 72.19 25.66 2.15

VK7 78.67 16.22 5.11

Banfora 91.61 5.84 2.55

Interceptor G2

Kisumu 92.33 6.64 1.03

N’gousso 92.23 6.53 1.24

VK7 87.87 9.77 2.36

Mosquito velocity during interaction with host within bed nets 

Average speed of whole swooping tracks was analysed to assess changes in speed between

strains around different bed nets. Only susceptible Kisumu showed any difference in flight

speed around different net treatments, flying significantly faster around OL and IG2 than UT

nets. Resistant strains did now show any difference in flight speed between different net

types. Between strains, both resistant strains flew faster around an UT net than Kisumu and

Banfora was significantly faster than Kisumu around P3. There was so difference in overall

swooping speed between strains when OL or IG2 were present (Additional Table 16, 17).

Mosquito interaction with the bed nets over time  

We observed a steep decay in activity  over the duration of the assay for susceptible strains

with P3 and OL compared to UT net (Kisumu: UT v OL p=0.0023, UT v P3 p=0.0020). Kisumu

also showed a dramatic decrease in activity in the presence of IG2 (UT v IG2 p<0.0001),

which was not replicated in N’gousso activity decay around the same net. Resistant strains

showed a less dramatic decay in activity when P3 and OL present, however decay was still

more pronounced than with UT (VK7 UT v OL p=0.0128, UT v P3 p=0.0010), and there was

no significant activity decay when VK7 was exposed to IG2. All strains exhibited no activity

decay in the presence of an UT net (Figure 6) (Additional Table 18, 19).
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Figure 6. Rates of Anopheles gambiae activity across all four behavioural modes combined,

throughout 120minute recording test period. Total activity is shown for untreated net (UT), Olyset

Net (OL), PermaNet 3.0 (P3) and Interceptor G2 (IG2) for Kisumu, N’gousso, VK7 and Banfora. 

 Sub-lethal pipeline – wing size and willingness to feed

Wing size was measured as a proxy for mosquito body size.  There was a negative

correlation between wing size and blood-feeding inhibition, with smaller mosquitoes less

likely to survive and accept a bloodmeal. However, there was no significant interaction

between wing size and strain (p=0.9447), indicating that the relationship between wing size

and blood feeding success was the same for all strains.

The majority of susceptible mosquitoes exposed to the three ITNs were either

knocked-down or dead and hence unable to blood feed. OL reduced resistant strain feeding

by up to 83% (VK7 71% [95% CI 62, 80], Banfora 83% [95% CI, 76, 91]), P3 reduced VK7

feeding by 97% [95% CI 94, 99], whereas IG2 had a smaller effect, reducing VK7 blood

feeding success by 41% [95% CI 31, 51] (Figure 7). Between 14% and 70% of mosquitoes

were unable to blood feed after exposure to UT net.
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Figure 7. Predicted mean reduction in blood-feeding success of four strains after exposure to

untreated (UT), Olyset Net (OL), PermaNet 3.0 (P3) and Interceptor G2 (IG2) (95% CI).
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Discussion  

These results provide a first in-depth description of the behaviour of susceptible and

resistant Anopheles gambiae strains around next-generation bed nets and the impact of

these new nets on them. As insecticide resistance continues to be a growing threat to the

success of African vector control programmes, there is an urgent need for safe novel

treatments suitable for use on ITNs. The first of the next-generation nets using these

treatments are now being evaluated in field trials (Mosha et al., 2022; Tungu et al., 2021)

and deployed at scale in pilot studies in several countries (IVCC, 2020).  Determining how

mosquitoes interact with the nets, and the consequences of net contact for mosquitoes,

will aid in interpretation of the results of clinical trials, and extrapolation to alternative

settings with different mosquito populations.

OL, P3 and IG2 all killed more than 90% of susceptible mosquitoes 24 hours after a 2-hour

exposure, but this effect was not seen with resistant mosquitoes where only 20.4% of VK7

and 45.4% of Banfora on OL, 71.4% of VK7 and 72.4% of Banfora on P3, and 15.9% of VK7

on IG2 (the Banfora strain was not tested on this net) were dead at 24hours. Total mosquito

activity was higher around an UT net than all ITNs, which is comparable with results

obtained in previous studies (Parker et al., 2015). Interestingly, there was no difference in

total activity observed between susceptible and resistant strains around any of the ITNs

tested, the number and duration times of net contact was also similar for all strains. Net

contact was focussed predominantly on the roof for all types of bed net and did not change

throughout the assay (Parker et al., 2015; James F. Sutcliffe & Yin, 2014). Through

comparing the difference in the first and last 10 minutes of recording activity, we observed

a steep decay in activity for both susceptible strains when P3 and OL were present, but only

a decrease in activity around IG2 for susceptible Kisumu. Resistant strains showed a less
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dramatic decay in activity when P3 and OL present, however decay was still more

pronounced than with UT. The activity decay in susceptible strains most likely reflects that

mosquitoes are being knocked down and killed by the active-ingredients, however, the lack

of decay observed with resistant strains is surprising, particularly for dual-treated nets.

The behaviour of the strains as measured by tracking was remarkably similar for all the

strains tested with no significant differences observed in the number of contacts, or the

duration of time spent contacting ITNs between susceptible and resistant mosquito strains.

We did not observe evidence of  a repellent effect on susceptible mosquitoes for any ITN as

a higher percentage of overall contact duration occurred during the first 10 minutes of the

assay on all ITNs compared to untreated net.

The low mortality results in resistant strains from our study do not match those from recent

experimental hut studies reporting promising results with the Interceptor G2 net (Bayili et

al., 2017; Camara et al., 2018; N’Guessan et al., 2016; Tungu et al., 2021) where mortality in

huts with IG2 was significantly higher than for standard pyrethroid only ITNs in all settings.

A recent clinical trial by Mosha et al., (2022) reported after two years IG2 provided

significantly better protection from malaria than an alpha-cypermethrin only ITN in areas

where mosquito populations are resistant to pyrethroids (Mosha et al., 2022).

Nevertheless, when tested in a laboratory under standard conditions, the results from ours

and other studies are not dissimilar, with low mortalities of insecticide resistant mosquitoes

at both 24hours and 72hours post IG2 exposure. We recorded 25.6% mortality at 72hours in

the resistant VK7 strains and others have reported ~5-26% mortality using a 3minute WHO

cone assay and a wider range of between ~18% - 100% after a 30minute exposure in a WHO

tube assay(Camara et al., 2018; N’Guessan et al., 2016). The reasons for differences in

performance of IG2 under laboratory and field settings are  unclear but differences in the
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mosquito population assessed may be important.  Unpublished data from multiple

experimental hut studies in southwest Burkina Faso (the region of origin of the VK7 and

Banfora strains used in the current study) show relatively poor performance of IG2 nets

compared to data from other settings (Sanou, A, Sagnon N, Guelbeogo M).

Moreover, the complete entomological mode of action of chlorfenapyr has not yet been

determined and reproducing  in the level of mortality seen in hut trials in laboratory assays

has proven challenging. This severely limits our ability to apply lab tests, including video

tracking, in the evaluation of products containing this insecticide.

Mosquitoes were given the opportunity to blood feed one-hour post-assay and we

observed a reduction in blood feeding success with resistant strains after exposure to all

ITNs. Despite lower mortality with the pyrethroid only Olyset Net and next-generation

Interceptor G2, blood feeding success in resistant strains was reduced by up to 83% and

41% respectively. A reduction in blood-feeding after insecticide exposure was also found by

Barreaux et al., (2022) who reported that that after forced exposure to ITNs the blood

feeding success of highly insecticide resistant An. gambiae strains was reduced. The authors

suggest that this was not a result of mosquitoes avoiding the net or being repelled by it, but

instead because contact with insecticides reduced feeding capacity.

As previously observed (Parker et al., 2017), both susceptible and resistant strains showed a

much higher level of overall activity when an UT net was present, with activity levels

reducing dramatically in the presence of all tested ITNs. This reduction in activity was

observed for all strains with no significant differences in total activity level between any of

the strain and ITN comparisons. This suggests that even if this measurable reduction in

activity is attributable to the pyrethroid component on the net the additional AI.s do not
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alter it.  Moreover, the novel chemistries do not affect mosquitoes of differing resistance

status differently. One result to note, is that despite the low mortality rate of VK7 when

exposed to IG2, the time spent resting on this ITN was similar to that of when an UT net

was present. One explanation for these results could be that there is a currently unknown

interaction occurring between the two insecticides, which is reducing the efficacy of

chlorfenapyr. We believe that this could be due to the pyrethroid suppressing chlorfenapyr

activation by preferentially binding cytochrome p450s and hence delaying activation to the

lethal metabolite tralopyril.

There are a few limitations to this study which are important to consider. (Voloshin et al.,

2020).  While the environment in which the tracking assay data are collected reproduces as

much as possible the conditions in the interior of a hut, there are important omissions and

differences. Firstly, the (apparent) repellent properties of some nets that reduce initial eave

entry cannot be measured here nor can the proportion of mosquitoes that leave the room

after contacting the net. Hence all 25 mosquitoes must enter and remain in the room

potentially delivering an overestimate of the lethality of the net being tested.

Environmental conditions also remained static throughout the test whilst in reality air

disturbances, and changes in temperature during the night may affect net contact.

It was not possible to determine individual mosquito contact, and total net contact was

calculated based on the maximum number of mosquitoes seen simultaneously contacting

the net in any one frame of the recording. Although this method provides a more realistic

estimate of mosquito/ITN contact times than other standard bioassays, the measurement

does not account for mosquitoes that make zero contact or that return to make multiple

contacts with the net. This is especially important for the interpretation of sublethal results

with contact duration varying between the individuals exposed. There is therefore a strong

argument for collecting data to determine LD50 equivalents for duration of net contact,

determined for each ITN.  The video recordings in this study were limited to 2hours as the
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data files produced are extremely large (2-3Tb per camera, per recording), but recording

mosquito behaviour for longer periods to assess any delayed effects on mosquito behaviour

could prove important when evaluating impacts of nets with poorly understood AIs. Future

studies would benefit from more replicates with multiple different resistant mosquito

strains, to investigate the potential effect of different resistance mechanisms, an aspect of

evaluating ITNs already supported by many (Lees et al., 2022).

Overall, these findings expand our knowledge of how mosquitoes interact with ITNs,

particularly with regards to behaviour around new chemistries. These results indicate that

the effects of a range of ITNs on mosquito behaviour is remarkably consistent with no major

alterations in mosquito responses, particularly ITN contact resulting from exposure to the

nets by strains of differing pyrethroid susceptibilities.  It also appears that lower ITN contact

is not the reason for observed lower mortality in resistant strains. Ongoing work in multiple

field sites will continue to explore the effects of new ITNs on the behaviour of wild

mosquito populations and will undoubtedly contribute to the body of work  gathering as a

foundation for understanding behavioural mechanisms of resistance.
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Additional material   

 Additional Table 1. Mean 24hour mortality [95% CI] 

Treatment Strain 24hour mortality (%) [95% CI]

Untreated  

Kisumu 9.5 [1.47, 17,54]

N’gousso 17.64 [7.87, 27.40]

VK7 3.36 [0, 10.05]

Banfora 4.52 [3.85, 5.20]

Olyset Net 

Kisumu 98.67 [95.24, 100]

N’gousso 97.97 [94.44, 100]

VK7 20.35 [2.09, 38.01]

Banfora 45.34 [14.52, 76.17]

PermaNet 3.0 

Kisumu 100 [100, 100]

N’gousso 100 [100, 100]

VK7 71.37 [51.39,91.36]

Banfora 72.38 [41.13, 100]

Interceptor G2

Kisumu 93.88 [81.53, 100]

N’gousso 94.56 [91.10, 98.02]

VK7 15.90 [8.62, 23.21]

Additional Table 2. Mean 24hour mortality comparisons between three insecticide treated nets

and four mosquito strains, two susceptible (Kisumu and N’gousso) and two resistant (VK7 and

Banfora).

Strain comparison ITN

Olyset Net PermaNet 3.0 Interceptor G2

Kisumu v VK7  t(9)= 12.80, p<0.0001  t(10)= 3.68, p=0.0042  t(8)= 16.64, p<0.0001 
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Kisumu v Banfora  t(10)= 4.42, p0.0013  t(7)= 5.81, p=0.0007  N/A 

N’gousso v VK7  t(9)= 12.67, p<0.0001  t(6)= 2.07, p=0.0903  t(8)= 21.54, p<0.0001 

N’gousso v Banfora  t(10)= 4.36, p=0.0014  t(3)= 2.95, p=0.0602  N/A 

 

Additional Table 3. Comparison of median survival times of susceptible (Kisumu and N’gousso) and

resistant (VK7 and Banfora) strains on four different net treatments.  

Strain comparison

ITN

Untreated net Olyset Net PermaNet 3.0 Interceptor G2

Kisumu v N’gousso
χ² (1, N=221) =

6.68, p=0.0098 

χ² (1, N=285) = 0.12,

p=0.7241 

χ² (1, N=188) = 0.00,

p>0.9999 

χ² (1, N=190) = 0.42,

p=0.5191 

Kisumu v VK7

χ² (1, N=192) =

0.01, p=0.9733 

χ² (1, N=267) =

134.40, p<0.0001 

χ² (1, N=284) =

47.72, p<0.0001 

χ² (1, N=234) =

102.80, p<0.0001 

Kisumu v Banfora

Χ² (1, N=191) =

2.55, p=0.1102 

χ² (1, N=268) =

67.23, p<0.0001 

χ² (1, N=212) =

43.99, p<0.0001 

N/A 

N’gousso v VK7
χ² (1, N=205) =

7.11, p=0.0077 

χ² (1, N=272) =

133.50, p<0.0001 

χ² (1, N=184) =

15.98, p<0.0001 

χ² (1, N=228) =

124.10, p<0.0001 

N’gousso v Banfora
χ² (1, N=204) =

15.67, p<0.0001 

χ² (1, N=263) =

65.16, p<0.0001 

χ² (1, N=112) =

14.67, p=0.0001 

N/A 

VK7 v Banfora
χ² (1, N=175) =

3.12, p=0.0773 

χ² (1, N=255) = 3.70,

p=0.0545 

χ² (1, N=208) = 3.63,

p=0.0568 

N/A 

 

Additional Table 4. Statistically significant differences (p values) in total activity time split into four

different behavioural modes (swooping, visiting, bouncing and resting), comparing untreated (UT)

net to either Olyset Net (OL), PermaNet 3.0 (P3) or Interceptor G2 (IG2), for susceptible (Kisumu

and N’gousso) and resistant (VK7 and Banfora) mosquitoes. 
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Strain  Behaviour 
Insecticide treated net 

Olyset Net  PermaNet 3.0  Interceptor G2 

Kisumu 

swooping  <0.0001  0.0006  0.0067 

visiting  <0.0001  <0.0001  <0.0001 

bouncing  <0.0001  <0.0001  <0.0001 

resting  <0.0001  <0.0001  <0.0001 

N’gousso 

swooping  <0.0001  N/A <0.0001 

visiting  <0.0001  N/A <0.0001 

bouncing  <0.0001  N/A <0.0001 

resting  <0.0001  N/A <0.0001 

VK7 

swooping  <0.0001  <0.0001  <0.0001 

visiting  <0.0001  <0.0001  <0.0001 

bouncing  <0.0001  <0.0001  <0.0001 

resting  0.0300  0.0264  0.1591 

Banfora 

swooping  <0.0001  <0.0001  N/A 

visiting  <0.0001  <0.0001  N/A 

bouncing  <0.0001  <0.0001  N/A 

resting  <0.0001  <0.0001  N/A 

 

Additional Table 5. Within strain comparisons (p-value) of total activity time split into four

different behavioural modes (swooping, visiting, bouncing and resting) between three ITNs (Olyset

Net = OL, PermaNet 3.0 = P3, Interceptor G2 = IG2). 

Behaviour  ITN comparison 
Strain 

Kisumu  N’gousso  VK7  Banfora 

Swooping OL v P3  0.5855  N/A  0.8362  0.9811 

OL v IG2  0.1778  0.9800  0.5898  N/A 

P3 v IG2  0.8577  N/A  0.9740  N/A 
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Visiting OL v P3  0.3119  N/A  0.9528  0.9015 

OL v IG2  0.2388  0.3841  0.6678  N/A 

P3 v IG2  0.9985  N/A  0.9275  N/A 

Bouncing OL v P3  0.1818  N/A  0.9674  0.8342 

OL v IG2  0.0961  0.3402  0.6559  N/A 

P3 v IG2  0.9897  N/A  0.8978  N/A 

Resting OL v P3  0.2797  N/A  0.9999  0.2268 

OL v IG2  0.3265  0.5880  0.8416  N/A 

P3 v IG2  0.9997  N/A  0.8657  N/A 

 

Additional Table 6. Within treatment comparisons (p-value) of total activity split into for

behavioural modes (swooping, visiting, bouncing and resting) on four ITNs (Untreated net = UT,

Olyset Net = OL, PermaNet 3.0 = P3, Interceptor G2 = IG2) between four mosquito strains

Behaviour  Strain comparison 
ITN 

UT OL P3 IG2

Swooping Kisumu v N’gousso  0.0950  0.4483  N/A  0.9978 

Kisumu v VK7  0.0010  0.4572  0.6651  0.8395 

Kisumu v Banfora  0.0640  0.0879  0.9477  N/A 

N’gousso v VK7  0.4166  0.9999  N/A  0.7475 

N’gousso v Banfora  0.9984  0.8000  N/A  N/A 

VK7 v Banfora 0.5157  0.8484  0.9748  N/A 

Visiting Kisumu v N’gousso  0.0352  0.7484  N/A  0.9844 

Kisumu v VK7  0.0248  0.6266  0.9997  0.9377 

Kisumu v Banfora  0.5026  0.7043  0.9989  N/A 

N’gousso v VK7  0.9994  0.9946  N/A  0.9997 
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N’gousso v Banfora  0.5523  0.9998  N/A  N/A 

VK7 v Banfora   0.4796  0.9980  0.9999  N/A 

Bouncing Kisumu v N’gousso  0.3291  0.9915  N/A  0.7701 

Kisumu v VK7  <0.0001  0.9997  0.5171  0.7801 

Kisumu v Banfora  0.0014  0.9985  0.8952  N/A 

N’gousso v VK7  0.0032  0.9822  N/A  1.000 

N’gousso v Banfora  <0.0001  0.9697  N/A  N/A 

VK7 v Banfora   <0.0001  0.9999  0.9669  N/A 

Resting Kisumu v N’gousso  0.1368  0.5673  N/A  0.3099 

Kisumu v VK7  0.0004  1.0000  0.3601  0.8771 

Kisumu v Banfora  0.8988  0.9949  0.8801  N/A 

N’gousso v VK7  0.0668  0.5917  N/A  0.7962 

N’gousso v Ban  0.1368  0.3588  N/A  N/A 

VK7 v Banfora   0.0001  0.9891  0.1704  N/A 

Additional Table 7. Mean total number of bed net contacts [95% CI], mean total contact duration

[95% CI] and maximum number of mosquitoes seen in one frame of video recording.  

ITN  Strain  Replicates 
Mean total number of

contacts [95% CI] 

Mean total contact

duration [95% CI] 

Maximum number

of mosquitoes 

UT 

Kisumu 5
74885

[53016.58, 96753.42]]

9044.20

[7723.32, 10202.13]
29

N’gousso 4
62162.25

[39731.46, 84593.04]

8254.66

[5049.89, 11459.43]
17

VK7 4
41811.25

[31737, 51885.5]

5783.19

[3589.78, 7976.59]
14

273



Banfora 4
80824

[43804.85, 117843.20]

11005.31

[7866.99, 14143.62]
14

OL 

Kisumu 6
6169.17

[2521.05, 9817.29]

622.03

[238.49, 1005.57] 16

N’gousso 5
4531.17

[3175.86, 5886.47]

342.37

[256.65, 428.09]
10

VK7 6
7393.2

[3465.90, 11320.50]

682.53

[532.04, 833.02] 9

Banfora 6
7413.5

[3695.42, 11167.58]

787.19

[268.22, 1306.16]
14

P3 

Kisumu 6
10909.33

[3149.47, 18669.20]

1929.23

[187.19, 3671.27]
27

VK7 5
6219

[2576.16, 9861.84]

1164.04

[[736.89, 1591.20]
9

Banfora 3
14772

[1453.14, 28090.86]

1668.92

586.24, 2751.60]
8

IG2 

Kisumu 6
12759.5

[6312.24, 19206.76]

2236.16

[1434.93, 3037.40]
14

N’gousso 6
6686.5

[2384.28, 10988.75]

1822.44

[971.85, 2673.03]
16

VK7 5
10488

[4366.25, 16609.75]

1587.40

[853.88, 2320.90]
11
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Additional Table 8. Within strain statistical comparisons (p value) of total number of net contacts

for susceptible (Kisumu and N’gousso) and resistant (VK7 and Banfora) mosquitoes between three

ITNsfour nets (UT = untreated, OL = Olyset Net, P3 = PermaNet 3.0, IG2 = Interceptor G2). 

Net comparison Strain

Kisumu N’gousso VK7 Banfora

UT v OL  <0.0001  <0.0001  <0.0001  <0.0001 

UT v P3  <0.0001  N/A  <0.0001  <0.0001 

UT v IG2  <0.0001  <0.0001  <0.0001  N/A 

OL v P3  0.7873  N/A  0.9966  0.6402 

OL v IG2  0.5684  0.9741  0.9445  N/A 

P3 v IG2  0.9833  N/A  0.8689  N/A 

 

Additional Table 9. Within treatment statistical comparisons (p value) of total number of net

contacts for four nets between four mosquito strains. 

Strain comparison ITN

Untreated Olyset Net PermaNet 3.0 Interceptor G2

Kisumu v N’gousso    0.9883  N/A  0.6322 

Kisumu v VK7  <0.0001  0.9957  0.8151  0.9738 

Kisumu v Banfora    0.9948  0.9250  N/A 

N’gousso v VK7  0.0095  0.9496  N/A  0.8914 

N’gousso v Banfora  0.0202  0.9414  N/A  N/A 

VK7 v Banfora  <0.0001  1.0000  0.5473  N/A 
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Additional Table 10. Within strain comparisons (p-value) of total duration of net contact for

susceptible (Kisumu and N’gousso) and resistant (VK7 and Banfora) mosquitoes between three

ITNs (OL = Olyset Net, P3 = PermaNet 3.0, IG2 = Interceptor G2). 

Net comparison Strain

Kisumu N’gousso VK7 Banfora

UT v OL  <0.0001  <0.0001  <0.0001  <0.0001 

UT v P3  <0.0001  N/A  <0.0001  <0.0001 

UT v IG2  <0.0001  <0.0001  <0.0001  <0.0001 

OL v P3  0.1265  N/A  0.8889  0.6018 

OL v IG2  0.0373  0.0617  0.5123  N/A 

P3 v IG2  0.9514  N/A  0.9088  N/A 

 

Additional Table 11. Within treatment comparison (p-value) of total net contact duration for three

ITNs between four mosquito strains.  

Strain comparison

ITN

Untreated Olyset Net PermaNet 3.0 Interceptor G2

Kisumu v N’gousso    0.9567  N/A  0.8908 

Kisumu v VK7  0.0001  0.9994  0.5914  0.7097 

Kisumu v Banfora  0.0252  0.9938  0.9829  N/A 

N’gousso v VK7  0.0051  0.9310  N/A  0.9801 

N’gousso v Banfora  0.0015  0.8683  N/A  N/A 

VK7 v Banfora  <0.0001  0.9992  0.9006  N/A 

 

Additional Table 12. Percentage of contact duration in first the 10minutes of room scale tracking

assay – within strain, between net differences. 
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Net comparison Strain

Kisumu N’gousso VK7 Banfora

UT v OL  <0.0001  <0.0001  0.9999  0.9965 

UT v P3  0.0121  N/A  0.0547  0.8800 

UT v IG2  0.0003  0.0108  0.9592  N/A 

OL v P3  0.0626  N/A  0.0312  0.9302 

OL v IG2  0.5533  0.0243  0.9327  N/A 

P3 v IG2  0.6108  N/A  0.1253  N/A 

 

Additional Table 13. Percentage of contact duration in first 10mins of assay – within net, between

strain differences 

Strain comparison

ITN

Untreated Olyset Net PermaNet 3.0 Interceptor G2

Kisumu v N’gousso  0.9829  0.7099  N/A  0.9489 

Kisumu v VK7  0.9717  <0.0001  0.8614  0.0004 

Kisumu v Banfora  0.9996  <0.0001  0.1913  N/A 

N’gousso v VK7  0.8703  <0.0001  N/A  0.0021 

N’gousso v Banfora  0.9707  <0.0001  N/A  N/A 

VK7 v Banfora  0.9884  0.9062  0.5609  N/A 

 

Additional Table 14. Average contact duration in first 10minutes – within strain, between net

comparisons.

Net comparison Strain

Kisumu N’gousso VK7 Banfora

UT v OL  0.8368  0.0083  0.9488  0.0607 
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UT v P3  0.9476  N/A  0.7547  0.3962 

UT v IG2  0.1146  0.9217  1.0000  N/A 

OL v P3  0.9899  N/A  0.3730  0.9217 

OL v IG2  0.0092  0.0199  0.9347  N/A 

P3 v IG2  0.0223  N/A  0.7299  N/A 

 

Additional Table 15. Average contact duration in first 10minutess – within net, between strain

comparisons. 

Strain comparison

ITN

Untreated Olyset Net PermaNet 3.0 Interceptor G2

Kisumu v N’gousso  0.3666  0.7884  N/A  0.6326 

Kisumu v VK7  0.1950  0.2028  0.9356  0.0002 

Kisumu v Banfora  0.9943  0.6882  0.7480  N/A 

N’gousso v VK7  0.0054  0.6882  N/A  0.0075 

N’gousso v Banfora  0.5587  0.8701  N/A  N/A 

VK7 v Banfora  0.1498  0.9818  0.9622  N/A 

Additional Table 16. Comparison (p-value) of average swooping speeds across 2hour assay within

four different strains, between four different net treatments.

Net comparison
Strain

Kisumu N’gousso VK7 Banfora

UT v OL 0.0226 0.4931 0.9972 0.2854

UT v P3 0.0937 N/A  0.9910 0.2929

UT v IG2 0.0092 0.8099 0.9995 N/A
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OL v P3 0.9276 N/A  0.9996 0.9920

OL v IG2 0.9861 0.9345 0.9879 N/A

P3 v IG2 0.7756 N/A  0.9735 N/A

 

Additional Table 17. Comparison of average swooping speeds across 2hour assay within four net

treatments, between four strains.

Strain comparison ITN

Untreated Olyset Net PermaNet 3.0 Interceptor G2

Kisumu v N’gousso 0.0013 0.0173 N/A  0.1576

Kisumu v VK7 0.0240 0.9555 0.6271 0.9987

Kisumu v Banfora 0.0164 0.0736 0.0332 N/A

N’gousso v VK7 0.7782 0.0882 N/A  0.1414

N’gousso v Banfora 0.8472 0.9390 N/A  N/A

VK7 v Banfora 0.9991 0.2601 0.3216 N/A

 

Additional Table 18. Comparison of activity decay over time (p-value), within strain, between net

treatment.   

Net comparison Strain

Kisumu N’gousso VK7 Banfora

UT v OL  0.0023  0.8774  0.0128  0.1454 

UT v P3  0.0020  N/A  0.0010  0.2103 

UT v IG2  <0.0001  0.1902  0.0387  N/A 

OL v P3  1.000  N/A  0.8049  0.9987 
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OL v IG2  0.3361  0.4861  0.9708  N/A 

P3 v IG2  0.3894  N/A  0.5401  N/A 

 

Additional Table 19. Comparison of activity decay over time (p-value), within net treatment,

between strains.  

Strain comparison

ITN

Untreated Olyset Net PermaNet 3.0 Interceptor G2

Kisumu v N’gousso  0.0734  0.9965  N/A  0.9745 

Kisumu v VK7  0.4510  0.2427  0.7543  0.0013 

Kisumu v Banfora  0.9962  0.2987  0.5513  N/A 

N’gousso v VK7  0.0021  0.3397  N/A  0.0047 

N’gousso v Banfora  0.0609  0.4128  N/A  N/A 

VK7 v Banfora  0.6268  0.9969  0.9675  N/A 
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Supplementary Table S1. Lethal concentrations and resistance ratios of Recife strains for three

insecticides (i.e. permethrin, malathion and temephos) Taken from Thornton et al, 2020.

Insecticide Strain LC50 RR50 LC95 RR95

Permethrin

New Orleans
0.066

(0.053-0.083)
N/A

0.327
(0.211-0.507)

N/A

REC-U
0.131

(0.106-0.162)
1.98

0.404
(0.259-0.631)

1.24

REC-R
0.155

(0.121-0.198)
2.35

0.629
(0.390-1.014)

1.92

REC-M
0.111

(0.0922-0.134)
1.68

0.451
(0.283-0.717)

1.38

REC-P
0.657

(0.585-0.738)
9.94

2.876
(2.292-3.608)

8.80
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Malathion

New Orleans
0.329

(0.274-0.394)
N/A

1.423
(1.109-1.825)

N/A

REC-U
0.566

(0.490-0.654)
1.72

2.093
(1.694-2.586)

1.47

REC-R
0.898

(0.741-1.087)
2.73

7.709
(4.302-13.812)

5.42

REC-M
1.006

(0.876-1.155)
3.06

4.583
(3.430-6.124)

3.22

REC-P
0.614

(0.566-0.666)
1.87

1.091
(0.957-1.245)

0.77

Temephos

New Orleans
0.011

(0.010-0.011)
N/A

0.032
(0.028-0.036)

N/A

REC-U
0.145

(0.141-0.149)
13.81 0.304 (0.284-0.326) 9.53

REC-R
0.342

(0.328-0.356)
32.57 1.163 (1.065-1.269) 36.46

REC-M
0.376

(0.357-0.396)
35.81 0.845 (0.798-0.938) 26.49

REC-P
0.355

(0.339-0.372)
33.81 0.810 (0.750-0.873) 25.39

LC50: Lethal concentration for 50% mortality; RR50: resistance ratio for LC50; LC95: Lethal

concentration for 95% mortality; RR95: resistance ratio for LC95. REC-U: strain without insecticide

exposure; REC-R: strain with temephos exposure; REC-M: strain selected for malathion; REC-P:

strain selected for permethrin.
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Supplementary Table S2. Mean wing length comparisons of four strains of Aedes aegypti reared at

two different larval densities.

Density Strain comparison Summary statistics

200

REC-R v REC-U t(72) =0.1444, p=0.8856

REC-R v REC-M * t(69) =4.0683, p<0.0001

REC-R v REC-P t(66) =0.1584, p=0.8746

REC-U v REC-M * t(71) =3.4131, p=0.0011

REC-U v REC-P t(68) =00006, p=0.9995

REC-M v REC-P t(65) =3.7722, p=0.0004

500

REC-R v REC-U * t(62) =6.2511, p<0.0001

REC-R v REC-M * t(65) =7.9279, p<0.0001

REC-R v REC-P * t(62) =2.2860, p=0.0257

REC-U v REC-M * t(65) =2.2748, p=0.0262

REC-U v REC-P * t(62) =9.5108, p<0.0001

REC-M v REC-P * t(65) =109510, p<0.0001

*denotes significant difference p=0.05
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Supplementary Table S3. GLMM Lipid model statistics.

Variable χ2 Degrees of freedom p

Strain 27.037 3 5.78x10-6

Age 79.446 1 2.20x10-16

Density 34.023 1 5.45x10-9
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Supplementary Table S4. The effects of strain and density on lipid content

Density: 200 larvae per tray

Comparison Estimate 95% CI p-value

REC-M – REC-P 22.07 5.86   –     38.28 0.040

REC-M – REC-R 3.47 -12.24    –     19.28 0.973

REC-M – REC-U 24.27 8.66   –      39.87 0.013

REC-P – REC-R -18.59 -34.31   –      -2.87 0.096

REC-P – REC-U 2.20 -13.55    –     17.95 0.993

REC-R – REC-U 20.79 5.56      –     36.02 0.040

Density: 500 larvae per tray

Comparison Estimate 95% CI p-value

REC-M – REC-P 16.41 -4.58    –       37.40 0.042

REC-M – REC-R -16.42 -36.14   –         3.29 0.363

REC-M – REC-U -15.40 -32.04   –         1.24 0.269

REC-P – REC-R -32.83 -49.24    –     -16.42 <0.001

REC-P – REC-U -31.81 -51.27    –     -12.347 0.008

REC-R – REC-U 1.02 -17.23    –      19.26 0.999
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Supplementary Table S5. The effects of strain and age on lipid content.

Age: 2 days

Comparison Estimate 95% CI p-value

REC-M – REC-P 2.26 -15.28    –     19.80 0.994

REC-M – REC-R -38.79 -55.78    –    -21.79 <0.001

REC-M – REC-U -14.93 -31.35     –        1.49 0.284

REC-P – REC-R -41.04 -57.01     –     -25.07 <0.001

REC-P – REC-U -17.19 -34.01      –     -0.37 0.189

REC-R – REC-U 23.85 7.48     –     40.22 0.024

Age: 8 days

Comparison Estimate 95% CI p-value

REC-M – REC-P 36.22 17.73   –    54.70 <0.001

REC-M – REC-R 25.85 7.94    –     43.76 0.026

REC-M – REC-U 23.80 8.18   –      39.42 0.016

REC-P – REC-R -10.37 -26.72    –      5.97 0.599

REC-P – REC-U -12.42 -29.82     –     4.98 0.501

REC-R – REC-U -2.04 -18.81     –     14.73 0.995
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Supplementary Table S6. GLMM Glycogen model statistics.

Variable χ2 Degrees of freedom p

Strain 30.729 3 9.69x10-7

Age 10.621 1 0.001

Density 4.030 1 0.045
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Supplementary Table S7. The effects of strain and density on glycogen content.

Density: 200 larvae per tray

Comparison Estimate 95% CI p-value

REC-M – REC-P 7.84 -1.66   –      17.35 0.370

REC-M – REC-R -8.75 -18.04    –      0.53 0.253

Rec-M – REC-U 9.01 -0.12     –      18.14 0.217

REC-P – REC-R -16.60 7.35     –      25.85 0.003*

REC-P – REC-U 1.16 -8.09     –     10.41 0.99

REC-R – REC-U 17.77 8.83      –     26.71 0.001*

Density: 500 larvae per tray

Comparison Estimate 95% CI p-value

REC-M – REC-P -9.30 -20.73    –      2.11 0.384

REC-M – REC-R -13.09 -23.98    –    -2.19 0.090

REC-M – REC-U -0.17 -9.87     –    9.52 1.000

REC-P – REC-R -3.78 -13.38     –    5.82 0.867

REC-P – REC-U 9.14 -1.88     –   20.15 0.366

REC-R – REC-U 12.92 2.44      –   23.38 0.077

300



Supplementary Table S8. The effects of strain and age on glycogen content.

Age: 2 days

Comparison Estimate 95% CI p-value

REC-M – REC-P 2.98 -7.16   –       13.13 0.939

REC-M – REC-R -16.88 -26.74    –     -7.02 0.005*

REC-M – REC-U 5.27 -4.31     –      14.86 0.703

REC-P – REC-R -19.86 -29.25     –     -10.47 <0.001*

REC-P – REC-U 2.29 -7.55     –       12.12 0.969

REC-R – REC-U 22.15 12.56      –     31.73 <0.001*

Age: 8 days

Comparison Estimate 95% CI p-value

REC-M – REC-P -9.307 -20.73    –     2.12 0.384

REC-M – REC-R -13.089 -23.98    –    -2.19 0.090

REC-M – REC-U -0.173 -9.77    –      9.43 1.000

REC-P – REC-R -3.782 -13.38    –      5.82 0.867

REC-P – REC-U 9.135 -1.88    –    20.15 0.366

REC-R – REC-U 12.916 2.45     –   23.38 0.076

301



Supplementary Table S9. Differences in individual mating success between all four strains of Aedes

aegypti.

Comparison Odds ratio 95% CI P value

REC-R – REC-U 0.543 0.375 0.306

REC-R – REC-M 0.256 0.188 0.002

REC-R – REC-P 0.421 0.295 0.073

REC-U – REC-M 0.471 0.347 0.186

REC-U – REC-P 0.776 0.543 0.892

REC-M – REC-P 1.647 1.228 0.555
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Supplementary Table S10. Cross mating success between REC-M and REC-R males when given the
opportunity to mate with REC-M and REC-R females.

Male strain Female strain Number of females inseminated
REC-R REC-R 17
REC-R REC-M 4
REC-M REC-M 24
REC-M REC-R 26
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