
 

 

 

 

Ecdysone Receptor Knockdown: Implications on Longevity, 

Reproductive Success and Plasmodium Susceptibility in the 

Malaria Vector Anopheles funestus. 

 

 

Surina Maharaj 

 

 

 

A Dissertation submitted to the Faculty of Health Sciences, University of the 

Witwatersrand, Johannesburg, in fulfilment of the requirements for the degree of 

Master of Science in Medicine. 

 

 

Johannesburg, 2021



i 

 

Declaration 

I, Surina Maharaj declare that this Dissertation is my own, unaided work. It is being submitted 

for the Degree of Masters of Science at the University of Witwatersrand, Johannesburg. 

It has not been submitted before for any degree or examination at any other University. 

 

_______________________________________ 

Surina Maharaj 

28 day of June 2021 in Johannesburg 

 

  



ii 

 

Publications arising from this study 

1. Ekoka, E., Maharaj, S., Nardini, L., Dahan-Moss, Y., Koekemoer, L.L. (2021) 20-

Hydroxyecdysone (20E) signalling as a promising target for the chemical control 

of malaria vectors. Parasites and Vectors, 14 (86).  

https://doi.org/10.1186/s13071-020-04558-5  

(Supplementary file 1) 

Role in publication: Co-wrote the first draft of manuscript and critically read all its subsequent 

versions. 

2. Maharaj, S., Ekoka, E., Erlank, E., Nardini, L., Koekemoer, L.L. (2021) The Ecdysone 

receptor regulates several key physiological factors in malaria vector Anopheles 

funestus. Manuscript in Preparation. 

Role in publication: Wrote the first draft and contributed to all subsequent versions of the 

manuscript, contributed to the study design, performed the experiments, interpreted and 

analysed the data. 

 

  

https://doi.org/10.1186/s13071-020-04558-5


iii 

 

Presentations arising from this research 

Maharaj, S., Ekoka, E., Nardini, L., Koekemoer, L.L. (2020). Ecdysone receptor 

knockdown reduces longevity in the malaria vector Anopheles funestus. Wits Faculty of 

Health Sciences Biennial Research Day, 15 October 2020.  

Role in presentation: Conducted research, analysed and interpreted data and wrote first and 

subsequent drafts of presentation. 

  



iv 

 

Abstract  

Malaria is a devastating disease in humans, transmitted by female Anopheles mosquitoes 

infected with Plasmodium parasites. Current insecticide-based strategies exist to control the 

spread of malaria by targeting vectors. Unfortunately, the effectiveness of these vector control 

methods is declining due to increasing insecticide resistance in vector populations. It is 

therefore essential to develop novel vector control methods that can efficiently target 

transmission reducing factors such as vector density (influenced by vector survival and 

reproduction) and competence (influenced by transmission ability). A possible vector control 

candidate gene, the ecdysone receptor (EcR) regulates longevity, reproduction, immunity, as 

well as many other physiological processes in several insects and malaria vectors. The malaria 

vector, Anopheles funestus (An. funestus) is responsible for the majority of malaria outbreaks 

in South Africa, however, the function of EcR in this vector has not previously been studied. 

This study therefore aimed to determine the extent of EcR regulation on longevity, reproduction 

and susceptibility to Plasmodium falciparum (P. falciparum) in An. funestus. In this study, 

RNA interference was used to reduce EcR expression levels in An. funestus females and 

investigate how it impacted their longevity, reproduction and susceptibility to P. falciparum 

infection. Additionally, the expression levels of EcR, and reproduction genes lipophorin (Lp) 

and vitellogenin receptor (VgR) as well as the immune gene, leucine rich immune molecule 9 

(LRIM9) were determined using qPCR and relative expression analysis was performed. EcR-

depleted mosquitoes had a shorter lifespan, were less fecund, less fertile, and had reduced P. 

falciparum infection intensity. Moreover, gene expression analyses revealed that mosquitoes 

with reduced EcR expression also had depleted Lp, VgR and LRIM9 expression levels. As EcR 

regulates processes affecting vector density and competence, this study provides the first 

experimental evidence that supports EcR as a novel target in the development of vector control 

measures targeting An. funestus.   
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1 INTRODUCTION 

1.1 Background 

Malaria is a severe disease transmitted by female Anopheles mosquitoes infected with 

protozoan Plasmodium parasites. With 228 million cases reported in 2018 and a mortality of 

405,000, this parasitic disease is without a doubt, a cause for concern (Figure 1.1) (WHO, 

2019b).  

 

Figure 1.1: Worldwide malaria incidence rate per 1,000 people in 2018. Malaria cases are 

endemic to countries with warmer, more tropical climates where cases range from 10,000 to 

more than 250,000. Areas most affected by malaria are the upper region of South America, 

sub-Saharan Africa, the Eastern Mediterranean region, South-East Asia and the Western pacific 

area. On the contrary, countries with colder climates are free of malaria. Taken from World 

Malaria Report 2019 (WHO, 2019b). 

 

In 2019, malaria cases increased to 229 million and deaths to 409,000 (WHO, 2020). Children 

younger than five years have the greatest risk as it was responsible for 67% of deaths in this 

age group (WHO, 2020). Malaria is endemic to tropical and sub-tropical regions of the world 

as this climate is ideal for mosquito and Plasmodium survival and reproduction, two factors 

contributing to its transmission. Africa is therefore the worst affected with more than 90% of 

cases and mortalities occurring in this continent annually (WHO, 2020). Due to the malaria 
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socio-economic impact, the World Health Organization (WHO) has set in place milestones and 

targets aimed at creating a world free of malaria such as eliminating 90% of malaria by the year 

2030, especially in countries that were most affected in 2015 (Figure 1.2A) (WHO, 2015). 

While much progress has been achieved with several countries already classified as malaria-

free (Figure 1.2B), the ultimate goal of a malaria-free world still requires intensified efforts in 

malaria parasite and vector control. 

 

Figure 1.2: The WHO goals for a malaria free world and current malaria situation. The 

outline of WHO goals for achieving a world free of malaria over the years (A). Taken from 

Global Technical Strategy for Malaria 2016-2030, Global Malaria Programme (WHO, 2015). 

A map of regions free of malaria with magenta coloured regions indicating those countries still 

affected by malaria (B). Taken from World Malaria Report 2020 (WHO, 2020).  
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The causative agent of malaria, the Plasmodium parasite, consists of four major species that 

attribute to the majority of malaria cases in humans: Plasmodium falciparum (P. falciparum), 

P. vivax, P. ovale and P. malariae (Sinden and Gilles, 2002). A fifth species P. knowlesi that 

causes zoonotic malaria has recently been recorded to cause malaria in humans (Ahmed and 

Cox‐Singh, 2015; Cooper et al., 2020). Plasmodium falciparum located largely in sub-Saharan 

Africa and P. vivax located in Asia and South America are the two deadliest species among 

their counterparts as they are accountable for the majority of malaria cases (Snow et al., 2005; 

Gething et al., 2012). In 2018, it was found that P. falciparum was responsible for 99.7% of 

cases in Africa and the majority of cases worldwide, earning the title of the most lethal malaria 

parasite (WHO, 2019b). It also causes more severe malaria often resulting in organ 

dysfunction, which is possible but rarely seen in P. vivax cases (Luxemburger et al., 1997; Patil 

et al., 2015). Plasmodium species require two hosts to complete their lifecycle: a vertebrate 

host and the invertebrate vector, a female anopheline mosquito.   

The main malaria vectors in Africa consist of two Anopheles groups: the Anopheles gambiae 

(An. gambiae) complex and the Anopheles funestus (An. funestus) group (Gillies and De 

Meillon, 1968). Mosquitoes within each group are morphologically similar but molecularly 

distinct (Gillies and Coetzee, 1987). The An. funestus group comprises eleven African species 

but contains only a single significant malaria vector— An. funestus (Gillies and Coetzee, 1987; 

Cohuet et al., 2003; Spillings et al., 2009). Due to its highly anthropophilic (preference for a 

human host) and endophilic (preference to rest indoors) nature, An. funestus is one of the main 

vectors that are located primarily in sub Saharan Africa (Gillies and De Meillon, 1968; Wiebe 

et al., 2017). Furthermore, An. funestus is a major vector in Mozambique, from which the bulk 

of imported malaria cases in South Africa emerge (Moonasar et al., 2013). Strikingly, some 

studies have found that the vector competence (the ability of a vector to transmit malaria) of 

An. funestus has been increased substantially as these mosquitoes have adapted to diurnal 

feeding indoors and some biting outdoors as opposed to their normal pattern of nocturnal 

feeding indoors (Moiroux et al., 2012; Sougoufara et al., 2014). Additional studies are needed 

to confirm the extent of behavioural change. This new behavioural adaptation has been 

attributed to the evasion of the current vector control method, long lasting insecticidal nets 

(LLINs) that prevent mosquitoes from indoor nocturnal feeding (Moiroux et al., 2012; 

Sougoufara et al., 2014). Adaptations like these highlight the importance of the development 

of novel vector control methods to reduce malaria transmission and ultimately eradicate 

malaria.  
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1.2 The malaria parasite cycle and the manifestation of clinical symptoms in 

humans 

The malaria parasite cycle can be divided into three stages: the exoerythrocytic stage, the 

erythrocytic stage and the sporogonic cycle (CDC, 2019) (Figure 1.3). The exoerythrocytic 

stage begins when an infected mosquito releases sporozoites into the bloodstream of the 

vertebrate host during a blood meal (Figure 1.3). The sporozoites migrate to and invade the 

liver, maturing into schizonts in the hepatic cells. After a period of growth, the schizonts rupture 

to release merozoites that are able to infect erythrocytes, initiating the erythrocytic phase. 

 

Figure 1.3: Schematic diagram outlining the three phases of the malaria parasite cycle. 

The malaria parasite cycle begins when an infected mosquito injects sporozoites into the human 

bloodstream during ingestion of blood. The manifestation of the exoerythrocytic cycle begins 

in the hepatic cells. As the disease progresses, growth of the parasite proceeds in the 

erythrocytes in either an asexual phase, destroying erythrocytes and manifesting symptoms or 

a sexual phase which is transferred to the mosquito when a blood meal is ingested. This initiates 

the sporogonic cycle in which the parasite reproduces and develops inside the mosquito until 

it matures into sporozoites which can then be transferred to another person, initiating a new 

malaria parasite cycle.  
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The merozoites in the erythrocytes are now known as immature ring stage trophozoites. Once 

matured, the schizonts rupture to release merozoites similar to the exoerythrocytic stage. This 

cycle results in the asexual reproduction of the parasite. As asexual reproduction in the 

vertebrate host progresses, symptoms of malaria begin to manifest. Sexual reproduction of 

Plasmodium begins concurrently during the erythrocytic stage when immature ring 

trophozoites mature into macrogametocytes (female counterpart) and microgametocytes (male 

counterpart) (CDC, 2019).  

The sporogonic cycle commences with the ingestion of blood containing gametocytes from the 

vertebrate host by the female Anopheles mosquito. Within one hour the macrogametocytes are 

fertilized by the microgametes resulting in formation of zygotes in the mosquito. Over the next 

24 hours zygotes mature into motile ookinetes and after 10 to 25 hours are capable of infecting 

the mosquito midgut. Once inside the midgut, ookinetes mature into oocysts. As oocysts 

develop they produce sporozoites; a process taking approximately 10 to 12 days. The oocyst 

ruptures upon the growth of sporozoites, releasing thousands of them into the mosquito 

haemocoel. The infectious sporozoites then migrate to the mosquito salivary gland where they 

remain until the mosquito ingests another blood meal and consequently infects another 

vertebrate host, restarting this lethal cycle (CDC, 2019).   

During the erythrocytic stage of the malaria cycle, parasite metabolism results in the production 

of toxic waste products such as glycosylphosphatidylinositol (GPI), hemozoin and several 

others (reviewed by Weatherall et al., 2002). Once schizonts are ruptured during the 

erythrocytic phase, merozoites as well as toxins such as GPI and hemozoin are released into 

the bloodstream. The release of these toxins stimulate localization of pro-inflammatory 

cytokines such as interferon gamma (IFN-γ) which in turn activates macrophages (reviewed by 

Arango Duque and Descoteaux, 2014). Macrophage activation marks the start of an immune 

response in the vertebrate host and cytokines such as tumour necrosis factor (TNF) are released 

into the bloodstream (Kwiatkowski et al., 1989). Consequently, an inflammatory response is 

elicited resulting in fever, chills, malaise, lethargy, headaches, nausea, vomiting and other flu-

like symptoms (Kwiatkowski et al., 1989; reviewed by Urquhart, 1994).  

More critical symptoms such as seizures and coma (cerebral malaria) as well as severe anaemia, 

haemoglobinuria, acute respiratory distress syndrome (ARDS), jaundice and renal damage 

among others are evident of a more severe lethal form of malaria, (reviewed by Bartoloni and 

Zammarchi, 2012). These symptoms are brought about by an increase of cytokines as well as 
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other lethal parasite by-products. Heightened concentrations of IFN-γ and TNF contribute to 

apoptosis of infected erythrocytes as well as limit erythropoiesis causing symptoms such as 

anaemia and haemoglobinuria (Tarumi et al., 1995; Dufour et al., 2003; Lamikanra et al., 

2009). Additionally, a rhoptry protein in Plasmodium (RSP2) has also been linked to apoptosis 

of erythrocytes (Layez et al., 2005). Cerebral malaria, caused by hypoxia and induced by 

sequestration of infected erythrocytes blocking cerebral blood vessels is triggered by increased 

expression of intercellular adhesion molecule-1 (ICAM-1) due to the upregulation of cytokines 

(MacPherson et al., 1985; Wong and Dorovini-Zis, 1992). Blockage of blood vessels as well 

as a cytokine enhanced increase in reactive oxygen species is thought to contribute to renal 

failure whereas ARDS is due to excess cytokines in the lungs (reviewed by Urquhart, 1994). 

Both uncomplicated and severe cases of malaria are treatable, however, severe cases require a 

higher degree of treatment.    

1.3 Malaria treatment  

There are three classes of antimalarial drugs targeting the parasite that are currently available: 

aryl aminoalcohol, antifolate and artemisin (reviewed by Arrow et al., 2004). The first class, 

aryl aminoalcohol interferes with haeme dimerisation in the parasite, preventing accumulation 

of the toxic hemozoin by-product (reviewed by Arrow et al., 2004). Unfortunately, several 

mutations in the parasite have caused resistance to this group of compounds (Price et al., 1999; 

Djimdé et al., 2001; Durand et al., 2001; Warhurst, 2001). The antifolate mechanism of action 

is as per name; drugs disrupt the folic acid pathway in the parasite resulting in inefficient DNA 

synthesis (reviewed by Arrow et al., 2004). However, the development of resistance to this 

drug hampered efforts to treat malaria (Peters, 1970; White, 2004). The third class of 

antimalarials, artemisin, exhibits the broadest range of action and affects all stages of asexual 

parasite forms (Ter Kuile et al., 1993). Artemisin compounds combined with cellular haem 

hinders the parasitic enzyme calcium ATPase thus reducing the efficacy of the parasite 

(Meshnick et al., 1991; Eckstein-Ludwig et al., 2003). Resistance to artemisin based 

compounds has also been recorded due to mutations in the parasite’s genome (Hunt et al., 2010; 

Saralamba et al., 2011; Tucker et al., 2012). Due to resistance to current antimalarials, other 

methods such as vector control must be employed concurrently to help alleviate the worldwide 

burden of malaria.  
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1.4 Current vector control methods 

Current vector control methods largely target the adult population with insecticides. Presently, 

there are only five classes of insecticides that have been approved for use by the WHO, namely 

organochlorines, organophosphates, carbamates, pyrethroids and neonicotinoids (WHO, 2011; 

WHO, 2018b). Two primary insecticide-based control interventions: indoor residual spraying 

(IRS) and LLINs are widely employed and their popularity is attributed to their efficiency, 

cost-effectiveness and ease of implementation (WHO, 2012). Indoor residual spraying involves 

spraying the inside of houses with insecticides. This vector control method kills any vectors 

resting on the sprayed surfaces (e.g. walls), thus reducing vector lifespan, vector density (the 

number of vectors in a certain area) and contact with humans (Pluess et al., 2010; WHO, 2011). 

All five classes of insecticides can be used in IRS and their efficacy ranges from two to twelve 

months depending on the class (WHO, 2011; WHO, 2019a). On the other hand, LLINs prevent 

human-vector contact and when used in conjunction with pyrethroids, act as a chemical barrier 

thus reducing malaria transmission and vector density (Lengeler, 2004). Increasingly, 

synergists (compounds that when used in conjunction with others, increase the action of the 

latter) to boost the efficacy of LLINs are being used (WHO, 2017). These synergists include 

piperonyl butoxide (Gleave et al., 2018) and insect growth regulators (Tiono et al., 2018). The 

LLINs remain efficacious for three to five years, however may still act as a physical barrier 

after this time (WHO, 2007). Both IRS and LLINs are highly effective against anthropophilic, 

endophilic and nocturnal vectors such as An. funestus (Brooke et al., 2013).  

Additional chemically based interventions currently being optimised for use in malaria vector 

control include eave tubes, attractive toxic sugar baits (ATSB), endectocides and larvicides. 

Eave tubes, a novel control method, involves reducing vector biting and density by placing 

tubes lined with insecticide laced mesh on one end leaving the other end open for mosquitoes 

to enter (Knols et al., 2016). Eave tubes are located in gaps between the roofs and walls of 

houses and are specially designed to attract mosquitoes with human scent emanating from 

houses. Contact with insecticidal mesh consequently results in the death of mosquitoes (Knols 

et al., 2016). Studies have shown promising results of eave tubes being used as control 

interventions (Sternberg et al., 2016; Waite et al., 2016) with the potential of controlling those 

mosquitoes even resistant to existing insecticides (Andriessen et al., 2015). Similarly, ATSB 

which is a sugar solution containing insecticides such as boric acid are designed to attract 

mosquitoes and subsequently kill them as they ingest the insecticides. Several studies have 



8 

 

revealed the effectiveness of ATSB as a control method for malaria vectors, including those 

resistant to current insecticides (Xue et al., 2006; Xue et al., 2008; Müller et al., 2010; Xue et 

al., 2011; Beier et al., 2012; Stewart et al., 2013). Another strategy exploiting vector sustenance 

comprises the use of blood containing ivermectin as an endectocide. Ivermectin is a compound 

that paralyses the somatic muscles in insects eventually leading to their death (reviewed by 

Õmura and Crump, 2004). Results have been promising as a reduction in both malaria vectors 

(Chaccour et al., 2010; Kobylinski et al., 2010; Khaligh et al., 2021) and parasites (Kobylinski 

et al., 2011) have been observed. 

Targeting the larval stage of the vector is another way of reducing malaria vector density. 

Larvicides are insecticides added to vector oviposition sites that function to kill or impair the 

growth of vector aquatic stages. Compounds approved for larvicides by the WHO include 

insect growth regulators and organophosphates; pyrethroids and organochlorines are however 

excluded due to their environmental toxicity to aquatic life (WHO, 2006). Besides larvicides, 

the use of biological agents to control vector aquatic stages are employed. Biological control 

of vectors refers to the use of natural organisms that reduce vector population. Interestingly, 

bacterial species Bacillus thuringiensis israelensis and Bacillus sphaericus have demonstrated 

larvicidal activity with low environmental toxicity and are also recommended by the WHO 

(reviewed by Mittal, 2003; WHO, 2006). Other forms of larval control include other bacterial 

and viral species as well as natural aquatic predators including fish and amphibians (reviewed 

by Raghavendra et al., 2011).  

Apart from biological control in larvae, biological control of adult vectors is also an 

intervention that is implemented. The Sterile Insect Technique (SIT) aims to reduce vector 

density by targeting vector reproduction. This technique involves the mass rearing of male 

mosquitoes which are sterilised using radiation (Knipling, 1955). Sterilised males are released 

and compete with wild fertile males for a mate. The result of a mating between a sterile male 

and a wild female is a decrease in vector density through impaired reproduction over time 

(Knipling, 1955). Some limitations of SIT include the need for mass scale production of sterile 

males, the cost of this process, the fact that it is a species-specific control method and that it 

requires approval from the community before implementation (reviewed by Alphey et al., 

2010). Due to these reasons, SIT is not yet as widely implemented as malaria control 

interventions like LLINs and IRS. 
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1.5 Limitations of vector control methods 

Although LLIN and IRS have proved to be very effective forms of vector control, preventing 

malaria transmission in Africa by 68% and 13% between the years 2000 and 2015 respectively 

(Bhatt et al., 2015), vectors have undergone adaptations that have hindered efforts in malaria 

eradication. The emergence of resistance in vector populations has been sustained by several 

factors (reviewed by Riveron et al., 2018). Firstly, the overuse of insecticides in both the 

agricultural and health sectors has resulted in the selection and development of resistant strains. 

Secondly, the long term use of LLINs and IRS allows for growing development of resistance 

to a certain class of insecticide over time. Thirdly, the short life cycle of the mosquito 

(approximately 10- 30 days) (Gillies and De Meillon, 1968) allows for the rapid development 

and spread of resistance mechanisms throughout the population. In Africa, An. funestus has 

developed resistance to four of the approved insecticide classes (Figure 1.4) (WHO, 2018a).  

The genetic, physical and behavioural adaptations that are responsible for this widespread 

resistance in An. funestus are outlined below (Table 1.1). Briefly, genetic target site resistance 

is caused by mutations in the mosquito genome that alter the binding site of the insecticide 

which results in a decreased efficiency of the insecticide to bind to the target site (Okoye et al., 

2008). Another genetically initiated mutation is metabolic resistance which arises due to 

overexpression of detoxification enzymes that metabolise the insecticide before it exhibits any 

lethal effects in the mosquito (Amenya et al., 2008). Physical resistance mechanisms are 

brought about by any changes to the mosquitoes exterior that limit the uptake of insecticides 

(Wood et al., 2010). Lastly, behavioural resistance is a change in the mosquito’s normal 

behaviour that allows it to evade existing vector control strategies (Moiroux et al., 2012; 

Sougoufara et al., 2014).  
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Figure 1.4: Insecticide resistance status of An. funestus to four classes of WHO approved 

insecticides in Africa from 2000 to 2017. The confirmed cases of An. funestus resistance to 

all classes of insecticides indicate the importance of novel vector control mechanisms to reduce 

the vector population as a means to curb the spread of malaria (Note: Map may not fully 

represent the extent of pyrethroid resistance throughout Africa). Malaria threat map created on 

http://apps.who.int/malaria/maps/threats/ by the World Health Organization.
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Table 1.1: Resistance mechanisms recorded in An. funestus. 

Type of resistance Mechanism Effect Insecticide(s) affected Reference 

Genetic: Target site Dieldrin resistance (rdl) to 

GABA receptor 

Rdl mutation in GABA 

receptor gene decreases 

organochlorine binding 

Organochlorines (Wondji et al., 2011) 

Insensitivity to 

Acetylcholinesterase (AChE) 

Duplication of Acetylcholine 

(ACh) gene reducing activity of 

AChE 

Carbamates (Okoye et al., 2008; 

Ibrahim et al., 2016) 

Genetic: Metabolic Cytochrome P450 

monooxygenases 

Upregulation of and mutations 

in CYP6P9a and CYP6P9b 

genes increases insecticide 

metabolism 

DDT; 

Pyrethroids; 

Carbamates 

(Amenya et al., 2008; 

Christian et al., 2011; 

Riveron et al., 2013; 

Riveron et al., 2014b; 

Ibrahim et al., 2015) 

Glutathione S transferases Mutation and upregulation of 

GSTe2 gene increases 

insecticide metabolism 

DDT; 

Pyrethroids 

(Riveron et al., 2014a) 

Physical Cuticle thickening Reduced uptake of insecticides Pyrethroids (Wood et al., 2010) 

Behavioural Exophagic and diurnal 

feeding 

Evasion of indoor control 

interventions (LLINs and IRS) 

All classes used in 

LLINs and IRS 

(Moiroux et al., 2012; 

Sougoufara et al., 2014) 
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1.6 Genetically based vector control strategies 

As an alternative to chemical vector control methods, the manipulation of genes in the vector 

has also emerged as a promising strategy to target malaria vectors. Coupled with existing 

control methods, these strategies described below have the potential to reduce the malaria 

transmission to a greater extent and possibly even lead to its eradication. Interest in genetic 

control methods has grown with the availability of several Anopheles genomes (Neafsey et al., 

2013) including the An. funestus genome (Ghurye et al., 2019) as well as novel genome editing 

techniques such as the genome CRISPR (clustered regularly interspaced short palindromic 

repeats) (Doudna and Charpentier, 2014) and TALENs (transcription activator-like effector 

nucleases) (reviewed by Joung and Sander, 2013) to name a few. 

1.6.1 Gene drives 

Genome editing is a key component of gene drives. Gene drives can be defined as a genetic 

engineering technique aimed at spreading a particular gene through populations more rapidly 

than normal Mendelian inheritance, thus resulting in the suppression or replacement of a 

population over time (reviewed by Hammond and Galizi, 2017) (Figure 1.5).  

 

Figure 1.5: Genetically based vector control methods focus on population suppression or 

replacement using genetically modified mosquitoes. Population suppression involves 

diminishing the vector population over time. Contrastingly, population replacement involves 

replacing the original population with genetically modified organisms carrying a beneficial 

trait resulting from gene manipulation. Figure adapted from Hammond and Galizi (2017). 



13 

 

Population suppression is a self-limiting strategy in which the modified gene is reduced over 

time and needs to be continuously renewed with the release of new genetically modified 

organisms (reviewed by Alphey, 2014).  On the other hand, population replacement is a self-

sustaining strategy in which the modified gene spreads through a population over time until it 

replaces the wild type gene (reviewed by Alphey, 2014). Taking into account characteristics of 

all gene editing tools, the most suitable candidate for a gene drive would be the CRISPR-Cas9 

system as opposed to other endonucleases such as TALENs, homing endonuclease genes 

(HEG) or Zinc finger nucleases (ZFN) (reviewed by Hammond and Galizi, 2017). This is 

because of the simplicity of design and the fact that inheritance is biased towards the modified 

gene in the CRISPR-Cas 9 system (reviewed by Doudna and Charpentier, 2014; Hammond 

and Galizi, 2017). 

The CRISPR-Cas9 system was first discovered as an adaptive immune response to 

bacteriophages (Makarova et al., 2006). After a viral infection, regions of the viral genome 

would be incorporated into repetitive sequences in the bacterial genome known as CRISPR.  

Simply put, the CRISPR and CRISPR associated (Cas) genes i.e. sequences coding for 

endonucleases and helicases are then transcribed into a guide RNA sequence which contains 

an RNA sequence complementary to a specific DNA sequence as well as a binding site for the 

Cas9 nuclease (Mojica et al., 2005; Makarova et al., 2006). A complex of the guide RNA and 

Cas9 endonuclease is formed and upon base pairing of the guide RNA to the DNA the Cas9 

nuclease introduces blunt double-stranded breaks into the DNA (Jinek et al., 2012). Cellular 

DNA repair mechanisms try to repair the cleaved DNA using either non-homologous end 

joining (NHEJ) or if a homologous sequence is available, homology directed repair (HDR) 

(reviewed by Doudna and Charpentier, 2014). The former method results in DNA damage due 

to the loss of nucleotides whereas the latter can successfully repair the DNA with a sequence 

homologous to the cleaved sequence. This is where gene drives and genome editing can be 

exploited, guide RNA can be synthesised against any gene of interest with the addition of a 

homologous template designed to modify the gene of interest. Upon cleavage by the Cas9 

endonuclease, the homologous template will be inserted into the break by HDR, thereby editing 

the gene (reviewed by Doudna and Charpentier, 2014).  

For vector control purposes, it would be strategic to modify genes involved in vector survival, 

reproduction or anti-parasitic genes using genome editing technology such as CRISPR Cas9. 

In this way the gene would spread through a population, eventually achieving an end goal of 

vector population suppression or replacement. Studies using the CRISPR-cas9 system in 
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malaria vectors have shown promising results for gene drives by reducing factors that affect 

vector competence. Silencing of the immune Fibrinogen related protein 1 (FREP1) in An. 

gambiae results in decreased infection rates in mosquitoes infected with P. falciparum and P. 

berghei as well as reduced reproductive success, longevity and blood feeding rate (Dong et al., 

2018). The doublesex gene (Agdsx) in An. gambiae is responsible for differentiation into the 

two sexes; silencing of this gene in a female specific region resulted in females that were 

intersex and sterile, eventually resulting in population suppression of the laboratory colony 

(Kyrou et al., 2018).                    

1.6.2 Transmission blocking vaccines 

As the name suggests, malaria transmission blocking vaccines (TBVs) aim to prevent 

transmission of the malaria parasite between the vector and host. Transmission blocking 

vaccines function by inhibiting or impairing the sexual stage parasite in the mosquito midgut 

after ingestion of an infected blood meal (reviewed by Carter, 2001). This result is achieved by 

stimulating the synthesis of or designing antibodies against a mosquito antigen such as a protein 

essential for parasite development or survival (reviewed by Nikolaeva et al., 2015). These 

antibodies, present in humans, are ingested by the mosquito along with a blood meal where 

they induce their effects on the sexual stages of the parasite within the midgut (reviewed by 

Carter, 2001 and Nikolaeva et al., 2015). The first instance of transmission blocking was 

identified in poultry, which had previously been immunised with P. gallinaceum gametes. 

When mosquitoes ingested a blood meal from immunised poultry, P. gallinaceum development 

was impaired, preventing subsequent infections in mosquitoes (Carter and Chen, 1976; Gwadz, 

1976). Several targets have shown promising results for the development of TBVs. Antibodies 

directed against An. gambiae and An. stephensi mosquito midgut proteins resulted in decreased 

oocyst prevalence (the number of mosquitoes containing oocysts in their midgut) along with a 

decrease in longevity and fecundity in these mosquitoes (Lal et al., 2001). Decreased oocyst 

prevalence was also observed in An. gambiae and An. stephensi when antibodies against 

Anopheles gambiae aminopeptidase N 1 (AgAPN1) were introduced into the vectors following 

a blood meal (Dinglasan et al., 2007). Successful oocyst inhibition when antibodies against 

Plasmodium post fertilisation antigen (Pfs25) are introduced into mosquitoes are currently in 

trials for a TBV (Stowers et al., 2000; Kapulu et al., 2015; Chaturvedi et al., 2016; Menon et 

al., 2018). Recently, greater oocyst inhibition was observed with Pfs30 when compared to 
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Pfs25, making this a promising target for a TBV (Healy et al., 2020). Identification of 

antiplasmodial mosquito antigens such as the ones mentioned above are important for further 

research and development of a TBV. If localised to malaria endemic areas and are higher than 

the current malaria transmission rate, TBVs can adequately reduce transmission by vectors 

(reviewed by Carter, 2001).  

1.6.3 Paratransgenesis 

The genetic modification of vector symbionts such as bacteria, fungi or viruses to bring about 

an effect in the vector is defined as paratransgenesis: a population replacement strategy. 

(reviewed by Wilke and Marrelli, 2015). Paratransgenesis in mosquito populations can be used 

to induce effects such as a reduction in vector lifespan, impaired vector reproduction, a 

decrease in vector competence as well as a disturbance in parasite growth or survival (reviewed 

by Wilke and Marrelli, 2015 and Wang and Jacobs-Lorena, 2017). Mosquito symbionts are 

genetically modified with effector molecules that bring about a change in the mosquito (e.g. 

express antiplasmodial proteins) when they are introduced into the mosquito (reviewed by 

Wilke and Marrelli, 2015). Paratransgenesis is seen as a promising approach to vector control 

because of its simplicity; one bacterial, viral or fungal strain could be genetically modified to 

be effective against several vector species (reviewed by Riehle and Jacobs-Lorena, 2005). 

Moreover, the fact that Plasmodium and symbionts both reside in the midgut and the symbionts 

are known to increase after a blood meal, makes this strategy an encouraging one to impede 

Plasmodium infection (Whitten et al., 2006; Drexler et al., 2008). The development of 

paratransgenic strategies has progressed greatly. One example is the synthesis of a 

densonucleosis virus (DNV) with a plasmid capable of expressing any gene of interest and 

affecting both adult and larval stages of An. gambiae with the ability to be passed to offspring 

(Ren et al., 2008). Another example includes a bacterial strain of Pantoea agglomerans capable 

of producing and expressing antiplasmodial proteins that decrease P. falciparum and P. berghei 

in the midgut of vectors An. gambiae and An. stephensi by up to 98% (Wang et al., 2012). 

Identification of target genes that can be incorporated into the abovementioned vector control 

strategies can yield a successful transgenic system to replace the current malaria vector 

population with mosquitoes less capable of transmitting malaria.  
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1.7 The identification of putative genes for genetically based vector control 

strategies 

The elucidation of gene functions forms part of many molecular scientific techniques described 

as functional genomics. The purpose of functional genomics is to identify and categorise 

phenotypes according to their respective genotypes by exploring changes such as DNA 

mutations, translational or transcriptional changes, variations in gene expression and molecular 

interactions (Bunnik and Le Roch, 2013). Many molecular techniques have been classified 

under functional genomics, one such method is RNA interference (RNAi).   

1.7.1 RNA interference 

RNAi which involves post transcriptional gene silencing, is a method that can be used to 

determine gene function. RNA interference comprises the silencing of genes with double-

stranded RNA (dsRNA) (Fire et al., 1998). The dsRNA, complementary to its messenger RNA 

(mRNA) target, acts by degrading or repressing the translation of the target mRNA when bound 

which consequently interferes with protein synthesis (Fire et al., 1998). This results in a new 

phenotype characterised by a loss of function that provides evidence for the functioning of a 

gene. Therefore, by silencing a particular gene, researchers may determine and study its 

function. In malaria vector control research, RNAi has been used to identify the genes 

mediating mosquito immunity, insecticide resistance, haematophagy and Plasmodium 

susceptibility amongst others (reviewed by Airs and Bartholomay, 2017 and Pillai et al., 2017). 

Moreover, RNAi studies have allowed researchers to unravel which genes and pathways affect 

Plasmodium development in malaria vectors. For example, silencing the thioester containing 

protein 1 (TEP1) (Blandin et al., 2004), leucine rich repeat molecule 1 (LRIM1) (Osta et al., 

2004) and Anopheles-Plasmodium responsive leucine-rich repeat 1 (APL1) genes (Riehle et 

al., 2006) has led to the discovery that the proteins regulated by these genes are all involved in 

immunity against the Plasmodium parasite and functioned to lyse or melanise them in the 

vector. Exploitation of RNAi can thus help to identify putative target pathways for vector 

control methods based on vaccines, insecticides, larvicides, and genetically modified 

mosquitoes. 
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1.7.2 The mechanism of RNAi 

Once introduced, the post transcriptional silencing mechanism of dsRNA acts on the gene of 

interest in the organism being studied (Figure 1.6). In the cell, the endoribonuclease DICER 

cleaves the dsRNA into small interfering RNA (siRNA) molecules approximately 19 to 21 base 

pairs in length (Bernstein et al., 2001). Composed of a sense and an antisense strand, the siRNA 

is integrated into a multiprotein RNA induced silencing complex (RISC). RISC is composed 

of enzymes Dicer, transactivation response RNA binding protein (TRBP), and argonaute 2. 

The sense strand is degraded by RISC while the antisense strand remains due to its lower 

thermodynamic stability, higher flexibility and weaker base pairing at the 5’ end which 

facilitates easier unwinding and incorporation into RISC (Khvorova et al., 2003; Schwarz et 

al., 2003). Guided by RISC, the antisense strand then binds to its complementary mRNA target. 

The argonaute 2 protein in the RISC cleaves the target mRNA, which is recognised as a foreign 

entity (Filipowicz, 2005). The cleaved mRNA can no longer be used as a template for 

translation, resulting in a decrease in the abundance of the protein that is normally expressed 

by the gene. Phenotypical changes arise from silencing the gene of interest which therefore 

allows for its function to be determined. 
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Figure 1.6: The double-stranded RNA pathway in a mosquito cell. Double-stranded RNA 

is introduced into the cell. An endonuclease DICER cleaves the dsRNA into siRNA molecules 

which are approximately 19 to 21 base pairs long. The siRNA is incorporated into the RISC 

containing DICER (blue oval), TRBP (orange oval) and argonaute 2 (green oval) where 

degradation of the sense strand occurs while the antisense strand is transported to the nucleus. 

It is in the nucleus that the antisense strand binds to complementary mRNA forming a double-

stranded complex. Recognised as foreign, the mRNA is cleaved by argonaute 2 in the RISC, 

thus preventing translation of the gene. 

 

1.7.3 Administering dsRNA to adult mosquitoes  

The introduction of exogenous dsRNA into adult mosquitoes can be done in several ways, each 

with their own advantages and limitations. Other methods such as transfection or bacterial and 

viral expression systems are also ways of introducing dsRNA into a cell, however in 

mosquitoes these methods are more suitable for use in larvae or cell lines (reviewed by Airs 

and Bartholomay, 2017).  In adult mosquitoes, ingestion of dsRNA is possible through 

incorporation of the dsRNA with a blood or sucrose meal. Various methods have resulted in 

the successful knockdown of genes through the ingestion of dsRNA in Aedes aegypti (Coy et 

al., 2012; Van Ekert et al., 2014), Caenorhabditis elegans (Timmons and Fire, 1998) and 
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Glossina morsitans (Walshe et al., 2009). The ease, cost effectiveness and good subject 

survivability (Walshe et al., 2009) of this method make it a promising method for RNAi 

however the concentration and volume of dsRNA ingested cannot be controlled, adding 

inconsistency into this method.  

Microinjection, also known as nanoinjection involves the injection of a fixed amount of dsRNA 

into the mosquito through a capillary tube pulled into a needle. Several studies have 

successfully silenced genes and observed changes in the phenotypes associated with gene 

silencing in Anopheles mosquitoes (Blandin et al., 2004; Baldini et al., 2013; Werling et al., 

2019). In addition, the introduction of dsRNA through injection results in a higher and lengthier 

transcript knockdown than ingestion (Walshe et al., 2009). Limitations of nanoinjection 

include high mortality, optimisation and training as well the need for a standardised protocol 

(Walshe et al., 2009; Sampath and Puttaraju, 2012).  

Another method of delivery involves the topical application of dsRNA onto the subject. In 

Aedes aegypti, dsRNA topically applied to the thorax resulted in a 1 to 8 fold knockdown and 

mortality associated with gene silencing (Pridgeon et al., 2014). Additionally, efficient 

knockdown correlated with the concentration of dsRNA and dsRNA induced susceptibility to 

insecticides was observed in Diaphorina citri when dsRNA was applied to the thorax (Killiny 

et al., 2014). This method however may have some issues with absorbability through the 

mosquito cuticle, also making it subject to inconsistency. 

1.8 A new potential for malaria vector control 

Recently, much attention has been given to the 20-hydroxyecdysone (20E) signalling pathway 

and its pleiotropic effects on insects (reviewed by Ekoka et al., 2021). The 20E signalling 

pathway is generally responsible for growth and development in insects (reviewed by 

Yamanaka et al., 2013). For example, Yu et al. (2014) demonstrated the effects of the 20E 

signalling pathway as a method of pest control; reduced longevity and decreased offspring was 

observed after RNAi in Nilaparvata lugens (N. lugens). Interestingly in mosquitoes, this 

pathway has been implicated in survival (Childs et al., 2016), egg development (Attardo et al., 

2005), oviposition (Childs et al., 2016), refractoriness to mating (Gabrieli et al., 2014), blood 

feeding behaviour (Beach, 1979) and susceptibility to Plasmodium (Werling et al., 2019). All 

these behaviours in mosquitoes influence vector density and competence and thus malaria 
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transmission. It would therefore be fascinating to intensively study the 20E signalling pathway 

using RNAi to determine its function(s) in malaria vectors and how these functions could 

ultimately affect malaria transmission.  

1.8.1 The 20E signalling pathway  

20-hydroxyecdysone signalling in insects is facilitated by the ecdysone receptor complex 

(Figure 1.7). This complex consists of the nuclear ecdysone receptor (EcR) and Ultraspiracle 

protein (USP) (homologous to mammalian retinoid x receptor) which form a heterodimer 

known as the EcR-USP complex (Oro et al., 1990; Yao et al., 1993). The functional EcR-USP 

complex is completed upon binding of the transcription regulatory 20E hormone to EcR (Wang 

et al., 2000). Together the functional EcR-USP complex binds to a region of DNA either in the 

form of an inverted or direct repeat, termed the ecdysone response element (EcRE) which is 

located upstream of genes that are regulated by 20E signalling (Koelle et al., 1991; Wang et 

al., 1998). The EcREs consist of palindromic DNA sequences consisting of the sequence 

5’AGGTCA3’ (Cherbas et al., 1991). Once bound to the EcRE, the functional EcR-USP 

complex activates transcription of the target gene whereas the EcR-USP complex excluding 

20E represses transcription of the target gene in insects (Cherbas et al., 1991; Dobens et al., 

1991; Koelle et al., 1991).  
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Figure 1.7: Schematic diagram representing the 20E signalling pathway in insects. The 

functional EcR-USP complex binds to the EcRE region upstream of the EcR regulated early 

gene and activates transcription of this gene. Subsequently, the early gene which acts as a 

transcription factor activates the transcription of late genes which induce physiological changes 

in insects. 

 

Genes that are first activated by the 20E signalling pathway include EcR, BR-C, E74, E75, E78, 

HR3, HR4, HR39 and ftz-f1— these are known as early genes (DiBello et al., 1991; Koelle et 

al., 1991; Pierceall et al., 1999; Sun et al., 2002; King-Jones and Thummel, 2005). These early 

genes subsequently activate the transcription of several late genes which are involved in 

physiological roles in the mosquito. One such late gene is Vitellogenin (Vg) which is involved 

in regulating reproduction in mosquitoes (Martı́n et al., 2001). Furthermore, several immune 

related genes such as several prophenoloxidases (PPOs) and the leucine rich repeat immune 

molecule 9 (LRIM9) which play a role in immunity to Plasmodium are regulated by 20E and 

may function as late genes (Ahmed et al., 1999; Upton et al., 2015). Since EcR is a key 

component of the 20E signalling pathway, mediates hormone and DNA binding and is the 

focus of this dissertation, it will be discussed in more detail.  
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1.8.2 The ecdysone receptor  

The ecdysone receptor is a ligand controlled transcription factor present in the nucleus of 

insects (reviewed by Mangelsdorf et al., 1995). This receptor forms part of the nuclear receptor 

family and shares structural features with other receptors in this family (Koelle et al., 1991). 

Such features include highly conserved DNA and ligand binding domains (Koelle et al., 1991; 

reviewed by Mangelsdorf et al., 1995) (Figure 1.8).  

 

Figure 1.8: Schematic diagram of EcR. The five domains of EcR are shown above: each with 

different functions. Playing a role in EcR transactivation is the A/B domain as well as the D 

and F domains. The C domain is responsible for binding to EcRE on DNA and consists of two 

zinc fingers (represented by orange boxes) that assist in EcR binding to DNA. The D domain 

links the C and E domain and also facilitates localisation in the nucleus. Lastly, the E domain 

provides a site for 20E binding (represented by the purple crescent).  

 

The DNA binding domain of EcR is located towards the N terminus and consists of two 

conserved zinc fingers containing the proximal and distal boxes that are involved in DNA 

binding and dimerization (Berg, 1989; Koelle et al., 1991; Jayachandran and Fallon, 2000; 

Devarakonda et al., 2003). Located towards the C terminus is the ligand or hormone binding 

domain that recognises and binds the 20E hormone (Koelle et al., 1991; Cho et al., 1995; 

Jayachandran and Fallon, 2000). Other less conserved domains identified in the EcR include 

the A/B domain, the D domain and the F domain (Koelle et al., 1991; Cho et al., 1995; 

Jayachandran and Fallon, 2000). The A/B domain is involved in transcriptional activation and 

contains a sequence termed activation function 1 that is responsible for this as it facilitates 

binding to coactivators (Cruz et al., 2000; Hu et al., 2003). The D domain connects the DNA 

and ligand binding domains and is involved in nuclear localisation and transactivation (Cho et 

al., 1995; Jayachandran and Fallon, 2000). Also involved in transactivation is the F domain 

(Cho et al., 1995; Jayachandran and Fallon, 2000).  Currently, two isoforms of EcR (EcR-A 

and EcR-B) have been identified in mosquitoes (Wang et al., 2000; Wang et al., 2002). These 

isoforms differ in their N terminal domains, are responsible for different functions in 
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mosquitoes and are expressed in tissues and life stages accordingly (Wang et al., 2000; Wang 

et al., 2002). 

The regulation of EcR is mediated by the 20E hormone in a dose dependent manner (Koelle et 

al., 1991; Karim and Thummel, 1992; Fujiwara et al., 1995). An increase in 20E in mosquitoes 

is brought about by the ingestion of either a blood or sugar meal which serves as a source of 

cholesterol (Karlson, 1963; Clayton, 1964). Through a series of enzymatic reactions, 

cholesterol is converted to 20E (Gilbert et al., 2002). Prior to obtaining a blood or sugar meal 

both EcR and USP are present at low levels in the fat body, however a heterodimer of USP and 

the orphan receptor HR38 exists, preventing the heterodimerization of EcR and USP (Zhu et 

al., 2003b). As the 20E hormone is synthesised, both EcR RNA and protein levels begin to 

increase (Talbot et al., 1993; Fujiwara et al., 1995). An increase in EcR levels in the fat body 

results in the dislocation of the HR38-USP complex which allows for the heterodimerization 

of EcR and USP (Zhu et al., 2003b). A decline in 20E results in reduced EcR levels and 

therefore reduced or non-existent transcriptional regulation by this receptor (Talbot et al., 1993; 

Fujiwara et al., 1995). The regulation of EcR and the regulation of transcription by 20E both 

demonstrate the interplay between the EcR and 20E hormone and their importance for the 

others functioning. 

Functioning as a transcription factor, EcR regulates transcription in several ways. The 20E 

hormone binds to the hormone binding domain on EcR to activate transcription of early genes 

and subsequently late genes that induce phenotypic changes (Koelle et al., 1991). The EcR 

however, must already be present in a heterodimer with USP in order for 20E binding to occur 

as USP is involved in allosteric control and alters the conformation of EcR to favour hormone 

binding (Yao et al., 1993; Hu et al., 2003). This has also been found true for DNA, as the 

affinity of the EcR DNA binding domain to EcRE is increased upon heterodimerization with 

USP (Yao et al., 1993; Hu et al., 2003). Once 20E is bound to the EcR-USP complex, it binds 

coactivators such as FISC p160/SRC, CREB binding protein (CBP) or NURF with histone 

acetyltransferase activity that uncoil and make DNA readily available for binding by the 

complex (Rosenfeld and Glass, 2001; Hu et al., 2003; Badenhorst et al., 2005; Zhu et al., 2006; 

Gaddelapati et al., 2020). This in turn allows for the transcriptional activation of EcR regulated 

genes (Figure 1.9). Conversely, repression of transcription occurs during the absence of the 

20E hormone (Figure 1.9). The EcR-USP complex binds to co-repressor proteins such as 

SMRTER, Svp or Bonus (Zelhof et al., 1995; Tsai et al., 1999; Beckstead et al., 2001). This 

complex subsequently interacts with histone deacetylases such as mSin3A that condense DNA 
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and reduce the ability of the EcR-USP complex to bind, thereby repressing transcription (Tsai 

et al., 1999; reviewed by Milazzo et al., 2020). The EcR regulates several physiological 

functions in insects and mosquitoes, some of these will be discussed further.   

 

Figure 1.9: The functional EcR-USP complex regulates transcriptional activation as well 

as transcriptional repression of EcR induced genes. The EcR-USP complex in conjunction 

with 20E binds coactivators that have histone acetyltransferase activity. These coactivators 

uncoil and make DNA available for binding and transcriptional activation by the complex. 

Contrastingly, transcriptional repression occurs in the absence of 20E. The EcR-USP complex 

binds co-repressors with histone deacetylase activity. Consequently, DNA condenses, 

preventing binding of the EcR-USP complex to EcREs, thereby repressing transcription. 

1.8.3 20E signalling regulates longevity in insects 

The 20E signalling pathway has been implicated in the longevity and aging of many insects, 

recently including major malaria vectors, An. gambiae and An. funestus (Childs et al., 2016; 

Werling et al., 2019; Brown et al., 2020). However, the effect that EcR has on An. funestus 

longevity has not yet been characterised. The effect of the EcR on longevity in the model 

organism Drosophila melanogaster (D. melanogaster) has been well studied and forms the 
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bulk of information available. In D. melanogaster mutants with a deletion in the EcR gene, 

both males and females average lifespans increased significantly (Simon et al., 2003). 

Furthermore, resistance to oxidative, heat and dry starvation stresses in EcR mutants as well as 

heightened performance measured by D. melanogaster’s fast response to phototaxis was 

observed (Simon et al., 2003). In a subsequent study by Simon et al. (2006), slower aging was 

observed in D. melanogaster EcR mutants compared to the control. Tricoire et al. (2009) also 

witnessed slower aging of male D. melanogaster adults when EcR was slightly inactivated, 

however a stronger inactivation of EcR increased mortality. Moreover EcR that was inactivated 

in female D. melanogaster adults resulted in decreased longevity (Tricoire et al., 2009). This 

decrease in longevity was also observed in Nilaparvata lugens; ingestion of dsRNA targeting 

EcR resulted in a concentration dependent decrease in lifespan (Yu et al., 2014).  

Importantly, the 20E signalling pathway has also been discovered to affect lifespan in the 

malaria vectors An. gambiae and An. funestus. The ectopic application of a 20E agonist, which 

is structurally similar to the hormone and therefore results in heightened 20E signalling 

significantly reduced An. gambiae adult female lifespan (Childs et al., 2016). A greater 

reduction in lifespan was observed when higher doses were administered (Childs et al., 2016). 

Promising results have recently been observed in An. funestus where tarsal, but not topical 

application of a 20E agonist resulted in a significantly decreased survival (Brown et al., 2020). 

However, the effect of EcR on An. funestus longevity was not examined in the abovementioned 

study. These results are promising as they show that longevity is regulated by 20E signalling 

in malaria vectors and could be used as a basis for the development of future vector control 

methods. 

Although the EcR regulated genes affecting longevity in malaria vectors have not yet been 

identified, understanding the importance of EcR regulation of vector longevity is important as 

it can ultimately affect malaria transmission. A decrease in the longevity of vectors and 

consequently a decrease in vector density can result in a cascade effect. Decreased vector 

density may result in decreased transmission of malaria due to a reduction in the mosquito to 

human ratio (reviewed by Shaw and Catteruccia, 2018). The inability to ingest a second blood 

meal to transmit malaria or not surviving long enough for Plasmodium to become infectious 

and of course a decrease in reproduction may also lead to a further decrease in vector density 

(reviewed by Shaw and Catteruccia, 2018). All of the above consequences of 20E signalling 

substantiate the further study of the EcR to more deeply understand its mechanisms and 

functions regarding malaria vector longevity.  
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1.8.4 20E signalling regulates several processes essential for reproduction   

Anopheline reproductive output —as measured by fecundity and fertility, is a key component 

of malaria transmission. It increases both the vector to host ratio as well as enables the 

transmission of Plasmodium pathogens to hosts through a blood meal (which is  requirement 

for mosquito reproduction) (reviewed by Shaw and Catteruccia, 2018). Ingestion of a blood 

meal initiates two important reproductive processes in the mosquito. Firstly, vitellogenesis 

which involves the synthesis of yolk precursor proteins (YPPs) that are deposited in the 

developing oocytes and are essential for embryo nutrition and secondly, oogenesis which is the 

maturation of underdeveloped oocytes into mature egg cells (Pierceall et al., 1999; Raikhel et 

al., 1999; Carney and Bender, 2000). 20-hydroxyecdysone signalling is essential for the 

successful completion of vitellogenesis and oogenesis in mosquitoes. 

Upon emergence, juvenile hormone (JH) in the adult female mosquito regulates the first 

maturation of oocytes which then experience a “resting” stage until blood meal ingestion. 

Juvenile hormone simultaneously regulates the βFTZ-F1 receptor and together they function 

to make the mosquito fat body responsive to 20E (Li et al., 2000; Zhu et al., 2003a). Ingestion 

of a blood meal represses JH activity and subsequently signals the brain to release ovary 

ecdysteroidogenic hormone (OEH) and insulin-like peptide 3 (ILP3) (Lea, 1967; Hagedorn et 

al., 1975; Readio et al., 1988; Brown et al., 1998; Brown et al., 2008). In developing egg cells, 

OEH and ILP3 then bind to the OEH receptor and insulin receptor respectively which 

subsequently initiates insulin signalling and ecdysone (a precursor of 20E) production by the 

ovaries (Figure 1.10) (Riehle and Brown, 2002; Dhara et al., 2013; Vogel et al., 2015). The 

hormone ecdysone is then hydroxylated to it functional form: 20E, in the mosquito fat body 

(Hagedorn and Fallon, 1973). The 20E signalling pathway is initiated by the binding of 20E to 

EcR and DNA of early genes, E74B and E75A, which peak around 24 hours post blood meal 

(Raikhel et al., 1999, 2002). Binding of these early genes activate the transcription of several 

late YPP genes involved in vitellogenesis, namely Vitellogenin (Vg), Vitellogenic 

carboxypeptidase (VCP), Cathepsin B-like protease (VCB) and Lipophorin (Lp) (Hays and 

Raikhel, 1990; Cho et al., 1991; Cho et al., 1999; Sun et al., 2000). Concurrently, digestive 

enzymes, trypsin, aminopeptidases, glycosidases and lipases facilitate blood meal digestion 

into amino acids and other constituents respectively. These amino acids are further 

incorporated in the synthesis of YPPs in the fat body (Briegel, 1975; Geering, 1975; Geering 

and Oberlin, 1975; Lemos et al., 1996). Post the synthesis of YPPs, these proteins are 
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incorporated into developing oocytes by receptor mediated endocytosis and stored until 

required for embryogenesis (Raikhel, 1992).  

 

Figure 1.10: Schematic diagram of the involvement of 20E in oogenesis and vitellogenesis. 
Ingestion of a blood meal stimulates the brain to produce OEH and ILP. Additionally, in the 

midgut, the blood is digested into constituents such as amino acid, proteins and lipids required 

for nutrition and egg maturation. In the ovaries, OEH and ILP stimulate the production of 

ecdysone which is then hydroxylated to its active form 20E in the fat body and is involved in 

YPP transcription. The blood constituents are incorporated into the YPPs and then travel to the 

ovaries where they are taken up into developing oocysts and function to regulate oogenesis and 

vitellogenesis. Figure adapted from Hansen et al. (2014). 

 

Oogenesis requires a constant and elevated supply of amino acids following a blood meal 

(Uchida, 1998). In addition to this, lipids are essential for oocyte development and are 

transported by the lipid transporter Lp (Sun et al., 2000). An EcR induced gene, mating induced 

stimulator of oogenesis (MISO) ensures nutrients are transported towards developing oocytes 

by controlling Lp expression (Baldini et al., 2013). Combined with amino acids and yolk 

proteins in the developing oocyte, RNA and proteins from nurse cells along with a chorion 

secreted by follicle cells complete the composition of the matured egg (Valzania et al., 2019).  

The termination of oogenesis and vitellogenesis occurs at approximately 30 hours post blood 

meal, when the 20E titre begins to decline (Bohm et al., 1978). The HR38 binds USP in the 

absence of EcR resulting in the downregulation of YPP genes (Zhu et al., 2003b). 

Simultaneously, βFTZ-F1 is activated which transforms the fat body into its pre-vitellogenic 
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state (White et al., 1997; Zhu et al., 2003a). This leaves the ovaries and fat body ready to 

complete another cycle of vitellogenesis and oogenesis once the next blood meal is ingested. 

Besides 20E synthesised after a blood meal, the male mosquito also contributes to 20E 

synthesis and resulting behavioural changes influencing reproduction in females. Male 

mosquitoes are able to synthesise and store 20E in male accessory glands (MAGs) (Pondeville 

et al., 2008). The 20E is transferred to female mosquitoes by males after mating takes places 

(Pondeville et al., 2008). The transfer of this hormone initiates a series of behavioural changes 

in the mosquito that includes the refractoriness to further mating, increased egg production and 

the induction of oviposition (Gabrieli et al., 2014). Moreover, 20E transferred by males is 

involved in oogenesis as it regulates the expression of MISO which increases Lp expression 

and thereby facilitates the transfer of nutrients to the developing egg (Baldini et al., 2013).   

As mentioned previously, reproduction in mosquitoes plays an important role in malaria 

transmission through increasing the vector density as well as spreading Plasmodium parasites 

when ingesting a blood meal required for vitellogenesis and oogenesis. A reduction in the 

mating capability or a decrease in the fecundity or fertility of female vectors by investigating 

the role of EcR in these parameters will be of great advantage. Firstly, it will widen the 

knowledge of what is already known about EcR and reproduction and secondly, it will provide 

a path for the research and development of novel EcR based control methods. Interfering with 

mosquito reproduction and 20E signalling could potentially decrease malaria transmission by 

reducing vector density through manipulating vitellogenesis and oogenesis or through 

behavioural changes such as oviposition or a refractoriness to mating. 

1.8.5 20E signalling regulates immunity to Plasmodium in Anopheles mosquitoes  

The sporogonic cycle in mosquitoes begins upon ingestion of gametes from an infected blood 

meal. This cycle progresses in the mosquito until infectious sporozoites develop and can be 

transmitted to vertebrates (Figure 1.11). Once gametes infect the mosquito the innate immune 

system is activated to suppress Plasmodium infection. Strikingly, there is evidence that several 

immune processes in the mosquito are regulated by the 20E signalling cascade or are influenced 

by EcR regulated products. These immune processes are discussed below. 
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Figure 1.11: Schematic diagram outlining P. falciparum infection and development in the 

mosquito vector. Male and female gametes are contained within an infected blood meal 

ingested by the vector. In approximately one hour the male microgamete fertilises the female 

microgamete to form a zygote. The zygote can take from 12 to 36 hours to mature into an 

ookinete. The ookinete then transverses the midgut epithelium and develops into mature 

oocysts, a process taking 8 to 10 days. Ten to sixteen days later, sporozoites are mature and 

travel to the salivary glands of the mosquito with the potential to be transmitted to a vertebrate 

host during a subsequent blood meal.   

 

Recognition of foreign and infectious bodies comprises the first step of innate immunity in the 

mosquito (reviewed by Christophides et al., 2004). This involves the binding of pathogen 

recognition receptors (PRRs) in the mosquito to pathogen‐associated molecular patterns 

(PAMPs) in the Plasmodium parasite. One such PRR is the thioester containing protein (TEP) 

family (Christophides et al., 2002).  To date, 15 TEPs have been identified in the An. gambiae 

genome (Christophides et al., 2002). Interestingly, infection with Plasmodium results in the 

upregulation of TEP1 in the malaria vector and silencing of TEP1 increases anopheline 

susceptibility to P. yoelii confirming that TEP1 is involved in the immune response (Blandin 

et al., 2004; Jaramillo-Gutierrez et al., 2009). The TEPs contain a thioester motif which is 

responsible for binding to the ookinete that is then killed by mechanisms independent of TEP1 

(Christophides et al., 2002; Blandin et al., 2004). Binding to the ookinete is facilitated by the 
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leucine rich repeat proteins, LRIM1 and APL1C which stabilises and keeps TEP1 in the 

haemolymph of the mosquito (Blandin et al., 2004; Fraiture et al., 2009; Povelones et al., 

2009). Confirming TEP1 is an immune regulator of Plasmodium, Blandin et al. (2004) and 

Dong et al. (2006) observed an increase in oocysts concurrent with TEP1 knockdown. 

Strikingly, two EcR induced genes, Lp and Vg influence the action but not the expression of 

TEP1 (Rono et al., 2010). The YPPs Lp and Vg hinder the binding efficiency of TEP1 to 

ookinetes as observed by an increase in oocyst numbers under typical conditions, whereas 

silencing of Lp and Vg reduces P. berghei oocyst intensity (the number of oocysts present in 

the mosquito midgut) (Rono et al., 2010). Vitellogenin appeared to effect TEP1s function to a 

greater extent to Lp, as when silenced, a higher reduction in oocysts were observed (Rono et 

al., 2010). Other studies have shown similar results where the silencing of Lp resulted in 

reduced infection levels with Plasmodium parasites (Vlachou et al., 2005; Mendes et al., 2008). 

These results suggest that increased Lp and Vg caused by elevated EcR levels hinder the 

binding efficiency and parasite killing mechanism of TEP1. Moreover, Lp was discovered to 

regulate oocyst size; silencing of Lp resulted in reduced oocyst size due to a decrease in 

nutrients (Rono et al., 2010; Costa et al., 2018; Werling et al., 2019). 

Another PRR involved in the recognition of infectious bodies are the LRIM9 proteins. LRIM9 

is directly regulated by EcR and is similarly upregulated after a blood meal (Upton et al., 2015). 

Unlike LRIM1, LRIM9 does not interact and is not involved in the functioning of TEP1 (Upton 

et al., 2015). An increase in the intensity of oocysts after LRIM9 knockdown suggests its 

function as an immune regulator of Plasmodium (Upton et al., 2015). Moreover, knockdown 

of LRIM9 resulted in a decrease in the number of melanised parasites which suggests that 

LRIM9 plays a role in the melanisation cascade (Upton et al., 2015). Melanisation in 

mosquitoes either directly destroys or clears melanised parasites from the mosquito.  LRIM9 

was found to be involved in the clearing process of melanised parasites and hence is not directly 

responsible for the melanisation of parasites, but instead their recognition (Volz et al., 2006). 

Following the recognition of parasites, signal modulation and amplification either allow for an 

immune response by intensifying the signal or prevent an immune response by diminishing the 

signal (reviewed by Christophides et al., 2002). The signal intensification is carried out by 

CLIP domain serine proteases (CLIPs) that subsequently activates an effector response of 

parasite killing molecules (reviewed by Christophides et al., 2002). Focusing on the CLIPs that 

are influenced by 20E signalling to elicit immune responses, the most involved are CLIPA14 

and CLIPA2. Along with modulating an immune response in An. gambiae, CLIPA14 regulates 
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the TEP1 dependent recognition and melanisation of parasites (Volz et al., 2006; Nakhleh et 

al., 2017). Silencing of CLIPA14 resulted in a high level of melanisation in ookinetes, 

suggesting that CLIPA14 negatively regulates TEP1 functioning (Volz et al., 2006). A striking 

comparison was made in CLIPA2 which prevents TEP1 from becoming active; knockdown of 

CLIPA2 resulted in increased TEP1 activity (Yassine et al., 2014; Kamareddine et al., 2016). 

Moreover, CLIPA14 controls the activation of EcR induced pro-phenoloxidases (PPOs) that 

function to melanise and kill parasites (Volz et al., 2006). Knocking down CLIPA14 resulted 

in increased phenoloxidase (PO) activity in the mosquito (Volz et al., 2006). 

Succeeding signal modulation and amplification, signal transduction pathways initiate the 

transcriptional activation of immune genes. Effector response systems are responsible for the 

transcription of their specific genes (reviewed by Christophides et al., 2002). Ecdysone 

receptor induced genes that are activated by effector response systems include PPOs and 

cecropins (CEC). Currently, 9 PPOs and 4 cecropins have been identified in An. gambiae and 

specifically PPO1, PPO3, PPO8, CEC1 and CEC3 are regulated by 20E signalling (Ahmed et 

al., 1999; Christophides et al., 2004; Reynolds et al., 2020). Additionally an EcRE has been 

identified on the An. gambiae PPO1 gene, suggesting that it might be an EcR induced gene 

(Ahmed et al., 1999). Prophenoloxidases are present in the haemolymph of mosquitoes, and 

upon signal modulation are converted to their active form POs (reviewed by Christophides et 

al., 2002). The function of POs is to form melanotic capsules containing lethal free radicals 

and quinone intermediates, a process termed melanisation (reveiwed by Michel and Kafatos, 

2005). Foreign bodies such as parasites are subsequently encapsulated and killed with the aid 

of the free radicals and quinone intermediates (reveiwed by Michel and Kafatos, 2005). This 

phenomenon was confirmed by Collins et al. (1986). Cecropins are antimicrobial peptides 

providing immunity against bacteria, fungi and yeast in mosquitoes (Vizioli et al., 2000). 

Interestingly, CEC expression was increased in a mosquito vector after being infected with P. 

berghei (Vizioli et al., 2000). Gwadz et al. (1989) demonstrated a decrease in the number of 

oocysts when mosquitoes were exposed to CEC. Additionally, silencing CEC3 resulted in an 

increase in Plasmodium intensity in several studies (Kim et al., 2004; Dong et al., 2009; 

Kokoza et al., 2010). 

Once an Anopheles mosquito becomes infected with Plasmodium, it depends on the 

competence of the vector to determine if the malaria transmission cycle will continue. Vector 

survival and immune system responses can influence Plasmodium survival and development 

into infectious sporozoites. Since the 20E signalling pathway regulates and is involved in many 
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aspects of the innate immune system, modifications, e.g. transgenic mosquitoes or gene drives 

involving the modification of EcR induced genes should be explored to determine if they could 

reduce vector competence. The reduction of vector competence could ultimately decrease 

malaria transmission rates by killing parasites or prevent them from maturing to their infectious 

forms. 

1.9 Aim 

Since each vector-parasite interaction is unique, it is necessary that further studies on EcR be 

conducted using different parasite and vector species to uncover the potential of this hormone 

receptor as a target in malaria vector control strategies. One ideal system to work on would be 

An. funestus mosquitoes as well as malaria parasite P. falciparum, as both are major species 

involved in malaria transmission in Africa. Moreover, the effects of EcR knockdown on An. 

funestus longevity, reproduction and susceptibility to P. falciparum have not been investigated 

to date. This study therefore aims to determine the effects of EcR knockdown on An. funestus 

longevity, reproductive success and susceptibility to P. falciparum.  

1.10 Objectives 

1. Determine the effect of EcR knockdown on An. funestus longevity. 

2. Determine the effect of EcR knockdown on An. funestus reproductive success. 

3. Determine the effect of EcR knockdown on An. funestus susceptibility to P. falciparum. 
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2 MATERIALS AND METHODS 

2.1 Biological material 

A laboratory strain of An. funestus mosquitoes originating from Mozambique (FUMOZ) was 

used in this study. Female FUMOZ mosquitoes were used for all data collection purposes and 

were aged accordingly. The FUMOZ strain was reared in the Maureen Coetzee insectary at the 

Wits Research Institute for Malaria (WRIM) under standard insectary conditions at ± 26°C 

with ± 80% humidity and a 12:12 day: night cycle (Hunt et al., 2005). 

The P. falciparum NF54 strain was used to infect An. funestus. Infected blood was provided 

by Prof Lyn-Marie Birkholtz from the University of Pretoria, Institute for Sustainable Malaria 

Control (UP ISMC). 

2.2 Optimisation of experimental methods 

The methods presented in the following section were conducted to ensure all techniques were 

optimal and resulted in accurate and reliable data collection for all three objectives i.e. An. 

funestus longevity, reproductive success and susceptibility to P. falciparum.  

2.2.1 Design of quantitative PCR (qPCR) and RNAi primers 

For qPCR analyses, gene-specific primers targeting An. funestus EcR, Lp, VgR, and LRIM9 

were designed (Figure 2.1). First, the nucleotide sequences of these four genes were obtained 

from VectorBase (https://vectorbase.org/vectorbase/app). For each target gene, the 

corresponding nucleotide sequence was imported to PrimerQuest 

(https://www.idtdna.com/pages/tools/primerquest) where it served as template for the design 

of sense and antisense primers meeting the following criteria: a GC content of 40% to 60%, a 

length of 18 to 25 nucleotides and a  melting temperature (Tm) of 55˚C to 65˚C and the ability 

to amplify a 75-150 base pair (bp) region (Taylor et al., 2010). Notably, similar to previous 

reports in Aedes aegypti (Wang et al., 2002), two EcR isoforms were also detected in the 

transcriptome of An. funestus available on VectorBase, namely EcR-A (AFUN020231-RA) and 

https://vectorbase.org/vectorbase/app
https://www.idtdna.com/pages/tools/primerquest
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EcR-B (AFUN020231-RB). Thus, to quantify EcR expression, primers that could amplify a 

130 bp region common to both isoforms were selected (Figure 2.2). To confirm that the primers 

designed were specific to the gene of interest, primer-BLAST was used 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Ye et al., 2012). All primers were 

synthesised by Inqaba Biotechnical Industries (South Africa). Anopheles funestus reference 

gene primers (GAPDH, RPS7, 18S, RPL19 and RPS26) previously designed in the WRIM 

laboratory were used in qPCR analyses. 

For RNAi, two gene-specific primers targeting An. funestus EcR were designed (Figure 2.2, 

Table S1). The first set, which was designed according to Figure 2.1, comprised gene-specific 

primers that could amplify a 484 bp region common to both An. funestus EcR transcripts. The 

second set of primers contained the same sequences as the first, but in addition, they were 

flanked by the T7 promoter minimal sequence on the 5’ end of each primer to allow for 

subsequent in-vitro transcription (Table S1). The nucleotide sequence for An. funestus EcR was 

obtained from VectorBase (https://vectorbase.org/vectorbase/app) and input as a template in 

PrimerQuest (https://www.idtdna.com/pages/tools/primerquest). Primers targeting a 484 bp 

region from both transcripts of the An. funestus EcR coding sequence (AFUN020231-RA and 

AFUN020231-RB) were designed. A region of approximately 500 bp was targeted as this 

results in the most efficient silencing (Tuschl et al., 1999) and was similar to the length of the 

dsEcR region targeting the An. gambiae EcR (Baldini et al., 2013). Care was taken to ensure 

that the 484 bp region targeted by the EcR dsRNA primers would not overlap with the 130 bp 

region targeted by EcR qPCR primers (Figure 2.2) so that qPCR primers would not amplify 

any regions targeted by dsRNA. To confirm that the primers designed were specific to the gene 

of interest, primer-BLAST was used (Ye et al., 2012). All primers were synthesised by Inqaba 

Biotechnical Industries (South Africa). As a negative control, double-stranded green 

fluorescent protein (GFP) primers were designed by Ms. Elodie Ekoka from the WRIM 

laboratory to amplify a 492 bp region from the GFP clone (Table S1). 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://vectorbase.org/vectorbase/app
https://www.idtdna.com/pages/tools/primerquest
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Figure 2.1: An outline of all steps taken into account to design and validate primers for 

PCR and qPCR. Concisely, primer design consisted of acquisition of the gene sequence for a 

particular gene followed by primer design composed of several criteria. Primers were lastly 

tested for specificity to the target gene in An. funestus. 

 

 

 

Figure 2.2: Positions of the dsEcR target region and the qPCR amplification region on 

both transcripts of the An. funestus EcR. The EcR dsRNA was designed to target a 484 base 

pair region on both transcripts of EcR. The qPCR primer pair was designed to amplify a 130 

base pair region on the An. funestus EcR gene towards the 3’ end of the gene to prevent 

amplification of products cleaved by dsEcR. 



36 

 

2.2.2 Total RNA (tlRNA) extraction 

Total RNA was extracted from approximately 15 mosquitoes in each replicate according to the 

TRIzol™ Plus RNA Purification Kit (Catalogue number: 12183555, Invitrogen, CA, USA) 

with a modification in the homogenisation step. Mosquitoes were immobilised at -80˚C for 30 

seconds and were placed in 1.5 ml microcentrifuge tubes. A pestle was used to homogenise the 

mosquitoes in 500 µl of TRIzol reagent™ and the remaining 500 µl of TRIzol™ was added 

subsequently as this ensures a more efficient homogenisation. The manufacturer’s instructions 

were followed for the remainder of the RNA purification. The homogenised mosquito samples 

were incubated in the TRIzol™ reagent for 5 minutes at room temperature. Subsequently 200 

µl of chloroform was added to the mixture and was incubated at room temperature for 2 

minutes. The sample was centrifuged for 15 minutes at 12,000 xg at 4°C. After centrifugation, 

a colourless aqueous phase containing RNA was present at the top of the tubes. Six hundred 

microliters of this phase was transferred to a new tube and the old tube discarded. Six hundred 

microliters of 70% (v/v) ethanol was then added to the tube and briefly vortexed. To bind RNA 

to the membrane, the RNA sample was added to a spin cartridge and centrifuged for 15 seconds 

at 12,000 xg at 4°C, and the flow through discarded. This was repeated until the entire sample 

had been processed. The RNA sample was washed with 700 µl of wash buffer I™ supplied with 

the kit and was then centrifuged for 15 seconds at 12,000 xg and 4°C. The flow through was 

discarded and 500 µl of wash buffer II™ was added to the RNA and subsequently centrifuged 

for 15 seconds at 12,000 xg and 4°C, after which this step was repeated once. Once the flow 

through had been discarded, the sample was centrifuged at 12,000 xg and 4°C for 1 minute to 

dry the membrane. The spin column was inserted into a new collection tube and 50 µl of elution 

solution was added to the middle of the column. The tube was then centrifuged for 2 minutes 

at 14,000 xg and 4°C. The eluted RNA present in the tube was stored at -80˚C until further use. 

2.2.3 DNase treatment 

To remove any contaminating genomic DNA carried over from RNA extraction, a DNase 

treatment was conducted with the TURBO DNA-free™ Kit (Catalogue number: AM1907, 

Ambion, TX, USA) according to manufacturer’s instructions. To the tlRNA, 0.1 volumes of 

10X TURBO DNase™ buffer was added, followed by 1 µl of TURBO DNase™ Enzyme. This 



37 

 

was mixed by vortexing. This solution was incubated at 37˚C for 30 minutes. DNase 

inactivation reagent was added at 0.1 volumes of the initial RNA volume to the solution. The 

solution was then incubated at room temperature for 5 minutes with gentle mixing during this 

period. The samples were thereafter centrifuged at 10,000 xg for 1.5 minutes and the 

supernatant containing DNA-free RNA was transferred to a new microcentrifuge tube at stored 

at -80˚C until further use.   

2.2.4 RNA quality control 

RNA quality control consisted of spectrophotometry with the Nanodrop One (Catalogue 

number: ND-ONE-W, Thermo Scientific, MA, USA) and agarose gel electrophoresis to 

determine RNA integrity. Spectrophotometry was used to assess concentration and purity. One 

microliter of RNA from each biological replicate was tested. All RNA subsequently used had 

an A260/A280 ratio above 1.7 indicating purity. For electrophoresis, an aliquot of RNA from 

each biological replicate was mixed with an equal amount of 2X RNA loading dye (Catalogue 

number: R0641, Thermo Scientific™, MA, USA) and incubated at 70˚C for 10 minutes. RNA 

was then loaded into a 1% (w/v) agarose/Tris-borate-EDTA (TBE) gel which was 

electrophoresed at 100V for 50 minutes in TBE buffer. The RiboRuler High Range RNA 

Ladder (Catalogue number: SM1821, Thermo Scientific, MA, USA) was used to size RNA 

fragments. The gel was thereafter viewed using an ultraviolet (UV) gel documentation system.  

2.2.5 Complementary DNA (cDNA) synthesis 

First strand cDNA synthesis was conducted with the iScript™ cDNA Synthesis Kit (Catalogue 

number: 1708891, Bio-Rad, CA, USA). Reactions consisted of 1 µg of tlRNA (extracted as 

above), 1X reaction mix containing oligo dT and random hexamer primers, 1X reverse 

transcriptase and nuclease free water to make up a total reaction volume of 20 µl. The cDNA 

cycling conditions consisted of 5 minutes at 25˚C followed by 30 minutes at 42˚C and finally 

5 minutes at 85˚C. The cDNA was stored at -20˚C until further use. 
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2.2.6 Quantitative PCR 

All gene expression studies were performed with qPCR. Each 1X qPCR reaction consisted of 

5 µl of IQ™ SYBR super-mix (Catalogue number: 1708880, Bio-Rad, CA, USA), 300 nM of 

each primer, 1 µl of cDNA and nuclease free water to make up a 10 µl reaction. Cycling 

conditions consisted of an initial denaturation at 94˚C for 3 minutes, 35- 39 cycles of 

denaturation at 94˚C for 20 seconds, annealing for 25 seconds and extension at 72˚C for 30 

seconds with a final extension step at 72˚C for 10 minutes. The annealing temperatures were 

previously determined by optimisation. A melt peak analysis and a no-template control 

excluding cDNA were included to assess for specificity and contamination, respectively. 

Quantitative PCR products were stored at -20˚C until agarose gel electrophoresis to confirm 

product presence and size and sequencing analysis to confirm that the correct gene had 

amplified. Agarose gel electrophoresis to confirm product size was conducted at 120V for 120 

minutes on a 2.5% (w/v) agarose/Tris-acetate-EDTA (TAE) gel. The GeneRuler 100 bp DNA 

Ladder (Catalogue number: SM0234, Thermo Scientific, MA, USA) was used to size qPCR 

amplicons. Relative gene expression analysis was calculated manually using the ∆∆Ct method 

where  

𝑅𝑎𝑡𝑖𝑜 = 2−(∆∆𝐶𝑡) 

𝑎𝑛𝑑 ∆∆𝐶𝑡 = [𝐶𝑡(𝑡𝑎𝑟𝑔𝑒𝑡 𝑡𝑒𝑠𝑡) − 𝐶𝑡(𝑡𝑎𝑟𝑔𝑒𝑡 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟)] − [𝐶𝑡(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑡𝑒𝑠𝑡)

− 𝐶𝑡(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟)] 

  

(Livak and Schmittgen, 2001). All significance tests were calculated using an unpaired 

student’s t-test for two samples or a one way ANOVA with Tukey’s test for multiple 

comparisons for more than two samples. 

2.2.7 Optimisation of PCR and qPCR conditions using RNAi and qPCR primers 

Optimisation of EcR primers for RNAi applications consisted of testing the efficacy of the Taq 

DNA Polymerase (Catalogue number: R011, Takara, Shiga, Japan) and the Q5 DNA 

Polymerase (Catalogue number: M0491S, New England Biolabs, MA, USA) using an array of 

various PCR conditions to produce EcR amplicons as well as a temperature gradient PCR to 

determine the optimal annealing temperature. The Q5 DNA polymerase that produced a single 

EcR amplicon with a high yield was used in further experiments. The optimal annealing 
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temperature of 56.9˚C was determined from annealing temperatures that ranged between 43˚C 

to 68˚C. 

Optimisation of qPCR primers consisted of a temperature gradient qPCR to determine the 

optimal annealing temperature of EcR, Lp, LRIM9 and VgR primers and primer selection based 

on efficiency. Optimisation of qPCR reference gene primers (RPS7, RPL19, RPS26 and 

GAPDH) included primer selection using efficiency, specificity and expression stability as 

parameters. Prior to optimisation, RNA was extracted as previously described (section 2.2.2) 

from An. funestus females who had ingested a blood meal less than 24 hours prior to extraction 

as this increases expression of EcR (Cho et al., 1995). Complementary DNA was synthesised 

as above (section 2.2.5) and used as is to assess annealing temperature or used to create a 

twofold diluted standard curve to assess primer efficiency. The temperature gradient qPCR 

tested annealing temperatures ranging from 50˚C to 59˚C for all primer pairs. The temperatures 

that resulted in the lowest Cq values for each primer pair were selected as the optimal annealing 

temperatures. The standard curve was used to assess all primer pairs and the pair with the best 

efficiency (closest to 100%) and the correlation coefficient (R2) value closest to 1 was selected. 

The standard curve was also used to assess reference gene efficiency and specificity as well as 

determine the optimal annealing temperature as described above. Reference genes with 

efficiency values closest to 100% were chosen to be used in subsequent qPCRs and any 

reference genes showing nonspecific amplification were excluded from further analysis.  

Subsequently, the most stable reference genes were selected by evaluating their expression in 

samples injected with dsEcR and dsGFP. One day old An. funestus females were nanoinjected 

with either 10 µg/µl of dsEcR or dsGFP (section 2.2.10). This experiment was conducted in 2 

replicates with 35 females in each replicate. Two days after nanoinjection, RNA was extracted 

from mosquitoes according to the protocol (section 2.2.2). Complementary DNA was 

subsequently synthesised with the iScript™ cDNA Synthesis Kit (Catalogue number: 1708891, 

Bio-Rad, CA, USA) according to the manufacturer’s instructions (section 2.2.5). Quantitative 

PCR was conducted to determine which reference genes Ribosomal protein S7 (RPS7), 

Ribosomal protein L19 (RPL19), Ribosomal protein S26 (RPS26) and glyceraldehyde 3 

phosphate dehydrogenase (GAPDH) were the most stable across samples (section 2.2.6). 

Analysis was conducted with the reference gene selection tool on the Bio-Rad CFX Maestro 

software which is based on the geNorm software (Vandesompele et al., 2002). This software 

functions on the assumption that reference genes are uniformly expressed across all samples, 

producing high stability. Any variation in the expression of reference genes decreases the 
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stability of the reference gene, making it more unsuitable for analysis. The most stably 

expressed reference genes were selected for analysis based on the above assumption. 

Table 2.1: Optimal annealing temperatures for primers used in qPCR. 

Primer Optimal annealing temperature (˚C) 

EcR 55 

RPS7 55 

RPL19 55 

Lp 58.5 

VgR 57 

LRIM9 58.8 

 

2.2.8 Sequencing analysis 

To confirm primers were amplifying the correct gene, Sanger sequencing of qPCR products 

was conducted. Prior to sequencing EcR, Lp, LRIM9, VgR, RPS7 and RPL19 products were 

electrophoresed on a 2.5% (w/v) agarose/TAE gel to confirm amplification of the correct size 

products had occurred. The gel was electrophoresed at 120V for 90 minutes. Once amplicons 

were confirmed to be the expected size, products were prepared for sequencing. Sanger 

sequencing in the forward and reverse direction was conducted by Inqaba Biotec™ (Pretoria). 

Consensus sequences were subsequently entered into BLAST 

(https://vectorbase.org/vectorbase/app/search/transcript/UnifiedBlast) to compare sequence 

similarity and E values with the actual gene sequences obtained from VectorBase.  

2.2.9 Double stranded RNA synthesis  

Double-stranded RNA molecules targeting EcR or GFP were designed as described below 

(Figure 2.3). Double-stranded GFP was synthesised to act as a control as it is not naturally 

expressed in mosquitoes, and should not affect the expression of EcR. The synthesis of dsRNA 

https://vectorbase.org/vectorbase/app/search/transcript/UnifiedBlast
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can be divided into three steps, namely (i) the production of a DNA template (PCR amplicon 

or plasmid) containing the target region, (ii) incorporation of the promoter sequences in this 

DNA template, and (iii) dsRNA synthesis and purification. 

 

Figure 2.3: Overview of the dsRNA synthesis process. The DNA template for the gene of 

interest is in the form of a PCR amplicon or a plasmid. A template is created with a PCR step 

to attach the T7 promoter region to the gene of interest. The T7 promoter region is recognised 

by the RNA polymerase enzyme, which when combined with ribonucleotides produce single 

stranded RNA. The ssRNA anneals to dsRNA upon cooling in a reaction mix still containing 

DNA, ssRNA and free nucleotides. The dsRNA is then isolated with a purification step 

containing DNase I and RNase I. 
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(i) The production of a DNA template 

The starting material for the production of dsRNA molecules consisted of a plasmid containing 

the gene of interest (GFP) or a PCR amplicon of the target gene (EcR) (Figure 2.3). While the 

GFP clone was provided by Prof Patrick Arbuthnot’s laboratory (Antiviral Gene Therapy 

Research Unit, University of the Witwatersrand), the EcR amplicon was produced as follows. 

Total RNA was extracted from female An. funestus mosquitoes at 24 hours post-blood meal 

(as described in section 2.2.2), since this is the peak of EcR expression (Cho et al., 1995).  This 

was followed by DNase I treatment and cDNA synthesis (section 2.2.3- 2.2.5). The cDNA was 

used as template in a PCR reaction to amplify a 484 bp region on EcR. The PCR mastermix 

consisted of a 1X Q5 reaction buffer, 1X high GC enhancer, 0.4 mM of dNTPs, 0.5 µM of each 

An. funestus EcR primer, 0.5 µl of Q5 DNA polymerase (Catalogue number: M0491S, New 

England Biolabs, MA, USA), 2 µl cDNA and deionised water to make up a total volume of 50 

µl. Cycling conditions were composed of initial denaturation at 98˚C for 30 seconds and 40 

cycles of denaturation at 98˚C for 10 seconds, annealing at 57˚C for 30 seconds and extension 

at 72˚C for 30 seconds, which was followed by a final extension at 72˚C for 5 minutes. The 

integrity of the EcR templates was checked with agarose gel electrophoresis. Ten microlitres 

of each product was electrophoresed on a 2.5% (w/v) agarose/TAE gel at 120V for 90 minutes.  

To remove all contaminants (unincorporated dNTPs, excess primers, etc.), the remaining EcR 

templates were subsequently pooled and purified with the PureLink® PCR Purification Kit 

(Catalogue number: K310002, Invitrogen, CA, USA) according to manufacturer’s instructions. 

Briefly, 4 volumes of binding buffer B2 were added to 1 volume of the EcR PCR product. This 

solution was then transferred to a spin column and centrifuged at 10,000 xg for 1 minute. The 

flow through was discarded and the spin column was placed back into the collection tube. To 

the spin column 650 µl of wash buffer™ was added and was centrifuged at 10,000 xg for 1 

minute. The flow through was discarded and the spin column was centrifuged at 14,000 xg for 

3 minutes to dry the membrane. The spin column was subsequently placed into an elution tube 

and 50 μl of Elution Buffer (10 mM Tris-HCl, pH 8.5) was added to it. This was incubated at 

room temperature for 1 minute and then centrifuged at 14,000 xg for 2 minutes. The purified 

product was stored at -20˚C until further use. 
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(ii) Incorporation of T7 promoter sequences in the GFP and EcR DNA templates 

To add T7 promoter sequences to the 5’ end of the DNA templates, a PCR reaction was 

conducted using the T7-containing RNAi primers, and either the GFP clone or the above EcR 

amplicon as templates. At least 15 of these PCR reactions were conducted to ensure sufficient 

T7-containing dsDNA template would be obtained for the next phase.  

To produce GFP DNA templates flanked with T7 promoter sequences at both 5’ ends 

(thereafter called T7-GFP dsDNA templates), a 1X PCR mastermix consisted of the T7-GFP 

primer pair at a final concentration of 0.2 µM, 1X buffer, 0.2 mM of dNTPs, 1.5 mM of MgCl2, 

0.25 µl of Taq polymerase (Catalogue number: R011, Takara, Shiga, Japan), 1 µl of a 1:100 

dilution of the GFP clone and deionised water to make up a final reaction volume of 50 µl. 

PCR cycling conditions consisted of an initial denaturation step at 94˚C for 30 seconds, 5 cycles 

of denaturation at 94˚C for 30 seconds, annealing at 53˚C for 5 seconds and extension at 72˚C 

for 40 seconds. This was followed by 25 cycles of denaturation at 94˚C for 30 seconds and 

annealing and extension combined at 72˚C for 45 seconds. A final extension step at 72˚C for 

30 seconds completed the PCR. The integrity of the T7-GFP dsDNA templates were analysed 

with agarose gel electrophoresis. Ten microliters of each product was electrophoresed on a 

2.5% (w/v) agarose/TAE gel at 120V for 90 minutes. The remaining PCR products were pooled 

and purified with the PureLink® PCR Purification Kit (Catalogue number: K310002, 

Invitrogen, CA, USA) according to manufacturer’s instructions. 

To produce EcR DNA templates flanked with T7 promoter sequences at both 5’ ends (thereafter 

called T7-EcR dsDNA templates), a 1X PCR mastermix consisted of 1X Q5 reaction buffer, 

1X high GC enhancer, 0.2 mM of dNTPs, 0.1 µM of each An. funestus T7-EcR primer, 0.5 µl 

of Q5 DNA polymerase (Catalogue number: M0491S, New England Biolabs, MA, USA), 1 µl 

EcR DNA template and deionised water to make up a total volume of 50 µl. Cycling conditions 

consisted of an initial denaturation step at 98˚C for 30 seconds, 5 cycles of denaturation at 98˚C 

for 10 seconds, annealing at 62˚C for 5 seconds and extension at 72˚C for 40 seconds. This was 

followed by 25 cycles of denaturation at 98˚C for 10 seconds and annealing and extension 

combined at 72˚C for 45 seconds. A final extension step at 72˚C for 2 minutes completed the 

PCR. To determine the integrity and specificity, the T7-EcR dsDNA products were 

electrophoresed in a 2.5% (w/v) agarose/TAE gel at 120V for 90 minutes. The remaining T7-

EcR dsDNA templates were pooled to obtain a final concentration of 1 µg/µl, and the final 

concentrated products were purified with ethanol precipitation.  
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Ethanol precipitation was conducted as follows: to the pooled T7-EcR templates, 0.1 volumes 

of 3 M sodium acetate (pH 5.5) (Catalogue number: AM9740, Invitrogen, CA, USA) and 2.5 

volumes of ice cold 100% (v/v) ethanol were added. This mixture was vortexed briefly and 

then placed at -80˚C for 1 hour. After incubation the mixture was centrifuged at 13,000 xg at 

4˚C for 30 minutes. This was followed by 2 wash steps with 500 µl ice cold 75% (v/v) ethanol 

being added and centrifugation at 13,000 xg and 4˚C for 10 minutes each time. The template 

was allowed to air dry and subsequently suspended in nuclease free water. 

 

(iii) Synthesis and purification of dsGFP and dsEcR 

Double stranded RNA molecules homologous to the EcR and GFP templates (thereafter called 

dsEcR and dsGFP) were synthesised with the MEGAscript® RNAi Kit (Catalogue number: 

AM1626, Thermo Scientific, MA, USA). The transcription reaction mixtures contained 1 µg 

template (either T7-EcR or T7-GFP dsDNA templates from step ii), 4 µl each of T7 enzyme 

buffer, ATP, GTP, CTP, UTP and T7 RNA polymerase, and nuclease-free water to a final 

volume of 40 µl. These were incubated at 37˚C overnight as this is the optimal temperature for 

RNA polymerase activity. Transcription was stopped with 5 min incubation at 75˚C, and the 

synthesised single-stranded RNA molecules (ssRNA) were allowed to anneal to form dsRNA 

by cooling the solutions at room temperature. To remove any contaminants (ssRNA or dsDNA 

template) from the 40 µl dsRNA solution, 42 µl nuclease-free water, 10 µl of 10X digestion 

buffer, 4 µl of DNase I and 4 µl of RNase were added to the mixture, which was then incubated 

for 1 hour at 37˚C for nuclease digestion. This was followed by a column purification step 

(Catalogue number: AM1626, Thermo Scientific, MA, USA) to remove proteins, free 

ribonucleotides, ssRNA and dsDNA from the dsRNA. Each reaction mixture consisted of 50 

µl of dsRNA, 50 µl of 10X binding buffer, 150 µl of nuclease free water and 250 µl of 100% 

(v/v) ethanol. The reaction mix was mixed by briefly pipetting and was then placed in a filter 

cartridge in a collection tube, after which the reaction mix was centrifuged at 14,000 xg for 2 

minutes. The flow through was discarded and 500 µl of wash solution was added to the filter 

cartridge and centrifuged at 14,000 xg for 2 minutes. The flow through was discarded and the 

wash solution and centrifugation step was repeated once. After the flow through was discarded 

the filter cartridge was centrifuged at 14,000 xg for 1 minute to dry the membrane. The 

cartridge was subsequently placed in a new collection tube and 100 μl of elution buffer was 

added onto the filter and incubated in a water bath at 65˚C for 2 minutes. The filter cartridge 
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was then centrifuged at 14,000 xg for 2 minutes. Another 100 μl of elution buffer was added 

onto the filter and again incubated in the water bath at 65˚C for 2 minutes. The filter cartridge 

was finally centrifuged at 14,000 xg for 2 minutes with the elution containing purified dsRNA. 

One percent (w/v) agarose/TBE gels containing dsGFP and dsEcR products were 

electrophoresed in TBE buffer after the transcription and purification steps to ensure that the 

dsRNA produced was specific and no spurious products were present. Specific dsRNA products 

were then precipitated (as described in step ii above) to a final concentration of 10 µg/µl and 

stored at – 20˚C until further use.  

2.2.10 Nanoinjection 

To deliver dsRNA molecules to mosquitoes, the following method was used. All mosquitoes 

were fed on a 10% (w/v) sucrose solution prior to nanoinjection. Mosquitoes were immobilised 

at -20°C for 30 seconds before being transferred to a glass test tube placed on ice until 

nanoinjection. Anopheles funestus females were nanoinjected with 10 µg/µl of dsRNA in a 

volume of 51 nl at a speed of 46 nl/second on the Nanoject II (Catalogue number: 3-000-204, 

Drummond, AL, USA). The volume of 51 nl was selected as opposed to the largest volume 69 

nl used on larger mosquitoes such as An. gambiae (Figure 2.4A). Mosquitoes were injected in 

the thorax (Figure 2.4B). After nanoinjection, mosquitoes were placed in recovery cages where 

they were provided with a 10% (w/v) sucrose solution and kept under standard insectary 

conditions to be used for further assays.  

Figure 2.4: Nanoinjection of An. funestus. Size comparison of An. funestus (ii) to 

nanoinjection needle (i), An. gambiae (iii) and a pen (iv) (A). Nanoinjection in the thorax of a 

female An. funestus mosquito (B). 
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2.2.11 Determination of the optimal age for nanoinjection of An. funestus  

As younger mosquitoes may be more susceptible to nanoinjection induced injuries such as 

cuticle damage, survival analysis was conducted to determine the age that would result in 

minimal mortality after injection with dsEcR or dsGFP. Fifteen mosquitoes from each age 

group (newly emerged, 1 day old, 2 days old and 3 days old) were nanoinjected (section 2.2.10) 

with phosphate buffered saline (PBS). Since PBS does not affect mosquito survival (Liu et al., 

2010), this procedure ensured that only the effect of injection would be measured. Three 

biological replicates were conducted. After nanoinjection mosquitoes were placed in 250 ml 

paper cups and given access to a 10% (w/v) sucrose solution. Mosquitoes were kept under 

standard insectary conditions and were observed for a period of 10 days after nanoinjection. 

Mortality was recorded daily and a Kaplan-Meier survival curve was used to represent survival. 

Statistical analysis was conducted with the Log Rank test on GraphPad Prism 8 

(https://www.graphpad.com/scientific-software/prism/). 

2.2.12 Determination of time point to confirm EcR knockdown after nanoinjection 

To confirm that EcR was knocked down after nanoinjection, EcR expression was measured to 

determine at which time point EcR depletion was prominent. To this end, 1 day old An. funestus 

females were nanoinjected with either 10 µg/µl of dsEcR or dsGFP in a volume of 51 nl to 

confirm EcR knockdown. All mosquitoes were fed on a 10% (w/v) sucrose solution prior to 

nanoinjection. Two biological replicates consisting of 35 females in each replicate were used. 

Mosquitoes were immobilised at -20°C for 30 seconds before being transferred to a petri dish 

placed on ice until nanoinjection. Mosquitoes were nanoinjected as per method described 

previously (section 2.2.10). After nanoinjection mosquitoes were placed in 2 L recovery cages 

where they had access to a 10% (w/v) sucrose solution and kept under standard insectary 

conditions. RNA was extracted from approximately 7 mosquitoes at 24, 48 and 72 hours after 

nanoinjection according to the protocol (section 2.2.2). Complementary DNA was 

subsequently synthesised with the iScript™ cDNA Synthesis Kit (Catalogue number: 1708891, 

Bio-Rad, CA, USA) according to the manufacturer’s instructions (section 2.2.5). To confirm 

EcR knockdown after nanoinjection with dsEcR, qPCR was conducted as described previously 

(section 2.2.6). To express percentage knockdown in dsEcR samples compared to control 

samples the following formula was used: 

https://www.graphpad.com/scientific-software/prism/
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𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑜𝑓 𝑑𝑠𝐺𝐹𝑃 𝑎𝑛𝑑 𝑢𝑛𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 − 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑜𝑓 𝑑𝑠𝐸𝑐𝑅 𝑠𝑎𝑚𝑝𝑙𝑒𝑠

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑜𝑓 𝑑𝑠𝐺𝐹𝑃 𝑎𝑛𝑑 𝑢𝑛𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
 x 100   

 

Additionally, qPCR results from RNA extracted 48 hours after nanoinjection were used to 

determine if EcR expression was equal when normalised with RPS7 and RPL19 reference genes 

(section 3.1.6.3).  

2.3 Anopheles funestus longevity  

2.3.1 Longevity assay 

One day old female An. funestus mosquitoes were administered with either 10 µg/µl of dsEcR 

or dsGFP according to the nanoinjection method described previously. An uninjected control 

was included to account for any mortality arising from nanoinjection. Mosquitoes were 

provided with a 10% (w/v) sucrose solution and maintained under standard insectary conditions 

after injection. Mortality in mosquitoes was recorded each day until all the mosquitoes had 

died. The survival assay was carried out using 3 biological replicates. The Kaplan Meier 

survival curve was used to represent findings and the Log Rank test was used to calculate 

statistical significance using GraphPad Prism 8.   

Quantitative PCR was used to confirm EcR knockdown in mosquitoes used in the longevity 

assay. Fifteen mosquitoes were randomly selected from each treatment group in each biological 

replicate. These mosquitoes were subject to RNA extraction, RNA quality control, DNase 

treatment and cDNA synthesis as described previously (section 2.2.2- 2.2.5) 48 hours post 

injection (when EcR knockdown is most pronounced). Quantitative PCR was conducted using 

the EcR primer pair and normalised with the RPS7 and RPL19 reference gene primer pairs 

(section 2.2.6). Mastermix reactions and cycling conditions were conducted as per previous 

method. A melt peak analysis and a no-template control excluding cDNA were included to 

assess for specificity and contamination respectively. Relative expression analysis was 

calculated using the ∆∆𝐶𝑡 method. Data were subsequently analysed using a one way ANOVA 

with Tukey’s test for multiple comparisons on GraphPad Prism 8. The hazard ratio used to 

represent results in the longevity assay indicates the probability of survival in dsEcR treated 
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females compared to control females at a certain time point and is calculated using the 

following formula: 

𝐻𝑎𝑧𝑎𝑟𝑑 𝑟𝑎𝑡𝑖𝑜 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 % 𝑑𝑒𝑎𝑡ℎ𝑠 𝑖𝑛 𝑑𝑠𝐺𝐹𝑃 𝑎𝑛𝑑 𝑢𝑛𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝𝑠 𝑎𝑡 𝑎 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝑡𝑖𝑚𝑒 𝑝𝑜𝑖𝑛𝑡

% 𝑑𝑒𝑎𝑡ℎ𝑠 𝑖𝑛 𝑑𝑠𝐸𝑐𝑅 𝑔𝑟𝑜𝑢𝑝 𝑎𝑡 𝑎 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝑡𝑖𝑚𝑒 𝑝𝑜𝑖𝑛𝑡
 

2.4 Anopheles funestus reproductive success  

2.4.1 Optimisation of reproduction parameters 

2.4.1.1 Determining the time for the optimal mating success rate in An. funestus 

To determine the effect of EcR knockdown on An. funestus reproductive output, dsRNA had to 

be injected after the majority (if not all) mosquitoes were mated. Therefore, to determine the 

time period in which the highest mating success rate is achieved, male and female An. funestus 

mosquitoes were combined together for either 4, 8, 12, 16 or 20 days. The mating success rate 

in females was thereafter determined. Briefly, newly emerged adults were combined into 2 L 

cages each containing 30 males and 30 females. This was conducted for each time frame and 

repeated in three biological replicates. The adults were maintained under standard insectary 

conditions with a diet of 10% (w/v) sucrose solution. On days 5, 9, 11, 13, 17 and 21 females 

were immobilised at –20˚C and subsequently placed in 70% (v/v) ethanol. The females were 

then transferred to PBS. Female mosquitoes were placed on a microscope slide in PBS and 

dissected to isolate the spermatheca by placing dissecting needles at mid abdomen and at the 

cercus (end of abdomen) and pulling apart under a compound microscope (Figure 2.5). The 

mating status was subsequently determined using a dissecting microscope at 100X 

magnification. Mated females were identified by the presence of spermatozoa in their 

spermatheca which appear as thread-like structures around the perimeter of the spermatheca 

(Clements and Potter, 1967; Munhenga et al., 2011). The mating success rate was determined 

by calculating the percentage of mated females from the total females. Statistical analysis was 

conducted with a one way ANOVA and Tukey’s test for multiple comparisons on GraphPad 

Prism 8. 
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Figure 2.5: Determination of mating status in female An. funestus. Dissection of mosquito 

using dissection needles placed at the cercus and the middle of the abdomen to isolate the 

spermatheca (A). Isolated spermatheca indicated by arrow (B).  

2.4.1.2 Determining if An. funestus requires one or two blood meals to oviposit 

Certain species of Anopheles require several blood meals as a prerequisite of oviposition 

(Briegel and Hörler, 1993). To identify the number of blood meals required for An. funestus to 

oviposit, 10 female and 10 male mosquitoes were combined into 17.5 cm cubic BugDorm cages 

(Catalogue number: BD41515, MegaView Science, Taiwan, China) for each treatment group. 

Each treatment group consisted of mosquitoes that would ingest one (T1) or two (T2) blood 

meals and this was conducted in three biological replicates. When T2 were 10 days of age they 

were offered the first blood meal with the Hemotek membrane feeding system for 30 minutes. 

Mosquitoes that did not ingest a blood meal were discarded into ethanol. Two days later both 

treatment groups (T1 and T2) were offered either their first or second blood meal with the 

Hemotek membrane feeding system for 30 minutes and those that did not feed were discarded 

into ethanol. Black oviposition plates lined with filter paper were placed into cages three days 

later to allow for en masse egg counting.  Two days later, the total number of eggs from each 

cage were counted and females were subsequently dissected and their spermathecae were 

examined for the presence of sperm indicating their mating status. The total number of eggs 

per cage was then divided by the number of mated females per cage to determine the average 

amount of eggs oviposited by each female. Statistical analysis conducted using an unpaired 

student’s t test with GraphPad Prism 8. 
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2.4.1.3 Optimisation of oviposition for fecundity assay 

Three different oviposition methods were evaluated for their efficiency to encourage 

oviposition in gravid An. funestus females (Figure 2.6). The first method utilised an oviposition 

vial that was lined with filter paper with approximately 1ml of water at the bottom of the vial. 

Subsequent to ingesting a blood meal, females were placed into individual oviposition vials to 

induce oviposition (Munhenga et al., 2011). This method however was not ideal as An. funestus 

did not oviposit in these vials. Secondly, the black oviposition plates (used commonly in 

mosquito rearing) were tested as a potential method of oviposition. These oviposition plates 

are only suitable for use with several mosquitoes due to their size which results in en masse 

egg count. Anopheles funestus females preferred this medium to oviposition vials as several 

eggs were oviposited after ingestion of a blood meal. This method is however unreliable as it 

produces an average egg count and leaves one unable to differentiate between mosquitoes that 

oviposited and those that did not. Taking into account the differences between the oviposition 

vials and oviposition plates that may have encouraged oviposition, the black background of the 

oviposition plates stood out as a factor that could have influenced oviposition as laboratory 

reared An. funestus are known to prefer a dark background for oviposition (Bates, 1940; Huang 

et al., 2005). The third method therefore utilised this black background which was formed by 

using black coloured paper to fit the bottom of 250 ml disposable paper cups. Filter paper was 

placed over the black background and approximately 10 ml of distilled water was added to the 

cups to encourage oviposition. Individual mosquitoes were placed into these cups subsequent 

to the ingestion of a blood meal. The majority of eggs oviposited in this study was observed in 

the oviposition cups lined with black filter paper therefore this method was preferential over 

the others. It was decided that the oviposition cups lined with black paper would be used as the 

subsequent medium of oviposition as it allows for the individual egg count per female and was 

favoured by An. funestus over the other methods.   
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Figure 2.6: Different methods assessed as an oviposition medium for blood fed An. 

funestus females. Glass oviposition vials with moistened filter paper, en masse black 

oviposition plates and oviposition cups lined with moistened filter paper and a dark background 

were all trialled as oviposition mediums. 

2.4.1.4 Determining if older mosquitoes are more susceptible to mortality after 

nanoinjection 

As EcR knockdown was to be conducted when the optimal mating success rate was achieved, 

older females had to be injected. The purpose of this study was to determine if the survival of 

older mosquitoes after nanoinjection was adequate for experimental purposes and a high 

mortality did not result due to decreased fitness in older mosquitoes. This method was designed 

to maintain the optimal mating success rate of 12 days and the peak knockdown effect achieved 

at 48 hours post injection whilst obtaining the largest sample size possible for experiments. To 

this end, An. funestus females aged 5, 10 and 12 days old with a 1 day old control were injected 

in the thorax with 51 nl of PBS at a speed of 46 nl/second on the Nanoject II (3-000-204, 

Drummond, AL, USA) (section 2.2.10). The mosquitoes were thereafter transferred to 250 ml 

paper cups, covered with a net and allowed to recover. Mosquitoes were kept under standard 

insectary conditions and provided with a 10% (w/v) sucrose solution. Mosquito mortality was 

observed daily until all mosquitoes had succumbed and was used to determine the age at which 

mosquitoes would subsequently be nanoinjected (section 3.3.3). Three biological replicates 

were conducted which included 10 mosquitoes in each treatment group. Statistical analysis was 

conducted with the Log rank test on GraphPad Prism 8.  
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2.4.2 Fecundity assay 

To determine if EcR knockdown has an impact on An. funestus fecundity, 40 newly emerged 

males and 40 newly emerged females were combined into 17.5 cm cubic BugDorm cages 

(Catalogue number: BD41515, MegaView Science, Taiwan, China) and allowed to mate for 

12 days. Mosquitoes were maintained on a 10% (w/v) sucrose solution under standard insectary 

conditions for the duration of this experiment. When females were 10 days old they were 

isolated and were administered with 51 nl of dsGFP or dsEcR through nanoinjection at a speed 

of 46 nl/second as described previously (section 2.2.10), 40 female mosquitoes remained as an 

uninjected control. After injection, the females were placed back with males for the remaining 

two days to fulfil the 12 day period in which the optimal mating success rate is obtained. On 

day 11 and approximately 24 hours before blood feeding, the 10% (w/v) sucrose solution was 

removed and replaced with distilled water to encourage blood feeding. On day 12, fifteen 

females from each treatment group were removed for RNA extraction and qPCR (section 2.2.2- 

2.2.6) to confirm EcR knockdown and determine if Lp and VgR are regulated by EcR in An. 

funestus. Subsequently, the remaining females were blood fed for 1 hour on bovine blood with 

the Hemotek artificial membrane feeding system. Fully engorged females were thereafter 

removed and placed into individual 250 ml oviposition cups containing approximately 10 ml 

of distilled water and lined with filter paper over a black background whereas unfed or 

mosquitoes not fully engorged were discarded. The number of eggs oviposited by mated 

females were counted by microscopy to determine fecundity. Females that had oviposited were 

dissected after oviposition and their spermathecae observed by microscopy at 200X 

magnification to determine mating status; virgin females were subsequently excluded from the 

study. If mosquitoes had not oviposited seven days post blood meal, they were dissected to 

determine their mating status and observe if eggs were retained in ovaries to calculate total 

fecundity (Figure 2.7). Total fecundity refers to the total eggs developed (both oviposited and 

retained). Statistical analysis was conducted using the Kruskal Wallis test for number of eggs 

oviposited, and total number of eggs per mated female and the one way ANOVA for percentage 

oviposition with GraphPad Prism 8. 
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Figure 2.7: Determination of mating status and egg development in ovaries of female An. 

funestus. Dissection of mosquito using dissection needles placed at the cercus and the middle 

of the abdomen to isolate the spermatheca and ovaries (A). Isolated spermatheca identified by 

round brown shape and ovaries identified by the presence of immature or mature egg follicles 

stained with 0.4% (v/v) mercurochrome for visualisation purposes (B).  

2.4.3 Fertility assay 

To determine if EcR knockdown affects fertility, eggs that were oviposited during the fecundity 

assay were immersed in distilled water and kept under standard insectary conditions. Egg hatch 

rates were observed daily for 10 days and thereafter unhatched eggs were considered infertile 

and discarded. Statistical analysis was conducted with the Kruskal Wallis test on GraphPad 

Prism8. 

2.5 P. falciparum infection assay 

To determine if knocking down EcR influences An. funestus’ susceptibility to                                         

P. falciparum, mosquitoes were either injected with 51 nl of 10 µg/µl dsEcR or dsGFP or 

remained as an uninjected control (section 2.2.10). Thirty mosquitoes were included per 

technical replicate and five technical replicates per treatment group were conducted. An 

additional 15 mosquitoes from each treatment group in each biological replicate were used for 

RNA extraction 24 hours post injection to determine EcR and LRIM9 expression with qPCR 

(section 2.2.2- 2.2.6) at the time of infection with P. falciparum. Mosquitoes were aged prior 

to injection until approximately seven to ten days old (as mosquitoes of this age are more likely 

to ingest a blood meal) and were thereafter injected. After injection and 24 hours before blood 

feeding, the 10% (w/v) sucrose solution was removed and replaced with distilled water to 
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encourage blood feeding. During infection, mosquitoes were allowed to feed on an infected 

blood meal for 40 minutes with a glass feeder. The feeding rate was recorded and unfed 

mosquitoes or mosquitoes that were not fully engorged were discarded while fully engorged 

mosquitoes were maintained on a 10% (w/v) sucrose solution for 8 days post feeding. Eight 

days post feeding mosquitoes were aspirated into ethanol to immobilise them and subsequently 

transferred to 1X PBS. Mosquito midguts were dissected by placing dissecting needles on the 

thorax and fifth abdominal segment to isolate the midgut (Figure 2.8). Midguts were removed 

and separated from other organs and stained on a microscope slide using 0.4% (v/v) 

mercurochrome (Catalogue number: M7011, Sigma, MO, USA) (BEI, 2015). Midguts were 

subsequently viewed under a compound microscope at 400X magnification and the intensity 

and prevalence of oocysts in each midgut was counted and recorded. The Shapiro-Wilk test 

was conducted to determine if the data is normally distributed. As the data was not normally 

distributed, statistical analysis for intensity and prevalence data was conducted with the Mann-

Whitney test where each control was individually compared with the dsEcR treatment group 

and controls were compared with each other. The transmission reducing activity (TRA) and 

transmission blocking activity (TBA) for dsEcR treatment was calculated using infection 

intensity and prevalence respectively and statistical analysis was conducted with the Mann-

Whitney test thereafter. The TRA represents the percentage inhibition of mean oocyst intensity 

and the TBA represents the percentage inhibition of oocyst prevalence in mosquitoes (Miura 

et al., 2016). The TRA is calculated with the following formula: 

𝑇𝑅𝐴 = 100 ×  {1 −
𝑀𝑒𝑎𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑜𝑐𝑦𝑠𝑡𝑠 𝑖𝑛 𝑡𝑒𝑠𝑡 𝑔𝑟𝑜𝑢𝑝

𝑀𝑒𝑎𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑜𝑐𝑦𝑠𝑡𝑠 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝
} (Miura et al., 2016). 

Additionally, the TBA is calculated with the following formula: 

𝑇𝐵𝐴 = 100 ×  {1 −
𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑜𝑠𝑞𝑢𝑖𝑡𝑜𝑒𝑠 𝑤𝑖𝑡ℎ 𝑎𝑛𝑦 𝑜𝑜𝑐𝑦𝑠𝑡𝑠 𝑖𝑛 𝑡𝑒𝑠𝑡 𝑔𝑟𝑜𝑢𝑝

𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑜𝑠𝑞𝑢𝑖𝑡𝑜𝑒𝑠 𝑤𝑖𝑡ℎ 𝑎𝑛𝑦 𝑜𝑜𝑐𝑦𝑠𝑡𝑠 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝
} (Miura et al., 

2016). 
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Figure 2.8: Determination of P. falciparum infection status in female An. funestus. 

Dissection of mosquito using dissection needles placed at the fifth abdominal segment and the 

thorax to isolate the midgut (A). Isolated midgut stained with 0.4% (v/v) mercurochrome for 

visualisation purposes (B).  
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3 RESULTS 

3.1 Optimisation of experimental procedure 

Various techniques had to be optimised before data could be generated for the specific 

objectives i.e. An. funestus longevity, reproductive success and susceptibility to P. falciparum. 

Optimisation experiments included extraction of tlRNA, cDNA synthesis and amplification of 

dsDNA templates used for the synthesis of dsEcR and dsGFP prior to nanoinjection. In 

addition, primers and conditions for the qPCR analyses were optimised using two biological 

replicates. Following this, sequencing was conducted to confirm specificity of gene products 

amplified during qPCR. Finally, optimisation of the RNAi procedure was conducted to confirm 

decreased EcR expression after dsEcR treatment and to confirm gene expression analysis using 

qPCR was accurate. 

3.1.1 Total RNA extraction and cDNA synthesis 

Quality control to ensure extracted tlRNA was intact and pure was of utmost importance as it 

affects downstream reactions such as cDNA synthesis and qPCR. The inhibition of these 

downstream reactions occurs with RNA samples that are contaminated with carryover protein, 

phenol or ethanol from previous extraction steps (Taylor et al., 2010). Moreover, poor quality 

RNA can greatly influence the accuracy of gene expression analyses. Complementary DNA 

synthesised from degraded RNA is usually incomplete and fragmented (Fleige and Pfaffl, 

2006). Consequently, gene expression analyses are more varied when poor quality RNA 

samples are used as opposed to more uniform expression when all RNA samples are of good 

quality (Huch et al., 2005). RNA quality control is therefore integral to detect small changes 

in gene expression between samples.  

RNA extracted from blood fed An. funestus females was intact, observed by a single distinct 

ribosomal RNA 18S fragment of 1,923 base pairs for each sample (Figure 3.1). Typically in 

eukaryotes, RNA is considered intact when two distinct fragments (28S and 18S) are observed 

after agarose gel electrophoresis, however this is not always the case with insect RNA samples. 

Heat denaturation prior to agarose gel electrophoresis of insect RNA results in the dissociation 

of the 28S RNA into two similarly sized fragments (approximately 1,900 and 2,000 base pairs) 
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that co-migrate concurrently with the 18S RNA (1,923 base pairs) and appear as one RNA 

fragment (Winnebeck et al., 2010). It can therefore be confirmed that RNA extracted had good 

integrity and was not denatured. The single intact mosquito RNA fragment that results after 

heat denaturation was also confirmed by Macharia et al. (2015).  

 

Figure 3.1: RNA gel electrophoresis confirms the presence of intact and good quality 18S 

RNA. RNA fragments sized with RiboRuler™ High Range RNA ladder SM 1821 (Lanes 1 

and 8). RNA extracted from An. funestus females (Lanes 2 to 7) were confirmed to have 

integrity, observed by a single intact fragment of 1,923 base pairs in size. This indicated that 

the RNA extracted was suitable for use in downstream reactions.  

To assess the purity of RNA samples, spectrophotometry was conducted using the Nanodrop™ 

one (ND-ONE-W, Thermo Scientific, MA, USA). RNA samples are considered pure and free 

of contaminants with an A260/A280 ratio of ~1.80 (Fleige and Pfaffl, 2006). In the current study 

RNA samples above 1.70 were considered acceptable. All RNA samples extracted from An. 

funestus for optimisation purposes had A260/A280 ratios above 1.8, indicating that samples were 

pure (Table 3.1). All RNA samples were therefore considered acceptable and subsequently 

used downstream for the synthesis of cDNA. First strand cDNA synthesis allows for the reverse 

transcription of only mRNA from tlRNA due to the use of an oligo-dT and random hexamer 

primers that specifically bind to the poly-adenylated tail on mRNA. The transcription of cDNA 

from mRNA thereby allows for the study of gene transcripts. 
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Table 3.1: A260/A280 Purity ratios of RNA extracted from An. funestus females used in 

downstream reactions for optimisation purposes. 

RNA sample A260/A280 

Sample 1 2.31 

Sample 2 2.17 

Sample 3 2.33 

Sample 4 2.46 

Sample 5 2.20 

Sample 6 2.26 

 

3.1.2 Synthesis of dsGFP and dsEcR 

To efficiently knockdown the EcR gene, dsEcR was synthesised. In addition, dsGFP was 

synthesised to act as a control as it is not naturally expressed in mosquitoes and should not 

affect the expression of EcR. As described earlier (section 2.2.9), dsRNA synthesis occurs in 3 

steps: (i) preparation of template (either PCR amplicon or plasmid containing the gene of 

interest), (ii) incorporation of T7 promoter sequences in the DNA templates, and (iii) dsRNA 

synthesis and purification. 

3.1.2.1 Preparation of EcR dsDNA template 

Complementary DNA was synthesised from good quality tlRNA to create a gene specific 

template (dsDNA-EcR). No amplification of EcR occurred after testing a range of primers, 

annealing temperatures (48˚C to 55˚C) and cDNA concentrations with Takara Taq polymerase 

in conventional PCR (Figure 3.2). Due to this, the Q5 DNA polymerase (Catalogue number: 

M0491S, New England Biolabs, MA, USA) with a fidelity 280 times higher than Taq 

polymerase was tested for its efficiency in amplifying EcR with conventional PCR. A range of 

annealing temperatures (43˚C to 68˚C) were tested with the Q5 polymerase using two primers 
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targeting the EcR transcript. Annealing temperatures (Ta) of the Q5 polymerase tested were 

higher than that of the Taq polymerase due to differences in calculations, with Ta of Q5 being 

the lowest Tm + 1˚C and the Ta of Taq polymerase being the lowest Tm - 5˚C 

(https://tmcalculator.neb.com/#!/main). Successful amplification was evident for annealing 

temperatures 60.6˚C and 59.6˚C for primer pair one and 67.1˚C, 63.3˚C and 56˚C for primer 

pair two when Q5 DNA polymerase was used (Figure 3.3). Primer pair one with an annealing 

temperature of 59.6˚C was subsequently selected for further amplification of dsDNA-EcR due 

to the higher yield it produces after amplification. Amplification of the correct sized EcR 

dsDNA template (± 484 bp) from An. funestus cDNA was therefore successful (Figure 3.3). 

This EcR dsDNA template together with the GFP dsDNA template (originating from a plasmid 

containing the GFP gene) obtained from Prof Patrick Arbuthnot’s laboratory were 

subsequently used to generate dsDNA templates flanked by the T7 promoter region. 

 

 

Figure 3.2: Unsuccessful amplification of the EcR dsDNA template with Taq DNA 

polymerase. PCR products were resolved on a 2.5% (w/v) agarose/TAE gel (Lanes 3-10 and 

12-19). Amplification of EcR cDNA was unsuccessful due to the presence of no fragments on 

the gel. Annealing temperatures ranged from 48˚C to 55˚C for both primer pairs. The 

GeneRuler™ 100 bp DNA ladder was included to size any fragments that might have been 

present (Lanes 1 and 20). No template controls were included for each primer pair (Lanes 2 

and 11). 

https://tmcalculator.neb.com/#!/main
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Figure 3.3: Successful amplification of the EcR dsDNA template with Q5 DNA 

polymerase. PCR products were resolved on a 2.5% (w/v) agarose/TAE gel after amplification 

with Q5 polymerase (Lanes 3-10 and 12-19). Annealing temperatures tested ranged from 68˚C 

to 56˚C for products resolved on this gel. Amplification of EcR occurred successfully, visible 

by fragments sized to 484 bp for primer 1 (annealing temperatures 60.6˚C and 59.6˚C) and 507 

bp for primer 2 (annealing temperatures 67.1˚C, 63.3˚C and 56˚C). The GeneRuler™ 100 bp 

DNA ladder was used to size fragments (Lanes 1 and 20). No template controls were included 

for each primer pair and indicated no contamination (Lanes 2 and 11). Specific annealing 

temperatures were 68˚C (Lanes 3 and 12), 67.1˚C (Lanes 4 and 13), 65.5˚C (Lanes 5 and 14), 

63.3˚C (Lanes 6 and 15), 60.6˚C (Lanes 7 and 16), 58.3˚C (Lanes 8 and 17), 56.9˚C (Lanes 9 

and 18) and 56˚C (Lanes 10 and 19). 

3.1.2.2 Incorporation of T7 promoter sequences in the dsDNA templates 

The EcR dsDNA amplicon (Figure 3.3) and the GFP plasmid were used as templates in PCR 

reactions with T7 promoter containing primers to incorporate the T7 sequences into the dsDNA 

templates. The synthesis of GFP and EcR dsDNA templates flanked with the T7 promoter 

sequences was successful, as specific fragments of ± 544 bp (Figure 3.4A) and ± 530 bp (Figure 

3.4B) were obtained for GFP and EcR, respectively.  
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Figure 3.4: Incorporation of the T7 promoter region into dsDNA templates. Synthesis of 

T7-GFP dsDNA template (A). GFP templates flanked by the T7 promoter region were 

successfully amplified by PCR (± 544 bp) and resolved on a 2.5% (w/v) agarose/TAE gel 

(Lanes 3-16). These products served as a template for dsRNA transcription. A no template 

control confirmed no contamination was present (Lane 2). The GeneRuler™ 100 bp DNA 

ladder was used to size fragments (Lanes 1 and 17). Synthesis of T7-EcR dsDNA template (B). 

EcR templates flanked by the T7 promoter region (± 530 bp) were successfully amplified by 

PCR and resolved on a 2.5% (w/v) agarose/TAE gel (Lanes 3-7, 9-13). These products served 

as a template for dsRNA transcription. No template controls confirmed no contamination was 

present (Lanes 2 and 8). The GeneRuler™ 100 bp DNA ladder was used to size fragments 

(Lanes 1 and 14).  

3.1.2.3 Double stranded RNA synthesis and purification 

In the last step, the T7-dsDNA products (Figure 3.4) were used as templates in transcription 

reactions to synthesise dsRNA targeting EcR (dsEcR) and dsRNA targeting GFP (dsGFP). 

Double stranded RNA fragments of the correct sizes were obtained for dsGFP (± 498 bp) 

(Figure 3.5A) and for dsEcR (± 484 bp) (Figure 3.5 C). The dsRNA purification step 

successfully removed contaminants, such as single-stranded RNA or any DNA template/ 

primers remaining from dsGFP (± 498 bp) (Figure 3.4B) and dsEcR (± 484 bp) reaction mixes 

(Figure 3.4D). Therefore the dsGFP and dsEcR products synthesised were of good quality and 

were subsequently used in the longevity, reproductive success and Plasmodium susceptibility 

assays. 
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 Figure 3.5: Double stranded RNA synthesis. Double-stranded RNA (dsGFP) before (A) and 

after (B) purification resolved on 1% (w/v) agarose/TBE gels. A large yield of dsGFP was 

produced before purification as observed by the prominent fragment (± 498 bp), fragments 

observed close to 1 kb are recognized as secondary structure as it is double the size of the 

specific product (Lanes 2 and 3). The GeneRuler™ 100 bp DNA ladder was used to size 

fragments (Lanes 1 and 4). Purification of dsGFP products resulted in specific dsRNA 

fragments of the expected size (± 498 bp) (Lanes 2- 6). The GeneRuler™ 100 bp DNA ladder 

was used to size fragments (Lanes 1 and 7). Double-stranded RNA (dsEcR) before (C) and 

after purification (D) resolved on 1% (w/v) agarose/TBE gels. Double stranded EcR before 

purification is seen as the most prominent fragment (± 484 bp) (Lanes 2- 5). The GeneRuler™ 

100 bp DNA ladder was used to size fragments (Lanes 1 and 6). Specific dsEcR products of 

the correct size (± 484 bp) are observed after the purification step indicating successful dsEcR 

synthesis (Lanes 2- 7). The GeneRuler™ 100 bp DNA ladder was used to size fragments (Lanes 

1 and 8).  
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3.1.3 Optimisation of qPCR conditions  

Quantitative PCR was used in all objectives to measure the impact of knocking down EcR on 

various transcripts. Optimisation of qPCR conditions was therefore vital to ensure accurate 

quantification of transcripts. Transcripts that were measured included EcR, those involved in 

vitellogenesis (Lp and VgR) and immunity (LRIM9) as well as the reference genes (GAPDH, 

RPS7, 18S, RPL19 and RPS26). The optimisation procedures are provided in more detail 

below. 

3.1.3.1 Optimisation of qPCR conditions for target genes 

To determine the optimal annealing temperature for selection of EcR, LRIM9, Lp and VgR 

primers to be used in subsequent qPCRs, annealing temperatures were evaluated ranging from 

50˚C to 59˚C for two primer pairs designed to target each gene. Average annealing 

temperatures that produced the lowest Cq value and hence the fastest amplification were chosen 

as the optimal annealing temperatures for primers. To aid in the selection of primers, efficiency 

values, specificity and correlation coefficient values (R2) were considered. Efficiency values 

should range from 90% to 110% for results to be acceptable, with the best efficiency being the 

closest value 100% whereas R2 values should be closest to 1 (Taylor et al., 2010). Primers with 

the best efficiency values and lowest standard deviations from each group were determined to 

be EcR primer pair 2 with an average efficiency of 94 ± 3.1%, LRIM9 primer pair 2 with an 

average efficiency of 94.1 ± 4.9%, Lp primer pair 2 with an average efficiency of 95.5 ± 5.5% 

and VgR primer pair 2 with an average efficiency of 99.4 ± 5.3% (Figure 3.6). All primers 

mentioned above had correlation coefficient (R2) values close to 1 and not below 0.980. 

Correlation coefficient values of these primer pairs were 0.996, 1.000, 0.992 and 0.996 for EcR, 

LRIM9, VgR and Lp respectively (Figure 3.7). Annealing temperatures that produced the lowest 

Cq values for primers selected based on efficiency were 55˚C for EcR, 58.8˚C for LRIM9, 

58.5˚C for Lp and 57˚C for VgR (Figure 3.7) (Table 2.1 [only selected primer annealing 

temperatures shown]). Specificity was confirmed with melt curves showing one distinct peak 

for each EcR, LRIM9, VgR and Lp primer pair (Figure 3.7). These primers are therefore the 

most suitable primers out of all primer pairs tested to use in subsequent qPCRs. 
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Figure 3.6: Average efficiencies of primer pairs tested indicate the best primer pairs with 

efficiency values closest to 100%. Represented by red bars, the EcR primer pair 2, LRIM9 

primer pair 2, Lp primer pair 2 and the VgR primer pair 2 produced the best efficiencies with 

the lowest standard deviations. These primer pairs are therefore validated to be used in 

subsequent qPCRs. Error bars represent standard deviation of means. Data is representative of 

two biological replicates. 
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Figure 3.7: Standard curves and melt peaks of selected primer pairs indicate good 

efficiency, correlation coefficient values and specificity respectively. The EcR, LRIM9, VgR 

and Lp primer pairs all had efficiency percentages between 90% and 110%, making them 

suitable for use in subsequent qPCRs. All R2 values were close to 1. Optimized annealing 

temperatures for each gene are indicated on the standard curve graph. Melt peaks of all primer 

pairs showed one distinct peak, suggesting amplification of a single specific product. Data is 

representative of two biological replicates.  
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3.1.3.2 Optimisation of qPCR conditions for reference genes 

To determine which reference gene primer pairs produced the best efficiency, qPCR was 

conducted to evaluate five reference gene primer pairs with a standard curve.  Efficiency values 

should range from 90% to 110% for results to be suitable for analysis, with the best efficiency 

being the closest value 100% (Taylor et al., 2010). The reference gene primer efficiency values 

were 97.7 ± 6.6% for RPS7, 94.6 ± 5.9% for 18S, 93.6 ± 3.0% for RPS26, 92.8 ± 4.0% for 

RPL19 and 91.9 ± 17.4% for GAPDH (Figure 3.8). All reference gene primers fell within the 

acceptable efficiency range. Furthermore, all reference gene primers had correlation coefficient 

(R2) values close to 1 and not below 0.980 and were considered acceptable for use. Correlation 

coefficient values of reference gene primer pairs were 0.988 for GAPDH, 0.992 for RPS7, 

0.990 for 18S, 0.999 for RPL19 and 0.994 for RPS26 (Figure 3.9). To determine primer 

specificity, melt curves were observed. GAPDH, RPS7, RPL19 and RPS26 primers amplified 

specific products observed by the presence of one distinct peak, however, the 18S reference 

gene primer was excluded from subsequent use as it produced non-specific products on 

multiple instances (Figure 3.9). The non-specific products produced were most probably due 

to primer dimer formation or primer self-annealing. This was observed in multiple instances 

and suggested that the 18S primer was not suitable for subsequent qPCRs as the formation of 

nonspecific products may produce inaccurate results and interfere with further analysis. The 

four remaining reference gene primers were used for further analysis to make an improved 

selection using the GeNorm algorithm (Figure 3.10).  
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Figure 3.8: Reference gene primer efficiency values (%) of reference genes GAPDH, 

RPS7, 18S, RPL19 and RPS26. The reference genes with the best efficiency values (90% to 

110%, closest to 100%) were most suitable for subsequent use in qPCR as amplification 

doubles after each cycle. All reference genes fell within the acceptable range and were therefore 

all suitable for use. The reference gene primers closest to 100% efficiency in descending order 

and therefore with the best efficiency were RPS7 followed by 18S, RPS26, RPL19 and finally 

GAPDH. Data is representative of 3 biological replicates. Error bars represent standard 

deviation of means. 
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Figure 3.9: Standard curves and melt peaks of selected primer pairs indicate good 

efficiency, correlation coefficient values and specificity respectively. All primers had good 

efficiency values between 90% to 110%. Correlation coefficient values were all above 0.98 

and therefore primers were suitable for use. Melt curves of GAPDH, RPS7, RPL19 and RPS26 

had one distinct peak suggesting primers produce specific gene products. Melt curve of 18S 

reference gene primer showed nonspecific amplification observed by the presence of two 

different melt peaks.  
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3.1.4 Selection of the most stable reference genes 

To determine the reference genes most suitable for expression analysis, four reference genes 

were evaluated to determine which were expressed uniformly in dsEcR and dsGFP treated An. 

funestus females for reliable gene expression analysis. Three reference genes were ideal for use 

(RPL19, RPS7 and GAPDH) due to their high stability values (Figure 3.10). Stability values 

represent variation in expression amongst samples, where ideal reference genes have minimal 

variation across samples. The reference gene RPS26 had an acceptable stability value, meaning 

that it had some variation in expression amongst samples. Stability values are calculated based 

on the GeNorm algorithm where reference genes with the lowest M value, preferably under 1, 

are the most stable (Vandesompele et al., 2002). As per figure 3.10, Table 3.2 indicates the 

reference gene M values in order of most stable to least stable (RPL19, RPS7, GAPDH and 

RPS26). The two reference genes with the highest stability values will be used for subsequent 

analysis i.e. RPL19 and RPS7.  

 

Figure 3.10: Reference gene stability plot of reference genes RPL19, RPS7, GAPDH and 

RPS26. The reference genes RPL19, RPS7 and GAPDH were classified as ideal as they showed 

minimal variation in expression across samples. The reference gene RPS26, however, was 

classified as acceptable for use due to its lower stability value and higher degree of variation 

in expression across samples. RPL19 and RPS7 had the highest stability values and were 

therefore the best possible reference genes to use for qPCR. Data is indicative of two biological 

replicates. 
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Table 3.2: Decreasing expression stability of reference genes indicated by M values 

calculated using the GeNorm algorithm. 

Reference gene(s) M value 

RPL19; RPS7 0.044 

GAPDH 0.358 

RPS26 0.644 

 

3.1.5 Agarose gel electrophoresis and sequencing analysis confirmed identity of qPCR 

amplicons 

Agarose gel electrophoresis confirmed the amplification of correctly sized gene products for 

EcR (130 base pairs), Lp (104 base pairs), LRIM9 (117 base pairs), VgR (147 base pairs), RPS7 

(134 base pairs) and RPL19 (223 base pairs) (Figure 3.11). Sanger sequencing of amplicons in 

the forward and reverse direction was subsequently used to confirm the identity of the products. 

Consensus sequences generated from the forward and reverse sequences of all genes were 

inserted into BLASTn against the An. funestus genome to confirm sequence similarity to each 

target gene- indicated with accession numbers (Table 3.3). The target gene with the highest 

percentage similarity (i.e. closest to 100%) and lowest expected-value or E-value (closest to 

zero) was considered as the gene amplified by our primers as these parameters would indicate 

high sequence homology and unlikeliness that this similarity occurred by chance, respectively 

(Pearson, 2013). Chromatograms were examined to determine the quality of the sequences 

(Figure S1). Sequences containing bad reads were excluded from BLASTn analyses for 

accurate results. The EcR product had a 99% similarity to the An. funestus EcR sequence, with 

an E value of 3x10-60. The Lp amplicon and An. funestus Lp sequence shared a similarity of 

99% with an E value of 9x10-46. The LRIM9 amplicon and LRIM9 An. funestus sequence was 

100% similar with 5x10-55 as an E value. The RPL19 gene product and An. funestus RPL19 had 

a similarity of 100%, sharing an E value of 7x10-54. Anopheles funestus RPS7 and the RPS7 

gene amplified during qPCR shared a 96.1% sequence similarity and an E value of 3x10-112. 

Lastly, the VgR amplicon shared a 99% similarity with the An. funestus VgR gene and had an 

E value of 4x10-47. All sequence similarities to the An. funestus genes were high. Additionally, 
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E values for all gene products were low which indicated high sequence homology. Taken 

together these results confirm that the correct gene products were amplified using the respective 

primer pairs.  

 

Figure 3.11: Agarose gel electrophoresis of qPCR products confirm amplification of the 

correctly sized fragments. The EcR gene products were all correctly sized at 130 base pairs 

(Lane 2). The Lp gene was of the expected size at 104 base pairs (Lane 4). LRIM9 was the 

expected size of 117 base pairs (Lane 6). The VgR gene was of the correct size at 147 base 

pairs (Lane 8). Gene products of RPS7 were all sized as expected 134 base pairs (Lane 10) and 

all products of RPL19 were correctly sized at 223 base pairs in length (Lane 12). No template 

controls containing EcR, Lp, LRIM9, VgR, RPS7 and RPL19 primer pairs did not amplify, 

indicating no contamination in qPCR reagents (Lanes 3, 5, 7, 9, 11, 13). The GeneRuler™ 100 

bp DNA ladder was used to size fragments (Lanes 1 and 14). 
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Table 3.3: BLAST results obtained after sequencing EcR, Lp, LRIM9, VgR, RPS7 and 

RPL19 genes. 

Sample name Percentage 

similarity (%) 

E value Accession number 

EcR  99.2 3x10-60 AFUN020231 

Lp  99 9x10-46 AFUN008000 

LRIM9 100 5x10-55 AFUN014990 

RPL19  100 7x10-54 AFUN005878 

RPS7  96.1 3x10-112 AFUN007153 

VgR  99 4x10-47 AFUN021786 

 

3.1.6 Optimisation of RNAi parameters 

Nanoinjection is an invasive procedure and can lead to high mortality. Therefore, to minimise 

mortality, the ideal age of the female for nanoinjection had to be determined. In addition, it 

was important to confirm that EcR knockdown (measured by reduced EcR expression levels) 

was achieved after nanoinjection with dsEcR to provide evidence that the dsEcR delivery 

system functioned. To this end, EcR expression was measured up to 72 hours post 

nanoinjection. Furthermore, EcR expression normalised against each selected reference gene 

was compared in dsEcR and dsGFP treated samples to validate that gene quantification was 

accurate.  

3.1.6.1 Determining the age for nanoinjection of An. funestus females that results in 

minimal mortality 

As younger mosquitoes may be more susceptible to nanoinjection induced injuries such as 

cuticle damage, survival analysis was conducted to determine the age that would result in 

minimal mortality after injection with dsEcR or dsGFP. This ensured that a suitable number of 
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mosquitoes would be available for use in the various assays. Analysis was conducted with An. 

funestus females injected with PBS at various ages. Uninjected mosquitoes consisting of mixed 

ages (0-3 days) were used as a control group. Mosquito survival one week after nanoinjection 

was as follows; uninjected control mosquitoes 76.9%, newly emerged and 1 day old mosquitoes 

66.7%, 2 day old mosquitoes 53.9% and 3 day old mosquitoes 56% (Figure 3.12). Results were 

determined to be non-significant with the Log Rank test (p>0.05). Consequently, 1 day old 

mosquitoes were selected for nanoinjection as they have had the chance to imbibe a sucrose 

meal which provides sustenance prior to nanoinjection as well as to increase the sample size 

before age related mortality occurs.  
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Figure 3.12: Kaplan-Meier survival curve of An. funestus mosquitoes injected at various 

ages. From the different age groups nanoinjected, probability of survival was not significant 

after 7 days of observation. Furthermore, the survival of injected mosquitoes did not differ 

from the uninjected control. Statistical analysis conducted with log rank test (χ2 = 4.25, DF = 

4, p>0.05). Data is indicative of 3 biological replicates, with n representing the number of 

mosquitoes across all biological replicates. ns= not statistically significant (p>0.05). 

3.1.6.2 Normalised EcR expression was significantly decreased in dsEcR injected 

mosquitoes 24 to 72 hours after injection 

Ecdysone receptor expression was measured across 3 time points after nanoinjection to 

determine the time point to confirm that EcR was knocked down (when the EcR transcript was 

depleted) post nanoinjection for the various assays. Relative quantitative expression analysis 
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was conducted using 1 day old An. funestus females injected with dsEcR and a dsGFP control. 

RNA was extracted at 24, 48 and 72 hours after nanoinjection and qPCR was conducted to 

confirm EcR expression levels. Relative expression analysis (Bio-Rad CFX Maestro) was 

conducted and reference genes RPS7 and RPL19 were used for normalisation. Ecdysone 

receptor knockdown was observed 24 to 72 hours after nanoinjection as indicated by EcR 

expression values below 0.2 when compared to the GFP control value of 1 (Figure 3.13). 

Percentage EcR knockdown values 24, 48 and 72 hours after nanoinjection with dsEcR were 

all significant and calculated to be 90% (p˂0.05), 99% (p˂0.01) and 80% (p˂0.05) respectively. 

This suggested that efficient knockdown was achieved when EcR was targeted using dsRNA. 

These results therefore demonstrated that relative expression analysis can be conducted from 

24 to 72 hours after nanoinjection to confirm EcR knockdown. 

 

Figure 3.13: Relative EcR expression levels in dsEcR injected An. funestus females 

compared to dsGFP injected An. funestus females. The EcR gene was knocked down in 

dsEcR injected An. funestus females as EcR expression levels were drastically reduced 

compared to the GFP control. Statistically significant knockdown was evident in dsEcR 

injected An. funestus females 24, 48 and 72 hours after injection as EcR expression in dsEcR 

injected An. funestus females was 0.11 ± 0.006 (P<0.05),  0.01 ± 0.001 (P<0.01) and 0.2 ± 0.06 

(P<0.05) respectively when compared to the GFP injected control of 1. This data confirmed 

EcR knockdown in An. funestus females injected with dsEcR. Data is representative of 2 

biological replicates and normalised using an average of RPS7 and RPL19 reference genes. 

Expression levels calculated using relative quantification method (∆∆Ct). At each time point 

statistical significance was assessed with the unpaired student’s t-test. *p<0.05, **p<0.01.  

Error bars represent standard deviation. 
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3.1.6.3 EcR expression was equal when normalised with the RPS7 and RPL19 reference 

genes respectively 

When using two or more references genes it is important that they are equally expressed in 

samples during gene expression analysis. The uniformity of EcR expression in both dsEcR and 

dsGFP treated samples was confirmed by normalising each sample to RPS7 or RPL19 

individually 48 hours post nanoinjection. Relative expression analysis (Bio-Rad CFX Maestro) 

was conducted and EcR expression levels in dsEcR treated samples were determined to be 

0.00336 when normalised with RPL19 and 0.00886 when normalised with RPS7 compared to 

EcR expression of 1 in the dsGFP control (Figure 3.14). Efficient and equal expression was 

observed when reference genes RPL19 (p˂0.01) and RPS7 (p˂0.01) were used to normalise 

EcR expression levels in different treatment groups. Furthermore, no significant difference was 

observed in EcR expression in dsEcR and dsGFP treatment groups among RPS7 and RPL19 

reference genes used to normalise data (p>0.05), indicating that both reference genes can be 

used for analysis. These results validate the accuracy of subsequent gene expression analyses.  
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Figure 3.14: Relative expression levels of EcR in dsEcR and dsGFP (control) injected An. 

funestus females were constant when normalised with reference genes RPL19 and RPS7. 

The relative expression of EcR after knockdown was statistically significant when normalised 

with reference gene RPL19 (p<0.01). A statistically significant knockdown (p<0.01) was also 

observed in EcR when normalised with reference gene RPS7. No significant difference in EcR 

expression was observed between dsEcR treatment groups normalised with RPS7 and RPL19 

and dsGFP treatment groups normalised with RPS7 and RPL19 (p>0.05). Data represents 2 

biological replicates. Expression levels calculated using relative quantification. Statistical 

significance was calculated using the unpaired student’s t-test. Error bars represent standard 

deviation of means. **=p˂0.01; ns= not statistically significant.  
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3.2 Longevity 

To determine the effect that EcR has on longevity in An. funestus, EcR was knocked down and 

longevity was measured in dsEcR treated and dsGFP and uninjected control An. funestus 

females. 

3.2.1 The EcR was significantly knocked down in An. funestus females injected with 

dsEcR  

Anopheles funestus females were injected with dsEcR and compared with dsGFP and 

uninjected controls to determine the impact of EcR knockdown on An. funestus longevity. A 

subset of An. funestus females was used from the longevity assay to confirm EcR knockdown. 

Total RNA was extracted from these females in each treatment group for the longevity assay. 

All tlRNA samples extracted from An. funestus treatment groups for objective one were intact 

(Figure S2) and had A260/A280 ratios above 1.8, indicating that samples were pure (Table S2). 

All RNA samples were therefore considered acceptable for use in downstream reactions such 

as cDNA synthesis and qPCR. Additionally, a quality control measure for qPCR included 

observing melt peaks and no template controls to confirm specific amplification of gene 

products. Melt peaks contained a single specific peak and the no template controls did not 

amplify, indicating specificity of the qPCR (Figure S3). 

Relative EcR expression in dsEcR, dsGFP and uninjected treatment groups was confirmed 

using qPCR. Data indicated that EcR was significantly downregulated in dsEcR injected 

mosquito samples with an expression of 0.04 ± 0.01 (p<0.0001) when compared to EcR 

expression in dsGFP injected (normalised expression of 1) and uninjected control samples 

(normalised expression of 1) (Figure 3.15). This translated to a 96% knockdown of EcR in 

dsEcR injected An. funestus females. No significant difference in EcR expression was observed 

between the dsGFP and uninjected treatment groups (p>0.05), showing that the injection 

procedure does not affect EcR expression. Therefore the administration of dsEcR resulted in a 

significant knockdown of EcR in An. funestus and survival analysis was subsequently 

monitored in dsEcR, dsGFP and uninjected treatment groups. 
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Figure 3.15: Relative EcR expression in dsEcR treated females was significantly 

downregulated when compared with dsGFP and uninjected treated females. Expression 

of EcR in dsEcR injected An. funestus females was significantly reduced compared to dsGFP 

and uninjected control samples (p<0.0001). No significant difference in EcR expression was 

observed between dsGFP and uninjected control samples. Relative expression analysis was 

conducted using ∆∆ Ct method. Statistical significance calculated using one way ANOVA. 

Error bar indicates standard deviation. ****= p<0.0001; ns= not statistically significant. 

3.2.2 Anopheles funestus survival decreased when EcR was knocked down 

To determine if EcR regulates survival in An. funestus, mosquito mortality was monitored in 

dsEcR treated An. funestus females and compared with dsGFP and uninjected control groups 

until all An. funestus females had succumbed. Controls included a cohort of An. funestus 

females injected with dsGFP and a cohort of uninjected An. funestus females. The median 

survival time was 20 days in the dsEcR injected group compared to 37 days and 33 days for 

the dsGFP and uninjected controls respectively (Figure 3.16). Significantly, the data showed a 

57% decrease in longevity in the dsEcR injected An. funestus females when compared to an 

average of dsGFP and uninjected controls (p˂0.0001). No significant difference was observed 

between survival times of dsGFP and uninjected control samples (p>0.05), suggesting that the 

injection procedure does not influence the survival in injected mosquitoes. Overall these results 

indicate that EcR regulates longevity in An. funestus and when knocked down, EcR has 

deleterious effects, reducing An. funestus female survival.   
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Figure 3.16: Kaplan Meier survival curve indicates decreased survival in dsEcR injected 

An. funestus females when compared with dsGFP and uninjected An. funestus females. 
An. funestus females injected with dsEcR had the lowest survival time when compared to 

dsGFP and uninjected control groups. This translated to a 57% decrease in longevity of dsEcR 

injected An. funestus females (Log rank test, χ2 = 46.30, DF = 2, p˂0.0001). No significant 

difference was observed between dsGFP injected and uninjected control groups (Log rank test, 

χ2 = 2.0, DF = 1, p>0.05). ****= p<0.0001; ns= not statistically significant p>0.05. 

3.2.3 Anopheles funestus survival was reduced at the infectious stage when EcR was 

knocked down 

As An. funestus females begin to become infectious approximately 16 days after ingestion of 

an infected blood meal with P. falciparum, the percentage survival was calculated in all 

treatment groups at 16 days post injection. A percentage survival of 14% was observed in 

dsEcR injected An. funestus females compared to 38% (p>0.05) in dsGFP injected An. funestus 

females and 59% (p˂0.01) in uninjected An. funestus females (Figure 3.17). Valuably, a 

significant decrease was observed between dsEcR and uninjected mosquitoes which is more 

representative of field conditions using treated and untreated mosquitoes. It is also interesting 

to note that at 16 days post nanoinjection, dsEcR treated An. funestus females had a hazard ratio 

of 1.7: 1. This indicates that 1.7 more adults die when treated with dsEcR 16 days post treatment 

than control mosquitoes. Together these results confirm a very low survival rate in dsEcR 

treated An. funestus during the potential infectious period, decreasing the likelihood of 

infection substantially as fewer An. funestus females will survive to transmit the parasite. 
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Figure 3.17: Percentage survival of An. funestus when EcR is knocked down is 

considerably lower than controls 16 days post injection. Only 14% of dsEcR treated An. 

funestus females survived 16 days post injection compared to 38% dsGFP treated (Log rank 

test, χ2 = 0.56, DF = 1, p>0.05) and 58% uninjected (Log rank test, χ2 = 2.0, DF = 1, p˂0.01) 

An. funestus females. Data is representative of 3 biological replicates. ns= not statistically 

significant p>0.05; *=p˂0.05;**p˂0.01. 

3.3 Fecundity and fertility 

Fecundity and fertility assays were conducted to determine if the phenotypes of dsEcR treated 

females differed from those of control females. However, to measure these phenotypic 

parameters, females needed to be inseminated. Due to challenges of mating and reproduction 

of An. funestus under laboratory conditions, it was essential to determine the optimal mating 

time (duration of mating measured as the number of days males and females were allowed to 

mate) to determine fecundity and fertility. In addition to this, the number of blood meals 

required before oviposition and the influence of nanoinjection on older mosquitoes’ survival 

had to be determined. 

3.3.1 The optimal mating success rate was achieved after allowing mating for 12 days 

in laboratory reared An. funestus. 

A prerequisite to obtain the highest number of mated An. funestus females for subsequent 

experiments was to determine the number of days required for the maximum number of females 
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to be inseminated —an indication of mating success rate.  To do this, newly emerged males 

and females were combined in a cage at a 1:1 (male; female) ratio. Adults were allowed to 

mate for either 4, 8, 10, 12, 16 or 20 days. To determine the mating success rate, spermathecae 

were dissected after the required number of days and observed for the presence of spermatozoa 

that appear as thread-like structures around the perimeter of the spermatheca (Figure 3.18). The 

mean mating success rate for three biological replicates was calculated by dividing the total 

number of mated females by the total number of females dissected for each time point.  

After 4 days of mating the mating success rate was 25.6 ± 5.1%. After 8 days the success rate 

increased to 42.2 ± 1.9%. After 10 days of mating the rate increased to 48.1 ± 2%. The mean 

mating success rate increased further to 62.2 ± 3.9% after 12 days of mating, thereafter a 

plateaux was reached (59.7 ± 2.6% after 16 days and 61.8 ± 2.6% after 20 days) (Figure 3.19). 

The largest significant difference was observed between day 4 and day 10 as well as day 4 and 

day 12 (p<0.0001), however a significant difference was also observed between day 10 and 

day 12 (p<0.01) indicating that mosquitoes needed to be combined for more than 10 days to 

achieve the maximum mating success rate. No significant differences were observed after 12 

days of mating (p>0.05). The mean optimal mating success rate in laboratory reared An. 

funestus with an equal ratio of males to females is 62.2% after 12 days. As this results in the 

largest sample size of mated females, 12 days were subsequently used for fecundity and fertility 

assays. 

 

Figure 3.18: Differences in the spermatheca of mated and virgin An. funestus females. 
Spermatozoa that resemble darkened thread like structures were observed around the perimeter 

of the spermatheca of a mated female (left) whereas an empty spermatheca was observed in a 

virgin An. funestus female (right). 
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Figure 3.19: The highest mating success rate was achieved when An. funestus males and 

females are combined for 12 days after which no further increases are observed. The 

percentage mating success rate increased progressively until it reached its highest value of 

62.2% after 12 days of mating. After this point, the mating success rate reached a plateau until 

day 20. Statistical significance was calculated using one-way ANOVA with Tukey’s post hoc 

analysis to correct for multiple comparison. Data represents the means of 3 biological 

replicates. Error bars represent standard deviation of means. ns= not statistically significant 

p>0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001. (n) = number of females per time point 

across 3 biological replicates. 

3.3.2 Oviposition in An. funestus was not affected by the number of blood meals ingested 

As some Anopheles females require several blood meals as a prerequisite of oviposition 

(Briegel and Hörler, 1993), the number of blood meals An. funestus females require for 

oviposition was determined. One or two blood meals were offered to An. funestus females aged 

10 to 12 days old. Eggs were counted en masse and the average number of eggs per female in 

each treatment group was determined in mated females. The average number of eggs oviposited 

per female was 14 ± 4.18 after one blood meal and 23 ± 1.06 after two blood meals, however 

this difference was not significant (p>0.05) (Figure 3.20). One blood meal was subsequently 

used in further experiments that required fecundity and fertility to be calculated due to the 

simpler methodology behind it, i.e. the injection of dsEcR or dsGFP before every blood meal 

was not required.  
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Figure 3.20: Oviposition in An. funestus females was not dependent on the number of 

blood meals ingested. No significant difference was observed between the average eggs 

oviposited per female after one or two blood meals. Significance was calculated using unpaired 

student's t test (p>0.05). Data is indicative of two biological replicates. Error bars represent 

standard deviation. ns= not statistically significant p>0.05. 

3.3.3 Nanoinjection induced mortality was not influenced by An. funestus age.  

The optimal mating success rate was achieved at 12 days of mating (Figure 3.19) and maximum 

EcR knockdown was achieved 48 hours post injection with dsEcR (Figure 3.13). Mosquitoes 

would therefore need to be injected 48 hours prior to the optimal mating success time i.e. at 10 

days after males and females were combined for dsEcR to take effect after a blood meal. 

Moreover, older females would need to be injected with a good survival rate to continue with 

subsequent assays. To determine if the age of mosquitoes affects their survivability after 

nanoinjection, 1 day old (control), 5 day old, 10 day old and 12 day old mosquitoes were 

injected and mortality was subsequently monitored. The percentage survival 10 days after 

nanoinjection was 66.7% for 1 day old An. funestus females, 62.2% for 5 day old An. funestus 

females, 57.8% for 10 day old An. funestus females and 66.7% for 12 day old An. funestus 

females with no significant differences observed between the treatment groups (Figure 3.21). 

It was therefore confirmed that mosquito age does not significantly influence mortality after 

nanoinjection. The design for fecundity and fertility assays was therefore as follows: males and 
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females were combined for 12 days, females were injected at 10 days old and returned to the 

cage with males after injection to continue mating for another 2 days. Blood feeding then 

commenced when females were 12 days of age so that EcR depletion was highest when blood 

feeding takes place.    
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Figure 3.21: Mortality of An. funestus females at different age groups was not influenced 

by nanoinjection. Survival analysis indicated no difference in age related mortality subsequent 

to nanoinjection. The arrow indicated day of injection. No statistical significance was observed 

between experimental groups (Log rank test, χ2 = 0.83, DF = 3, p>0.05). Data is indicative of 

three biological replicates. ns= not statistically significant p>0.05. 

3.3.4 The EcR was significantly knocked down in An. funestus females injected with 

dsEcR 

Anopheles funestus females were injected with dsEcR and compared with dsGFP and 

uninjected controls to determine the impact of EcR knockdown on fecundity and fertility. A 

subset of An. funestus females were used from the fertility and fecundity assays to confirm EcR 

knockdown. Total RNA was extracted and the RNA integrity and purity were assessed. RNA 

samples with A260/A280 ratios above 1.7 and the presence of a 1,923 base pair 18S RNA 

fragment (Figure S4) indicated that samples were pure (Table S3) and were suitable for use for 

cDNA synthesis and qPCR. Specificity in qPCR was confirmed as melt peaks contained a 

single specific peak for each gene product and the no template controls did not amplify non-

specific products. (Figure S5). 
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Relative expression results from qPCR indicated that EcR was significantly downregulated in 

dsEcR injected mosquito samples with an expression of 0.05 ± 0.06 when compared to an EcR 

expression of 1 in dsGFP injected and uninjected control samples (p<0.0001) (Figure 3.22). 

This translated to a 95% knockdown of EcR in dsEcR injected An. funestus females. No 

significant difference in EcR expression was observed between the dsGFP and uninjected 

treatment groups (p>0.05), showing that the injection procedure does not affect EcR 

expression. Therefore, administering dsEcR resulted in a significant knockdown of EcR in An. 

funestus. The expression levels of selected reproductive genes in these dsEcR females were 

subsequently measured. 
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Figure 3.22: Relative EcR expression in dsEcR injected An. funestus females was reduced 

when compared to dsGFP injected and uninjected An. funestus females. A significant 

difference was observed in the expression levels of EcR in dsEcR injected mosquitoes 

compared to dsGFP and uninjected control mosquitoes (p<0.0001). There was no significant 

difference in EcR expression between dsGFP and uninjected control groups (p>0.05). Data is 

indicative of six biological replicates. Error bar represents standard deviation. ****= p<0.0001; 

ns= not statistically significant p>0.05. 
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3.3.5 Lipophorin and vitellogenin receptor genes involved in mosquito reproduction 

were downregulated when EcR was knocked down 

Relative expression analysis of Lp and VgR genes in dsEcR injected females were compared to 

that of the dsGFP and uninjected control An. funestus females. Mean expression levels 

indicated that both Lp (0.17 ± 0.19 (p<0.0001)) and VgR (0.22 ± 0.27 (p<0.0001)) were 

significantly downregulated when EcR was knocked down (Figure 3.23). This translated to an 

83% and a 78% reduction in Lp and VgR expression respectively. Relative Lp and VgR 

expression did not differ between dsGFP and uninjected control groups (p>0.05), suggesting 

that the injection procedure did not influence Lp and VgR expression. These results confirm 

that EcR regulates Lp and VgR expression. This also suggests that knocking down EcR could 

result in phenotypic changes due to the additional reduced expression of the Lp and VgR genes 

which are responsible for YPP synthesis as well as YPP and lipid transport to ovaries and 

developing oocytes.  

 

Figure 3.23: Relative Lp and VgR expression in dsEcR injected An. funestus females was 

reduced when compared to dsGFP injected and uninjected An. funestus females. A 

significant decrease in reproduction involved genes Lp (A) and VgR (B) was observed in dsEcR 

injected An. funestus females compared to dsGFP control and uninjected control females 

(p<0.0001). Data is indicative of six biological replicates. Error bars represent standard 

deviation of means. ****= p<0.0001; ns= not statistically significant p>0.05. 
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3.3.6 Ecdysone receptor knockdown reduced total fecundity in An. funestus 

As the 20E signalling pathway facilitates a large part of mosquito reproduction, the effect of 

silencing EcR on mosquito fecundity was investigated. The EcR was knocked down in 10 day 

old females, 48 hours before offering a blood meal. Subsequent to the blood meal, fecundity 

was observed in mated females. The number of eggs oviposited were counted in females to 

determine the oviposition rate. Spermathecae were dissected in these females subsequent to 

oviposition to determine their mating status. Females that had not oviposited 7 days after 

imbibing a blood meal were dissected to determine their mating status and if mated, determine 

the number of eggs developed (retained) or the absence of eggs by examining their ovaries.   

No significant difference in the number of eggs oviposited per female was observed between 

treatment groups with medians of 37, 52.5 and 36.5 eggs obtained in dsEcR, dsGFP and 

uninjected groups respectively (p>0.05) (Figure  3.24A; Table S5). Results suggested that 

knocking down EcR did not have an impact on the number of eggs oviposited when compared 

with control groups. As a lower sample size of dsEcR injected An. funestus females were found 

to have oviposited when compared to dsGFP and uninjected An. funestus females, the average 

oviposition rate across six biological replicates was calculated to determine if knocking down 

EcR disrupted the ability of An. funestus females’ to oviposit. The mean percentage oviposition 

was determined to be 16.5% in dsEcR injected An. funestus females, 29.8% in dsGFP injected 

An. funestus females and 31.3% in uninjected An. funestus females, however these differences 

were not statistically significant among all treatment groups (p>0.05), indicating that dsEcR 

did not have an effect on mosquito oviposition rate (Figure 3.24B). Thereafter, the total number 

of eggs (both oviposited and retained in ovaries) in mated females was examined to determine 

if any changes in total fecundity are present in An. funestus females with EcR knockdown 

compared to control groups. Interestingly, the total egg count in mated females was 

significantly decreased in dsEcR injected An. funestus females with a median of 0 eggs 

compared with medians of 37 in dsGFP injected An. funestus females and 36 in uninjected An. 

funestus females (p˂0.0001) (Figure 3.24C). No significant difference was observed between 

dsGFP and uninjected control groups (p>0.05), showing that the injection procedure did not 

affect the total egg count. This indicated that knocking down EcR reduced total fecundity in a 

developmental manner where oviposition was not affected. Moreover, the majority of ovaries 

of dsEcR injected mated An. funestus females closely resembled that of virgin An. funestus 

females, containing immature and undifferentiated oocytes whereas dsGFP injected and 
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uninjected control groups contained mature egg cells (Figure 3.25). This suggests that dsEcR 

injected An. funestus females typically failed to develop eggs compared to controls. One reason 

for this could be impairment of oogenesis and vitellogenesis resulting from the downregulation 

of Lp and VgR genes (Figure 3.23) which facilitate the above two processes by regulating YPP 

transport to developing oocytes. Together these results substantiate that knocking down EcR 

had a deleterious effect on oogenesis, not by reducing oviposition rates but by preventing the 

development of oocytes into mature egg cells and significantly reducing fecundity in An. 

funestus.  
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Figure 3.24: Fecundity was reduced in dsEcR injected females by their ability to develop 

eggs but not by their oviposition ability. The median number of eggs oviposited did not differ 

between dsEcR, dsGFP and uninjected groups respectively (p>0.05) (A). The mean oviposition 

rate was similar in dsEcR, dsGFP and uninjected treatment groups respectively (p>0.05) (B). 

The total number of eggs developed in mated females was significantly decreased in dsEcR 

injected An. funestus females compared to dsGFP and uninjected An. funestus females 

(p<0.0001) (C). All data are indicative of six biological replicates. Error bars represent standard 

deviation of means. ****= p<0.0001; ns= not statistically significant p>0.05. 
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Figure 3.25: The development of eggs differed between mated uninjected and dsGFP 

controls and mated dsEcR treated An. funestus females. Mature, developed eggs (ovoid 

shape) were observed in mated uninjected and dsGFP treated An. funestus females. 

Contrastingly, dsEcR treated An. funestus females contained immature and undeveloped 

oocytes (spheroid shaped) in their ovaries that more closely resembled the ovaries of virgin An. 

funestus females of all treatment groups.   

3.3.7 Fertility was reduced when EcR was knocked down in An. funestus  

Investigating another component of mosquito reproduction that could effectively influence 

vector density, fertility in females was examined. The fertility rates were calculated in each 

treatment group by determining the number of hatchlings per female divided by the total 

number of eggs oviposited per female. The percentage fertility per female was 69% in dsEcR 

injected An. funestus females, 86% in dsGFP injected An. funestus females and 84% in 

uninjected An. funestus females (p˂0.05) (Figure 3.26; Table S5). The fertility of dsEcR 

injected An. funestus females was significantly decreased by 19% compared to an average of 

control samples. It was clear that EcR played a role in fertility and that knocking down EcR 

had an adverse effect on mosquito fertility when compared to control An. funestus females. 
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Figure 3.26: Reduced fertility was observed in An. funestus females treated with dsEcR. 

The median fertility of dsEcR treated An. funestus females was significantly lower compared 

to dsGFP and uninjected control groups (p˂0.05). Data is indicative of six biological replicates. 

*= p<0.05; ns= not statistically significant p>0.05. 

3.3.8 The blood feeding rates did not influence the reductions in fecundity and fertility 

in female An. funestus 

To exclude the possibility of differences in blood feeding rates among An. funestus treatment 

groups potentially influencing mosquito fecundity and fertility, the blood feeding rates in each 

biological replicate were recorded and analysed. The mean blood feeding rates were 50.5 ± 

23.11%, 57.17 ± 6.33% and 66.0 ± 11.58% in dsEcR, dsGFP and uninjected An. funestus 

females respectively (Figure 3.27). No significant differences (p>0.05) existed between 

treatment groups and therefore differences in blood feeding rates did not affect the differences 

in fecundity and fertility between dsEcR treated and control groups. 
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Figure 3.27: Blood feeding rates did not differ between treatment groups. Insignificant 

differences amongst treatment groups confirmed that the blood feeding rates did not influence 

any changes observed in the phenotypes of dsEcR treated An. funestus females (p>0.05). Error 

bars represent standard deviation. ns= not statistically significant p>0.05. 

3.4 Anopheles funestus susceptibility to P. falciparum  

To determine the role of EcR in An. funestus susceptibility to P. falciparum, EcR was knocked 

down in 10 day old females. A subset of females were removed 24 hours after injection for 

RNA extraction and qPCR analysis, while the rest of the females were fed on P. falciparum 

infected blood. Double stranded GFP and uninjected controls were also included and analysed 

accordingly. 

3.4.1 The EcR was significantly knocked down in dsEcR injected An. funestus females 

Anopheles funestus females were injected with dsEcR and compared with dsGFP and 

uninjected controls to determine the extent of EcR knockdown. Total RNA was extracted from 

a subset of An. funestus females to evaluate RNA integrity and purity. The presence of a single 

1,923 base pair 18S RNA fragment (Figure S6) and A260/A280 ratios above 1.7, indicated 

integrity and purity in samples respectively (Table S4). All RNA samples were therefore 
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considered acceptable for use in cDNA synthesis and qPCR. Additionally, melt peaks 

contained a single specific peak for each specific gene product and the no template controls did 

not amplify non-specific products, confirming that the qPCR was specific (Figure S7). 

Relative EcR expression 24 hours after knockdown (to confirm EcR expression at the time of 

P. falciparum infection) was determined in dsEcR, dsGFP and uninjected treatment groups 

using qPCR. Data indicated that EcR was significantly downregulated in dsEcR injected 

mosquito samples with an expression of 0.16 ± 0.20 when compared to an EcR expression of 

1 in dsGFP injected and uninjected control samples (p<0.0001) (Figure 3.28). This translated 

to an 84% knockdown of EcR in dsEcR injected An. funestus females. No significant difference 

in EcR expression was observed between the dsGFP and uninjected treatment groups (p>0.05), 

showing that the injection procedure did not affect EcR expression. Therefore the 

administration of dsEcR resulted in a significant knockdown of EcR in An. funestus. 
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Figure 3.28: Relative EcR expression in dsEcR injected An. funestus females was reduced 

when compared to dsGFP injected and uninjected An. funestus females. A significant 

reduction in EcR expression was observed in dsEcR treated mosquitoes compared to controls 

(p<0.0001). Data is indicative of five biological replicates. Error bar represents standard 

deviation. ****= p<0.0001; ns= not statistically significant p>0.05. 
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3.4.2 Immune gene: LRIM9 was downregulated when EcR was knocked down 

Leucine rich immune protein 9 is known to be regulated by EcR and functions to kill P. berghei 

in the mosquito vector (Upton et al., 2015). To confirm that LRIM9 was regulated by EcR in 

An. funestus, relative expression analysis in dsEcR, dsGFP and uninjected treatment groups 

was conducted. Mean expression levels indicated that LRIM9 was downregulated to 0.38 ± 

0.18 in dsEcR treated, uninfected An. funestus females (p˂0.0001) (Figure 3.29). This 

translated to a 62% reduction in LRIM9 expression. These results confirmed that EcR regulates 

LRIM9 expression.  
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Figure 3.29: Relative LRIM9 expression in dsEcR injected An. funestus females was 

significantly reduced when compared to dsGFP injected and uninjected An. funestus 

females. Data is indicative of five biological replicates (p<0.0001). Error bar represents 

standard deviation. ****= p<0.0001; ns= not statistically significant p>0.05. 

3.4.3 Ecdysone receptor knockdown decreased oocyst numbers in P. falciparum infected 

An. funestus females 

Double stranded EcR, dsGFP and uninjected treated An. funestus females infected with P. 

falciparum were dissected to determine oocyst intensity and ascertain if any phenotypical 

changes occurred due to the downregulation of EcR and LRIM9. Surprisingly, oocyst intensity 
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was significantly decreased by 44% in dsEcR treated An. funestus females with a median of 2 

± 7.47 oocysts per midgut compared to dsGFP treated and uninjected An. funestus females with 

medians of 4 ± 6.81 (p˂0.05) and 5 ± 3.23 (p˂0.01) oocysts per midgut respectively (Figure 

3.30; Table S6). Furthermore, the mean prevalence of infected An. funestus females was 62.9% 

± 49 in dsEcR injected An. funestus females, 77% ± 42.4 in dsGFP injected An. funestus 

females and 84.2% ± 36.8 in uninjected An. funestus females (Figure 3.30). Statistical 

significance was not observed between dsEcR and dsGFP as well as dsGFP and uninjected An. 

funestus females (p>0.05), however prevalence in dsEcR and uninjected An. funestus females 

was significantly different (p˂0.05). Interestingly, observation of dsEcR midguts revealed 

oocysts that appeared to have an increased size compared to dsGFP and uninjected controls 

(Figure 3.31), however as oocyst size was not measured across all biological replicates, 

statistical significance could not be calculated. Therefore this size difference remains a 

hypothesis until further studies are conducted in An. funestus. These results confirmed that EcR 

knockdown decreased the intensity of P. falciparum oocysts and that this effect was due to an 

unidentified mechanism which may or may not be due to the downregulation of LRIM9. 
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Figure 3.30: Reduced oocyst intensity was observed in An. funestus females treated with 

dsEcR. The median number of oocysts from dsEcR treated An. funestus females was 

significantly decreased compared to dsGFP (p˂0.05) and uninjected control groups (p˂0.01). 

The prevalence of infection was only significant between dsEcR injected An. funestus females 

and uninjected An. funestus females (p˂0.05). Data is indicative of five biological replicates. 

Error bars represent SEM. *=p˂0.05; **= p<0.01; ns= not statistically significant p>0.05. 
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Figure 3.31: Oocyst size appeared to differ between dsEcR treated and dsGFP and 

uninjected control groups.  Oocysts (indicated by arrows) in dsEcR treated An. funestus 

females appeared larger than oocysts in dsGFP and uninjected An. funestus females at 400X 

magnification. Scale bar is equivalent to 10 µm. 

3.4.4 Anopheles funestus TBA and TRA differed between dsEcR treated An. funestus 

females and control An. funestus females 

The TBA is the percentage inhibition in the prevalence of infected mosquitoes and the TRA is 

the percentage inhibition in the mean oocyst number per infected mosquito. Together these two 

parameters measure the effectiveness of a treatment in the reduction of Plasmodium infection 

in malaria vectors (Miura et al., 2016).  

The TRA and TBA was compared in dsEcR, dsGFP and uninjected treatment groups. The TBA 

of dsEcR treated females compared to the dsGFP control was 11%, dsEcR compared to the 

uninjected control was 24% and the dsGFP control compared to the uninjected control was 

15% (Table 3.4). A small but significant difference (p=0.03) was observed in dsEcR treated 

females compared to the uninjected control (Table 3.4).  

The TRA of dsEcR treated females compared to the dsGFP control was 49%, dsEcR treated 

females compared to the uninjected control was 53% and the dsGFP control compared to the 

uninjected control was 27% (Table 3.4). Significant differences were observed between dsEcR 

treated An. funestus females and both dsGFP (p=0.02) and uninjected controls (p=0.002), 

however no significant difference was observed between dsGFP and uninjected control groups. 

These results substantiated and strengthened the finding that P. falciparum transmission is 

reduced in dsEcR treated An. funestus females. Taken together these results indicated that EcR 

knockdown did not reduce An. funestus susceptibility to P. falciparum but did reduce the 

intensity of P. falciparum infection. 
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Table 3.4: The TBA and TRA of dsEcR treated An. funestus females compared to 

dsGFP control and uninjected control An. funestus females. 

Sample TBA TRA  

dsEcR vs dsGFP 11% ns 49% * 

dsEcR vs uninjected 24% * 53% ** 

dsGFP vs uninjected 15% ns 27% ns 

*= p˂ 0.05; **= p˂ 0.01; ns= not statistically significant p>0.05. 

3.4.5 The blood feeding rate did not contribute to changes in phenotype in infected An. 

funestus females 

To confirm that changes in oocyst intensity were not influenced by the blood feeding rate 

between dsEcR, dsGFP and uninjected treatment groups, the average blood feeding rate from 

five biological replicates was calculated. The mean feeding rates were 18.38 ± 18.92% in 

dsEcR treated An. funestus females, 26.25 ± 17.90% in dsGFP treated An. funestus females and 

19.62 ± 10.98% in uninjected An. funestus females with no significant difference between 

treatment groups (p>0.05) (Figure 3.32). This substantiated that changes in phenotype were 

due to the knockdown of EcR and downregulation of LRIM9 and not due to differences in the 

blood feeding rates.  
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Figure 3.32: Blood feeding rates were similar between dsEcR treated and dsGFP and 

uninjected control groups. No significant difference was observed between the percentages 

of blood fed An. funestus females in the different treatment groups (p>0.05). Data is 

representative of five biological replicates. Error bars represent standard deviation of means. 

ns= not statistically significant p>0.05. 

 

  



100 

 

4 DISCUSSION 

4.1 Decreased longevity in dsEcR treated An. funestus 

Understanding how vector longevity is regulated is of utmost importance for the development 

of novel vector control methods as it ultimately affects malaria transmission. A decrease in 

longevity negatively impacts vector density, causing a reduction in the mosquito to human 

ratio. Decreased longevity also reduces the likelihood of Plasmodium infected vectors 

ingesting a second blood meal and spreading malaria. Much attention has been given to the 

20E signalling pathway as a novel method to reduce vector longevity (Childs et al., 2016; 

Brown et al., 2020), however before the current study, EcRs (an important component of this 

pathway) contribution to vector longevity still remained unexplored.   

The current study therefore focused on determining the function of EcR on An. funestus 

longevity by using dsRNA to knockdown EcR. This study is currently the first account of 

decreased longevity resulting from EcR knockdown in An. funestus females. Nanoinjection 

with dsEcR depleted the EcR transcript by 96% and thus affected the phenotypes of dsEcR 

treated mosquitoes. Consequently, longevity in dsEcR treated females was reduced by 57% 

while the probability of survival was reduced to only 14% at 16 days post nanoinjection.  

In the current study, targeting EcR by knockdown was studied using nanoinjection as opposed 

to other dsRNA introduction methods such as ingestion and topical application. This is because 

nanoinjection is the most consistent method to deliver accurate and precise concentrations of 

dsRNA into the mosquitoes (Walshe et al., 2009; Sampath and Puttaraju, 2012; Pridgeon et al., 

2014). However, one limitation of using nanoinjection in this study included a need for the 

optimisation of several RNAi parameters to minimise the mortality rate from injection induced 

injuries as there were no previous records of An. funestus nanoinjection in the literature to 

present knowledge. The parameters optimised included determining the appropriate age of An. 

funestus females for injection and confirmation of gene knockdown after nanoinjection. 

Optimising these factors led to the development of a nanoinjection protocol —suitable for An. 

funestus— that was used throughout with some minor modifications amongst objectives as 

required. The limitation of mortality resulting from injuries was overcome with the inclusion 

of a dsGFP control to ensure that the change in survival observed was due to EcR knockdown 

and not due to the nanoinjection procedure. 
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As observed in this study, depletion of the EcR transcript resulted in decreased longevity. 

Longevity affects the extrinsic incubation period (EIP) required for Plasmodium maturation 

and transmission in the vector and hence vector competence (Ohm et al., 2018). The EIP is 

essentially the period in which gametocytes mature into infectious sporozoites in the mosquito 

and are capable of being transmitted to vertebrate hosts (reveiwed by Ohm et al., 2018). Malaria 

transmission can be impaired by vectors not surviving long enough for Plasmodium to mature 

into infectious sporozoites (Shaw and Catteruccia, 2018). In WRIM laboratory reared An. 

funestus females, the approximate EIP is 16 days post infectious blood meal. At 16 days after 

nanoinjection, An. funestus females treated with dsEcR had a considerably low survival rate 

and lived for approximately 20 days compared to control treated An. funestus females that 

survived over a month. In the field, Anopheles mosquitoes do not survive as long, living 

approximately 10 to 30 days (Gillies and De Meillon, 1968). Although, the EIP is influenced 

by longevity, it can also be impacted by several factors such as temperature, vector species, 

parasite species, vector nutrition and survival (reveiwed by Ohm et al., 2018). Defining the 

duration is therefore very difficult, however it typically ranges from 12 to 16 days (WHO, 

1975; Vaughan et al., 1992; Ohm et al., 2018). Knocking down EcR in An. funestus females 

could therefore decrease longevity to a point where the EIP cannot be completed in the field, 

remarkably reducing malaria transmission. 

Although EcRs effect on longevity has not been studied in other malaria vectors, it has 

previously been investigated in several insect species such as D. melanogaster (Simon et al., 

2003; Simon et al., 2006; Tricoire et al., 2009), N. lugens (Yu et al., 2014), Sitobion avenae F. 

(S. avenae F.) (Yan et al., 2016), Grapholita molesta (G. molesta) (Reinke and Barrett, 2007) 

amongst others. Heterozygous D. melanogaster mutants generated by a deletion in the ligand 

binding domain of EcR showed increased longevity compared to controls (Simon et al., 2003). 

In a subsequent study, a more gradual aging process in the same male and female mutants was 

evident compared to control D. melanogaster adults (Simon et al., 2006). Although the mutants 

generated by Simon (2003; 2006) had impaired EcR functioning, much like the current study 

where EcR was knocked down, results were not in agreement due to differences in the 

phenotypes observed. The contradiction in results between the above studies and current study 

could arise due to several reasons, firstly, heterozygote advantage where the wildtype allele 

shows overdominance could be a possibility (reviewed by Charlesworth and Willis, 2009). 

Alternate reasons could include a difference in treatments such as generating EcR mutants 
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(Simon et al., 2003; Simon et al., 2006) compared to knocking down EcR with dsEcR and/or a 

difference in the biological material compared i.e. D. melanogaster compared to An. funestus.  

Interestingly, in another study involving D. melanogaster adults, Tricoire et al. (2009) 

discovered a sex specific response to inactivated EcR using dsEcR. Male D. melanogaster 

showed increased longevity with moderate EcR inactivation but a decrease in longevity with 

low and high inactivation of EcR. Drosophila melanogaster females on the other hand, showed 

decreased longevity irrespective of the level of EcR inactivation (Tricoire et al., 2009). The 

decrease in longevity in D. melanogaster females after EcR inactivation is similar to the 

decrease in longevity observed in the current study after EcR was knocked down in An. funestus 

females. The effect of dsEcR on adult males was not investigated in this study. It would be 

interesting to determine if EcR exhibits sex specific regulation of longevity in An. funestus 

similar to that in D. melanogaster. In a recent study Zengenene et al. (2021) showed that An. 

funestus males live longer than females (approximately 60 days). Reducing longevity in both 

males and females will assist in reducing vector population size and consequently malaria 

transmission and therefore it will be important to determine if EcR affects male and female An. 

funestus longevity differentially.  

Additionally, based on results obtained by Tricoire et al. (2009) it could be possible that EcR 

expression levels influence longevity differentially and normal lifespan critically relies on a 

moderate biological level of EcR. This reveals a shortcoming of the current study as only one 

concentration of dsEcR was used to examine longevity. Investigating the effect of several 

different concentrations of dsEcR on An. funestus longevity could have provided in-depth 

information about EcRs regulation of longevity.  

Interestingly, studies involving N. lugens and S. avenae F. used a dsEcR based approach to 

study longevity in these insects. A 44% to 66% decrease in N. lugens survival was observed 

after nymphs were fed on transgenic crops containing dsEcR (Yu et al., 2014). Similarly, S. 

avenae F. showed a concentration dependent decrease in longevity when fed with transgenic 

crops containing dsEcR (Yan et al., 2016). Results obtained by Yan et al. (2016) and Yu et al. 

(2014) are consistent with current results demonstrating a decrease in An. funestus longevity 

with EcR knockdown.  

Moving away from EcR and focusing more broadly on the 20E pathway, an approach used to 

study longevity focuses on the use of 20E agonists. 20-hydroxyecdysone agonists mimic the 

structure of the 20E hormone and in this manner are able to bind to EcR resulting in increased 
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20E signalling (reviewed by Dhadialla et al., 1998). The 20-hydroxyecdysone agonist, 

methoxyfenozide, when applied on surfaces decreased the longevity of G. molesta (Reinke and 

Barrett, 2007). Importantly, studies involving the use of 20E agonists have been undertaken 

with several malaria vector species. Childs et al. (2016) demonstrated that applying the 20E 

agonist methoxyfenozide topically to An. gambiae decreased its longevity in a dose dependent 

manner. Likewise, when methoxyfenozide was applied topically to An. funestus, An. gambiae, 

An. coluzzii and a hybrid of An. gambiae and An. coluzzii, all mosquito strains —except for An. 

funestus— showed a decrease in longevity (Brown et al., 2020). However, when further 

experiments tested the tarsal application of methoxyfenozide on the above mosquito strains, all 

strains, including An. funestus, showed decreased longevity (Brown et al., 2020).  These results 

are promising as control interventions such as LLINs and IRS focus on tarsal contact with 

insecticides to eliminate mosquitoes.  

Compared to the current study, Reinke and Barrett (2007), Childs et al. (2016) and Brown et 

al. (2020) all had similar decreases in longevity, however this was due to increased 20E 

signalling unlike the decreased EcR expression and hence decreased 20E signalling presently. 

Comparing the current study with the study by Brown et al. (2020), it appears that dsEcR 

reduces longevity to a greater extent than methoxyfenozide as noted by a difference in the 

average survival time between treated and control groups of 15 days in the current study 

compared to 6 days observed by Brown et al. (2020). This ties back to the theory that EcR 

expression levels influence longevity differentially. Literature has indicated that manipulating 

the 20E signalling pathway by elevating or reducing its activity produces deleterious effects on 

longevity (reviewed by Ekoka et al., 2021). Therefore it will be interesting to determine how 

longevity in An. funestus adults is affected with different levels of EcR silencing or 

manipulation of the 20E signalling pathway. 

Collectively, these results offer new and compelling information about malaria vector 

longevity. It is evident that longevity is regulated by EcR in An. funestus and that silencing EcR 

results in decreased longevity in these vectors. The results obtained in this study validate that 

EcR may be used to develop novel vector control strategies; therefore substantiating the 

importance of targeting EcR to combat malaria transmission by reducing vector density and 

competence. Current laboratory results have been promising and consequently future research 

should focus on and confirm if EcR regulates longevity in wild caught adults from malaria 

endemic countries. Moreover the EcR is a known transcriptional factor that regulates the 

expression of several early and subsequently late genes (Koelle et al., 1991).  Longevity in An. 
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funestus is most likely a very complex process and various unidentified genes and pathways 

might be involved in its regulation. In future, it would be interesting to delve further into the 

pathway regulating longevity to determine which EcR regulated genes are responsible for 

facilitating longevity.  

4.2 Decreased fecundity and fertility in dsEcR treated An. funestus 

Fecundity and fertility are two reproductive processes that affect vector density and thus 

malaria transmission (Shaw and Catteruccia, 2018). Moreover, ingestion of a blood meal (a 

prerequisite for mosquito vitellogenesis and oogenesis) increases the risk of Plasmodium 

transmission (Shaw and Catteruccia, 2018). Reducing vector density and malaria transmission 

by targeting mosquito reproduction is key in the fight against malaria. Reproduction in the 

mosquito is largely regulated by 20E signalling (Pierceall et al., 1999; reviewed by Ekoka et 

al., 2021). The current study investigated the effect that EcR knockdown has on reproduction 

in An. funestus. Expectedly, it was confirmed that EcR regulates reproduction in An. funestus. 

In this study, dsEcR treated females had a 95% reduction in EcR expression. As a result of EcR 

depletion, Lp and VgR expression was consequently reduced by 83% and 78% respectively. 

The reduction of EcR, Lp and VgR transcripts subsequently resulted in a phenotype with 

impaired reproduction. In the mosquito, Lp and Vg are two important proteins involved in lipid 

transport and the uptake of Vg proteins required for developing oocytes respectively (Raikhel, 

1992; Sun et al., 2000). The VgR gene investigated in this study is essential for the function of 

Vg where it mediates the uptake of Vg to ensure developing oocytes are supplied with essential 

nutritional compounds (Sappington et al., 1995).  The VgR therefore assists in the functioning 

of Vg in vitellogenesis. Total fecundity (observed by total eggs developed) in dsEcR treated 

females was greatly reduced due to impaired oogenesis whereas fertility in dsEcR treated 

females was reduced by 16% when compared to controls. To current knowledge, this is the 

first study determining the function of EcR on fertility in Anopheles mosquitoes. Overall it was 

discovered that EcR knockdown resulted in adverse effects on vector reproduction, 

substantiating EcR’s regulation of this process. 

As many reproductive processes in laboratory reared An. funestus such as optimal mating time, 

blood feeding and oviposition differ greatly from the more extensively studied An. gambiae 

complex species (Baldini et al., 2013; Childs et al., 2016; Werling et al., 2019), optimization 
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was necessary to design differential experimental methods from those developed for use in An. 

gambiae. The optimal mating success time used in several studies involving An. gambiae was 

significantly shorter (4 days) than the optimal time of 12 days for An. funestus (Gabrieli et al., 

2014; Childs et al., 2016; Marcenac et al., 2020). It is unknown if optimization was conducted 

in the other studies to optimize the mating success rate, however in the current study the 

maximum mating success rate was approximately 62.2% obtained after 12 days. Since the 

highest mating success rate was achieved after 12 days this was subsequently used as the period 

to combine male and female An. funestus mosquitoes to obtain a suitable sample size and 

reliable results. While the current optimal mating rate may seem low, it is known that An. 

funestus is refractory to colonisation due to its low mating success (Koekemoer pers comm). 

This highlighted the importance of studying the An. funestus mating success rate. 

To ensure the dsRNA exhibited maximum effects on reproduction, blood feeding was carried 

out when EcR expression was at its lowest i.e. 48 hours after nanoinjection. This ensured that 

the expression of EcR was lower than control An. funestus females during blood feeding, 

preventing EcR levels in dsEcR treated An. funestus females from peaking to EcR levels in 

control An. funestus females. Since a blood meal increases EcR expression and therefore Lp 

and Vg expression (Fallon et al., 1974; Hagedorn et al., 1975; Cho et al., 1995; Sun et al., 

2000; Kokoza et al., 2001; Martı́n et al., 2001) this optimisation was necessary to achieve 

accurate results. However, for more scientifically sound results, the expression levels in dsEcR 

treated and control An. funestus females after blood feeding should be confirmed in future 

studies.  

Naturally, following mating and blood feeding is ovipositioning. Anopheles females’ 

preference of an oviposition site varies depending on species and is usually influenced by 

chemical and physical composition of the site as well as light intensity and substrate type 

(Blackwell and Johnson, 2000; Huang et al., 2005; Huang et al., 2006; Lindh et al., 2015). 

Glass vials containing moistened filter paper (Munhenga et al., 2011) were initially used for 

oviposition but were determined to be unfavourable as no oviposition took place. Laboratory 

oviposition plates with dark backgrounds were tested next and a moderate level of oviposition 

was observed however this method was excluded as it resulted in an average egg count, 

prevented the determination of the fecundity and fertility per female and assumed all females 

that were mated had oviposited. As Anopheles females seem to prefer a dark background for 

oviposition (Bates, 1940; Huang et al., 2005), individual cups with dark backgrounds were 

used to produce optimal oviposition as well as obtain individual results per mated female. 
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These methods of optimisation were definitely necessary as they allowed for An. funestus 

specific methods as well as precise and accurate results in both fecundity and fertility assays. 

Although the study was optimised to a great extent, several limitations appeared throughout. 

Although the sample size was appropriate for statistical analyses, it was nevertheless reduced 

due to the majority of An. funestus females’ reluctance to ingest an artificial blood meal. 

Anopheles funestus is highly anthropophilic, preferring human blood (Gillies and De Meillon, 

1968) to bovine blood that was currently used. Supplementing bovine with human blood could 

perhaps increase the sample size of blood fed females in future experiments conducted with 

An. funestus. Additionally, oviposition rates in females were considerably low in all treatment 

groups, although the oviposition medium was optimised. An approximate mean of 30% of 

blood fed females oviposited currently compared to an oviposition rate of  greater than 70% in 

a study by Choi et al. (2014), indicating the need for greater optimisation. Huang et al. (2006) 

demonstrated that Anopheles females prefer to oviposit in a natural substrate containing water 

from a known oviposition site instead of distilled water. It is highly likely that the artificial 

feeding system impacted oviposition in An. funestus in the present study. Choi et al. (2014) 

provided glass vials with moistened filter paper as an oviposition medium for An. funestus 

females and observed successful oviposition, however, females were provided with blood 

directly from a vertebrate host unlike the current study. Modifying the blood type, oviposition 

substrate and water source in future experiments could thus improve the accuracy and 

reliability of results in future fecundity and fertility studies with An. funestus. 

The regulation of fecundity by EcR has been studied in D. melanogaster. The generation of 

EcR mutant D. melanogaster adults with an impaired efficiency of 20E to bind EcR (Simon et 

al., 2003) and dsEcR treated D. melanogaster adults (Tricoire et al., 2009) both resulted in 

phenotype exhibiting decreased fecundity. These results are consistent with current results as 

knockdown of EcR also resulted in reduced fecundity in An. funestus. In a study published after 

initiation of the present investigation, the effect of knocking down EcR to study fecundity was 

examined in An. gambiae (Werling et al., 2019). The development of eggs was reduced by 

34% in dsEcR treated females compared to controls. This concurs well with current results 

obtained in An. funestus, suggesting that fully functional EcR is required for normal egg 

development and maturation.  

Two important proteins required for egg development: Lp and Vg are regulated by the 20E 

signalling pathway, consistent with a number of studies in mosquitoes (Sun et al., 2000; 
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Kokoza et al., 2001; Baldini et al., 2013; Werling et al., 2019). Consequently, silencing EcR 

decreased Vg and Lp expression in An. gambiae (Werling et al., 2019), corresponding with 

results obtained presently. The resulting phenotype of mosquitoes with depleted Lp and Vg was 

an elevated lipid content in the midgut, suggesting impaired vitellogenesis and decreased 

transport of lipids to the fat body and ovaries by Vg and Lp respectively (Werling et al., 2019). 

The effect of this was also evident when silencing Lp resulted in fewer eggs developed due to 

insufficient lipid transport to developing oocytes (Werling et al., 2019). Interestingly, although 

Lp and Vg play a similar role in ensuring oocyte maturation, Lp was found to regulate this 

process to a larger extent than Vg (Rono et al., 2010). A downside of the present methodology 

was that Lp and Vg/ VgR silencing was not studied in An. funestus, however this could be 

conducted in future to provide more information about the functions of these genes. As in EcR 

knockdown, disrupting the 20E signalling pathway also results in faulty reproductive processes 

from impaired Lp and Vg functioning.  

20-hydroxyecdysone agonists have been widely employed to study the effects of disrupting 

20E signalling on reproduction. Brown et al. (2020) demonstrated that topical application of 

methoxyfenozide resulted in a lower number of eggs developed in treated An. funestus, An. 

gambiae and An. coluzzii females whereas tarsal application produced a similar effect in An. 

funestus females (Brown et al., 2020). As mentioned previously, tarsal application of 20E 

agonists mirrors conditions in the field where mosquitoes come into contact with insecticidal 

nets and IRS tarsally. This is promising for vector control. The reduction in the number of eggs 

observed by Brown et al. (2020) is similar to the current study where a minority of developed 

eggs as opposed to underdeveloped eggs were observed in dsEcR treated females. In another 

study, topical application of methoxyfenozide reduced oviposition in females up to 89%, 

decreased the number of eggs oviposited, impaired oogenesis by preventing yolk deposition as 

well as reduced the number of mated females by up to 65% (Childs et al., 2016). Deleterious 

effects were more pronounced in the study by Childs et al. (2016) than currently, noted by an 

additional decrease in oviposition and a reduction in the number of mated females. This could 

however be attributed to the difference in signalling disruption methods compared i.e. 20E 

agonists compared to knockdown with dsEcR or the difference in mosquito species studied.  

Other than oviposition and oogenesis, mating is also influenced by 20E signalling. Intriguingly, 

a study demonstrated that injection of 20E into virgin An. gambiae females prevented them 

from subsequent matings (Gabrieli et al., 2014). This phenomenon was discovered to be due 

to the formation of a ‘plug’ in the atrium that prevented females from receiving another mating 
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plug from males typically containing spermatheca, proteins and the 20E hormone (Gabrieli et 

al., 2014). Moreover, 20E injections into virgin females induced the oviposition of sterile eggs 

(Gabrieli et al., 2014). Together these results demonstrate that 20E signalling is responsible for 

initiating oviposition as well as preventing An. gambiae females from mating multiple times. 

It would therefore be interesting to determine if the same effects are observed in An. funestus 

as this will add to the knowledge used to develop novel vector control methods.   

It is interesting to note that besides blood, females also obtain 20E from males during mating 

as discussed previously (Gabrieli et al., 2014). In addition to regulating the transport of 

nutrients to developing oocytes, EcR induced MISO is responsible for facilitating the release 

of 20E from the mating plug and modulating the effects of 20E thereafter (Baldini et al., 2013). 

Silencing MISO reduced oviposition rates and reduced fecundity by impairing oocyte 

development due to decreased Lp expression and hence a decreased nutrient content (Baldini 

et al., 2013). This evidences another EcR regulated gene controlling reproductive processes in 

An. gambiae and possibly another gene to study potentially contributing to vector control in 

An. funestus.  

It is clear that knocking down EcR has deleterious effects on An. funestus fecundity as discussed 

above. In the current study EcR knockdown significantly reduced fertility, however a major 

source of uncertainty arises from the small sample size. This experiment should therefore be 

repeated after optimisation in future to provide more clarity. Nevertheless, results from the 

current study are noteworthy; a heme peroxidase: HPX15 was found to control fertility in An. 

gambiae (Shaw et al., 2014). This enzyme is regulated by EcR and requires 20E for normal 

functioning, evidencing that EcR does in fact influence fertility (Shaw et al., 2014). Silencing 

HPX15 was found to decrease fertility in females over multiple gonotrophic cycles (Shaw et 

al., 2014). Additionally, as peroxidases do, HPX15 was discovered to reduce oxidative stress 

in the spermatheca, protecting spermatozoa in this process (Shaw et al., 2014). There is 

currently a gap in the knowledge of EcRs regulation of anopheline fertility however Baldini et 

al. (2013) demonstrated that silencing the EcR regulated MISO gene had no effect on An. 

gambiae fertility. This suggests that MISO is a simply a regulator of oogenesis and is not 

involved in regulating fertility like HPX15 is, exhibiting EcR’s pleiotropic effects.  

The current study aimed to determine if EcR regulated reproduction in An. funestus. As a 

decrease in fecundity and fertility was noted in dsEcR treated females, it is unmistakable that 

EcR plays a significant role in the regulation of vector reproduction. Currently, Lp and VgR 
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gene depletion was only determined after EcR knockdown to confirm that they are regulated 

by EcR. However, in future studies it will be beneficial to silence these genes to determine to 

what extent they regulate reproduction in An. funestus. Furthermore, Lp and VgR are only two 

of the many genes involved in regulating vector reproduction. Future studies should focus on 

RNA sequencing in which a full transcript profile is obtained to determine the reproduction 

genes regulated by EcR. This study is the first step towards increasing the understanding of 

EcRs regulation of reproduction in An. funestus. It has therefore paved the way for future 

experiments in An. funestus such as determining EcRs effect on mating success and 

refractoriness to mating to expand the insight on future EcR targeted vector control methods. 

4.3 Decreased intensity of P. falciparum in dsEcR treated An. funestus 

Reducing vector competence by targeting vector immunity against Plasmodium parasites is 

promising to reduce malaria transmission. Recent studies have shown that the 20E signalling 

pathway is involved in the regulation of mosquito immune responses combating Plasmodium 

infection (Childs et al., 2016; Reynolds et al., 2020). Upon initiation of the current study, no 

published data confirming EcRs involvement in vector susceptibility to P. falciparum existed. 

The current study therefore focused on determining the function of EcR in An. funestus’ 

susceptibility to P. falciparum. Recently, EcRs regulation of P. falciparum infection has been 

investigated in An. gambiae (Werling et al., 2019). The latter study confirms the current finding 

that EcR plays a role in regulating P. falciparum infection in Anopheles mosquitoes.  

In the present study, EcR transcripts were reduced by 84% in dsEcR treated females 24 hours 

after nanoinjection. Consequently, depletion of the EcR transcript reduced LRIM9 expression 

by 62%. Phenotypically, females with reduced expression of EcR had decreased oocyst 

intensity with a 44% reduction in oocyst numbers in their midguts. The transmission reducing 

activity of EcR depletion was evident with a 49% and 53% reduction in P. falciparum oocysts 

between dsEcR treated and dsGFP and uninjected controls respectfully. Surprisingly, the 

prevalence of infection did not differ greatly between treatment groups and a small significant 

difference was solely observed between dsEcR and uninjected females with a TBA of 24%.  

The discrepancy in the prevalence of P. falciparum infection between dsGFP and uninjected 

controls when compared to dsEcR treated mosquitoes was not anticipated in the current study. 

Statistical significance was not observed between dsEcR and dsGFP An. funestus females but 
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was observed between dsEcR and uninjected An. funestus females. Due to the small significant 

difference in differences between dsEcR and uninjected mosquitoes, it is possible to attribute 

this to a decrease in sample size of dsEcR treated females. The decreased sample size could 

have occurred due to reductions in lifespan caused by dsEcR treatment or a high amount of 

injuries during the nanoinjection procedure. Additionally, Werling et al. (2019) did not observe 

a difference in P. falciparum infection prevalence between dsEcR and dsGFP treated An. 

gambiae females. It is therefore unlikely that dsEcR treated An. funestus females are less 

susceptible to infection with P. falciparum. 

Importantly, the LRIM9 gene is involved in regulating P. berghei infection in An. gambiae 

mosquitoes (Upton et al., 2015). Upton et al. (2015) confirmed that LRIM9 is regulated by the 

20E signalling pathway, observed by upregulation of LRIM9 after injection of the 20E 

hormone. Therefore in the current study, LRIM9 expression was examined after EcR 

knockdown to determine if it is in fact EcR in the 20E signalling pathway that regulates LRIM9 

expression. Subsequently, downregulation of LRIM9 resulting from EcR knockdown was 

observed, confirming that EcR regulates the expression of LRIM9 in An. funestus. These studies 

indicate that LRIM9 is most likely an EcR regulated late gene, explained by its regulation in 

response to changes in the 20E signalling pathway. Moreover, LRIM9 has been implicated in 

the killing of Plasmodium parasites in the mosquito (Upton et al., 2015). 

Decreasing LRIM9 expression by using dsRNA against LRIM9 resulted in increased P. berghei 

oocyst intensity and a decrease in the number of melanised oocysts in Plasmodium refractory 

mosquitoes compared to controls (Upton et al., 2015). These results suggest that LRIM9 

functions as an immune regulator in the mosquito and functions to kill Plasmodium parasites 

using melanisation. Although melanisation was not studied currently, it will be advantageous 

to determine the role of EcR and LRIM9 silencing on melanisation in future studies.  In contrast 

with findings by Upton et al. (2015), a decrease in LRIM9 expression due to EcR knockdown 

did not increase P. falciparum oocyst numbers. On the contrary, a lower number of oocysts 

was observed in dsEcR treated mosquitoes compared to controls in the present study. This 

result is interesting and unexpected as increased oocysts were expected in dsEcR injected An. 

funestus females due to LRIM9 downregulation. This discrepancy could presumably be due to 

a variance in the activity of LRIM9 against different Plasmodium species studied. Additionally, 

it could be attributed to differences in the immune systems and regulation of Plasmodium 

infection between An. gambiae and An. funestus. Immune genes of An. funestus are genetically 

more similar to the Asian malaria vector An. stephensi than An. gambiae due to evolutionary 
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divergences in these vectors (Kamali et al., 2014; Couto et al., 2016; Mitri et al., 2020). The 

contradiction in these results suggest a different mechanism is involved in decreasing the 

intensity of P. falciparum oocysts when EcR is knocked down in An. funestus. Similar to 

LRIM9, LRIM1 was also found to decrease oocysts by melanisation, however it is not 

regulated by EcR (Osta et al., 2004; Povelones et al., 2009; Upton et al., 2015). This indicates 

that the pathway that regulates Plasmodium infection in vectors is undoubtedly a very complex 

one. Many genes that have not yet been identified could be involved in this process, and it will 

be important to study more genes to elucidate how this pathway functions.  

Several other factors influenced by EcR regulation or the 20E signalling pathway have been 

established to affect Plasmodium infection intensity and prevalence. Methoxyfenozide: a 20E 

agonist, was topically applied to An. gambiae and reduced the prevalence of P. falciparum 

oocysts by 87% however it did not affect oocyst intensity (Childs et al., 2016). These results 

demonstrate that methoxyfenozide has Plasmodium transmission blocking potential. Another 

20E agonist confirmed that Plasmodium survival is affected by the 20E signalling pathway; 

halofenozide reduced P. berghei oocyst intensity and prevalence in An. gambiae by killing the 

ookinete stage of the parasite (Reynolds et al., 2020). Surprisingly, although halofenozide’s 

action is mediated by EcR, it does not employ the same pathway used by 20E to control 

infection, i.e. the EcR induced cecropin genes are not involved in the Plasmodium killing 

immune response adopted by halofenozide (Reynolds et al., 2020). In the current study, EcR 

silencing had no significant TBA but instead had TRA as oocyst intensity but not prevalence 

of infection was affected. Similarly, using dsEcR in An. gambiae created substantial changes 

by reducing P. falciparum oocyst intensity but not prevalence (Werling et al., 2019) much like 

the current study. Although the current findings are in agreement with a decreased oocyst 

intensity noted when 20E agonists were used, there exists a discrepancy in oocyst prevalence 

in these studies. The discrepancy in Plasmodium prevalence between studies using 20E 

agonists and having a difference in oocyst prevalence and those using dsEcR with no difference 

in oocyst prevalence is most likely due to the differential methods used to alter the 20E 

signalling pathway. As mentioned previously, 20E agonists result in heightened 20E signalling 

whereas knockdown of EcR decreases 20E signalling, and differences in oocyst prevalence 

could arise due to this.   

There are currently a couple of known EcR induced genes mediating the immune response 

against Plasmodium in the anopheline mosquitoes. Exceptionally, these genes, Lp and Vg also 

regulate reproduction in mosquitoes. Oocyst intensity was reduced when Lp and Vg were 
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silenced individually or in combination in An. gambiae, suggesting that Lp and Vg promote 

Plasmodium survival. However Vg promotes Plasmodium survival more so than Lp, due to a 

higher reduction in oocyst intensity when Vg was knocked down (Rono et al., 2010). The 

mechanism behind Vg’s and Lp’s promotion of parasite survival was discovered to be due to 

their antagonistic action towards TEP1. The oocyst killing activity of TEP1 was previously 

determined when silencing TEP1 resulted in an increase of oocysts (Blandin et al., 2004; Dong 

et al., 2006; Rono et al., 2010). The parasite killing efficiency of TEP1 was heightened when 

expression of Lp and Vg genes were low, furthermore it was discovered that Lp and Vg 

hindered the ability of TEP1 to bind to and kill Plasmodium parasitic forms (Rono et al., 2010).  

Decreased expression of Lp and VgR due to EcR knockdown presently resulted in decreased 

oocyst intensity much like the experiments carried out by Rono et al. (2010). A postulation 

could certainly be made that the decrease in oocyst intensity was due to the parasitic killing 

action of TEP1, however further studies will certainly have to corroborate this theory.  

Besides altering oocyst intensities in vectors, Lp was also found to have additional functions 

in mosquito immunity. Lipophorin was determined to influence the expression of Vg (Rono et 

al., 2010). Therefore in the study by Rono et al. (2010) the oocyst reduction noted in 

mosquitoes with Lp knockdown could possibly be due to decreased expression of Vg due to Lp 

depletion. This could possibly implicate only Vg in reducing the activity of TEP1, providing 

the basis for a future study to confirm this hypothesis. 

Notably, mating which is regulated by 20E signalling could function as a regulator of 

Plasmodium infection in the mosquito vector. As 20E is introduced into female mosquitoes by 

males during mating and contributes to refractoriness to further mating (Gabrieli et al., 2014). 

Dahalan et al. (2019) injected 20E into virgin An. coluzzii female mosquitoes to simulate the 

physiological changes in mated females. A higher oocyst intensity and prevalence was 

observed in the 20E treated females and the conclusion was made that males contribute to 

malaria transmission in this way and that this difference was not affiliated with an increase in 

Lp or Vg (Dahalan et al., 2019). A subsequent study determined the opposite; no significant 

differences were observed in oocyst intensity between mated and virgin females (Marcenac et 

al., 2020). Moreover silencing of the EcR induced gene MISO revealed a decrease in oocytes 

when mosquitoes ingested blood with a high gametocyte content, control mosquitoes on the 

other hand showed an increase in both oocytes and oocysts with the same blood (Marcenac et 

al., 2020). These results suggest that MISO is solely responsible for governing reproduction 

and not Plasmodium survival. As these studies are very recent, it is difficult to determine 
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whether or not mating does affect Plasmodium survival. More studies are therefore required to 

confirm this interesting concept. 

Review of literature revealed another interesting discovery about Plasmodium infection. 

Examination of oocysts by Werling et al. (2019) lead to the discovery of striking results; dsEcR 

treated females contained oocysts that although reduced in number were larger in size to control 

oocysts. Plasmodium oocysts require lipids for growth and internalise Lp for their nutritional 

requirements (Atella et al., 2009). Silencing Lp resulted in a reduction in oocyst size in several 

studies (Rono et al., 2010; Costa et al., 2018; Werling et al., 2019). This was attributed to the 

decrease of nutrients, specifically lipids transported by Lp to developing oocysts (Rono et al., 

2010; Costa et al., 2018; Werling et al., 2019).  

Subsequent to Lp silencing, lipids derived from a blood meal accumulate in the midgut where 

the blood is digested as they cannot sufficiently be transported to developing oocysts hence the 

decrease in oocyst size (Costa et al., 2018). Due to the fact that EcR regulates Lp expression it 

is surprising that Lp levels were higher in dsEcR treated mosquitoes than control mosquitoes 

following a blood meal (Werling et al., 2019). Concurrent with this finding, larger oocysts 

were observed in dsEcR treated mosquitoes (Werling et al., 2019). This suggests that the 

increase in Lp may provide additional nutrients when EcR is silenced which results in faster 

Plasmodium growth in the mosquito. It would be interesting to confirm if in the presence of P. 

falciparum, Lp is upregulated in dsEcR treated An. funestus which results in larger oocysts. 

This would address the current hypothesis that knocking down EcR results in larger oocysts in 

An. funestus. Interestingly, when Werling et al. (2019) silenced both EcR and Lp 

simultaneously, the increase in oocyst size was reversed, confirming that Lp is responsible for 

the alteration of oocyst size.  

Lipophorin is not the only factor affecting rapidly growing Plasmodium parasites. Larger 

oocysts in dsEcR treated females supported accelerated P. falciparum growth leading to an 

earlier EIP of 10 days due to the rapid maturation of sporozoites that are able to infect human 

hepatocytes (Werling et al., 2019). Moreover, it was recently discovered that the ingestion of 

additional blood meals also increase oocyst size and contribute to the rapid maturation of 

Plasmodium infectious sporozoites (Shaw et al., 2020). Due to these findings, it is risky to 

conclude that dsEcR has beneficial TRA and that knockdown of EcR could reduce the risk of 

malaria transmission due to decreased oocyst intensity in the current study. In the study by 

Werling et al. (2019) decreased oocyst intensity correlated with faster maturing sporozoites. 
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Moreover, in the field, mosquitoes imbibe multiple blood meals and therefore the study by 

Shaw et al. (2020) represents a more accurate representation of conditions in malaria endemic 

areas. This unveils a limitation of the current study, demonstrating the importance of 

determining the EIP and examining Plasmodium sporozoite infectivity and the effect of 

multiple blood meals on Plasmodium infection in future studies. 

Evidently, results obtained presently demonstrate a definite role of EcR in the regulation of P. 

falciparum susceptibility in An. funestus. Interestingly, EcR seems to promote P. falciparum 

survival, noted by a decrease in oocyst intensity when EcR was knocked down. It was also 

determined that EcR regulates Lp, VgR and LRIM9 genes in An. funestus. These genes have 

been implicated in mosquito immunity against Plasmodium in the literature. It would therefore 

be advantageous to further study the functions of these and other EcR regulated genes and how 

they regulate An. funestus susceptibility to Plasmodium. This will thereby allow for the 

unravelling of EcRs mode of action in the regulation of Plasmodium infection. Literature has 

also demonstrated that it is risky to presuppose the function of EcR presently as even though 

oocyst intensity was decreased currently and in other studies, sporozoites became infectious to 

human cells sooner than controls in other studies. This should unquestionably be confirmed in 

An. funestus. Overall, this study established that EcR does influence immunity to P. falciparum 

in An. funestus and lays the foundation for further studies focusing on the development of novel 

vector control methods.  
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5 CONCLUSION AND FUTURE PERSPECTIVES  

As a transcriptional regulator of several genes, the pleiotropic effects of EcR and the 20E 

signalling pathway on anopheline longevity, reproduction and immunity against Plasmodium 

have been observed in the current study (Figure 4.1) as well several other studies (Rono et al., 

2010; Childs et al., 2016; Costa et al., 2018; Werling et al., 2019; Brown et al., 2020). 

Lipophorin and Vg were discovered to both be involved in delivering nutrients to growing 

oocytes and oocysts with a positive correlation between the two noted (Rono et al., 2010; Costa 

et al., 2018; Werling et al., 2019). In D. melanogaster, a postulation was made that genes 

governing reproduction are also responsible for longevity (Tricoire et al., 2009).  

 

Figure 4.1: Schematic diagram showing the pleiotropic functions of the EcR gene. Several 

physiological functions in An. funestus females have been linked to EcR. The EcR is 

responsible for facilitating longevity, fecundity, fertility and susceptibility to Plasmodium in 

An. funestus. 

As EcR appears to be responsible for the regular beneficial, physiological functions in the 

mosquito and other organisms it was hypothesised that disrupting these functions would result 

in a series of deleterious effects. This was evident in the present study where longevity and 

reproduction were decreased in An. funestus after EcR knockdown. Strikingly, a decrease in P. 

falciparum oocyst intensity was observed- an ideal situation for potentially reducing malaria 

transmission. To postulate that EcR would be an ideal candidate gene to knockdown for novel 

vector control is risky. Review of the literature has shown that even though a reduction in 

parasite growth is evident in dsEcR mosquitoes, it is also coupled with faster maturing 

sporozoites and hence a shorter EIP that may circumvent the reduction in longevity (Werling 

et al., 2019; reviewed by Ekoka et al., 2021). It is therefore of utmost importance that this 

phenomenon be confirmed in An. funestus both in field and laboratory settings before 
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confirming this as a vector control strategy. If it is found to be true that depleting An. funestus 

EcR in any way increases parasite infectivity, gene drives, paratransgenesis, TBVs or simply 

any form of gene modification cannot be considered for vector control as it will mimic the 

above effects. 

Fortunately, decreasing EcR levels is only one of the possibilities to target ecdysone signalling 

to reduce malaria transmission. Nonsteroidal 20E agonists are also considered a possible 

solution to mitigate the spread of malaria.  20-hydroxyecdysone agonists share structural 

similarities with 20E, hence they are able to competitively bind to the EcR-USP complex, 

amplifying 20E signalling and all of its effects (reveiwed by Dhadialla et al., 1998). Five 20E 

agonists, namely chromafenozide, fufenozide, halofenozide, methoxyfenozide and 

tebufenozide are currently available as insecticides targeting agricultural pests (Nakagawa, 

2005; Smagghe et al., 2012). These 20E agonists are promising as potential malaria vector 

control strategies as they exhibit low toxicity to non-target organisms and penetrate the 

mosquito cuticle (Schneider et al., 2004; Nakagawa, 2005; Smagghe et al., 2012). The efficacy 

of some of these compounds have recently been demonstrated against several Anopheles 

vectors. Methoxyfenozide applied topically reduced mating success, fecundity and 

susceptibility to P. falciparum in An. gambiae (Childs et al., 2016). Similarly, 

methoxyfenozide decreased longevity and fecundity insecticide resistant strains of An. 

funestus, An. gambiae and An. coluzzii when applied topically and tarsally (Brown et al., 2020). 

Another study demonstrated the effectiveness of halofenozide in decreasing P. berghei oocyst 

intensity and infection prevalence (Reynolds and Smith, 2020).   

Unfortunately, it is probable that compounds exerting a fitness cost could result in the 

development of resistant organisms. Resistance to ecdysone agonists has not yet been 

characterised in Anopheles mosquitoes, however it is likely that such resistance —if it occurs— 

will be based on the upregulation of detoxification enzymes, behavioural changes (Table 1.1) 

or possibly conformational changes in the ligand binding domain of EcR. Strikingly, studies in 

other invertebrates showing resistance to 20E agonists have developed phenotypes associated 

with reduced fitness parameters such as a reduction in longevity, fecundity, fertility, mating 

success and growth defects (Cao and Han, 2006; Tang et al., 2011; Sun et al., 2012; Rehan and 

Freed, 2015; Shah et al., 2017). This resistance to 20E agonists is however reversed upon the 

removal of the compound (Rehan and Freed, 2014), making this promising for counteracting 

current insecticide-based vector control strategies. While the above findings could be likely in 

Anopheles vectors, it should be confirmed in future studies. Studies in pyrethroid, carbamate 
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and DDT resistant An. gambiae and pyrethroid and DDT resistant An. funestus strains 

confirmed that the upregulation of P450 enzymes, involved in pyrethroid resistance, did not 

confer any form of resistance to 20E agonist methoxyfenozide (Yunta et al., 2016; Brown et 

al., 2020). These studies demonstrate the potential of these compounds to be used in the field 

against insecticide resistant populations evading current insecticide-based vector control 

interventions. 

The current study defined the function of EcR in An. funestus as a regulator of longevity, 

fecundity, fertility and immunity against P. falciparum. RNAi was used as a functional 

genomics tool to demonstrate that EcR maintains longevity, promotes the normal functioning 

of fecundity and fertility through the regulation of Lp and VgR and is involved in immunity 

against Plasmodium albeit through an undetermined pathway in An. funestus. This study is 

merely a stepping stone but has demonstrated that EcR’s regulation of several physiological 

processes in the mosquito forms the foundation for the research and development of novel 

vector control strategies. Further research is required to determine the mode of action of and 

genes involved in EcRs regulation of pathways governing longevity, reproductive success and 

importantly Plasmodium infectivity in An. funestus. For example, the complex interaction of 

EcR and the 20E signalling pathway can further be elucidated through next generation RNA 

sequencing. This will allow for the identification of the complete profile of early and late genes 

regulated by EcR, providing a holistic overview of this pathway. These genes can thereafter be 

examined to determine their functions in regulating mosquito physiological processes that 

potentially target vector density and competence. Once this has been achieved, studies in field 

settings will be essential to confirm laboratory based experiments. Success in both laboratory 

and field based aspects of this research can subsequently result in the approval of EcR based 

vector control methods that will potentially reduce malaria transmission.     
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7 APPENDIX 

7.1 Appendix 1: RNAi and qPCR primer information 

Table S1: RNAi and qPCR primer information. 

Name  Sequence (5’-3’) Tm 

(˚C) 

Amplicon 

size (base 

pairs) 

Reference 

An. funestus EcR 

(forward) 

GAT TCT TCC GAC GTA GTG TG 60  

484 

Designed in 

this study 

 An. funestus EcR 

(reverse) 

TCC TCG TTG GGT GAG TTA 60 

An. funestus T7-

EcR (forward) 

TAA TAC GAC TCA CTA TAG 

GGA GAG ATT CTT CCG ACG 

TAG TGT G 

67  

530 

Designed in 

this study 

An. funestus T7-

EcR (reverse) 

TAA TAC GAC TCA CTA TAG 

GGA GAT CCT CGT TGG GTG 

AGT TA 

68 

T7-GFP (forward) TAA TAC GAC TCA CTA TAG 

GGA GAA CGT AAA CGG CCA 

CAA GT 

66.5 544 Designed by 

Ms. E. 

Ekoka 

(WRIM) 
T7-GFP (reverse) TAA TAC GAC TCA CTA TAG 

GGA GAG GGT GTT CTG GTA 

GTG 

68.4 

qPCR EcR 

(forward) 

GCC GGT AGC ACA AGT AAT AG 

 

60 130 

 

Designed in 

this study 

 
qPCR EcR 

(reverse) 

GAT CGA GCA TTC CGA CAG 

 

60 
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Name  Sequence (5’-3’) Tm 

(˚C) 

Amplicon 

size (base 

pairs) 

Reference 

LRIM9 (forward) CAG TTC TTC ACC GCA TAG TT 60 117 Designed in 

this study 
LRIM9 (reverse) TTG TCG TCC AGG TAG AGT T 60 

Lp (forward) GCT TCG ACA AGG TGT TAG AG 60 104 Designed in 

this study 
Lp (reverse) AAG ACC AAG AGC GGT AGT 60 

VgR (forward) TAC TTA CGG CGG GAC TTA T 60 147 Designed in 

this study 
VgR (reverse) GGA GCT GAT CCT GTA TGA 

TTG 

60 

RPS7 (forward) TTA CTG CTG TGT ACG ATG CC 60.4 134 Amenya et 

al., 2008 
RPS7 (reverse) GAT GGT GGT CTG CTG GTT 62.3 

RPL19 (forward) GAA ACA CCA ACT CCC GAC A 60.2 223 Spillings et 

al., 2009 
RPL19 (reverse) TCA ACA GGC GAC GCA ACA CA 62.3 

RPS26 (forward) GAT AAG GCA ATC AAG AAG 

TTC G 

59 160 Spillings et 

al., 2009 

RPS26 (reverse) TAC GGA CAA CCT TCG AGT GG 62.5 

GAPDH (forward) GAC TGC CAC TCG TCC ATC 62.2 139 Spillings et 

al., 2009 
GAPDH (reverse) CCT TGG TCT GCA TGT ACT TG 60.4 

18S (forward) GTG TAC TTG GGC GTT ACT CTG 

TG 

64.6 116 Spillings et 

al., 2009 

18S (reverse) CTT TGA GCA CTC TAA TTT GTT 

CAA 

59.7 
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7.2 Appendix 2: Chromatograms of all genes sequenced to confirm primer 

specificity to respective genes 

 

 

 

A 

B 
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Figure S1: Chromatograms of all An. funestus qPCR products sequenced. Chromatograms 

containing forward and reverse Sanger sequences of EcR (A), RPS7 (B), RPL19 (C), Lp (D), 

LRIM9 (E) and VgR (F). 

 

E 

F 
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7.3 Appendix 3: Agarose gel electrophoresis and spectrophotometry confirm 

tlRNA integrity and purity from dsEcR, dsGFP and uninjected An. funestus 

females used in Objective 1 

 

 

Figure S2: RNA gel electrophoresis confirms the presence of intact and good quality 18S 

RNA. RNA fragments sized with RiboRuler™ High Range RNA ladder SM 1821 (Lanes 1 

and 5). RNA extracted from An. funestus females injected with dsEcR (Lane 2), dsGFP (Lane 

3) or uninjected (Lane 4) were confirmed to have integrity, observed by a single intact fragment 

of 1,923 base pairs in size. This indicated that the RNA extracted was suitable for use in 

downstream reactions. Results are representative of three biological replicates. 
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Table S2: A260/A280 Purity ratios of total RNA samples extracted from dsEcR treated, 

dsGFP treated and uninjected An. funestus females used in downstream reactions for 

objective one. 

RNA sample A260/A280 

dsEcR 1 2.31 

dsGFP 1 2.17 

Uninjected control 1 2.33 

dsEcR 2 2.46 

dsGFP 2 2.20 

Uninjected control 2 2.26 

dsEcR 3 1.97 

dsGFP 3 1.80 

Uninjected control 3 1.84 

*The number after the treatment group indicates the biological replicate from which the 

sample arises. 
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7.4 Appendix 4: Quantitative PCR results demonstrate specific amplification 

amongst samples amplified for longevity assay  

 

Figure S3: Melt curve and no template controls confirm specific amplification in qPCR. 

Single melt peaks were visible for each gene amplified validating amplification of a specific 

gene product amongst samples (A). No template controls did not amplify and confirmed ideal 

qPCR conditions and non-contaminated reagents (B). Specific amplification of samples 

ensured accuracy of gene expression analysis. Data is representative of 3 biological replicates. 
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7.5 Appendix 5: Agarose gel electrophoresis and spectrophotometry confirm 

tlRNA integrity and purity from dsEcR, dsGFP and uninjected An. funestus 

females used in Objective 2 

 

 

Figure S4: RNA gel electrophoresis confirms the presence of intact and good quality 18S 

RNA. RNA fragments sized with RiboRuler™ High Range RNA ladder SM 1821 (Lanes 1 

and 5). RNA extracted from An. funestus females injected with dsEcR (Lane 2), dsGFP (Lane 

3) or uninjected (Lane 4) were confirmed to be good quality and were not denatured, observed 

by a single intact fragment of 1923 base pairs in size. This indicated that the RNA extracted 

was suitable for use in downstream reactions. Results are representative of six biological 

replicates. 
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Table S3: A260/A280 Purity ratios of total RNA samples extracted from dsEcR treated, 

dsGFP treated and uninjected An. funestus females used in downstream reactions for 

objective two. 

RNA sample A260/A280 

dsEcR 1 1.79 

dsGFP 1 1.88 

Uninjected control 1 1.85 

dsEcR 2 1.75 

dsGFP 2 1.83 

Uninjected control 2 1.82 

dsEcR 3 1.80 

dsGFP 3 1.84 

Uninjected control 3 1.84 

dsEcR 4 1.78 

dsGFP 4 1.94 

Uninjected control 4 1.88 

dsEcR 5 1.86 

dsGFP 5 1.83 

Uninjected control 5 1.84 

dsEcR 6 1.80 

dsGFP 6 1.85 

Uninjected control 6 1.83 

* The number after the treatment group indicates the biological replicate from which 

the sample arises. 
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7.6 Appendix 6: Quantitative PCR results demonstrate specific amplification 

amongst samples amplified for fecundity and fertility assays 

Figure S5: Melt curve and no template controls confirm specific amplification in qPCR. 

Single melt peaks were observed for the Lp, VgR, EcR, RPS7 and RPL19 genes amplified 

confirming amplification of a specific gene product amongst samples (A). No template controls 

did not amplify and confirmed ideal qPCR conditions and non-contaminated reagents (B). 

Specific amplification of samples ensured accuracy of gene expression analysis. Data is 

representative of six biological replicates. 
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7.7 Appendix 7: Agarose gel electrophoresis and spectrophotometry confirm 

tlRNA integrity and purity from dsEcR, dsGFP and uninjected An. funestus 

females used in Objective 3 

 

 

Figure S6: RNA gel electrophoresis confirms the presence of intact and good quality 18S 

RNA. RNA fragments sized with RiboRuler™ High Range RNA ladder SM 1821 (Lanes 1 

and 5). RNA extracted from An. funestus females injected with dsEcR (Lane 2), dsGFP (Lane 

3) or uninjected (Lane 4) were confirmed to be of good quality and were not denatured, 

observed by a single intact fragment of 1,923 base pairs in size. This indicated that the RNA 

extracted was suitable for use in downstream reactions. Results are representative of five 

biological replicates. 
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Table S4: A260/A280 Purity ratios of all RNA samples used in downstream reactions for 

objective three. 

 

RNA sample A260/A280 

dsEcR 1 1.83 

dsGFP 1 1.90 

Uninjected control 1 1.84 

dsEcR 2 1.73 

dsGFP 2 1.74 

Uninjected control 2 1.85 

dsEcR 3 1.84 

dsGFP 3 1.91 

Uninjected control 3 1.88 

dsEcR 4 1.71 

dsGFP 4 1.75 

Uninjected control 4 1.95 

dsEcR 5 1.74 

dsGFP 5 1.88 

Uninjected control 5 1.84 

* The number after the treatment group indicates the biological replicate from which 

the sample arises. 

 

 



156 

 

7.8 Appendix 8: Quantitative PCR results demonstrate specific amplification 

amongst samples amplified for P. falciparum infection assay 

 

Figure S7: Melt curve and no template controls confirm specific amplification in qPCR. 

Single melt peaks were observed for the LRIM9, EcR, RPS7 and RPL19 genes amplified 

confirming amplification of a specific gene product amongst samples (A). No template controls 

did not amplify which confirmed ideal qPCR conditions and non-contaminated reagents (B). 

Specific amplification of samples ensured accuracy of gene expression analysis. Data is 

representative of five biological replicates. 
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7.9 Appendix 9: Anopheles funestus fecundity assay data 

Table S5: Raw data obtained from An. funestus fecundity assay. 

Treatment n fed % mated 

(n) 

% unmated 

(n) 

% oviposited 

(n) 

% did not 

oviposit (n) 

dsEcR 1 8 88 (7) 13 (1) 38 (3) 62 (5) 

dsEcR 2 3 60 (2) 40 (1) 0 (0) 100 (3) 

dsEcR 3 9 88 (8) 12 (1) 12 (1) 88 (8) 

dsEcR 4 3 66.7 (2) 33.3 (1) 0 (0) 0 (0) 

dsEcR 5 18 66.7 (12) 33.3 (6) 11 (2) 89 (16) 

dsEcR 6 8 87.5 (7) 12.5 (1) 37.5 (3) 62.5 (5) 

dsGFP 1 12 67 (8) 33 (4) 42 (5) 58 (7) 

dsGFP 2 6 50 (3) 50 (3) 33 (2) 67 (4) 

dsGFP 3 9 67 (6) 33 (3) 22 (2) 78 (7) 

dsGFP 4 10 40 (4) 60 (6) 0 (0) 0 (0) 

dsGFP 5 15 60 (9) 40 (6) 26.7 (4) 73.3 (11) 

dsGFP 6 9 55.6 (5) 44.4 (4) 55.6 (5) 44.4 (4) 

Uninjected 1 15 74 (11) 26 (4) 40 (6) 60 (9) 

Uninjected 2 15 60 (9) 40 (6) 27 (4) 73 (11) 

Uninjected 3 19 58 (11) 42 (8) 47 (9) 53 (10) 

Uninjected 4 9 55.6 (5) 44.4 (4) 11 (1) 89 (8) 

Uninjected 5 9 55.6 (5) 44.4 (4) 11 (1) 89 (8) 

Uninjected 6 17 76.5 (13) 23.5 (4) 9 (53) 8 (47) 

*The number after the treatment group indicates the biological replicate from which the sample 

arises. 
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7.10 Appendix 10: Anopheles funestus infection with P. falciparum data 

Table S6: Raw data obtained from An. funestus infection with P. falciparum. 

Treatment Sample size 

(n) after 

injection 

% fed (n) % dissected (n) % infected (n) 

dsEcR 1 57 36.8 (21) 12.3 (7) 8.8 (5) 

dsEcR 2 88 5.7 (5) 2.3 (2) 1.1 (1) 

dsEcR 3 35 0 (0) 0 (0) 0 (0) 

dsEcR 4 49 26.5 (13) 22.4 (11) 14.3 (7) 

dsEcR 5 72 55.6 (15) 20.8 (15) 12.5 (9) 

dsGFP 1 68 38.2 (26) 30.9 (21) 2.5 (17) 

dsGFP 2 91 15.4 (14) 11.0 (10) 4.4 (4) 

dsGFP 3 88 9.0 (8) 4.5 (4) 4.5 (4) 

dsGFP 4 78 52.7 (41) 30.8 (24) 24.4 (19) 

dsGFP 5 83 16.9 (14) 18.1 (15) 15.7 (13) 

Uninjected 1 98 33 (32) 15.3 (15) 14.3 (14) 

Uninjected 2 87 14.9 (13) 8.0 (7) 5.7 (5) 

Uninjected 3 93 16.1 (15) 7.5 (7) 7.5 (7) 

Uninjected 4 79 20.3 (16) 13.9 (11) 11.4 (9) 

Uninjected 5 93 23.7 (22) 18.3 (17) 14.0 (13) 

*The number after the treatment group indicates the biological replicate from which the sample 

arises. 
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7.12 Appendix 12: Bioethics clearance certificate  

 

 



161 
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