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Abstract 

Background: Malaria transmission risk can be unevenly distributed due to various 

environmental factors such as the distribution of mosquito breeding habitats and human 

dwellings, mosquito-related factors such as blood-feeding behaviours, susceptibility to 

insecticides, dispersal range, age and non-random host selection thus, shaping the effectiveness 

of interventions used. This study investigated how the age of Anopheles funestus and their 

susceptibility to insecticides used for vector control vary by distance from their aquatic habitats, 

and how these correlations may inform vector control strategies in southern Tanzania. 

Methods: Adult female An. funestus were collected in houses located at 50-100 m, 150-200 m or 

over 200 m from the nearest known aquatic habitats. The mosquitoes were exposed to 1× (the 

standard diagnostic dose), 5× (five times the diagnostic dose) and 10× (ten times the diagnostic 

dose) of either deltamethrin or permethrin, or to the synergist, piperonyl butoxide (PBO) 

followed by the pyrethroids, then monitored for 24hr mortality. Ovaries of exposed and non-

exposed mosquitoes were dissected to assess parity status as a proxy for age. Emergent adults 

from larval collections in the same villages were exposed to the same insecticides at either 3-5 

days, 8-11 days or 17-20 days old. Generalized linear mixed-effects models were used to 

compare the 24hr-mortality for candidate insecticides by age and distance. 

Findings: Mosquitoes collected nearest to the aquatic habitats (50-100 m) had the lowest 

mortality compared to those from other distances (150-200 m, over 200 m); with a maximum of 

51% mortality at 10× permethrin. For the age-synchronized emergent mosquitoes collected as 

larvae, the highest mortalities were observed at the oldest age (17-20 days) when exposed at 1x 

doses. At 10× permethrin and deltamethrin doses, 99% and 76% mortality was observed among 
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the 8-11 day-olds compared to 56% and 58% among 3-5 day old mosquitoes respectively. Pre-

exposure to PBO restored the potency of insecticides on mosquitoes. The percentage of parous 

mosquitoes increased with distance from aquatic habitats, thus indicating the increased age of 

mosquitoes with distance from aquatic habitats.  

Conclusion: Older An. funestus and those collected farthest from the aquatic habitats (near the 

centre of the village) were more likely to die from exposure to pyrethroids than younger ones and 

those caught nearest to the habitats. Additional studies should investigate whether insecticide-

based interventions would remain sufficiently effective in areas of widespread pyrethroid 

resistance by killing the older, less resistant and potentially-infective females or if fine-scale 

targeting of insecticide-based interventions such as IRS (e.g. by prioritizing households farthest 

from habitats) would be optimal. 

Keywords:  Insecticide resistance, mosquito age, age grading, parity, Anopheles funestus, 

piperonyl butoxide, malaria, aquatic habitats. 
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CHAPTER ONE 

1. INTRODUCTION 

1.1 Background  

Malaria is a life-threatening disease caused by the Plasmodium parasites. Human parasite 

transmission is via the Anopheles mosquito vector. Over the past two decades, malaria 

transmissions have been dominant in the World Health Organization (WHO) regions of the 

Western Pacific, South-East Asia, America, Eastern Mediterranean and sub-Saharan Africa. The 

latter contributes to the largest proportion of malaria cases and deaths (1). In the WHO World 

Malaria Report (2021), sub-Saharan Africa contributed >95% of the global malaria cases and 

deaths, with children under the age of five counting 67% of deaths (1). From the year 2000 to 

2015, a decrease of more than 27% in malaria case incidences was observed. These 

achievements on the malaria burden have been contributed by the vector control strategies 

among other control interventions. In sub-Saharan Africa, the effective use of insecticide-treated 

nets (ITNs) and indoor residual spraying (IRS), together with improved case management have 

vastly reduced the burden of the disease (2–4). In contrast, there was less than a 2% decrease in 

malaria cases between 2015 to 2019 and a resurgence in 2020, suggesting that the goals of 

malaria elimination are being derailed (1,5). 

Malaria transmission can be unevenly distributed due to various environmental factors such as 

the distribution of mosquito breeding sites and human dwellings (6), mosquito-related factors 

such as blood-feeding behaviour (7), dispersal range, non-random host selection (8) or 

effectiveness of interventions used. However, when human settlements are close to the breeding 

sites, the range at which mosquitoes can disperse is limited; and mosquitoes tend to remain 

where human settlements are concentrated (9). A study in coastal Kenya indicated that female 
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Anopheles mosquitoes were able to travel over 500 m and survive for over 17 days from their 

point of release (10), while field observations in south-eastern Tanzania showed that biting 

densities were highest in areas with the greatest human densities and household occupancy was 

greatest (11). It has also been shown that mosquitoes found farther from their larval (aquatic) 

habitations in the natural population are more likely to be infected with parasites (9).  

It has previously been demonstrated that the susceptibility of mosquitoes to insecticides tends to 

increase with age (12–14). These findings can have direct implications on the effectiveness of 

the insecticide-based interventions, such as ITNs and IRS, which now dominate malaria control 

(1,5). However, there is currently limited research on how these interactions play out in 

communities such as south-eastern Tanzania where the less-studied An. funestus dominates 

malaria transmission (15,16), and where the vector exhibits moderate to strong pyrethroid 

resistance (17,18). Moreover, it is unclear whether the variation in phenotype by age can be 

tracked over fine scales across landscapes and how they would inform malaria vector control.  

Studies have shown that mosquito infectivity in nature depends on both the vector age (both 

biological age and chronological days) and the density of the parasite in the vector (19). 

Additionally, the distance from the larval (aquatic) habitations increases the probability of them 

being infected with parasites (9). This might imply a differential age distribution of human-biting 

mosquitoes by distance from aquatic habitats and hence different infectivity since mosquitoes 

require about ten days to complete the parasite incubation before they can transmit malaria (20).  

The age of wild female mosquitoes can be determined using the morphology of their ovaries 

(21). Ovaries from wild-caught females can be removed through dissection, and specific 

morphological characteristics are then evaluated under a stereo or compound microscope. 

Mosquitoes are identified to be young or old based on the presence or absence of the coiled 
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tracheolar skeins (also referred to as nulliparous or parous respectively) (21). Ovaries can be 

further dissected for the presence of ovariole sacs/dilations allowing for the determination of the 

number of times a female mosquito has laid eggs. The aforementioned factors (age and parasite 

intensities) have a significant impact on susceptibility towards the insecticides, with the older 

mosquitoes infected with the parasite being much more susceptible to insecticides (12–14,22). 

The WHO insecticide susceptibility procedures recommend that insecticide monitoring is done 

using the filial one (F1) 3-5 days old obtained from larval collections or wild-caught female 

mosquitoes (23). However, in cases where larval collections are insufficient and obtaining 

laboratory progeny of wild-caught material is difficult, some studies have used adults directly 

obtained from field trapping (17). Evaluation using such wild-caught mosquitoes has several 

setbacks including; the variation of the physiological conditions and potential prior exposure to 

insecticides in the houses from where the mosquitoes were caught. Despite these drawbacks, the 

wild population still provides a reasonable reflection of the change in the efficacy of insecticidal 

based interventions in the field. Insecticide resistance in mosquitoes can be detected using 

specific assays and the phenotypic observation identifies the presence or absence of resistance 

(23). Standard concentrations of respective insecticide-impregnated filter paper are used 

according to WHO susceptibility test procedures (23).  

When interpreting the tests, insecticide resistance is confirmed if the mosquito mortality is less 

than 98%, 24 hours post-exposure. The intensity of the resistance can then be determined using 

an intensity bioassay. This assay relies on exposure of mosquitoes to 5x and 10x the standard 

concentration in a sequential manner (23). The bioassay determines the intensity of the 

insecticide resistance whereby so doing indicate the effectiveness of the intervention on a 

targeted malaria vector in the community.  
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Once the resistance has been identified in the vector, it is important to understand the mechanism 

responsible for resistance as directed by the global plan for insecticide resistance management 

(GPIRM) (24). Metabolic resistance is the most common mechanism of insecticide resistance 

and is mainly due to increased metabolic enzyme detoxification (23). This can be due to the 

presence of a large quantity of enzyme production or alteration in the enzymatic catalytic centre, 

resulting in resistance (25,26).  

The main enzyme families responsible for detoxification are P450s (monooxygenase), esterases, 

and glutathione-S-transferase (GSTs). P450s have been identified as one of the most common 

enzyme families showing increased activity in resistant vectors. One method to incriminate an 

enzyme family is through the use of synergists (23). Synergist will block the activity of these 

enzyme families and if it results in a susceptible phenotype, it will indicate the association of that 

family with the specific insecticide detoxification (27). For instance, the synergist piperonyl 

butoxide (PBO), inhibits the P450s. If P450s are the solo resistance enzymes responsible for the 

mechanism, a 100% mortality will be achieved after exposure to the PBO synergist followed by 

the insecticide, while the un-synergized group will show mortality below 98%. Metabolic 

resistance can be further evaluated through microarray assays, real-time polymerase chain 

reaction (PCR) or biochemical assays by measuring the differential expression of specific genes 

which code for detoxifying enzymes (28). 

1.2 Problem statement 

In south-eastern Tanzania where long-lasting insecticidal nets (LLINs) are widely used with 

indoor residual spraying (IRS) never imposed, the main vectors An. funestus is implicated in 

nearly 80% of malaria transmission, even when present at low abundance (15,16). Furthermore, 

An. funestus is now showing moderate to strong resistance to the commonly used insecticides, 
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compared to its counterpart, An. arabiensis in south-eastern Tanzania (17,18). Except for 

organophosphates, An. funestus mosquitoes are resistant to the other three insecticide classes; 

carbamate, organochlorine, and pyrethroids. The detected resistance in this vector species shows 

heterogeneous distribution from one location to another, with an extremely high level of 

resistance to pyrethroids (17). Likewise, the sympatric species, An. arabiensis shows the same 

heterogeneity by season and location of the collection which necessities the factor-based 

selection of insecticide based interventions (17,29).  

Malaria transmission in these areas and other similar sites can be heterogeneous between and 

within villages and is influenced by multiple environmental factors such as the distribution of 

mosquito breeding habitats and human dwellings, mosquito-related factors such as blood-feeding 

behaviours, dispersal range, age and non-random host selection thus, shaping the effectiveness of 

interventions used. However, there has not been any in-depth investigation as to how these 

variabilities would influence the fine-scale allocation of insecticide-based interventions. 

Likewise, it is unclear whether and how the age of individual mosquitoes and their susceptibility 

to insecticides used for vector control varies by distance from aquatic habitats, and how these 

correlations may inform fine-scale interventions in the target villages.  

1.3 Justification and relevance to public health 

This study was an attempt to complete a more in-depth analysis of the interplay of the above 

factors and therefore aimed to assess how the age of An. funestus mosquitoes and their 

susceptibility to common public health pyrethroid insecticides vary by distance from the aquatic 

habitats of these mosquitoes. These investigations allowed us to hypothesize how any such 

correlations may inform vector control strategies in the specific study areas in south-eastern 

Tanzania as well as in the other similar sites. For instance, for older, more susceptible 
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mosquitoes and mostly in the middle of the villages, a ringed control approach involving IRS at 

the centre and larval source management at the edge of the village may be considered thus 

interrupting malaria transmission. Since the coverage of pyrethroid-treated nets in the areas is 

high and P450s are implicated in pyrethroid resistance (30), this study investigated the potency 

of PBO synergists in enhancing susceptibility to insecticides. The data was collected as part of a 

larger ongoing project “Funestus PopBiol (INV-002138)”, and was retrospectively utilized to 

achieve the objectives of this study. 

1.4 Research questions 

The main research questions were as follows: 

1. What is the influence of age and distance from aquatic habitats on pyrethroid resistance 

profiles of An. funestus, a dominant malaria vector in south-eastern Tanzania? 

2. How would the correlation between these factors inform fine-scale targeting of malaria 

interventions in and around human settlements? 

1.5 Aim of the study  

To assess the influence of age and distance from aquatic habitats on the pyrethroid resistance 

status of An. funestus mosquitoes in rural south-eastern Tanzania. 

1.6 Objectives 

1. To assess the influence of age (number of days lived) on the level and intensity of 

pyrethroid insecticide resistance in An. funestus. 

2. To assess the influence of distance from aquatic habitats on the level and intensity of 

pyrethroid resistance in An. funestus mosquitoes collected in households.  
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3. To assess the relationship between distance from the aquatic habitats and mosquito age 

and how this influences susceptibility. 
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CHAPTER TWO 

2. LITERATURE REVIEW AND SYNTHESIS 

This chapter synthesizes the literature and knowledge relevant to this study, covering the 

distribution of key malaria vectors, the dispersal range of Anopheles mosquitoes, the mode of 

action of insecticides, the role played by insecticides on malaria control and how the age of 

mosquitoes play a part in the potency of insecticides. It also explores the impact of insecticide 

resistance of mosquitoes to public health insecticides and how insecticide resistance impacts 

insecticidal-based interventions. The synthesis is mostly focused on pyrethroid insecticide since 

our study evaluated permethrin and deltamethrin, the pyrethroid class of insecticide.  

2.1 Distribution of malaria vectors 

Global and regional malaria elimination and eradication targets are more realistic if the ecology, 

distribution of malaria vectors and other malaria indicators are well understood. Over 460 

Anopheles mosquito species are known (31), about 70 of which are capable of transmitting 

Plasmodium parasites to humans (32). Of these, only 41 species are considered to transmit 

malaria at the public health concern level (33). Currently, in the African region where most of 

the transmission occurs (1), the malaria vector population is dominated by An. gambiae s.s., An. 

arabiensis, and An. funestus, all of which have distributions dependent on climate (34). These 

vector species have adapted to different feeding preferences and resting locations, the latter 

preferably feeding on humans (anthropophilic) (7,35) and resting in the house (endophilic) (36), 

potentially targeted by indoor interventions namely, IRS and ITNs. 

The different vector species respond differently to the interventions. For instance, ITNs mostly 

target mosquitoes that bite indoors and rest indoors. ITNs have been associated with the crash of 
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An. gambiae s.s populations but not An. funestus in some parts of Tanzania and Kenya (37–39). 

However, in Southern Africa, An. funestus population was crashed by IRS, before they became 

resistant to pyrethroids in the late 1990s (40). Evidence from south-eastern Tanzania indicates 

that An. funestus mosquitoes are now driving malaria transmission even when they occur in low 

fractions (15,16,18), and are highly resistant to public health insecticides (17,18). This 

necessitates a thorough understanding of inter and intraspecific disparities of malaria vectors at a 

local scale to interrupt the transmission. 

2.2 Dispersal range of Anopheles mosquitoes 

Understanding the range at which malaria vectors can disperse is essential for the evidence-based 

distribution and evaluation of limited vector control interventions. Malaria vector species have 

varied ranges at which they can fly from their habitats, sometimes cross-boundaries from one 

village to another. For instance, An. gambiae s.s. mosquitoes can fly up to 1.5 km from their 

aquatic habitats (41–43). Another species, An. arabiensis from the An. gambiae complex can be 

recaptured between 300 m and 700 m from the point of release (44). Although the evidence is 

limited on An. funestus, some studies have indicated that this vector species can fly to 500 m 

from the point of release (10,45). Nonetheless, these findings need to be cautionary inferred by 

considering the confounding conditions like landscapes, physical barriers, wind, distribution of 

human settlement and vector density which influence the dispersal range of mosquitoes (45). The 

flight range appears to be no more than 1.5 km for the main malaria vectors, but it is unclear if 

this may be extended throughout their adult life stages. 

The range at which mosquitoes can fly is often determined by their age, human biting rate, 

mosquito density and infectivity where the high density of mosquitoes tend to aggregate where 

human settlements are concentrated (9). Furthermore, the older mosquitoes, mostly infective are 
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found at the farthest distance from the aquatic habitat (9). Therefore, understanding how the 

dispersal range and age of individual mosquitoes correlate to insecticide resistance is crucial.   

2.3 Mode of action of pyrethroid insecticides  

It is vital to understand the mode of action of public health insecticide for better evaluation of the 

insecticidal interventions and monitoring of insecticide resistance in vector species. Pyrethroids 

as other available insecticide classes for malaria control (carbamates, organophosphates, 

neonicotinoids and organochlorines), are a neurotoxin, affecting the central nervous systems 

delivered from the natural pyrethrin (46,47). Pyrethroid neuro-toxicological effect targets 

sodium-voltage gated channels by interrupting the opening and closing of the channels resulting 

in the continual firing of the impulses (Fig. 1) (46,48). These channels possess the domain for 

the attachment of pyrethroid insecticides. When binding occurs, interrupts the closing of the 

gates and permits continual depolarization, synaptic disturbance, conductance blocking, 

knockdown and eventually death (49–51). The voltage-gated channels are held at the “closed” 

state during the resting (hyperpolarization) state and open during excitement (depolarization) 

allowing specific ions to diffuse across the membrane for impulse generation (52). Upon 

resistance, mosquitoes avert the process by either producing a large quantity of detoxifying 

enzymes thus metabolizing the insecticide before reaching the target site or altering the 

enzymatic catalytic centre to prevent the binding of the insecticide. 
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Figure 1. Representation of insecticide site of action at the neurons and synapses. 

Sodium-ion gate channels (dichloro-diphenyl-trichloroethane (DDT) and pyrethroid), 

Acetylcholinesterase enzymes (AChE) (organophosphates (OP) and carbamates), 

nicotinic acetylcholine receptor (nAChR) (nicotine and neonicotinoids), chlorine (Cl) ion 

channel (ivermectin, fipronil and cyclodienes). © Field L.M. et al., 2017. 

https://link.springer.com/article/10.1007/s00249-016-1195-1  

2.4 The role of pyrethroid insecticides in malaria elimination 

Malaria elimination and eradication efforts depend on a) early diagnosis, case management and 

treatment and b) control of malaria vector species by reducing the population of the vector in a 

complementary manner, the latter primarily reliant on insecticides (53). There are only four 

classes of insecticides that are mainly used for malaria vector control namely organochlorides, 

organophosphates, carbamates and pyrethroids with the additional currently approved 

neonicotinoids by the World Health Organization (WHO) for indoor residue spraying (54). 

Pyrethroids, the only approved insecticide for ITNs, has gained pronounced use in the vector 

control sector due to their non-lethality to non-targeted species and short persistence in the 

environment making them environmentally friendly (47,55). A large proportion, over 20% of the 

https://link.springer.com/article/10.1007/s00249-016-1195-1
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insecticide market currently is being dominated by pyrethroids, to which most malaria vector 

species have become resistant (56,57). 

Considering effectiveness, environmentally friendly and non-lethality to non-targeted organisms 

of pyrethroid insecticides, pyrethroid treated bet-nets have been widely distributed (58). This 

significantly interrupts malaria transmission through chemical effects and physical barriers 

affecting the vectorial capacity parameters like survival, human biting rates, abundance and 

infection rates (58).  Although insecticidal malaria vector control has achieved much in malaria 

control, insecticide resistance to commonly used insecticides specifically pyrethroids poses a 

noticeable threat (56). For better and early mitigation of pyrethroid insecticide resistance 

challenge, a thorough understanding of the scope of a problem, and the epidemiological impact 

of insecticide resistance on malaria elimination and eradication efforts are essential.  

2.5 The situation of pyrethroid resistance in Africa 

Insecticide resistance in malaria vectors has become a challenge to malaria elimination efforts, 

thus exhausting the available vector control opportunities largely depending on insecticide based 

intervention. Pyrethroid resistance in Africa was already detected from the early 1970s to the late 

1990s which was linked with exposure to mosquitoes in agricultural activities when pyrethroids 

were used for crop protection (59,60). The situation worsened in the  20th century, with the 

majority of malaria vectors currently being resistant to pyrethroid insecticides (3,61). These 

vectors are reported to have developed cross-resistance with multiple resistance mechanisms 

especially the insecticides with shared target sites for instant pyrethroid and DDT (62,63). This is 

worsening the situation and poses a question of whether new insecticide formulations with a 

different mode of action, the combination of insecticides or even insecticide-free interventions or 

integrated vector management (IVM) is best.  
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In the eastern parts of Africa, Tanzania's mainland, pyrethroid based ITNs programmes have 

been implemented since the 1990s and malaria vectors are reported to be resistant to the common 

insecticides, including key pyrethroids (64). In the past two decades, the resistance of malaria 

vector species to pyrethroids has drastically increased from 8-33% proportion of study sites 

reporting resistance in 2006 to 27-39% in 2017 (65). However, the delayed strengthening of 

resistance monitoring must be considered when interpreting this evidence as it might be 

influencing the observed trend. 

2.6 The age of mosquitoes and insecticide resistance 

Malaria vectors require at least ten days for parasite incubation before they can transmit the 

disease to the next host (20). Likewise, the susceptibility of mosquitoes to insecticide is age-

dependent with the younger ones being less susceptible compared to the older ones, able to 

transmit the parasites (12–14,66). Unfortunately, insecticide susceptibility test procedures by 

WHO preferably direct the use of young mosquitoes (3-5 days old) for insecticide resistance 

monitoring (23). Moreover, mosquitoes of the recommended age group are younger and unable 

to transmit the parasite. This poses the dispute of if LLINs are more effective in the areas where 

the vector species are still susceptible to the insecticide and only marginal value is added when 

the vectors become resistant (67). However, insecticidal interventions, for instance, LLNs, which 

are pyrethroid-impregnated might still effectively kill the older mosquitoes and also provide a 

physical barrier to the young resistant population, thus interrupting malaria transmission.  

2.7 The epidemiologic link between insecticide resistance and 

operational failure 

The epidemiological link between insecticide resistance and malaria vector control failure is still 

a debatable subject, especially for ITNs, but there is clear evidence of linkage in the case of 
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purely insecticidal tools such as IRS (68). A study in the late 1990s demonstrated the correlation 

between malaria resurgence and the change in insecticide use from dichloro-diphenyl-

trichloroethane (DDT) to pyrethroid in South Africa (Fig. 2 & 3) (40,69,70). DDT was promptly 

reintroduced shortly after the resurgence of malaria cases (40) and the detection of insecticide 

resistance in malaria vectors (71), hence the deceleration of malaria outbreaks (70) (Fig. 3). 

However, this should be interpreted with care, as the study was not specifically designed to 

assess how the scenarios correlate. Moreover, the detection of once-eliminated An. funestus 

(69,72) in the area and the resurge of the cases (40) could be concomitant to the competitive 

replacement of An. gambiae (s.l.) (73),  however, this was not reported in South Africa. Another 

study in Malawi revealed the operation failure of  IRS in areas with high pyrethroid resistance 

levels (68). Contrary to the widespread insecticide resistance of mosquitoes to commonly used 

insecticides, the evidence on the link between insecticide resistance to operation failure is 

inadequate.  
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Figure 2. The maintained low number of malaria cases by the introduction of DDT 

(dichloro-diphenyl-trichloroethane) and the elimination of An. funestus in South Africa 

since 1945. Modified from © Coetzee M. et al., 2013. 
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Figure 3. The link between malaria cases doubling in 1995 and pyrethroid introduction, 

An. funestus re-invasion and resistance and the decline in 2001 by DDT (dichloro-

diphenyl-trichloroethane) reintroduction in South Africa. Modified from © Coetzee M. et 

al., 2013. 

Thus, scholars are yet to agree on whether pyrethroid-based interventions, the insecticide to 

which malaria vectors are resistant are effectively serving the purpose (74,75). It is argued that 

although mosquitoes are resistant to pyrethroid, LLNs still offer physical protection to the users 

as they could have when untreated (74,75). Despite the hypothesis that the areas with high 

insecticide resistance would have high malaria prevalence and incidences, WHO multi-country 

studies have demonstrated that there is no correlation between insecticide resistance and malaria 

cases (76). Nevertheless, the evidence in South Africa might still hold as An. funestus 

elimination and re-invasion are associated with the low and high malaria transmission in the area 
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respectively (70–72). The debate remains as to whether insecticide resistance directly implies the 

operational failure of insecticidal based vector control intervention and whether these 

interventions should be insecticidal free and or new insecticide formulations are urgently needed. 

Although multiple attempts have been investigated to incriminate the insecticide resistance and 

operational failure, it is still imprecise and methodologically challenging to associate this with 

malaria prevalence and incidences. Therefore, many studies have used the standard WHO 

susceptibility test procedures as a proxy for the efficacy and effectiveness of the insecticidal 

interventions on the natural vector population (23). This allows using both field population and 

the laboratory age-synchronized specimens.  

When the vectors show resistance under intensity bioassays (5×, 10× the standard concentration), 

it is inferred to reflect the operational failure although this provides no linkage to malaria 

incidences. However, when this approach is used in combination with age, infectivity, distance, 

distribution of human settlements and mosquito larval distribution parameters it might still 

inform the vector control strategies and insecticide resistance at the fine scale. A modelling work 

by Smith revealed that a large proportion of older, parasite-infected mosquitoes is found at the 

farthest distance from their aquatic habitat (9). Thus, more transmission might be concentrated 

away from the aquatic habitats. This could have motivated the absence of a correlation between 

the insecticide resistance and malaria epidemiology where the samples were randomly selected 

considering only the resistance profile and malaria status (76,77).  
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CHAPTER THREE 

3. MATERIALS AND METHODS 

Since this study was retrospectively evaluated, section A provides methods that were conducted 

by others participating in this study during data collection (Section A). However, this is included 

to provide background on the data that were analysed. Section B explains the methods that were 

employed for the analysis of the data for this project and research report. 

3.1 Section A 

3.1.1 Study site 

Adult female An. funestus mosquitoes were collected from the spatially isolated hamlet in 

Ikwambi village in Kilombero district, south-eastern Tanzania from August to December 2020. 

The village is located at 7.98033°S, 36.81701°E; elevated 400 m above the sea level; rainfall: 

1200-1800 mm per year; temperatures: 20-33°C) (78) (Fig. 4). Additionally, mosquito larvae 

were collected from known aquatic habitats of An. funestus in the area as previously described by 

Nambunga et al., (79). The area had been selected based on previous surveys indicating that An. 

funestus dominated in both densities and malaria transmission activity.  
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Figure 4: Map of the study area showing adult mosquito collection sites and distance 

from aquatic habitats.  

3.1.2 Field collections of adult mosquitoes 

The WHO guidelines on the collection of specimen for insecticide susceptibility bioassay was 

used for the experiment (23). Initial surveys were done to identify and mark all possible aquatic 

habitats for An. funestus, following the attributes previously described by Nambunga et al (79), 

using either a standard dipper or 10L bucket for larval sampling to confirm the presence of the 

species. The distance from confirmed habitats of An. funestus to human habitations were 

calculated based on geo-locations data obtained using a handled Global Positioning System 

(GPS) receiver (eTrex, Vista, Garmin, USA). Three buffer distances were created from the 

confirmed habitats as follows; a) 50-100 m (edge of the village), b) 150-200 m (intermediate 

distance), and c) over 200 m (at the centre of the village) (Fig. 4).  

The Centre for Disease Control and Prevention (CDC) light trap placed beside the volunteer-

occupied bed nets was used to collect host-seeking female mosquitoes from 18:00-07:00 hours 
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between August and December 2020. The collections, separated by distance from the nearest 

aquatic habitat were acclimatized for 24 hours in an insectary and supplied with 10% glucose 

solution and dead ones were discarded before the insecticide susceptibility tests were started. A 

separate cohort of mosquitoes was collected at the same distance using a volunteer-occupied 

miniaturized double net trap (DN-Mini) placed beside human dwellings (80). These additional 

collections were dissected and used for estimating mosquito age distribution by distance. The 

identification of the collected mosquitoes was done using dichotomous keys (81). 

3.1.3 Larvae sampling and rearing 

Anopheles funestus larvae were collected from different sites. Similar larval sampling methods 

and tools were used as aforementioned above, using procedures previously described by 

Nambunga et al (79). The collected larvae were transported with their natural water and reared in 

an insectary at 80 ± 10% relative humidity and 27 ± 2°C. Tetramin® fish food (Tetra GmbH, 

Melle, Germany) was provided to supplement the aquatic diet, and the pupae collected were 

placed in separate cages and supplied with 10% glucose solution for the subsequently emerging 

adults. For this round of insecticide susceptibility tests, the mosquitoes were used in three 

separate age groups post-emergence; a) (3-5 days), b) (8-11 days) and c) (17-20 days). 

3.1.4 Insecticide resistance bioassays 

Two candidate pyrethroids (deltamethrin and permethrin) were evaluated using WHO guidelines 

(23), in a step-wise fashion, starting with standard concentrations (1×) for phenotypic resistance 

evaluation, followed by 5× and 10× the standard concentrations to assess the intensity of 

resistance. The synergist bioassay using PBO was also conducted to assess the possible 

involvement of the cytochrome P450’s enzyme-based metabolic resistance.  
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Each test had six replicates, 20 individual mosquitoes per replicate, per concentration (3×) per 

insecticide (2×), per distance (3×)/age class(3×), totalling 4,320 mosquitoes. The first round of 

bioassays ( using adults collected from houses) was done based on the different distance ranges 

from the aquatic habitats, while the second round of bioassays (using emergent adults collected 

as larvae) at different age classes as described above. Mosquitoes were exposed to the 

insecticides for one hour and moved to non-insecticidal holding tubes with 10% glucose solution, 

then monitored 24 hours post-exposure for mortality. Since the mosquitoes were resistant to 

standard concentrations of both pyrethroids, intensity bioassays were completed to assess the 

intensity of the resistance, following procedures described in the WHO guidelines (23).  

Tests with synergist (4% PBO) had three replicates, comprising four cohorts as follows: a) 

mosquitoes exposed to either deltamethrin or permethrin only at standard concentration, b) 

mosquitoes exposed to 4% PBO followed by pyrethroids, c) mosquitoes exposed to 4% PBO 

only, and d) mosquitoes exposed to the silicone oil-coated papers (control group). This totalling 

the sample size of 8,640 mosquitoes. The exposed mosquitoes were all provided with 10% 

glucose solution and mortality was recorded 24 hours post-exposure. Tests were discarded if the 

control group's mortality exceeded 20%. 

3.1.5 Mosquito age grading 

All mosquitoes that were exposed to insecticides were dissected, whenever alive or freshly dead 

after 24 hours of mortality monitoring of the insecticides (44%, n=1,577). The rest were dry and 

unable to be dissected (56%, n=2,023). The dissection of the ovaries followed Detinova’s 

method described in the WHO guidelines for practical entomology (21) using a stereo-

microscope. The dissected ovaries were observed under a compound microscope for the presence 

or absence of the coiled tracheolar skeins, ie. nulliparous (young) or parous (old) respectively. 
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Parous mosquito is the one which has at least laid eggs once while nulliparous are the ones 

which have not laid eggs (82–84). 

An additional cohort of mosquitoes collected using the CDC-LT (n=560) and the miniaturized 

double net trap (DN-Mini) (n=78), and not exposed to the insecticides were dissected for 

identification of the ovariole dilations to determine how many times the mosquito had laid eggs 

(i.e. the number of gonotrophic cycles). The results of the dissected mosquitoes were recorded by 

the distance from the aquatic habitat(s) and the method of collection. In this additional cohort 

data, mosquitoes collected on the same day were referred to as a replicate, different from what a 

replicate is referred to for the WHO bioassay.  

3.1.6 Molecular identification of the mosquitoes  

To identify An. funestus sibling species for confirmation of the studied vector species, a sub-

sample of the tested mosquitoes (at least two from each replicate i.e. 10%) were separately 

packed in 1.5ml micro-centrifuge tubes containing silica gel and transferred to the laboratory for 

molecular species identification. The information on a specific sample was recorded before 

subjection for molecular identification. The identification of the sibling species of An. funestus 

group was done using the DNA extracted from the legs as previously described by Scott et al, 

(85). Two legs of individual mosquitoes were placed separately in a 1.5 ml Eppendorf tube 

followed by the addition of 20µl of Tris-EDTA (TE) buffer then incubated at 95ºC for 15 

minutes in the heating block. Afterwards, the tubes were vortexed for 2 minutes and the DNA 

containing supernatant was separated by centrifuging at 12,000 rpm at room temperature for 2 

minutes. 
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The non-coding internal transcribed spacer 2 region (ITS2), a species-specific nucleotide 

sequence of the ribosomal DNA (rDNA), was used for identification (86). One negative control 

was included which contained all substances in the PCR mixture except DNA. Five positive 

controls were also included; An. funestus, An. rivulorum, An. vanedeeni, An. parensis and An. 

leesoni from the previous successful amplified samples. The PCR conditions included an initial 

denaturation step at 94oC for 5 minutes followed by 30 cycles at 94oC for 30 seconds, 50oC for 

30 seconds and 72oC for 30 seconds with a final extension at 72oC for 3 minute. After 

amplification, 13 µl of the PCR products were analyzed by electrophoresis on 2.5% agarose gel 

stained with 0.5µg/ml ethidium bromide and a 100bp DNA ladder was included in the gel. The 

Kodak Gel Logic 100 system of imaging was used for DNA amplicons photographed under 

ultraviolet light (87).  

3.2 Section B 

3.2.1 Data analysis 

The percentage mortality of mosquitoes was calculated according to WHO insecticide resistance 

test procedures as a fraction of the total numbers exposed (23). Observed mortality was reported 

when the control mortality was less or equal to 5%. Abbott’s formula was used to calculate the 

corrected mortality when the observed mortality in control was greater than 5% but less than 

20%, but any bioassay with control mortality exceeding 20% was discarded (88). The 

mosquitoes were inferred to be a) susceptible, if mortality equalled or was greater than 98%, b) 

resistant, if mortality was less than 90% or c) possibly resistant if mortality was 90% to 97%. 

𝑶𝒃𝒔𝒆𝒓𝒗𝒆𝒅 𝒎𝒐𝒓𝒕𝒂𝒍𝒊𝒕𝒚 = |
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑠𝑞𝑢𝑖𝑡𝑜𝑒𝑠 𝑑𝑒𝑎𝑑

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑠𝑞𝑢𝑖𝑡𝑜𝑒𝑠 𝑒𝑥𝑝𝑜𝑠𝑒𝑑
| ∗ 100 
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𝑪𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 𝒎𝒐𝒓𝒕𝒂𝒍𝒊𝒕𝒚 = |
% 𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 − % 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦

100 −  % 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦
| ∗ 100 

Further data analysis was done using statistical software, R-Software version 3.6.0 (89). 

Descriptive analysis, with the graphical presentation, was used to illustrate the percentage 

mortality and level of resistance in mosquitoes at different distances and ages. A generalized 

linear mixed effect model (GLMM) assuming binomial distribution and logit link function was 

used to compare the response of mosquitoes (dead or alive) when exposed to insecticides at 

different age groups and distances since the data were pooled (not individual). Age (objective 1) 

and distance (objective 2) individually were added as fixed factors whereas replicate was added 

as a random factor. The nearest distance to the habitats (50-100 m) and youngest age class of 

mosquitoes (3-5 days) were individually (per objective) considered as the reference for these 

analyses. The odds ratios were reported with a 5% level of significance with biological relevance 

were reported for the association of distance or age to insecticide resistance of An. funestus 

mosquitoes. Since the outcome variable (dead or alive) was uniform for objectives 1 and 2 with 

differing exposure variables (age, distance, insecticide, concentration, synergist), the analysis 

approach was used on both objectives. The motivation for using GLMM is because it generalises 

the linear model used in the analysis of variance (ANOVA) by allowing any other type of 

distribution other than Gaussian distribution.   

3.3 Ethics consideration  

The main project, “Funestus PopBiol (INV-002138)” was permitted by the Institute Review 

Board of Ifakara Health Institute, IHI/IRB/No: 26-2020 (Appendix 1) and Medical Research 

Coordinated Committee of the National Institute for Medical Research of the United Republic of 

Tanzania, NIMR/HQ/R.8a/Vol. IX/3495 (Appendix 2). In addition, although this study was 
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nested within a certified major project with no human participants rather invertebrates, ethical 

approval was attained from the University of the Witwatersrand Animal Research ethics 

Committee, Waiver 11-10-2021-O (Appendix 3) before the commencement of the study.  
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CHAPTER FOUR 

4. RESULTS 

This chapter is the presentation of the results of the study research questions. The results respond 

to our research questions on what is the influence of An. funestus age and distance from aquatic 

habitats on pyrethroid insecticide resistance in south-eastern Tanzania, how do these two factors 

(i.e. age of individual mosquitoes and their susceptibility to insecticides used for vector control) 

vary by distance from the aquatic habitats and how would the correlation between these factors 

inform fine-scale targeting of malaria interventions? For the model results presented in this 

section, the nearest distance (50-100 m) and the young age (2-5 days old) mosquitoes were used 

as the reference groups to which other distances (150-200 m, over 200 m) and ages (8-11 days, 

17-20 days) were compared. 

4.1 Variation of insecticide susceptibility by distance from habitats   

Adult mosquitoes collected at different distances (50-100 m, 150-200 m, and over 200 m) from 

the aquatic habitats were used to evaluate whether pyrethroid insecticide susceptibility varies by 

distance. Mosquitoes collected inside houses (n=720) were resistant to both deltamethrin and 

permethrin at the standard doses. The percentage of mortality varied by the distance from the 

aquatic habitats (Fig. 5 & Table. 1).  

The mean percentage mortality of mosquitoes exposed to the standard dose (1×) of deltamethrin 

increased from 11% at the nearest distance (50-100 m) to 38% at the farthest distance (over 200 

m). When exposed to permethrin, mortality ranged from the means of 23% at the nearest 

distance to 41% at the farthest distance. Overall, at a standard dose of deltamethrin and 

permethrin, mosquitoes collected farthest (Over 200 m) from the aquatic habitats showed higher 
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mortality (41%) than those collected nearest (50-100 m) to the habitats (11%) (Fig. 5 & Table. 

1). 

The odds of dying for mosquitoes collected beyond 200 m from the aquatic habitats, exposed to 

deltamethrin standard dose was 5.54 (CI, 2.43-12.63, p<0.001) times compared to the odds of 

dying when collected at the nearest distances (50-100 m) (Table. 1). Although there was no 

statistical difference, the odds of dying for mosquitoes collected at 150-200 m from the aquatic 

habitat was 1.26 (CI, 0.49-3.22, p=0.633) times compared to the odds of dying when collected at 

the nearest distance (50-100 m) from the aquatic habitats (Table. 1). For mosquitoes collected 

beyond 200 m and exposed to permethrin standard dose, the odds of dying was 2.4 (CI, 1.06-

3.26, p=0.033) times compared to the odds of dying when collected from the nearest distance 

(50-100 m) (Table. 1). 

Intensity bioassays were performed on the observed varied resistance (mortality <98%) by 

distance at the standard dose of insecticides to evaluate the level of resistance of An. funestus. A 

similar trend was observed when the mosquitoes were exposed to five times the standard doses 

of deltamethrin, with mosquitoes from the farthest distance showing the highest mortality (54%) 

compared to the nearest distances (43%) (Fig. 5 & Table. 1). At five times the standard dose of 

permethrin, when the odds of dying for mosquitoes collected at the farthest distance (over 200 

m) was  3.53 (CI, 1.76-7.04, p=0.007) times compared to the odds of dying when collected at the 

nearest distance (50-100 m) (Table. 1).  

Since the mosquito species showed resistance to five times the standard dose of deltamethrin and 

permethrin, the maximum dose (ten times) was evaluated. It was similarly observed that the odds 

of dying when exposed to insecticide significantly increased with the distance from the aquatic 

habitats (p<0.05) (Fig. 5 & Table.1). 
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Figure 5: Percentage mortality in An. funestus mosquitoes that were collected at different 

distances from the aquatic habitats and exposed to deltamethrin or permethrin. The error 

bar represents the standard error, the red-dotted lines represent 90% mortality and the 

blue-dotted lines represent 98% mortality. 
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Table 1. The odds of dying of adult female An. funestus mosquitoes that were collected 

at different distances and exposed to pyrethroid insecticides (Deltamethrin, Permethrin) 

and synergist (PBO). Note: The nearest distance (50-100 m) was used as the reference 

distance for other distances. 

Field adult-collected mosquitoes 

Insecticide Fold Distance 

(m) 

Mean 

mortality 

(%) 

OR (95% CI) p-value 

  50-100 11 - - 

 1× 150-200 14 1.26 (0.49-3.22) 0.633 

  >200 38 5.54 (2.43-12.63) <0.001 
 

 50-100 43 - - 

Deltamethrin 5× 150-200 42 0.95 (0.51-1.77) 0.873  
 >200 54 1.35 (0.73-2.51) 0.343 

 
 50-100 46 - -  

10× 150-200 53 1.28 (0.69-2.39) 0.429  
 >200 60 1.74 (0.93-3.26) 0.082 

 
 50-100 23 - -  

1× 150-200 32 1.42 (0.72-2.78) 0.307  
 >200 41 2.05 (1.06-3.97) 0.033 

  50-100 33 - - 

Permethrin 5× 150-200 47 1.77 (0.94-3.34) 0.080 

  >200 55 2.40 (1.27-4.54) 0.007 

  50-100 51 - -  
10× 150-200 67 1.98 (1.04-3.75) 0.037  

 >200 79 3.53 (1.76-7.04) <0.001 
 

 50-100 81 - - 

Deltamethrin + PBO PBO 150-200 93 10.41 (1.28-85.00) 0.029  
 >200 91 3.35 (0.86-13.07) 0.081 

 
 50-100 85 - - 

Permethrin + PBO PBO 150-200 98 3.14 (0.94-10.51) 0.063  
 >200 95 2.47 (0.80-7.61) 0.115 

Key: OR; Odds ratio, CI; Confidence interval, 1×; Standard dose, 5×; Five times standard dose, 

10×; Ten times standard dose, Fold; Dose, 50-100 m; Reference distance. 
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This study further investigated the potency of PBO synergists in enhancing susceptibility of 

insecticide and the implication of P450’s enzymes in observed pyrethroid resistance. Pre-

exposure to the synergist, PBO, significantly increased the potency of the candidate pyrethroids 

against the resistant mosquitoes, achieving more than 80% mortality at all distances (Fig. 6).  

There were no clear trends between the final mortality outcomes post-exposure and the distance 

from which the mosquitoes were collected (Fig. 6 & Table. 1). However, mosquitoes collected 

from the nearest distance (50-100 m) had increased mortality but were lower compared to the 

ones collected from the farthest distance (over 200 m) (Fig. 6 ). The odds of dying for 

mosquitoes collected beyond 200 m from the aquatic habitats, exposed to synergist before 

deltamethrin insecticide was 3.53 (CI, 0.86-13.07, p=0.08)  times the odds of dying when 

collected at the nearest distance (50-100 m) (Table. 1).  
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Figure 6:  Percentage mortality in An. funestus mosquitoes that were collected at 

different distances from the aquatic habitats and exposed to either the candidate 

pyrethroids alone or PBO followed by pyrethroids. The error bar represents the standard 

error, the red-dotted lines represent 90% mortality and the blue-dotted lines represent 

98% mortality. 

4.2 Relationship between distance and biological age of mosquitoes 

Mosquito dissection was used to evaluate whether the biological age of collected mosquitoes 

(prior exposure to insecticide) (n=1,577) varies by distance from the aquatic habitats, how it 

affects their response to insecticides and whether the distance can be used to estimate the age 

distribution of An. funestus in the field population (Fig. 7). Although the difference was 

marginal, mosquitoes collected CDC-LT farthest from aquatic habitats and exposed to 
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insecticide had greater proportions of parous mosquitoes compared to the ones collected from the 

nearest distance (50-100 m) (Fig. 7). Some replicates of mosquitoes collected beyond 200 m 

were 100% parous (Fig. 7). Furthermore, this correlation was extended without insecticide 

exposure and the number of gonotrophic cycles was determined (Fig. 8). It was observed that 

mosquitoes collected using the CDC-LT were mostly nulliparous (gonotrophic cycles = 0) and 

those with multiple gonotrophic cycles (1-3) were equally distributed over the distances (50-100 

m, 150-200 m, over 200 m) (Fig. 8 top panel). However, when the DN-Mini trap was used, the 

proportion of nulliparous mosquitoes dropped while the proportion of those with multiple 

gonotrophic cycles increased by the distance (Fig. 8 bottom panel).  

 

Figure 7:  The parity status of An. funestus mosquitoes at different distances post 

insecticide exposure. Red dots indicate the means, the horizontal line represents the 

median, each horizontal black dot represents a replicate and whiskers (low and high) 

represent minimum and maximum values.  
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Figure 8: Proportion of mosquitoes with different numbers of gonotrophic cycles, among 

those collected by either CDC-LT (top panel) or DN-Mini (bottom panel) over the 

different distances. 

 



 

 34 

4.3 Variation of insecticide susceptibility by the chronological age of 

mosquitoes 

The mosquitoes collected as larvae were used to assess variations of insecticide susceptibility in 

the different chronological age classes. Overall, the percentage of mortality increased with age, 

suggesting that the older An. funestus were more susceptible than younger ones from the same 

area (Fig. 9 & Table 2). However, when exposed to deltamethrin, no age group at any 

concentration (1×, 5×, 10×) attained the recommended susceptibility status (≥98%). When 

mosquitoes in the age group of 17-20 days old were exposed to a standard dose of deltamethrin, 

the odds of dying was 2.00 (CI, 1.02-3.93, p=0.044) times compared to the odds of dying when 

exposed at 3-5 days old (Table. 2).  

Similar to a standard dose of permethrin, the odds of dying increased with age. For example, the 

odds of dying for 17-20 days old mosquitoes was 14.82 (CI, 6.89-31.89, p<0.001) times 

compared to the odds of dying when exposed at 3-5 days old (Table. 2).  

The intensity bioassays were conducted on the observed resistance to determine the levels of 

resistance and how these levels varied by age. As it was observed at the standard concentration 

(1×), at five times (5×) dose of deltamethrin mortality ranged from 45% to 70% and 84% to 97% 

for permethrin (Fig. 9 & Table 2). At both five times and ten times dose of deltamethrin and 

permethrin, the odds of dying for mosquitoes exposed at 17-20 days old were significantly 

higher (>2.8) compare to the odds of dying when exposed at 3-5 days old (p<0.05) (Table. 2). 
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Figure 9: Percentage mortality in the different age cohorts of emergent An. funestus 

mosquitoes that were collected as larvae and exposed to deltamethrin or permethrin. The 

error bar represents the standard error, the red-dotted line represents 90% mortality, and 

the blue-dotted line represents 98% mortality. 

 

 

 



 

 36 

 

Table 2. The odds of dying of female An. funestus mosquitoes collected as larvae and 

exposed to pyrethroid insecticides (Deltamethrin, Permethrin) when adults. Note: The 

young age (3-5 days) was used as the reference age of other ages. 

Field larval collected mosquitoes 

Insecticide  Fold Age (Days) Mean 

mortality 

(%) 

OR (95% CI)  p-value 

  3-5  25 - - 

 1× 8-11  36 1.67 (0.85-3.30) 0.138 

  17-20  37 2.00 (1.02-3.93) 0.044  
 3-5  45 - - 

Deltamethrin 5× 8-11  54 1.42 (0.76-2.65) 0.269  
 17-20  70 2.85 (1.49-5.46) 0.002  
 3-5 58 - -  

10× 8-11 76 2.37 (1.20-4.68) 0.013  
 17-20  81 3.20 (1.57-6.55) 0.001  
 3-5  20 - -  

1× 8-11  41 2.81 (1.39-5.69) 0.004  
 17-20  79 14.82 (6.89-31.89) <0.001 

  3-5  84 - - 

Permethrin 5× 8-11  93 2.39 (0.86-6.65) 0.094 

  17-20  97 7.57 (1.65-34.74) 0.009 

  3-5  56 - -  
10× 8-11  99 19.75 (2.55-25.95) 0.004  

 17-20  96 6.42 (1.79-23.01) 0.004 

Key: OR; Odds ratio, CI; Confidence interval, 1×; Standard dose, 5×; Five times standard dose, 

10×; Ten times standard dose, Fold; Dose, 3-5 Days; Reference age. 
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4.4 Molecular identification 

A total of 409 An. funestus mosquitoes were tested by polymerase-chain-reaction (PCR) to 

identify An. funestus sibling species for confirmation of the studied vector species. Of those, 

60% (n=245) were from adult collections and 40% (n=164) from the adults emerging from larval 

collections. The amplification rate for the adult collected mosquitoes was 95% (n=123), and all 

of them (100%) were identified as An. funestus sensu stricto (s.s.). On the other hand, the 

amplification rate for those larvae collected was 90% (n=148) and was amplified with 99% 

(n=147) being An. funestus s.s. and 1% being An. rivulorum. 
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CHAPTER FIVE 

5.1 DISCUSSION 

From the findings in chapter four above, this chapter discusses how the age of An. funestus and 

distance from aquatic habitats influence pyrethroid insecticide resistance in south-eastern 

Tanzania. Furthermore, it discusses how the correlation between these factors would inform the 

fine-scale targeting of malaria interventions. Unlike the previous findings in the area of An. 

funestus (17) and its counterpart An. arabiensis (29) on the fine-scale insecticide resistance 

variations, our findings showed that the age and distance from their aquatic habitats play a 

crucial role in An. funestus resistance. The last paragraph of this chapter explains some of the 

limitations and how better were mitigated to achieve the objectives of the study. 

The distance from An. funestus aquatic habitats to the houses had a negative correlation with 

pyrethroids' insecticide resistance. Mosquitoes collected at the farthest distance (over 200 m), 

exposed to the standard dose of deltamethrin or permethrin had higher mortality (less resistant) 

compared to the ones collected at the nearest distance (50-100 m). A similar trend was observed 

when the intensity bioassays were done. When the mosquitoes collected at over 200 m were 

exposed to ten times the standard concentration of permethrin and deltamethrin, only 79% and 

60% mortality were attained respectively. Although mosquitoes collected at the farthest distance 

showed increased mortality, neither deltamethrin nor permethrin insecticide attained the 

recommended susceptible mortality (≥98%) not even at ten times the standard dose. This study 

confirms the high level of pyrethroid resistance of An. funestus in south-eastern Tanzania.  

When ovarian dissections were used as a proxy for the age of wild mosquitoes, it was revealed 

that mosquitoes collected at the farthest distance (over 200 m) which were less resistant had a 
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large proportion of parous mosquitoes relative to (50-100 m) and (150-200 m) distances. These 

findings align with the previous study which showed that mosquitoes which are resistant to 

insecticide are more likely to be nulliparous (have not laid eggs) (90). Therefore, insecticidal- 

interventions against malaria vectors can effectively impact the older population, more likely 

found at the farthest distance from the aquatic habitats which drives the transmission even when 

the vectors are resistant as per WHO guidelines (23).  This is because the mosquitoes need at 

least 10 days to be able to transmit the parasite as the extrinsic incubation period takes not less 

than nine days depending on the parasite species and temperature (20). 

Previous studies have indicated that older mosquitoes are more likely to be found farther away 

from their larval habitats and more likely to be infected with parasites (9). Midega et al., using 

the mark-release and recapture method in coastal Kenya, revealed that female Anopheles 

mosquitoes can survive over 17 days in the wild, likely to be collected at the farthest distance 

(over 500 m) from a point of release and (10). This suggests that the age distribution of 

mosquitoes in the field might not be random, but is instead rather distance-dependent from their 

aquatic habitats. Such non-random age distribution of mosquito populations could have a direct 

impact on the heterogeneity of risk of mosquito-borne diseases (9).  

In addition to the parity dissections, the ovaries were further analysed to determine the number of 

times the mosquito has laid eggs (gonotrophic cycles). Overall, when CDC-LT was used as the 

method of collection a small proportion of mosquitoes (<30%, n=52) had at least two 

gonotrophic cycles with three maximum cycles (Fig. 8 top panel). This might be explained by 

work done previously by Charlwood et al., who showed that when  CDC-LT is used for 

mosquito collections, parous mosquitoes are three times more likely to die and thus, be discarded 
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during collection (91). Furthermore, a large proportion of mosquitoes collected from the farthest 

distance died post-exposure and could therefore not be dissected for parity evaluation.  

These observations also align with the previous study indicating that the parity and gonotrophic 

cycles of mosquitoes are better evaluated when mosquitoes are freshly dead (91). Thus, another 

explanation of a few mosquitoes which had at least two gonotrophic cycles post insecticide 

exposure, but still obeyed the WHO susceptibility test procedures (23).  

When the DN-Min was used as the trapping method, the proportion of nulliparous mosquitoes 

decreased, however, the number of mosquitoes that have laid eggs twice increased throughout all 

the distances (Fig. 8 bottom panel). This shift might be attributed to the CDC-LT mostly 

collecting young host-seeking mosquitoes and DN-Mini collecting mostly the parous  An. 

funestus indoor (80,92). This indicates the variability of mosquito age by trapping method, 

therefore, further investigations are needed to evaluate the effect of trapping methods on the age 

grading of wild mosquitoes. 

PBO synergists were used to evaluate the enhancement of insecticide susceptibility and the 

implication of P450’s enzymes in observed pyrethroid resistance. Mortality of mosquitoes 

significantly increased with PBO pre-exposure indicating potential involvement of metabolic 

mechanism of resistance. These findings align with the previous study done in the same study 

area where PBO pre-exposure increased the pyrethroid insecticide potency to An. funestus  (17).  

However, there was no clear correlation between distance and insecticide potency restoration 

post PBO exposure. (Fig. 6 &Table 1). These results harmonise with the previous findings in 

which age-related pyrethroid resistance was not a function of metabolic (P450’s) gene expression 

in An. funestus (66). Furthermore, the potency of pyrethroids was not fully restored (100%) with 
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a minimum of 80%, and a maximum of 98% which might be suggesting the involvement of 

alternative resistance mechanisms other than P450s metabolic resistance.  

The age synchronized mosquitoes were used to evaluate how their age correlates to pyrethroid 

insecticide resistance. A positive correlation was observed where younger mosquitoes (3-5 days) 

were resistant to pyrethroid insecticides compared to older mosquitoes (17-20 days) (Fig. 9 & 

Table 2). Mortality was much lower when the young mosquitoes were exposed to deltamethrin 

compared to permethrin, attaining no susceptibility level even at ten-time the standard dose. 

These findings align with the previous studies which detected the increased insecticide 

susceptibility with the increased age of mosquitoes (12–14,66). However, more evidence is 

essential to demonstrate how insecticide resistance affects malaria control and elimination. Few 

studies have successfully demonstrated the epidemiological link between insecticide resistance 

and malaria epidemic(s) (40,68–70). The inadequate literature on the subject might be an 

indication of the absence of reliable surveillance systems to link entomological to 

epidemiological data. However, WHO multi-country studies have demonstrated that there is no 

correlation between insecticide resistance and malaria cases (76). Therefore, the outcome of this 

study might be vital to malaria interventions to consider the age distribution and the distance 

from the aquatic habitats thus, the fine-scale evidence-based rather than a random distribution of 

limited resources to interrupt malaria transmission. 

Provided with achievements on the hypothesis of this study, there were some limitations. Firstly, 

as previously described by Charlwood et al., the older mosquitoes were more likely to die during 

collection when the CDC-LT is used during specimen collection (91). This might have 

marginally confounded the age evaluation of both insecticide pre-exposed and non-exposed 

cohorts. However, the larval collected mosquitoes showed the same trend as the mortality of 
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mosquitoes increased with the increased age and concentration of insecticide, the same case as 

the adult field collected. Therefore, these results could be considered conditional but still precise. 

Secondary, with the insecticide pre-exposed cohort, few numbers of mosquitoes from the far 

distance (over 200 m) were dissected compared to the other distances as most of them were 

susceptible to the insecticide, dead and dry, and unable to be dissected. Insecticide pre-exposure 

effect on dissection was minimized by dissecting the insecticide non-exposed mosquitoes under a 

similar methodology. Lastly, due to the rarity of An. funestus at the larval stage, synergist pre-

exposure on the field larval collected mosquitoes was not evaluated. 

5.2 CONCLUSION AND RECOMMENDATIONS 

This study aimed to assess the influence of age and distance from aquatic habitats on the 

pyrethroid resistance status of An. funestus mosquitoes in rural south-eastern Tanzania. In this 

study area where Anopheles funestus has been dominating malaria transmission, this study 

showed that older mosquitoes are more likely to be found at a farther (centre of the village) 

distance from their larval habitats and are more likely to die after exposure to pyrethroid 

insecticides. Using an age synchronized sample of mosquitoes, it was found that older 

mosquitoes (17-20 days) were more susceptible to insecticides compared to the young ones (3-5 

days). For the older mosquitoes, the susceptibility threshold was attained at five times the 

standard concentration of permethrin however this was not evident in deltamethrin exposure 

even at ten times the standard concentration. These findings provide insight into how the 

insecticidal based intervention including synergist (PBO) could still provide a potential impact 

on malaria vector control in the community regardless of the spread of insecticide resistance 

currently being reported. Moreover, to achieve maximum outcomes, the interventions might not 

necessarily need to be randomly distributed, rather targeting the specific older population which 
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drives the transmission and is more likely to be impacted by the insecticides. Since older, more 

susceptible mosquitoes are mostly in the middle of the villages, a ringed control approach 

involving indoor residual spraying at the centre and larval source management at the edge of the 

village could have much potential. Future studies might consider the linkage of epidemiological 

data to entomological data by considering the age distribution of mosquitoes and the distance 

from the aquatic habitats for effective malaria control.  

Availability of data and materials 

The data will be shared under the Ifakara Health Institute data sharing policy upon request and 

agreement.
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This letter is to confirm that Polius Gerazi Pinda, MSc student (#2443845) at the School of 
Public Health under the supervision of Prof Koekemoer and Okumu (Wits), does not require 
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influence of age and distance from aquatic habitats on the pyrethroid resistance 
phenotypes of Anopheles funestus mosquitoes in south-eastern Tanzania”. 
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The study will be conducted on invertebrates (Anopheles funestus) – 6500 mosquitoes from 
Ifakara Health Institute (Morogoro, Tanzania.). 
 
Details of the study 
The aim of the study is to assess the influence of age (number of days lived) on the level and 
intensity of pyrethroid insecticides in An. funestus and to assess the influence of distance 
from aquatic habitats on the level and intensity of pyrethroid insecticides in An. funestus 
mosquitoes collected in households. 
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followed (WHO, 2018). Twenty (20)-25 mosquitoes per replicate will be exposed to 
insecticide or control group for 60 minutes. The knockdown number will be recorded. 
Thereafter, the specimens will be transferred to the clean holding tubes provided with 10% 
glucose solution where the mortality will be recorded after 24 hours. The treatment group 
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