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ABSTRACT 

Evolutionary pressures may introduce mosquito genotypes that adapt to new breeding 

habitats, favoring the selection of efficient malaria vectors increasing the risk of 

malaria transmission. Consequently, Plasmodium falciparum has evolved to evade the 

vector defenses mediated by Pfs47, impeding malaria control efforts. This study 

evaluated the genetic diversity of TEP1 and vector competence to P. falciparum in 

Homa Bay, Kakamega, Bungoma, and Kisumu counties. Cross-sectional 

entomological assessments and blood screening were conducted from 2017-2020. 

Anopheles gambiae adults and larvae were collected using pyrethrum spray catches 

(PSC) and plastic dippers, respectively. Adults were identified morphologically and 

further classified to siblings using polymerase chain reaction (PCR). The TEP1 alleles 

were determined using restriction fragment length polymorphisms-polymerase chain 

reaction (RFLP-PCR) and a representative sample sequenced for confirmation. Dried 

blood spots and slide smears were simultaneously collected from children between 5 

and 15 years and tested by PCR and microscopy respectively. Chelex method was 

used to extract DNA from positive samples by microscopy and then PCR and 

sequencing were used to genotype Pfs47. Gametocyte carriers selected for membrane 

feeding experiments were identified using microscopy. Two TEP1 alleles (*S1 and 

*R2) and three genotypes (*S1/S1, *R2/S1, and *R2/R2) were identified in Anopheles 

gambiae and Anopheles arabiensis. Homozygous *S1/S1 and heterozygous *R2/S1 

were widely distributed across all sites in both species. No significant difference was 

observed among populations and between species in TEP1 allele and genotype 

frequencies. Low population structure (FST = 0.019) across all sites corresponded to 

an effective migration index (Nm = 12.571) and low Nei’s genetic distance values 

(<0.5) among subpopulation. Thirteen Pfs47 haplotypes were observed. Haplotype 

diversity ranged from 0.69 to 0.77 and nucleotide diversity; 0.10 to 0.12 across all 

sites. All sites displayed negative and significant Fu’s Fs statistical values. The genetic 

differentiation index was not significant (FST = -0.00891, P>0.05) among Plasmodium 

populations The malaria infection prevalence in Chulaimbo was 19.7% (95% Cl: 

0.003 – 0.007), 95% of the infections were P. falciparum. 16.9% had confirmed 

gametocytes. Six infectious haplotypes were identified out of 24 sequenced P. 

falciparum gametocyte-containing samples. Haplotypes with the L240I mutation 

were the most prevalent, with a frequency of 29.2%, then E27D with a frequency of 

20.8%. The E27D and L240I mutation-carrying haplotypes had frequencies of 16.7%, 

while haplotypes with mutations S98T0 and E188D had frequencies of 4.2% and 

8.3%, respectively. Haplotypes associated with positive midguts exhibited increased 

infectivity. These genes are potential targets for transmission blocking and should be 

considered when designing control interventions that focus on vectors expressing the 

resistant allele and prevalent infectious Pfs47 haplotypes 
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CHAPTER ONE 

GENERAL INTRODUCTION 

 

1.1 Background information 

Selection pressures such as environmental modifications are linked to an upsurge in 

the spread of malaria by providing suitable breeding environments for the vector's 

immature stages. The impact of these modifications on transmission varies with 

season and geographical locations depending on the existing local mosquito 

populations, disease prevalence and control interventions implemented. The 

successful transmission of P. falciparum by Anopheles mosquitoes depends on 

compatible vector-parasite combinations determined by complex interactions 

between the parasite and its vector (Lambrechts et al., 2007) and vulnerability of these 

encounters with Plasmodium infections varies between species (Molina-Cruz et al., 

2015; Canepa et al., 2016; Eldering et al., 2016). Plasmodium parasites on the other 

hand adapt to diverse local Anopheles genotypes to successfully transmit malaria 

(Molina-Cruz and Barillas-Mury, 2014). Currently, at least 70 distinct species of 

Anopheles species are responsible for transmitting Plasmodium parasites around the 

world (Sinka, 2013). 

 

Anopheles gambiae efficiently transmit malaria in sub-Saharan Africa. The 

complement-like thioester–containing protein 1 (TEP1) is an important mosquito 

immune gene effective in eliminating Plasmodium parasites and other pathogens by 

triggering responses to invaders thus determining vector competence (Blandin et al., 

2004; Blandin et al., 2009;  Volohonsky et al., 2017; Levashina and Baxter, 2018) as 

well as playing a significant role in the mosquito male fertility by wearing off worn-
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out sperm cells (Pompon and Levashina, 2015) in An. gambiae. The TEP1 gene is 

located on chromosome 3L and codes for a 1338 amino acid long protein. Allelic 

variations displayed in TEP1 within Anopheles species show differences in 

susceptibility to infections (Obbard et al., 2008; Blandin et al., 2009; Eldering et al., 

2016). The maintenance of TEP1 allele classes in specific Anopheles species vary with 

location and are driven by unknown environmental factors and hence the parasite 

adaptations. These factors may cause vectorial rearrangement exerting selection 

pressure that could change TEP1 allele frequencies and subsequently have 

implications on malaria transmission. Heterogeneity within vector populations can 

therefore shape parasite dynamics. However, ecological factors that naturally shape 

the genetic variability of TEP1 directly influencing vector competence is unclear 

(White et al., 2011; Mancini et al., 2015). 

 

High densities of local vector populations could encourage the emergence of malaria 

vectors that are resistant or vulnerable to human Plasmodium infections. Genotyping 

the TEP1 protein in An. gambiae is therefore useful for surveillance especially in 

vectors that could influence the spread of malaria. Plasmodium falciparum, on the 

other hand, has adapted to counteract the mosquitoes' immune responses that are 

initiated by the Pfs47 gene. The P. falciparum parasite's Pfs47, located on 

chromosome 13, is responsible for its ability to elude the mosquito immune responses. 

It is a member of the 6-cystine protein family expressed on the female gametocytes 

and ookinetes surface (van Schaijk et al., 2006). The Pfs47 exhibits significant 

polymorphisms, with various haplotypes worldwide implying a strong geographical 

genetic structure (Anthony et al., 2007; Manske et al., 2012). Parasites strains that 

express the Pfs47 haplotypes resistant to TEP1 mediated-killing mechanisms increase 
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infectivity (Eldering et al., 2016). Consequently, interactions between diverse Pfs47 

haplotypes and TEP1 allelic variations are important determinants of malaria 

infections in Anopheles vectors. Furthermore, interactions between Anopheles 

mosquitoes and Plasmodium parasites are a potential target for blocking transmission. 

As a result, genotyping local populations is critical for monitoring changes in 

mosquito densities that may explain variations in malaria prevalence across settings. 

This study established the distribution and genetic diversity of TEP1 in An. gambiae 

and vector competence to Plasmodium parasites in western Kenya. 

 

1.2 Statement of the problem 

Evolutionary forces including insecticide-based vector interventions, climate change 

and environmental modifications cause the selection of vector genotypes that are 

adapted in new breeding habitats, resulting in vectorial rearrangement, which exerts 

selection pressure on the TEP1 alleles. Hence, efficient vectors could thrive and 

continue to transmit malaria. Consequently, the migration of vectors between regions 

may introduce new Pfs47 variants into local vector populations, which causes 

geographical variation and the emergence of unique polymorphisms specific to each 

area. Despite the high mosquito densities, successful transmission is however 

dependent on infective Plasmodium parasites and competent vectors, which influence 

susceptibility to infections in local mosquito populations and, ultimately, malaria 

transmission dynamics. 

 

1.3 Justification of the study 

Allele variations of TEP1 play an important role in the elimination of Plasmodium 

parasites, influencing the vector's ability to transmit malaria. Plasmodium falciparum, 
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on the other hand, is particularly adept at avoiding the mosquito's immune system, 

aided by Pfs47. The selection of certain mosquito genotypes by distinct P. falciparum 

haplotypes varies by geographic region resulting in significant variability in malaria 

transmission rates. However, the genetic processes governing Plasmodium infections 

and how mosquito genotypes influence the parasite's adaptations to distinct Anopheles 

species remain unknown. Understanding the associations between vectors and 

parasites are a potential target for vector control interventions. The findings will 

enhance a better understanding of the transmission dynamics and contribute to the 

development of targeted control and management strategies for malaria vectors. 

 

1.4 Research questions 

i. What is the distribution of TEP1 alleles in Anopheles gambiae in western, 

Kenya? 

 

ii. What is the genetic diversity of Pfs47 in Plasmodium 

falciparum in western, Kenya? 

iii. What is the difference in infectivity of Pfs47 haplotypes to Anopheles 

gambiae mosquitoes? 

 

1.5 Null hypotheses 

i. There is no difference in the distribution of TEP1 alleles in 

Anopheles gambiae in western Kenya. 

ii. There is no genetic diversity of Pfs47 in Plasmodium 

falciparum in western Kenya. 

iii. There is no difference in infectivity of Pfs47 haplotypes to Anopheles gambiae. 
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1.6 Objectives of the study 

1.6.1 General objective 

To evaluate the genetic diversity of Anopheles gambiae immunity gene 

and vector competence to Plasmodium falciparum in western Kenya 

1.6.2 Specific objectives 

i. To determine the distribution of TEP1 alleles in An. gambiae in western 

Kenya 

ii. To determine the genetic diversity of Pfs47 in P. falciparum in western 

Kenya 

iii. To determine the difference in infectivity of Pfs47 haplotypes to Anopheles 

gambiae 

 

1.7 Significance of the study 

Understanding vector-parasite interactions, which have a direct effect on malaria 

transmission, requires knowledge of the polymorphisms in the TEP1 and Pfs47 genes. 

Variations in the immunity gene TEP1 that affects vector competence have been linked 

to Anopheles mosquito resistance to Plasmodium parasites. The geographical 

distribution of TEP1 in Anopheles gambiae will inform researchers on interventions 

such as the use of transgenic mosquitoes expressing the TEP1*R allele that will 

prevent the growth of parasites in the vectors. Plasmodium falciparum on the other 

hand, facilitates effective transmission mediated by the Pfs47 gene by disguising the 

parasite from mosquito immune receptors, hence important determinants of 

transmission. The development of ookinetes is inhibited by antibodies against Pfs47 

D2, which exhibit potent transmission-blocking activity independent of the human 

complement. Identifying the Pfs47 haplotypes and their infectiousness to An. gambiae 
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will act as a basis for potential transmission blocking interventions using gene drive 

systems. This study finding will therefore inform policy and practices for targeted 

vector control interventions that could complement existing techniques. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Recent Malaria trends 

Globally, there was an estimated 241 million cases of malaria in 85 countries in 2020, 

up from 227 million cases in 2019, with most of the rise in occurrences originating in 

WHO African regions. The WHO African region, with an estimated 228 million cases 

in 2020, accounted for about 95% of cases and 627,000 malaria deaths with children 

below the age of 5 years accounting for 80% of the deaths. Malaria case incidence 

reduced from 59 in 2015 to 56 in 2019, before rising again to 59 in 2020 as a result of 

disruption to services during the COVID-19 pandemic (WHO, 2020). Sub-Saharan 

Africa accounted for 94% of reported cases in 2020; nonetheless, the WHO still 

considers the Eastern Mediterranean, South-East Asia, the Americas, and the Western 

Pacific to be at risk (WHO, 2020a). Plasmodium falciparum infections were the 

primary cause of the majority of reported cases in Africa (99.7%), the Eastern 

Mediterranean (71%), the Western Pacific (65%), and South-East Asia (50%) (WHO, 

2020a). Malaria primarily affects underdeveloped areas in the world. Since more than 

70% of Kenya's population is still at risk of infection, thus malaria continues to be a 

serious public health problem in Kenya (Division of National Malaria Programme 

Kenya (DNMP, 2021; USAID, 2022). 

 

Five distinct species of the Plasmodium parasites have the ability to infect people 

including Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale and 

Plasmodium malariae. A fifth species Plasmodium knowlesi, a fifth species, has been 

shown to have the ability to infect both monkeys and humans (Sabbatani et al., 2010). 

Plasmodium falciparum and Plasmodium vivax are widely recognized as the 
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predominant etiological agents responsible for malaria in human populations. 

However, it is important to note that these two species exhibit distinct clinical 

manifestations and exhibit varying patterns of regional prevalence. The parasite P. 

falciparum is attributable for inducing severe illnesses within human populations. 

Malaria is most widespread in the western and coastal regions of the country, where 

the environment is warm and humid, providing suitable conditions for malaria vectors 

to breed. The prevalence along the lake regions is 27% majorly transmitted by An. 

gambiae s. l and An. funestus (Githeko et al., 2012; Afrane et al., 2016; Ogola et al., 

2019). The species occur throughout the year with peak populations coinciding with 

rising temperatures, rainfall patterns and human activities within the regions (Alonso 

et al., 2011; Kapesa et al., 2018; Krsulovic et al., 2022). Anopheles gambiae sensu 

lato is a dominant and efficient malaria vector that constitutes of a complex 

morphologically indistinguishable species (Lanzaro and Lee, 2013). Infections in the 

western Kenyan highlands are characterized by high transmission, which varies 

significantly and is dependent on favorable vector breeding and malaria parasite 

transmission factors (Hay et al., 2002; Hay et al., 2005; Kapesa et al., 2018). The 

primary option therefore is to control these vectors so as to reduce malaria incidences. 

 

2.2 Plasmodium's life cycle in the mosquito and vertebral hosts 

The Anopheles mosquito is held accountable for spreading malaria, caused by a 

eukaryotic Protist species, Plasmodium. It is most prevalent in tropical regions. The 

complex infection cycle begins with sporozoites being inoculated during feeding 

by an infected female Anopheles. The sporozoites penetrate in greater numbers (Mota 

et al., 2001). Traversal movement in the liver occurs prior to the sporozoites' 

aggressive invasion (Vaughan and Kappe, 2017). Upon encountering a host, 
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sporozoites establish a parasitophorous vacuole membrane (PVM) and undergo 

schizogony, a process in which they divide many times to produce offspring 

merozoites. These merozoites are then discharged into the bloodstream inside 

specialized compartments called merosomes (Venugopal et al., 2020). Merozoites 

start a continual cycle of asexual reproduction in the bloodstream when they come 

into contact with erythrocytes. The merozoites that reproduce asymptotically will go 

through gametocytogenesis. Once they reach maturity, they move into peripheral 

circulation. The extracellular male and female gametes are formed in the midgut after 

the gametocytes have been ingested (Figure 2.1). A zygote is created when the 

macrogamete and microgamete fuse. The zygote matures into elongated, motile 

ookinetes, which travel via the midgut epithelium to produce oocysts, a tough, thick-

walled stage of the parasite life cycle, below the basal lamina (Smith et al., 2014) 

Sporozoites in high numbers are released upon maturation and subsequent rupture of 

the oocysts, invading the hemolymph and subsequently inhabiting the salivary glands. 

Mosquitoes act as intermediate hosts, consuming the sporozoites before transmitting 

them to new hosts (Cirimotich et al., 2010; Smith et al., 2014). 
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Figure 2.1: Life cycle of Plasmodium falciparum in the human definitive host 

and the mosquito intermediate host  

(Niaré et al., 2002). 

 

2.3 Plasmodium falciparum surface protein 47 (Pfs47) 

Plasmodium falciparum is a predominant etiological agent accountable for malaria 

incidences throughout Africa (Gething et al., 2012). Human migration from Africa to 

other continents may have contributed to the spread of this parasite, which has 

resulted in a worldwide occurrence of malaria (Liu et al., 2010; Molina-Cruz et al., 

2016; Loy et al., 2017). The parasite has genetically evolved to avoid many Anopheles 

mosquitoes mediated by Pfs47 surface protein compromising malaria control efforts. 

The Pfs47 gene facilitates P. falciparum to circumvent vector immune detection by a 

combination of genomic mapping, linkage group selection, and functional genetics 

(Molina-Cruz et al., 2013). Furthermore, efficient transmission of P. falciparum 

parasites is contingent upon the compatibility between the Pfs47 haplotypes and TEP1 

genotypes of local mosquito vector species within a particular continent and may be 

the cause of the strong geographical population structure worldwide (Molina-Cruz et 
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al., 2020). 

 

Sequence similarities may vary between Pfs47 and other family of proteins with six-

cysteine (6-Cys)  including Pfs230 and Pfs48/45, influencing parasite fertility 

(Anthony et al., 2007) and also serve as important targets for transmission blocking 

vaccines (Nikolaeva et al., 2015; Arredondo and Kappe, 2017). The gamete surface 

protein Pfs47 may be under selection for polymorphisms since P. falciparum 

demonstrates an enhanced ratio of non- synonymous to synonymous polymorphisms 

(Anthony et al., 2007). The Pfs47 genes in the GB4 and 7G8 P. falciparum parasite 

strains change only in four amino acids (T236I, S242L, V247A, and I248L), which 

determines the GB4 survival in the An. gambiae resistant strain (Anthony et al., 2007). 

Majority of amino acid variations are found between two cysteines, separated by 30 

amino acids (aa), in the subsequent domain (D2) of Pfs47. The Pfs47 surface protein 

directly interacts with the vector midgut proteins enabling evasion and subsequently 

the survival and spread of the disease(Degefa et al., 2017). Its potential in evading the 

mosquitos’ immune responses makes it a target for innovative interventions for 

blocking malaria transmission. There are 42 different Pfs47 haplotypes reported in P. 

falciparum isolates globally; 32 of which are located in Africa, 1 is located in Papua 

New Guinea, 6 are located in Asia, and 3 in the Americas (Molina-Cruz et al., 2015). 

 

According to recent research, the same Pfs47 haplotypes reported in western Kenya 

were also found in Brazil in South America, west and south Africa, and Papua New 

Guinea (Onyango et al., 2021). There were four more Pfs47 haplotypes found in Peru 

(the African control in this study) shared the same structural traits as Peru type 2, while 

the Pfs47 Brazilian control shared traits with Peru type 1 (Villena et al., 2021). These 
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results corroborate previous research showing that Pfs47 has a high global population 

structure and is highly differentiated geographically, with fixation indices ranging from 

0.60 to 0.88 (Anthony et al., 2007; Molina-Cruz and Barillas-Mury, 2014; Molina-

Cruz et al., 2015; Molina-Cruz et al., 2016). Consequently, it might be a possible 

candidate for blocking transmission within the vector. 

 

2.4 Thioester-containing protein 1 

Thioester-containing proteins (TEPs) are large (>100 KDa) glycoproteins discharged 

by hemocytes into the hemolymph (Blandin et al., 2004). Anopheles gambiae has 

fifteen TEPs (TEP1 – TEP15), most come from species-specific expansions. It has been 

shown that TEPs are important for vector defenses (Christophides et al., 2004). The 

highly reactive thioester motif is exposed by infection-induced proteolytic cleavage of 

TEP1, which targets the microbe and causes covalent attachment. Anopheles gambiae 

vectors contain a number of immunological TEPs, but TEP1 has received the most 

interest and has lately been investigated in additional Anopheles species vectors due to 

its ability to specifically kill Plasmodium parasites (Bartilol et al., 2022b). The major 

regulator in Anopheles - Plasmodium interactions, which contributes to significant 

parasite losses in the vector, was found via functional experiments conducted in An. 

gambiae. Plasmodium ookinetes are specifically targeted for elimination by TEP1 

in the basal lamina of the midgut epithelium (Crompton et al., 2014).  

 

The REL1/Toll, REL2/IMD, and JNK signaling pathways control TEP1, demonstrating 

its important function in immune defenses in the mosquito after which TEP1 attaches 

to the ookinetes surface forming a complex with leucine rich repeat proteins (LRRs) 

such as leucine-rich repeat protein 1 (LRIM1), and Anopheles plasmodium-responsive 
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leucine-rich repeat protein 1 (APL1) (Schultz et al., 2010) (Figure 2.2). The peptide is 

released in an inactive form as a single chain and then undergoes activation by 

proteolytic cleavage (Clayton et al., 2014). The leucine-rich repeat complex formed by 

the proteins LRIM1 and APL1C stabilizes the activated TEP1 protein after which TEP1 

binds to bacteria in the hemolymph and ookinetes in the midgut, neutralizing the 

parasite  (Fraiture et al., 2009; Povelones et al., 2009). 

 

Figure 2.2: Thioester-containing protein 1 activity in the mosquito.  

 

Thioester- containing protein 1 is triggered in the hemolymph and cut by unknown 

proteases to form two fragments; TEP1-N and TEP1-C which remain connected after 

proteolytic cleavage. The two LRR proteins (LRIM1 and APL1) maintain TEP1 

maturity forming a complex. The TEP1 then recognizes the Plasmodium parasite and 

separates from the LRR proteins by an unidentified process before binding to and 

killing the parasite (Shokal and Eleftherianos, 2017).  
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Thioester-containing protein 1 is structurally and functionally similar to complement 

factor C3 (TED) and consists of eight MG domains, a linker (LNK)/protease-sensitive 

loop, a CUB domain, and a thioester (TED). The absence of the complement component 

anaphylatoxin domain in TEP1 suggests that TEP1 activation is distinct from that of 

vertebrate complement factors (Baxter et al., 2007). The TEP1 gene has two distinct 

allele classes; TEP1*S and TEP1*R, which are susceptible and resistant to Plasmodium 

infections respectively, causing significant variation among vector populations 

(Blandin et al., 2004; Blandin et al., 2009; White et al., 2011; Eldering et al., 2016). 

Additionally, vectorial capacity of TEP1 is linked to allelic divergence (Rono, 2017; 

Gildenhard et al., 2019). For instance, TEP1*R1 is linked to increased refractoriness 

to infection as compared to the susceptible alleles (TEP1*S1-S3) (Blandin et al., 2009). 

These variations may result from selective pressures acting on the TEP1 gene which 

ultimately influence vector competence.  

 

Knockdown studies using double-stranded RNA further support the distinct functions 

of TEP1 in parasite killing. Thus, a five-fold decrease in oocyst densities was seen after 

silencing TEP1, which added the P. berghei oocysts proportion of developing in the 

midgut in vulnerable mosquitoes but showed no effect on refractory insects (Blandin 

et al., 2004). The distribution of TEP1 alleles in the An. gambiae complex across Africa 

has been characterized (Gildenhard et al., 2019; Bartilol et al., 2022b; Onyango et al., 

2022), yet, not much is known about how these allelic variants functionality influence 

vector competence and, ultimately, malaria transmission. Henceforth, understanding 

the molecular pathways driving TEP1-mediated immune defenses is crucial, 

particularly those that affect vector competence and may lead to targeted vector-based 

malaria prevention. 
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2.5 Vector-parasite interactions in Anopheles species 

Anopheles gambiae complex is primarily accountable for transmitting Plasmodium 

falciparum in most parts of Africa. The nature and intensity of mutual vector-parasite 

interactions during different phases impact the success of transmission. However, the 

abundance and diversity of malaria parasites and vectors make it difficult to 

comprehend these complex interactions between Plasmodium and Anopheles. 

Furthermore, factors that influence the success of infection in vectors has recently 

attracted a lot of interest (Sinden et al., 2004; Cirimotich et al., 2010; Le et al., 2012; 

Molina- Cruz et al., 2012; Redmond et al., 2015; Bennink et al., 2016; Lefevre et al., 

2018;), but it is still unclear what causes variation in other important aspects of 

transmission.  

 

Vector competence is a combined assessment of a vectors’ susceptibility to infection 

and parasite infectivity to its host. It involves both parasite adaptations against the 

vector's defenses and mosquito infection- fighting mechanisms. For instance, different 

Anopheles gambiae strains exhibit a variety of susceptibility for specific parasite 

genotypes, and diverse Plasmodium isolates similarly differ in their infectivity to 

certain mosquito strains (Blandin et al., 2009; Harris et al., 2012; Molina-Cruz et al., 

2012; Molina-Cruz et al., 2015; Molina-Cruz et al., 2020;), however, not all interactions 

are incompatible, some represent mosquito immune evasion in its vector (Molina-Cruz 

et al., 2020). Also, despite numerous research showing vectors and parasite genetic 

associations, knowledge of this interactions and transmission dynamics in the field is 

lacking. Crompton et al (2014) demonstrated that Anopheles vectors and P. falciparum 

parasites are immunological targets with different and stage-specific responses. Several 

barriers must be overcome before the Plasmodium parasite establishes an infection in 
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its vector (Lombardo and Christophides, 2016). Moreover, mosquitoes are continually 

exposed to infection mainly during a blood meal and within minutes of exposure, they 

develop an innate humoral and cellular immune response that eliminate pathogens 

through lysis, melanization and hemolytic mediated phagocytosis to fight infections 

(Hillyer et al., 2007). Aside from phagocytosis, other immune effectors produced by 

hemocytes and fat bodies into the hemolymph, Nitric oxide (NO)-mediated killing 

mechanisms and oxidative defenses are also implicated in nodule formation, 

agglutination, and encapsulation according to Osta et al (2004), which are triggered 

through various immune signaling pathways (De Gregorio et al., 2002; Garver et al., 

2012; Garver et al., 2013; Clayton et al., 2014; Ramphul et al., 2015). 

 

2.5.1 Signaling pathways for Anti-Plasmodial Immunity 

Mosquitoes are protected by signaling pathways, which also regulate dangerous 

microbes. Antimicrobial peptides (AMPs) are proteins that may be synthesized in 

response to pathogen invasion and may help neutralize the invaders. Once a mosquito 

is infected by a pathogen, an immune response starts with the host's specific proteins 

known as pattern recognition receptors (PRRs) that detect the infectious pathogen 

(Janeway and Medzhitov, 2002) by binding to conserved molecular structures called 

PAMPs. The PRRs then transfer the immunological signal to other components of the 

immune responses. Insect pathogens respond to a wide variety of PAMPs, such as 

peptidoglycans (PGNs), lipopolysaccharides (LPSs), and b-1, 3 glucans, which are 

shared among both pathogenic and non-pathogenic microbes. Consequently, signaling 

molecules are triggered after pathogen detection prompting them for appropriate 

immune responses. Additionally, their corresponding PAMPs have not been clearly 

established yet the fact that mosquito innate immune responses to parasitic infections 
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are triggered is evidence that they actually exist (Buchon et al., 2009). Several signaling 

pathways that involve vector-pathogen interactions are then activated during the 

elimination processes. The primary signaling mechanisms in defenses against 

Plasmodium parasites are the Toll, Immunodeficiency (IMD), and Janus kinase-signal 

transducers and activators of transcription (JAK-STAT) pathways (De Gregorio et al., 

2002). 

 

2.5.1.1 Toll and Immunodeficiency (IMD) immune signaling pathways 

Anti-plasmodium immune defenses are primarily controlled by the Toll and IMD 

pathways that target the ookinetes stage of Plasmodium (Frolet et al., 2006). Besides 

Plasmodium parasites, they are also elicited by bacteria, fungi, and viruses (Ramirez 

and Dimopoulos, 2010). The transcriptional regulation of the splicing factors Caspar 

and IRSF1 by the Toll and IMD pathways in Anopheles vectors determines the 

synthesis of pathogen-specific connector variant sequences of the hyper-variable 

pattern recognition receptor AgDscam, hence mediating species-specific defenses 

against Plasmodium and bacteria (Figure 2.3) (Dong et al., 2012). Pathogen-associated 

molecular patterns (PAMPs) and their encounters with pattern recognition receptors 

(PRRs) activate transcription factors Rel1 and Rel2 in the Toll and IMD pathways, 

respectively. As a result, NF-kB regulates immune effector genes transcription that are 

then introduced into the nucleus (Cirimotich et al., 2010; Valanne et al., 2011). The 

thioester-containing protein 1 (TEP1), leucine-rich repeat protein members 

(LRRD7/APL2) and fibrinogen immunolectin 9 (FBN9) are important immune effector 

genes in the killing of malaria parasites in An. gambiae Keelen strain (Garver et al., 

2009; Dong et al., 2012). Limitations of understanding signaling pathways is that most 

of research is conducted using rodent parasites though the mechanisms may not be the 
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same in eliminating P. falciparum. The most effective approach for getting rid of P. 

falciparum parasites is through the IMD signaling pathway unlike Toll and other 

pathways that were explored to identify mechanisms in which pathogens are dealt with 

within the vectors (Cirimotich et al., 2010). 

 

 

 

 
 

 

Figure 2.3: The Toll and IMD signaling pathways involved in the mosquitos 

Plasmodium defenses.  

 

The Toll pathway is activated when the ligand Spätzle binds to the Toll transmembrane 

receptor after being recognized by soluble (Peptidoglycan recognition proteins) PGRP 

molecules as a microbe or an unidentified Plasmodium ligand. This sets off a chain of 

biochemical processes that leads to the activation (*) and nuclear translocation of Rel1, 

upregulating the transcription of immune genes that are in charge of destroying 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3462653/figure/F1/
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invading pathogens. The IMD pathway is activated when the transmembrane PGRPLC 

receptor binds to a peptidoglycan or an unidentified Plasmodium ligand, causing Rel2-

F to be cleaved and active Rel2-S (*) transferred into the nucleus. When the IMD 

pathway is activated, a separate group of anti-Plasmodium genes are up-regulated 

responsible for eliminating Plasmodium parasite (Cirimotich et al., 2010). 

 

2.5.1.2 Janus Kinase signaling pathway (JAK-STAT) 

The Janus Kinase (Jak) enzymes and the transcription factors (STAT) are responsible 

for controlling the initiation of the Janus Kinase pathway. Immune responses to viruses 

in Drosophila melanogaster and Aedes aegypti are also known to be strongly 

influenced by the Jak/Stat system according to Buchon et al. (2009) and Souza-Neto et 

al (2009). The interactions between Anopheles and Plasmodium have, however, 

received little study. Moreover, the An. gambiae genome has two Stat transcription 

factors, STAT-A and STAT-B. The transcription factor STAT-A, whose activity is 

controlled by STAT-B, is a key part of the mosquito's defenses against Plasmodium 

parasites (Christophides et al., 2002). In the mosquito's defense against Plasmodium, 

the transcription factor STAT-A, whose activity is regulated by STAT-B, is key. 

 

The JAK-STAT pathway is triggered by the binding of cytokine ligand UPD to the 

transmembrane receptor DOME and the eventual nuclear translocation of STAT-A into 

the nucleus. As a result, a transcriptional activation of anti-Plasmodium effector is 

expressed. The mechanism mediates P. falciparum and P. berghei parasites killing at a 

later stage of infection, following midgut invasion in An. gambiae mosquitoes (Gupta 

et al., 2009). Although STAT-A depletion enhanced P. berghei oocyst intensity, 

depletion of the negative regulator SOCS activated the pathway and reduced infection 
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levels (Gupta et al., 2009). More research is needed on the involvement of the Jak/Stat 

pathway in triggering Anopheles immunity against the malaria parasite. This immune 

mechanism can be considered as a potential target for the invention of malaria control 

strategies, together with the Imd/REL2 and Toll/REL1 pathways. 

 

Additional processes have also been connected to mosquitos’ resistance to Plasmodium 

infections (Surachetpong et al., 2009). The precise mechanisms by which the pathways 

distinguish between multiple activation tactics, how those alternate techniques affect 

downstream gene transcription, and how they affect microbial elimination are 

unknown. Furthermore, there’s dearth knowledge of the time and location at which 

these pathways in the mosquito's body are engaged, as well as which stage of the 

parasite the reaction is aimed at. As a result, immunological signaling pathways are 

prospective targets for genetic alteration to produce mosquitoes with powerful immune 

systems that can eliminate parasites. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Study area 

This study was executed in Bungoma, Kakamega, Kisumu, and Homa Bay counties with 

various endemicities and ecosystems (Figure 3. 1). These counties' continuous research 

on vector ecology and malaria epidemiology resulted to the selection of five sentinel 

sites namely Kimaeti located at 00.54058°N, 034.56411°E, with an altitude ranging 

from 1386 to 1,545 meters above sea level in Bungoma county, Iguhu  located at 

34°45′E, 0°10′N; and an elevation of 1430–1580 meters above sea level in Kakamega 

county, Kombewa (34°30′E, 0°07′N; 1150–1300 meters above sea level) and 

Chulaimbo (0.03572°S, 34.621°E) in Kisumu county, and Kendu Bay located at 

34.64190°E-0.38000°S; with an altitude of 1134–1330 meters above sea level in Homa 

Bay county. Incidences of Plasmodium falciparum is particularly high in the studied 

regions, which is mostly transmitted by Anopheles gambiae, Anopheles funestus, and 

Anopheles arabiensis (Bayoh et al., 2011; ; Ochomo et al., 2013; Zhong et al., 2020; 

Debrah et al., 2021). 
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Figure 3. 1: A map showing the locations of the research sites in western 

Kenya 

 

 

 

3.1.1 Kimaeti study site 

Kimaeti is a malaria epidemic prone highland region. Malakasi 

and Myanga markets in Bungoma County are to the north and 

south of Kimaeti, respectively. It is a well-liked region recognized 

for its big animals market and religious activities. Kimaeti 

exhibits a 

 

 

 

 

 

 

 

 

Figure 3. 1: A map showing the locations of the research sites in western Kenya 

 

 

3.1.2 Kimaeti study site 

Kimaeti is a malaria epidemic prone highland region. Malakasi and Myanga markets in 

Bungoma County are to the north and south of Kimaeti, respectively. It is a well-liked 

region recognized for its big animal market and religious activities. Kimaeti exhibits 

a bimodal precipitation pattern, characterized by a prolonged period of rainfall spanning 

from April to July. These months also happen to be when malaria is most prevalent. 

Additionally, Kimaeti experiences a brief wet season occurring between October and 



23  
 

November. In January through March, during the hot and dry season, transmission is at 

its lowest. Daily temperatures range from 25.20C to 15.60C, and an average of 1573mm 

of rainfall every year. The most dominant malaria vector species are Anopheles gambiae 

and Anopheles funestus. Kimaeti engages in considerable tobacco growing, as evidenced 

by the vast tobacco fields and numerous drying kilns in the region. 

 

3.1.3 Iguhu study site 

Iguhu is a malaria epidemic prone highland in Kakamega County, located at latitude 

010'.8" N, longitude 34045'.3" E, and an elevation of 1,430-1,580 meters above sea 

level (Munyekenye et al., 2005). The Yala River cuts through Iguhu, which is 

characterized by low, flat valleys that become inundated during the wet season. This 

site receives an average of 2,000 millimeters of precipitation per year, and experiences 

extended rains between March to May, and sporadic rains in October to December. 

This region's average annual temperature is 20.8 degrees Celsius (Githeko et al., 

2006). Most wetlands have been converted into farmlands (Ndenga et al., 2006). The 

river banks have remnant forest from a bigger forest destroyed for habitation whereas 

the major malaria transmitters in this site are An. gambiae s. l and An. funestus.Ondeto 

et al. (2017) 

 

3.1.4 Kombewa study site 

The semi-arid region of Kombewa in Central Seme, Kisumu County, is prone to 

malaria because of its poor drainage and sometimes flowing swamps. Located at 

an altitude of 1,150–1,300 m, its coordinates are 0°07'N, 34°30'E. The average yearly 

rainfall is 1,400 mm, between April and May and October and December. 

Temperature ranges between 18.50C and 29.70C. Predominant vectors in this site are 
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An. arabiensis, An. gambiae s. s and An. funestus. Most of the residents are either 

fisherman or small-time merchants. 

 

3.1.5 Chulaimbo study site 

Chulaimbo is situated in the lake region 35 kilometers west of Kisumu City 

(0.03572°S, 34.621°E). It is an area where Plasmodium falciparum transmission is 

stable and endemic. The transmission is moderate in this area. The elevation ranges 

from 1,328 to 1,381 meters above sea level, and an average rainfall of 1200mm to 

1300mm per year. Temperatures range from 200C to 350C, and humidity is between 

50 and 68%. The residents are small- scale subsistence farmers who cultivate crops 

like maize, beans, and vegetables as well as keep livestock. Anopheles arabiensis and 

An. gambiae s. s are the major malaria vectors in this site. 

 

3.1.6 Kendu bay study site 

Kendu Bay, located between 1,134 - 1,330 meters above sea level in the Winam Gulf 

of Lake Victoria, is a lowland region with a semi-arid climate where malaria is 

endemic. This area relies on the Kimira-Oluch irrigation system, which is located in 

Rachuonyo North and Rangwe in Homa Bay County. The Kimira-Oluch irrigation 

system is located in the Rachuonyo constituency, which has a population of 307,126 

people but a catchment population of 21,083 (KNSB, 2009). According to the Kenya 

Information Guide (2015), the area receives 1100mm of rainfall each year with a 

temperature range of 260C to 340C and an annual temperature of 22.50C. March 

through May has the heaviest rainfall, while September through November 

experiences fewer but more intense downpours. Bala hot springs and semi-arid 

vegetation like euphorbia and cacti are the area's defining features with An. arabiensis 
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and An. gambiae s. s being the most predominant vectors in the region. 

 

3.2 Study design 

Pyrethrum spray captures (PSC) were employed in a cross-sectional investigation to 

catch Anopheles adult mosquitos from thirty selected houses randomly while dippers 

were used for larval collection from 45 breeding sites per study region. The 

availability or lack of larvae in each setting was documented after five to twenty dips. 

Random sampling from a large number of breeding sites was used to increase the 

likelihood of including varied breeding sources and decrease the likelihood of 

selecting related larvae. Sampling took place concurrently in February and March 

during the dry season and again in May, one month following the beginning of the 

extended rainy season. 

 

A cross-sectional community-based survey was conducted to obtain P. falciparum 

positive participants between the ages of 5and 15 years during the wet and dry 

seasons. Samples were collected once per season per participant in schools and 

households. Thick and thin blood smears were collected and screened using 

microscopy and PCR respectively. Participants who were found positive for P. 

falciparum gametocytes were then enrolled for membrane feeding assays. Their dried 

blood spots were then used to confirm Plasmodium species and to genotype Pfs47.  

 

3.3 Inclusion criteria 

All participants who were children aged 5 to 15 whose parents or legal guardians gave 

consent in writing for them to take part in the current research. 
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3.4 Exclusion criteria 

Children that refused to be enrolled in this research and those whose parents' or 

guardians' consent was not obtained were omitted. 

 

3.5 Sample size 

Fisher’s exact formulae (Fisher, 2006) was used to calculate the sample size based on 

the prevalence of 50% estimation as the proportion. 

n =z2 × p (q) 

    d2 

 

Where: 

 

n = minimum sample size required 

 

z = Z score for normal standard deviation for a 95% confidence interval (1.96) 

p = Chance of success due to prevalence variation (0.5%) 

 

q = (1-p) 

 

d = margin of error of the confidence interval at +/- 5% 

 

 

= (1.96)2х0.5(1-0.5) = 384 participants 

           (0.05)2 

 

3.6 Ethical considerations 

The research entailed the utilization of human participants for experimental purposes. 

This work received ethical approval from the Maseno University's Ethical Review 

Committee (Appendix 1) after which a permit was issued by the National Council of 

Science and Technology (NACOSTI) (Appendix II). The Kenyatta University 

Graduate School Board gave their approval to the study proposal (Appendix III). 

Following an explanation of the study's goals and methodology, the Ministry of Health 

and local authorities (chiefs and village elders) written approval was also obtained 
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before the study commenced (Appendix IV). Community leaders and study 

participants received an extensive overview of the objectives, study methods, risks, 

and benefits prior to the start of data collection. Minor children's parents or legal 

guardians gave their consent on their behalf. Patients' identities were not recorded to 

prevent violations of the ethical code. Household heads had the option to drop out of 

the study at any time. 
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CHAPTER FOUR 

ALLELE DISTRIBUTION OF THIOESTER-CONTAINING 

PROTEIN 1 IN ANOPHELES GAMBIAE IN WESTERN KENYA 

 

4.1 Introduction 

Anopheles gambiae mosquitoes are carriers for malaria parasites in sub-Saharan 

Africa (Sinka et al., 2010; Lanzaro and Lee, 2013). Vector control measures (Gimnig 

et al., 2003; Zhou et al., 2013), climate change (Lindsay and Birley, 1996; Minakawa 

et al., 2002; Tanser et al., 2003; Tonnang et al., 2010; Dao et al., 2014), and 

environmental alterations may lead to the emergence of vector genotypes or species 

that thrive in new breeding habitats. These variables could exert selection pressure on 

the TEP1 gene leading to a change in alleles frequency and distribution. As a result, 

effective vectors might proliferate and keep on transmitting the disease. Although 

there are increased vector densities, transmission is dependent on availability of 

infectious parasites. The ability of the vector to disseminate malaria depends on its 

susceptibility or resistance to infection by the Plasmodium parasite, both of which are 

regulated by TEP1. 

 

The transmission of malaria by Anopheles gambiae is subject to the effect of genetic 

alterations in the TEP1 gene (Sinden et al., 2004; Le et al., 2012). The variations could 

be as a result of selective forces operating on the TEP1 gene. Two frequent factors 

that have been identified in relation to the transmission of the Plasmodium parasite are 

climate change and vector control efforts (Le et al., 2012). The TEP1 gene was 

reported to target the Plasmodium parasite in the early stages of infection in the 

mosquito host mostly the ookinetes (Blandin et al., 2008; Blandin et al., 2009)  
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either by melanization or lysis (Blandin et al., 2004; Volohonsky et al., 2017) 

effectively reducing oocysts and sporozoite numbers in the vector. The impact of these 

allelic polymorphisms in vector competence on malaria transmission, however, is 

poorly understood (Lefevre et al., 2018; Levashina and Baxter, 2018). Furthermore, it 

is unknown how the TEP1 allele is distributed in parts of western Kenya where malaria 

transmission intensity varies. In order to monitor infections in vectors that directly 

affect malaria transmission, it is important to understand the molecular mechanisms 

governing mosquito genotypes and Plasmodium adaptations to various Anopheles 

species. 

 

The complement-like thioester-containing protein 1 (TEP1) plays a key role in the 

immunity against pathogens (Richman et al., 1997; Vizioli et al., 2000; Povelones et 

al., 2013; Levashina and Baxter, 2018). The TEP1 is a highly polymorphic protein that 

codes for a 1338 amino acid long protein and is found in the thioester domain (TED) on 

chromosome 3L. It contributes to phenotypic divergence and exhibits genetic 

variations linked to different genotypes in its resistance to Plasmodium parasites 

(Obbard et al., 2008; White et al., 2011; Fabrigar et al., 2016;). Recently, six allelic 

classes have been identified in the African Anopheles gambiae complex: TEP1*S1, 

TEP1*S2, TEP1*S3, TEP1*R1, TEP1*R2, and TEP1*R3 (Blandin et al., 2004; 

Blandin et al., 2009; Gildenhard et al., 2019). The most prevalent TEP1 alleles 

discovered in Africa are TEP1*S1 and TEP1*R2. However, the TEP1*S1 lacks a 

clearly defined geographic structure (Gildenhard et al., 2019). Impaired sperm cells 

in male mosquitoes are eliminated by the TEP1*S2 allele found in the 4Arr strain, 

which is unique to Anopheles coluzzii (Pompon and Levashina, 2015) bringing forth 

varying vector population abundance. The G3 strain is linked to infection 
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susceptibility to P. berghei via the fixed TEP1*S3 allele, which is closely related to 

TEP1*S1 (Blandin et al., 2009). According to research conducted in An. coluzzii in 

West Africa, TEP1*R1 found in the L3-5 strain exhibits the highest level of 

Plasmodium resistance and is associated with melanization.( Collins et al., 1986; 

Blandin et al., 2009; Pompon and Levashina, 2015; Gildenhard et al., 2019). A 

recently discovered allele, TEP1*R3, is exclusive to the Kenyan coast found An. 

merus saline water mosquito. It is unclear whether selective factors are responsible for 

these variations in the genetic makeup of native An. gambiae populations in various 

ecological settings. Additionally, if selective pressures directly impact variations in 

their susceptibility to Plasmodium parasites. Genotyping TEP1 in local vector 

populations is therefore important for monitoring changes in abundance that could 

explain potential malaria prevalence in varying endemicities and is a potential tool for 

developing vector control interventions. Furthermore, an improved understanding of 

the dynamics of malaria transmission would be achieved by determining how changes 

in the environment, vector control, and underlying molecular mechanisms affect 

vector competence. The objective of the current research was to contribute to the 

designing of targeted vector control techniques by mapping the distribution of the 

TEP1 immunity gene in An. gambiae s.l. vectors in malaria-endemic areas of western 

Kenya. 

 

4.2 Materials and methods 

4.2.1 Study sites 

This study was conducted in four counties in western Kenya namely, Bungoma, 

Kakamega, Kisumu, and Homa Bay (Figure 3.1). Two malaria epidemic-prone 

highland sites including Kimaeti and Iguhu and two lowland sites located around Lake 
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Victoria; Kombewa and Kendu Bay. The climate in western Kenya consists of long 

and short rainy seasons that malaria transmission peaks between March to May and 

October to November respectively. Temperature ranges from a minimum of 14-180C 

to a maximum of 30-360C and average rainfall ranges between 1740mm and 1940mm 

annually. Plasmodium falciparum is the most common cause of malaria and is 

transmitted by An. arabiensis, An. gambiae and An. funestus (Githeko et al., 2006; 

Zhou et al., 2011). The key vector control interventions are long-lasting insecticide 

treated nets (LLINs) and indoor residual spraying (IRS) (Gimnig et al., 2016). Indoor 

residual spray was conducted in the entire Homa Bay County once a year in 2017 and 

2018 making the Kendu Bay site unique, unlike the other sampling sites. 

 

4.2.2 Study design 

Anopheles adults and larvae were collected in a cross-sectional study design from 30 

randomly selected houses and 45 breeding habitats per site respectively. Sampling of 

the adults and larvae were concurrently conducted during the middle of the dry season 

in February-March and four weeks after the start of the long rainy season in May–July 

between 2017 and 2020. Collections were conducted between 0630h and 1000h in the 

morning and transported to the insectary and laboratory at the International Center of 

Excellence for Malaria Research (ICEMR), Homa bay, Kenya. 

 

4.2.3 Larval sampling and DNA extraction  

Larval sampling was conducted using 350 ml standard dippers and hand pipettes 

(WHO, 1992). A maximum of 10 dips was taken at each habitat and the presence or 

absence of larvae was recorded. To avoid collecting siblings from the same pool, 

larvae were randomly sampled from different breeding habitats. Collected larvae were 
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labeled by habitat type and identified morphologically using the referenced keys 

(Coetzee, 2020), briefly, taxonomic keys were used to identify distinct features 

including the morphology of the head capsule, the shape and arrangement of the 

antennae, the structure of the siphon and angle upon which the larvae rests on the 

water to identify species. Polymerase chain reactions was then conducted using the 

Chelex resin (chelex® -100); (a styrene divinylbenzene copolymers containing paired 

iminodiacetate ions) method following a protocol by Musapa et al (2013). Briefly, 

deionized water was added into single mosquito sample tubes and ground into a 

uniform suspension. Phosphate buffer saline 1X and 10% Saponin was then added to 

sample homogenates, mixed gently, and incubated at room temperature for 20 minutes. 

The suspension was then centrifuged and the supernatant discarded. The pellets were 

then resuspended in PBS 1X and centrifuged, supernatant discarded, and gently 

vortexed. The pellets were then suspended in sterile deionized water and 20% Chelex-

resin suspension in deionized water. The samples were incubated at 85oC for 10 

minutes, centrifuged at 20,000 x g for a minute, and DNA transferred into prelabelled 

storage vials. 

 

4.2.3.1 Adult mosquito rearing techniques 

The field collected immature stages (larvae and pupae) were reared to adults according 

to the standardized rearing procedures (Das et al., 2007). Briefly, larvae were 

transferred into colored small basins, and a pinch of pulverized fish meal added to the 

rearing trays. A pipette was used to collect the pupae from the larvae, which were then 

placed inside adult mosquito cages and allowed to emerge. Emerged adults were then 

anesthetized using chloroform and identified using the morphological keys and further 

confirmed to sibling species by PCR. The insectary was maintained at 28°C and 80% 
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relative humidity with a 12-hour cycle between day and night. 

 

4.2.4 Adult sampling 

Anopheles mosquitoes were collected using Pyrethrum Spray catch (PSC) from 30 

randomly selected houses per site between 2017 and 2020 during the dry and rainy 

seasons. Collections were conducted between 0630 and 1000hrs in the morning and 

transported to the International Center of Excellence for Malaria Research (ICEMR), 

Homa Bay, Kenya. Samples were stored at -20oC in 1.5 ml Eppendorf tubes containing 

silica gel and assigned a unique code for further molecular processing. Anopheles 

gambiae mosquitoes were identified to sibling species using PCR as described in 

section 3.2.3.  

 

4.2.5 Identification of mosquito sibling species 

Deoxyribonucleic acid collected from 627 Anopheles gambiae female mosquitoes 

were selected at random from larvae and adult field collections and used to identify 

mosquitoes to sibling species as described by (Scott et al., 1993). In brief, DNA 

fragments of species analytical length from sample DNA and Universal, Anopheles 

gambiae and Anopheles arabiensis primers were amplified using polymerase chain 

reaction (PCR) based on ribosomal DNA (rDNA) sequences targeting the 18S 

rDNA coding region. Polymerase chain reactions were performed using the 

universal-UN(5´-GTGTGCCCCTTCCTCGATGT-3´), An. gambiae-AG(5´-

AAGTGTCCTTCTCCATCCTA-3´), and An. Arabiensis-AR (5´-

AAGTGTCCTTCTCCATCCTA-3´) primers. A single reaction consisted of 6.5 

μl of Taqman Master Mix 2X (Promega Corp., Madison, WI, USA), 0.5 μl of 

each primer (10 μM), 2 μl of sample DNA (40 ng/μl), and 4 μl of nuclease-free water 

https://docs.google.com/document/d/10WPf-mm4p_Pf4tg4VXMwhVgpXcmVriD6/edit#heading=h.r2r73f
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for a total reaction volume of 14 μl. Polymerase chain reaction amplifications were 

performed under the following conditions: 95 °C for 3 min, 35 cycles of 94 °C for 

30 s, 55 °C for 30 s, 72 °C for 45 s, and a final extension cycle of 72 °C for 6 min. 

All the amplicons were assessed by gel electrophoresis in 1.5% w/v agarose gel. 

 

4.2.6 Molecular characterization of TEP1 alleles in Anopheles gambiae 

Genomic DNA (gDNA) was extracted from whole female An. gambiae mosquitoes 

using polymerase chain reaction-restriction fragment length polymorphism (PCR-

RFLP) method as described by Gildenhard et al (2019). Briefly, the first PCR was 

carried out with Nest 1 primers VB003-(GATGTGGTGAGCAGAATATGG) and 

VB004-( ACATCAATTTGCTCCGAGTT) targeting 892 base pairs, and the second 

PCR was carried out on 5μl of the resulting Nest 1 product with Nest 2 primers 

VB001- (ATCTAATCGACAAAGCTACGAATTT) and VB002-

(CTTCAGTTGAACGGTGTAGTCGTT) producing a final fragment length of 758 

base pairs targeting the TEP1-TED domain. Both PCR reaction conditions were set as 

denaturation at 95°C for 3 minutes, 35 cycles of 94°C for 30 seconds, annealing at 55°C 

for 30 seconds, extension at 72°C for 30 seconds, and a final step at 72°C for 6 min 

using DreamTaq Green Master Mix (Thermo Fisher Scientific). PCR products were 

then digested by restriction enzymes Bam HI, Hind III, or Bse NI (New England 

BioLabs Inc) according to the manufacturer’s instructions. The PCR amplicons were 

resolved in 2.5% agarose gel electrophoresis. The TEP 1 allelic classes were then 

determined by fragment size of restriction enzyme digestions. A subset of samples 

with identified TEP1 alleles was further confirmed through sequencing of respective 

Nested II amplicons. Sequencing was done using 3700/3730 BigDye® Terminator v3.1 

Sequencing Standard kit (ABI PRISM® 3700 DNA Analyzer). 
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4.2.7 Thioester-containing protein1 (TEP1) alleles characterization analysis 

Descriptive statistical analyses were performed using GraphPad Prism v.8.0.1 

Software and SPSS version 25 for Windows. Statistical significance was set at P ≤ 

0.05. TEP1 allele frequencies observed heterozygosity (Ho), and expected 

heterozygosity (He), the inbreeding coefficients (Fis), departure from Hardy-

Weinberg expectations were analyzed using GeneAlex version 6.053 software 

(Peakall, 2006) DNA sequences of TEP1 haplotypes were compared with published 

sequences. Basic Local Alignment Search Tool (BLASTN) was used to retrieve 

sequences from the National Center for Biotechnology Information (NCBI) database 

with a high similarity index to each of the haplotype sequences. The retrieved 

sequences with accession numbers AF291654.1, FN431783.1, FN431782.1, 

FN431785.1, FN431784.1, and MF098591.1 together with the identified haplotype 

sequences in this study were aligned. MView web-based tools (Brown et al., 1998) 

were used to conduct the alignment of the sequences and to calculate pairwise 

sequence identity and similarity. Phylogenetic analysis of the representative 

sequenced and GenBank retrieved TEP1 sequences was performed using MEGA 7.0 

software (Kumar et al., 2016) in this study were aligned. MView web-based tools 

(Brown et al., 1998) were used to conduct the alignment of the sequences and to 

calculate pairwise sequence identity and similarity. Phylogenetic analysis of the 

representative sequenced and Gene Bank retrieved TEP1 sequences was performed 

using MEGA 7.0 software (Kumar et al., 2016) 

 

4.3 Results 

4.3.1 Species composition of An. gambiae s. l across western Kenya 

A total of 627 An. gambiae s.l. adults randomly selected from the field collected pool 
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by using an online random number generator. The samples were molecularly 

identified to sibling species based on species-specific conventional PCR. The results 

show An. arabiensis are identified at 315bp and An. gambiae s. s as 390bp (Figure 

4.1). The mosquito species identified were An. gambiae and An. arabiensis 

constituting 49.28% (309/627) and 50.72% (318/627) of the total samples genotyped 

respectively. A higher number of An. gambiae mosquitoes were observed from 

Bungoma (62.5%), Kakamega (65.9%) and Kisumu (74.2%) unlike Homa Bay that 

had higher numbers of An. arabiensis (82.7%) (Figure 4.2). A significant difference 

in species abundance (An. gambiae versus An. arabiensis) was observed in all study 

sites (χ2 =592.012 df =1, P<0.0001). 

 
Figure 4.1: Anopheles gambiae s. l sibling species PCR gel. Lane 1- An. 

arabiensis control (C1), Lane 2- An. gambiae s.s control (C2), Lanes 3-10 

represents the An. gambiae s. l samples (S1-S8). Samples on Lanes S5 and S8 

did not amplify. 
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Figure 4.2: Molecular determined Anopheles gambiae species composition in 

western Kenya. 

 

4.3.2 TEP1 allele distribution in western Kenya 

Two TEP1 alleles (TEP1*S1, and TEP1*R2) were identified with average frequencies 

of 84.9% and 15.1%, respectively. Anopheles arabiensis populations from Homa Bay 

had the highest TEP1*S1 allele frequency (89%, 95%CI: 85.8% - 92.2%) which 

significantly differed from observed proportions in Kisumu (86.4%, 95%CI: 79.8% - 

92.9%), Kakamega (84.5%, 95%CI: 74.9% - 94.1%) and Bungoma (74.4%, 95%CI: 

64.5% - 84.3%) (Two-tailed p<0.0001). Among An. gambiae s.s, populations from 

Bungoma displayed the highest TEP1*S1 allele frequency (93.1%, 95%CI: 88.7% - 

97.5%) followed by Homa Bay (84.6%, 95%CI: 76.4% - 92.8%), Kakamega (83.9%, 

95%CI: 77% - 90.8%), and Kisumu (83.5%, 95%CI: 79.4%% - 87.7%) respectively 

(Figure 4.3). The observed TEP1*S1 allele frequency in Bungoma significantly 
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differed from Kakamega (two-tailed P=0.047) and Kisumu (two-tailed p<0.0001). The 

highest TEP1*R2 allele frequency among An. arabiensis was observed in vector 

populations from Bungoma (26%, 95%CI: 15.7% - 35.5%) followed by Kakamega 

(15.5%, 95%CI: 5.91% - 25.1%), Kisumu (13.6%, 95%CI: 7.12% - 20.2%), and Homa 

Bay (11%, 95%CI: 8.06% - 14.5%). In An. gambiae the TEP1*R2 allele frequency 

was highest in populations from Kisumu and Kakamega displaying allele frequencies 

of 16.5%, 95%CI: 12.3% - 20.5% and 16.1%, 95%CI: 9.16% - 23% respectively, 

followed by Homa Bay (15.4%, 95%CI: 7.20% - 23.6%) and Bungoma (7%, 95%CI: 

7.20% - 23.6%) respectively. No significant differences in allele frequency were 

observed between species (P=0.799) and between site variation (P>0.05). 
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Figure 4.3: Distribution of TEP1 alleles identified in An. gambiae s.s and An. 

arabiensis in western Kenya 

 

4.3.3 TEP1 genotype distribution in western Kenya 

A total of three genotypes were identified in populations of An. gambiae s. l in western 

Kenya. Out of the three genotypes, two were homozygous TEP1*S1/S1 and 

TEP1*R2/R2 and one heterozygous TEP1*R2/S1. Homozygote TEP1*S1/S1 and 

heterozygote TEP1*R2/S1 genotypes had distinct frequencies (Figure 4.4). The 

TEP1*S1/S1 and TEP1*R2/S1 genotypes were commonly present among species in 

all sites at an average frequency of 71.75% and 26.61% respectively. TEP1*R2/R2 

although rare, was only present in An. arabiensis from Bungoma (2.6%), Kakamega 

(3.4%) and Homa Bay (1.6%) and An. gambiae s.s from Kakamega (3.6%) and Kisumu 

(1.9%) but in the lowest average frequency of 1.64% (Figure 4.4). The TEP1*S1/S1 
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genotype was predominant followed by TEP1*R2/S1 but in low varied frequencies 

among species across all sampling sites. The TEP1*S1/S1 genotype frequency was 

highest in An. gambiae as compared to An. arabiensis from all sites except Kakamega 

populations that displayed higher TEP1*S1/S1 frequencies in An. arabiensis (75.9%) 

than in An. gambiae (53.6%) The distribution of TEP1*R2/S1 genotypes was highest 

in An. arabiensis than An. gambiae in all sites except populations from Kakamega 

where higher genotype frequencies (42.9%) were observed in An. gambiae than in An. 

arabiensis (20.7%) (Figure 4.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



41  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Thioester-containing protein 1 (TEP1) genotypes identified in 

An. gambiae and An. arabiensis in western Kenya 

 

The observed RFLP results (Figure 4.5) for each TEP1 allele were confirmed by 

respective sequences upon alignment with reference sequences from the NCBI 

database. The TEP1*S1 and TEP1*R2 sequences had 100% identity matrix to 

AF291654.1 and FN431784.1 respectively. A significant difference in genotype 

frequency was observed among sites in An. gambiae populations (Fisher's exact test 

two-sided P-value < 0.001, n=309) whereas no significant difference was observed 

among sites in An. arabiensis population (Fisher's exact test two-sided P=0.07, 

n=318). 
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Figure 4.5: The thioester-containing protein1 genotyping RFLP-PCR results. 

Lanes 1 and 2 represent the ladder whereas lanes # and Lane 4 represent the 

TEP1 susceptible (656;102) and Tep1 resistant (399;359) alleles respectively 

after enzyme digestion 

 

4.3.4 Evolutionary relationship based on TEP1 gene 

The phylogenetic analysis of TEP1 sequences showed that alleles were clustered into 

susceptible and resistant groups (TEP1 is either susceptible or resistant to Plasmodium 

parasites) with high bootstrap values ranging from 72% to 100%. The TEP1*S1 allele 

identified in An. gambiae s. s (AG) and An. arabiensis (AR) from western Kenya 

(green dots) study sites shared a common lineage with TEP1*S1 (AF291654) from 

Suakoko, Liberia (Green square) and TEP1*S3 (FN431782) (purple square) whereas 
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TEP1*R2 (red circle) and TEP1*R1 (yellow square) independently evolved from 

TEP1*R3 (MF035809) (brown square) which shared common ancestral lineage with 

the Susceptible (S) alleles. Both the susceptible and resistant alleles evolved from a 

susceptible ancestry (Figure 4.6). 

 

 
 

 

Figure 4.6: Phylogenetic relationship between TEP1 allele classes 

 

4.3.5 Heterozygosity and departure from Hardy Weinberg Equilibrium (HWE) 

The mean observed heterozygosity (Ho) of the TEP domain in An. gambiae and An. 

arabiensis across all sites was 0.270±0.035 with a mean (He) expected heterozygosity 

of 0.251±0.025. There were minor differences in the An. arabiensis observed 

heterozygosity ranges of 0.188–0.462 and the An. gambiae ranges of 0.138–0.321. 

Populations of An. arabiensis from Bungoma and Kisumu, as well as An. gambiae from 
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Bungoma, Kakamega, and Homa Bay, also displayed comparable tendencies of higher 

observed heterozygosity than the expected heterozygosity with negative FIS values 

(Table 4.1). A deviation was observed among An. gambiae from Kisumu and An. 

arabiensis from Kakamega and Homa Bay which displayed slightly higher expected 

heterozygosity than observed heterozygosity signifying the presence of inbreeding 

among these populations. 

 

Table 4.1: Genetic diversity of An. gambiae s. s (GA) and An. arabiensis (AR) in 

western Kenya 

Population N Na Ho He F 

AR-Bungoma 39 2.000 0.462 0.381 -0.210 

AR-Homa Bay 186 2.000 0.188 0.196 0.041 

AR-Kakamega 29 2.000 0.241 0.262 0.079 

AR-Kisumu 55 2.000 0.236 0.236 -0.004 

GA-Bungoma 65 2.000 0.138 0.129 -0.074 

GA-Homa Bay 39 2.000 0.308 0.260 -0.182 

GA-Kakamega 56 2.000 0.321 0.270 -0.191 

GA-Kisumu 158 2.000 0.266 0.275 0.033 

 

N represents the total number of mosquitoes sampled per study site, Na- Number of 

alleles per site, Ho- Observed heterozygosity, He- Expected heterozygosity, F- 

Fixation index The FIS showed a negative and non-significant value in An. arabiensis 

population from Bungoma (-0.210) and Kisumu (-0.004) and An. gambiae from 

Bungoma (-0.074), Kakamega (-0.191), and Homa Bay (-0.182). None of the analyzed 

population was at HWE as all the computed values were nonsignificant (P>0.05). The 

computed HWE values for An. arabiensis across the four localities ranged from 0.001 
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to 0.307 whereas for An. gambiae ranged 0.174 to 2.053 which was >1. 

 

4.3.6 Population structure 

The pairwise Wright's fixation index (FST) values revealed a low genetic 

differentiation among An. arabiensis and An. gambiae. Zero value represented 

complete Panmixis between species in the subpopulations. The FST values ranged 

from no subdivision to moderate differentiation (0.000 - 0.036) among An. arabiensis 

from the four study sites (Table 4.2). A moderate differentiation in An. arabiensis was 

observed between Bungoma and Homa Bay subpopulations (FST = 0.036). The FST 

values ranged from 0.000 to 0.022 among the An. gambiae subpopulations across the 

four regions. No population differentiation was observed between Kakamega and 

Homa Bay, Kisumu and Homa Bay, and Kakamega and Kisumu subpopulations (FST 

=0). All pairwise FST values for An. gambiae and An. arabiensis from all regions 

across western Kenya demonstrated low population differentiation (0 ≤ 0.05) except 

An. arabiensis and An. gambiae from Bungoma that showed moderate differentiation 

(0.05 ≥ 0.15). The overall low levels in population structure (FST = 0.019) across all 

sites were supported by the high level of gene flow (Nm= 12.571) and low Nei’s 

genetic distance values (<0.5) among the subpopulation. 
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Table 4.2: Pairwise comparison of FST among An. gambiae and An. Arabiensis 

populations in western Kenya 

 

Population AR- 

 

HB 

AR- 

 

BGM 

AR-KK AR- 

 

KSM 

GA- 

 

BGM 

 GA- 

 

HB 

 GA- 

 

KK 

GA- 

 

KSM 

AR-BGM  0         

AR-HB 0 0.036         

AR-KK 0.004 0.016 0        

AR-KSM 0.002 0.023 0.001 0       

GA-BGM 0.005 0.064 0.019 0.012 0      

GA-HB 0.004 0.016 0 0.001 0.018 0     

GA-KK 0.005 0.014 0 0.001 0.021 0  0   

GA-KSM 0.006 0.013 0 0.002 0.022 0  0  0 

 

AR- An. arabiensis, GA- An. gambiae, BGM-Bungoma, HB- Homa Bay, 

KK-Kakamega, KSM- Kisumu 

 

The analysis of molecular variance (AMOVA) results revealed that 99 percent of the 

observed variations in allele frequency were within each of the mosquitoes sampled 

(n=627) within respective populations, and a 1% variation was observed among the 

eight populations, but no variations were observed among each mosquito (Table 4.3) 
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Table 4.3:  Analysis of molecular variance of the TEP1 gene in An. 

g ambiae populations circulating in western Kenya 

 

Source df SS MS Est. Var. % 

Among Pops 7 2.306 0.329 0.001 1% 

Among Individuals 619 71.992 0.116 0.000 0% 

Within Individuals 627 77.000 0.123 0.123 99% 

Total 1253 151.298  0.124 100% 

 

df, degrees of freedom; SS, sum of squares; MS, mean squares. 

 

 

4.4 Discussion 

This study demonstrated variable frequencies of two common alleles TEP1*S1 and 

TEP1*R2 identified in An. gambiae s. s and An. arabiensis. Homozygous TEP1*S1/S1 

and heterozygous TEP1*R2/S1 genotypes were also frequently identified across 

species and sites in western Kenya, as compared to the heterozygous genotype 

TEP1*R2/R2, which was rare and detected at very low frequencies. The majority, 

TEP1*S1, followed by TEP1*R2 alleles lacked a clearly defined distribution in each 

site analyzed. A high similarity index was observed among sequenced alleles that were 

initially identified by RFLP-PCR and sequences retrieved from NCBI. Consistent with 

previous reports, TEP1*R2 and TEP1*S1 were the most common identified alleles 

(Rono, 2017; Gildenhard et al., 2019) which may have been because they are 

conserved and indicate ancestral alleles that have been passed down through 

generations with time. Furthermore, these alleles may have been maintained in the local 

populations due to selection pressure that confer some advantage to choosing these alleles 
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or adaptations to their environments, however, their roles and significance in vector 

competence is still not clear (Obbard et al., 2008; Blandin et al., 2009; White et al., 2011; 

Mancini et al., 2015).Low TEP1*R allele frequencies observed in these malaria-

endemic areas in our study sites may be a product of selective pressures in the TEP1 

gene resulting in functional variations that select for susceptible mosquitoes to 

Plasmodium infection (Le et al., 2012; Eldering et al., 2016; Rono, 2017) as well as 

encourage evolutionary processes in the TEP1 loci (Obbard et al., 2008). Additionally, 

western Kenya still has relatively high malaria cases according to a recent study by 

Ochwedo et al (2021). 

 

Implemented vector control interventions such as insecticide treated nets, indoor 

residual spraying, and environmental factors may determine the population structure. 

ITNs and IRS are two commonly used vector control interventions in Africa, and they 

have a direct impact on vector densities and species composition (Russell et al., 2011; 

WHO, 2020b). For example, IRS was deployed in Homa Bay to supplement the 

existing malaria interventions. The pre-spray period constituted 83% An. funestus and 

16% An. gambiae s.l. However, consistent with this study, there was a drift in the local 

species composition with 99% of vectors in the post-spray period being An. arabiensis 

in the same sites (Russell et al., 2011; Orondo et al., 2021) Indoor interventions 

targeting An. gambiae complex remain the preferred method of lowering malaria 

transmission risk in endemic areas. An. gambiae s. s. is an anthropophilic indoor 

malaria vector (Gillies and De Meillon, 1968) and is susceptible to P. falciparum, 

which may explain higher TEP1*S1/S1 frequencies unlike An. arabiensis that is 

zoophilic and an outdoor dweller (Ochwedo et al., 2021) which harbored TEP1*R2/S1 

genotypes. The susceptibility rate between the three TEP1 genotypes identified among 
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An. arabiensis and An. gambiae s. s., would have been confirmed by examining 

receptivity and sporozoite prevalence, which were, however, outside the scope of this 

study. Understanding the underlying molecular mechanisms that determine vector 

competence remains important and will thereafter contribute towards developing new 

vector control interventions and also complement existing control methods.  

 

Selective forces acting on the TEP1 gene may be the reason for the low resistant allele 

(TEP1*R) frequencies observed in the study sites of the current research in 

comparison to susceptible allele frequencies observed. Functional variations would 

therefore favor mosquitoes that are more susceptible to Plasmodium infections, 

exerting evolutionary processes in the TEP1 locus (Le et al., 2012; Eldering et al., 

2016; Rono, 2017; Bartilol et al., 2022a). The TEP1*R2 and TEP1*S1 alleles are 

maintained in An. gambiae and An. arabiensis by TEP1*R2/R2, TEP1*S1/S1 and 

TEP1*R2/S1. This might be evidence that the TEP1*R2 and TEP1*S1 alleles offer 

certain benefits. The TEP1*R2 and TEP1*S1 alleles, may play conserved functional 

roles that have not been identified. Additionally, higher preference of An. gambiae for 

human blood may be the cause of its higher TEP1*S1/S1 frequencies. On the other 

hand, An. arabiensis, a zoophilic and opportunistic feeder, harbors the TEP1*R2/S1 

and TEP1*R2/R2 genotypes, indicating that An. gambiae may be a more efficient 

malaria vector in western Kenya. 

 

Only two species from the Anopheles gambiae complex identified in the current study 

were An. gambiae and An. arabiensis. The two species predominate in western Kenya, 

according to previous surveys done in this areas (Ochomo et al., 2013; Machani et al., 

2020; Orondo et al., 2021; Owuor et al., 2021). Eighty three percent of the samples 
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from Homa Bay had Anopheles arabiensis, whereas sites in Bungoma, Kakamega, and 

Kisumu were An. gambiae. The significant proportions of An. arabiensis observed in 

Homa Bay could be attributed to the mass indoor residual spray (IRS) that was 

conducted during the study period. The pre-spray period constituted 83% An. funestus 

and 16% An. gambiae s.l. However, consistent with this study, there was a drift in the 

local species composition with 99% of vectors in the post-spray period being An. 

arabiensis in the same sites (Russell et al., 2011; Orondo et al., 2021). 

 

Populations of Anopheles gambiae and Anopheles arabiensis showed very minimal 

genetic variation and population structure between species and sites. There may not be 

any physical barriers separating the sites, as shown by the total FST values for the 

pairwise comparison for all populations show that the allele frequencies within each 

population is most likely similar hence the low genetic heterogeneity between species 

and sites represented in sites of the current study. This observation, however, does not 

support the idea that ecological changes and continuing interventions have an impact 

on the frequency of TEP1 alleles. The high levels of gene flow across the sampling 

sites are demonstrated by the effective migration index (Nm=12.571), which is 

consistent with the low levels of genetic differentiation. 

 

Expected heterozygosity values for An. arabiensis from Homa Bay and Kakamega and 

An. gambiae from Kisumu were higher than the observed heterozygosity, indicating 

the presence of null alleles. The FIS results for An. arabiensis from Homa Bay (0.041) 

and Kakamega (0.079) and An. gambiae from Kisumu (0.033) infer possible 

inbreeding and non-random mating of individuals within those populations. The 

insignificant deviations from Hardy Weinberg Equilibrium imply that the TEP1 loci 
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is under strong selection and confirm other forces such as natural mutations  (Horton 

et al., 2010; Harris et al., 2012) and gene flow that may directly be shaping TEP1 

alleles in An. gambiae s. l mosquitoes in western Kenya. Furthermore, ecological 

niches contributing towards selection forces acting on genetic variations shape the 

population structure of the local species populations in time and hence the adaptations 

of these malaria vectors to available breeding habitats (Smith et al., 2015). The 

majority of the genetic variations were found within individual mosquito populations, 

indicating a high level of genetic diversity within each group. The 1% identified 

among the eight populations may reflect modest levels of genetic divergence as a 

result of variations between mosquito populations, indicating some level of genetic 

differentiation among populations. Furthermore, individual differences among 

mosquito populations did not have a significant influence on genetic diversity, hence 

no variations were identified among individuals within each population. 

 

4.5 Conclusion 

Anopeheles gambiae s. l mosquitoes from western Kenyan sites had two common 

alleles, TEP1*S1 and TEP1*R2, and their associated genotypes, homozygous 

TEP1*S1/S1 and TEP1*R2/R2, heterozygous TEP1*R2/S1. The findings of the 

current study indicate minimal genetic variation and a low population structure of 

TEP1 in Anopheles gambiae s.s and An. arabiensis in the study sites. 
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CHAPTER FIVE 

GENETIC DIVERSITY AND POPULATION 

STRUCTURE OF PFS47 IN ISOLATES FROM 

WESTERN KENYA 

5.1 Introduction 

In the African region, Plasmodium falciparum is responsible for the vast majority of 

malaria infections and fatalities, accounting for 99.7% of anticipated malaria cases in 

2018 (WHO, 2019). Malaria is mostly a concern in the lowlands of Kenya's endemic 

Lake regions (risk category equal to or greater than 20%), where transmission occurs 

throughout the year. (Githeko et al., 1996; WHO, 2017; Division of National Malaria 

Programme Kenya (DNMP), 2021;). The combination of control interventions used in 

these regions includes long-lasting insecticidal nets, indoor residual spray and 

Artemisinin-based combination treatments (Bhatt et al., 2015). Yet, there is still 

continuous transmission of the P. falciparum among the vulnerable populations. 

 

The spread of malaria is a result of the parasites’ adaptation to indigenous vectors in 

different geographical regions (Molina-Cruz and Barillas-Mury, 2014). Hence, over 

70 Anopheles species transmit P. falciparum malaria (Sinka, 2013). The mosquito 

immune system can significantly deter successful malaria transmission and is critical 

for controlling the vector capacity (Crompton et al., 2014). For a complete 

transmission circuit, Plasmodium parasites have to overcome immune responses 

mounted by diverse Anopheles vectors (Smith et al., 2014; Ramphul et al., 2015; 

Belachew, 2018). The Pfs47 gene is a surface protein in P. falciparum expressed on 

the surface of female gametocytes, gametes, zygotes and ookinetes (Molina-Cruz et 

al., 2017) that interacts with the mosquito midgut making the parasite invisible to the 
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vector’s immune system thus providing the parasite with an immune evasion 

mechanism (Molina-Cruz et al., 2020) limiting the efforts to effectively control and 

eliminate malaria. Hence, Pfs47 is a potential molecular target of importance in 

designing appropriate interventions for malaria (Molina-Cruz et al., 2012; Molina-

Cruz et al., 2015; Molina-Cruz et al., 2020). 

 

The Pfs47 gene is exceptionally polymorphic with a strong geographical genetic 

structure and diversity (Anthony et al., 2007; Manske et al., 2012). It exhibits 

haplotypes that are naturally selected by the anopheline vectors in varying 

geographical regions causing significant variations in malaria transmission (Anthony 

et al., 2007; Molina-Cruz et al., 2015). Plasmodium falciparum isolates from African 

strains have consistently displayed high levels of genetic diversity (Collins et al., 

1986; Molina-Cruz et al., 2012; Yalcindag et al., 2012) and a strong geographic 

structure in the Pfs47 gene from laboratory and field isolates (Anthony et al., 2005; 

Anthony et al., 2007) as well as haplotypes found circulating within the major malaria 

vectors; An. gambiae and An. funestus populations. These results indicate that 

compatible Pfs47 haplotypes are naturally selected within vector populations in Africa 

triggered by the mosquito’s immune pressures (Anthony et al., 2007). Previous 

findings identified 42 Pfs47 haplotypes that exhibit high dN/dS worldwide (Molina-

Cruz et al., 2015) whereby the evolutionary relationships between these revealed 32 

haplotypes exclusively from Africa, Papua New Guinea, the Americas, and Asia 

Guinea, the Americas, and Asia (Liu et al., 2010). These polymorphisms may 

therefore have a significant impact on the trends in malaria transmission dynamics and 

the parasite history. 
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It is important to consider the genetic diversity and population structure of 

Plasmodium falciparum when developing successful malaria control measures. The 

degree of transmission and levels of inbreeding in different endemicities (Anderson et 

al., 2000; Susomboon et al., 2008), movement of people and vectors (Schultz et al., 

2010), geographical features that restrict or promote gene flow (Anderson et al., 2000), 

and locally implemented control efforts are some of the factors that have an impact on 

genetic diversity and population structure (Anthony et al., 2005; Zhong et al., 2007). 

The underlying mechanisms by which Plasmodium parasites adapt to predominant 

malaria vectors from different regions and endemicities are not well understood. 

Therefore, it is important to carry out local Plasmodium parasite population genetics 

research which will greatly enhance our knowledge of transmission dynamics and 

contribute towards developing more effective malaria management and control 

strategies. The genetic diversity, haplotype distribution, and population structure of 

Pfs47 were evaluated along with their effects on malaria infections in endemic areas 

in Western Kenya.  

 

5.2 Materials and methods 

5.2.1 Study area and sampling 

Cross-sectional mass blood screening was conducted in children between the ages of 

five to fifteen from January to August 2018 and January to March 2019 in malaria-

endemic lowlands in Western Kenya. The regions include Kombewa (34°30′E, 

00°07′N; altitude ranges 1,170–1,300 m above sea level), Chulaimbo, a rural site 19 km 

west of Kisumu City (0.03572°S, 34.621°E, altitude ranges 1328-1381 m above sea 

level) and Kendu Bay (0.3800 S, 34, 6419 E, altitude 1300 m) (Figure 5.1). Malaria 

transmission is perennial in the lowlands and the major Plasmodium transmitters in 
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these regions include An. gambiae and An. arabiensis (Ochomo et al., 2013). Malaria 

incidence in the lowlands is consistently high and is characterized by flat land with vast 

malaria breeding habitats especially during the rainy season (Mutuku et al., 2009). 

 

Kombewa is semi-arid with poor drainage and semi-permanent swampy streams and 

an average monthly temperature range of 18.40C - 29.10C (Ndenga et al., 2006). 

Malaria is holoendemic in this region and transmission occurs throughout the year. 

The economic activities in Kombewa involve subsistence farming, animal husbandry, 

and fishing (Sifuna et al., 2014). Chulaimbo has a sporadic water supply system, and 

limited sewer and waste disposal, and a mean annual temperature range of 12 0C–

35 0C. The region experiences an average annual rainfall of 1352 mm and an 

average relative humidity range of 66–83%. Most residents are small-scale 

subsistence farmers. Kendu Bay has extensive environmental modifications and 

human migration and experiences semi-arid climatic conditions and depends on the 

Kimira-Oluch irrigation scheme for the production of crops. 
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Figure 5. 1: A Map of Western Kenya showing the sampling locations. 

 

The map was generated using ArcGIS Pro 2.6 software. Map source: 

ESRI, CGIAR, and USGS (available at: www.esri.com). 

 

5.2.2 Parasitological evaluations 

Blood samples were collected from school going children 5 to 15 years who had 

consented to participate in the study. Dried blood spots (DBS) were collected by finger 

prick on well-labeled Whatman® 903 Protein Saver Cards (GE Healthcare 

WB100014) containing the participants' details. Approximately, 50 µl of blood was 

drawn and placed onto the Whatman® 903 Protein Saver Cards and allowed to air dry 

before they were individually stored and preserved at -20 o C for molecular analyses. 

http://www.esri.com/
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Thick and thin smears were simultaneously prepared for Plasmodium species 

identification and parasite counts. Blood films were stained using 10% Giemsa and 

examined in a compound microscope to determine the presence of Plasmodium 

parasites. Only the 125 DBS from P. falciparum positive participants were used to 

genotype Pfs47 and later sequenced to determine haplotypes distribution. 

 

5.2.3 DNA extraction and Plasmodium species identification 

Plasmodium falciparum parasite DNA was extracted from the DBS using Chelex 

method (Bereczky et al., 2005). Briefly, 3 mm discs cut from each of the DBS were 

soaked in 10% Saponin and Phosphate buffer saline (PBS), and incubated overnight 

at 40C. The preparation was washed twice in 1xPBS and boiled in 20% (wt/vol) chelex 

suspension (styrene-divinylbenzene co-polymer containing iminodiacetic acid 

groups). The mixture was vortexed and centrifuged and used to identify Plasmodium 

species as described by Veron et al (2009). In brief, multiplex real-time PCR (RT-

PCR) was run in a final volume of 12 µl containing 2 µl of sample DNA, 6 µl of 

PerfeCTa® qPCR ToughMix™, Low ROX™ Master mix (2X), 0.5 µl of each species-

specific probe (P. falciparum, P. ovale and P. malariae), 0.4 µl of each species-specific 

forward primers (10 µM), 0.4 µl of each species-specific reverse primers (10 µM) and 

0.1 µl of double-distilled water (Table 5.1). The thermal profile used was 50 °C for 2 

min, (95 °C for 2 min, 95 °C for 3 sec and 58 °C for 30 sec) for 45 cycles. After 

species confirmation by RT-PCR, 125 samples that were infected with P. falciparum 

parasites only were randomly selected for genotyping the Pfs47 gene. 
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Table 5.1: Primers and probes sequences used for Plasmodium species 

identification PCR 

Reagents Sequences Specification

s 

Pf-probes 5'FAM-CATAACAGACGGGTAGTCAT-MGB3' (FAM-MGB) 

Pm-probes 5' HEX-ATGAGTGTTTC'I'I'ITAGATAGC-MGB3' (HEX-MGB) 

Po-probes 5'NED-CGAAAGGAA'I'I'ITCTTATT-MGB3' (NED-MGB) 

Pf forward primer 5' ATTGCTI'ITGAGAGGTI'ITGTTACTTT3'  

Pf reverse primer 3'GCTGTAGTATTCAAACACAATGAACTCAA5'  

Pm forward primer 5'AGTTAAGGGAGTGAAGACGATCAGA3'  

Pm reverse primer 3'CAACCCAAAGACTITGATTTCTCATAA5'  

Po forward primer 5'AACCCAAAGACTTTGATTTCTCATAA3'  

Po reverse primer 3'CCGACTAGGTI'ITGGATGAAAGATI'I'IT5'  

 

 

5.2.4 Genotyping Plasmodium falciparum surface protein 47 (Pfs47) 

Genotyping Pfs47 was performed following the method as described by Anthony et 

al (2007) with modifications. Briefly, forward 

5’ATGTGTATGGGAAGAATGATCAG3’ and reverse 

5’ACAAGTTCATTCATATGCTAACATA3’ primers were used to amplify the 

entire coding region with 1320 base pairs from the DNA of the 125 P. falciparum 

positive samples (Table 5. 1). A final reaction volume of 12 µl was constituted by 

adding 6 µl of Dream Taq Green PCR Master Mix (2X), 0.5 µl of each of the 

forward and reverse primer, 3 µl of double distilled PCR grade water, and 2 µl of 

sample DNA. The PCR conditions for genotyping Pfs47 were set as follows; 95 o C 

for 3min, 35X (94 o C for 30 sec, 50 o C for 30 sec, 68 o C for 90 sec), and 72 o C for 

6 minutes prior to sequence, amplicons quality and size were determined by 

visualization of PCR products in 1.5% w/v gel under UV trans illuminator. The 

amplicons were cleaned and sequenced directly using Big Dye terminator chemistry 
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v3.1, PCR primers, and PRISM® 3730xl genetic analyzer (Applied Biosystems, CA, 

USA). Paired reads from the sequencer were edited and assembled using BioEdit 

software (version 7.2.5) before further analysis. 

 

5.2.5 Data analysis 

The ClustalW method (integrated into the Mega X Programme) was used to align 125 

established sequences with the reference sequence Pf3D7_1346800. Genetic diversity 

parameters such as nucleotide diversity, mean pairwise differences, polymorphic sites, 

haplotype diversity, and linkage disequilibrium were calculated using the DnaSP 

software version 6.12.03. The haplotypes network displaying the distribution per site 

was created using Population Analysis with Reticulate Trees (Popart) version 1.7 

software. GeneAlex version 6.5 software was used to infer allele frequency, genotypic 

frequency, and population genetics (fixation index, gene flow, and Analysis of 

molecular variance). The analysis of molecular variance (AMOVA) was divided into 

populations within populations and individuals within groups in the Kombewa, 

Chulaimbo and Homa Bay P. falciparum populations 

 

5.3 Results 

A total of 1518 children were tested from the three study sites for malaria parasites. 

Plasmodium falciparum parasites were detected in 20.5 percent (309/1518) of the 

participants who underwent screening. Chulaimbo, Homa Bay, and Kombewa had 

respective prevalence of 25.5%, 8.9%, and 56.8% for P. falciparum. A total of 125 

samples (67 female and 58 male) were chosen at random for Pfs47 sequencing and 

analysis. 
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5.3.1 Genetic diversity indices of Pfs47 across Western Kenya 

Western Kenyan Plasmodium falciparum parasites (n=125) were successfully 

sequenced from Homa Bay (n=62), Chulaimbo (n=30), and Kombewa (n=33). In 

comparison to Pf3D7_1346800, nucleotide sequence analysis of the Pfs47 revealed 

eight segregating sites, six of which were parsimony informative sites, and two 

singletons or SNPs. Single nucleotide polymorphisms (SNPs) were observed at 

mutation loci 581 and 814 whereas 81, 564, 718, 742, 815, and 910 were parsimony 

informative. 

 

The Homa Bay parasites (11) had the greatest number of haplotypes and segregating 

sites out of the 13 haplotypes identified in western Kenya, followed by Kombewa (10) 

and Chulaimbo (7) parasites. The haplotype diversity (Hd) and nucleotide diversity 

(π) in western Kenya were 0.74±0.03 and 0.11±0.01, respectively, whereas 

population-wise, Hd values varied from 0.69 to 0.77, and nucleotide diversity was 

mainly low (0.10±0.02 to 0.12±0.01) across all sites (Table 5.2). Plasmodium 

falciparum Pfs47 parasite populations from Homa Bay (0.77), Kombewa (0.76), and 

Chulaimbo (0.69), showed a comparatively higher level of genetic diversity. (Table 

5.2). The Tajima's D values for the Pfs47 were all negative and not statistically 

significant, deviating from the expected neutral model. The findings of all neutrality 

tests—Fu’s Fs (-5.90*), Fu and Li's D (-0.49*), and Fu and Li's F (-0.53*) were equally 

negative but significant (P<0.05). 
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Table 5.2: Genetic diversity indices and neutrality tests based on Pfs47 

sequences 

 

Population n S H Hd π 

 

(10-2) 

k Fu’s 

 

Fs 

Tajima’s 

 

D 

Fu and 

 

Li's D 

Fu and 

 

Li's F 

Homa Bay 62 7 11 0.77±0.0 

 

4 

0.12±0.0 

 

1 

1.22 - 

 

4.95* 

-0.46 -0.39* -0.49* 

Kombewa 33 7 10 0.76±0.0 

 

7 

0.11±0.0 

 

2 

1.21 - 

 

5.47* 

-0.87 -0.16* -0.44* 

Chulaimbo 

 

 

30 5 7 0.69±0.0 

 

8 

0.10±0.0 

 

2 

1.05 - 

 

2.58* 

-0.47 -0.61* -0.66* 

Western 

 

Kenya 

125 4 

 

4 

13 0.74±0.0 

 

3 

0.11±0.0 

 

1 

1.17 - 

 

5.90* 

-0.49 -0.42* -0.53* 

 

n, number of samples sequenced; S, number of polymorphic (segregating) sites; H, 

number of Haplotypes; Hd, Haplotype diversity; π, nucleotide diversity; k, mean 

number of pairwise differences. *; significance level P<0.05 

 

Most of the P. falciparum Pfs47 sequences from the Homa Bay, Chulaimbo, and 

Kombewa dimorphic loci were found at locus 81 Domain 1 (D1) with >0.5 allele 

frequency (Table 5.3). The Homa Bay parasite population exhibited mutations at locus 

81 with 61.29%, loci 564, 581, 718, 742, 815, and loci 910 with 6.45%, 1.61%, 

20.97%, 6.45%, 1.61%, and 4.84%, respectively. None of the sequences from Homa 

Bay and Chulaimbo had mutations at locus 814. There were no mutations at loci 

581(D2), 814(D3), and 910(D3) in the Chulaimbo parasite sequences, however there 

were mutations at loci 81, 564, 718, 742, and 815, with respective percentages of 70%, 
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13.33%, 13.33%, 3.33%, and 3.33%. The P. falciparum populations sequenced from 

Kombewa had no mutations at locus 581, but exhibited mutations at loci 81, 564, 

718, 742, 814, 815, and 910, respectively, with percentages of 66.67%, 9.09%, 

9.09%, 3.03%, 6.06%, and 3.03%. 

 

Table 5.3: Pfs47 allele frequencies per mutation loci 

 

Mutated 

loci 

Pfs47 Domains Genotypic frequencies % (n) 

Homa Bay 

 

(n=62) 

Chulaimbo 

 

(n=30) 

Kombewa 

 

(n=33) 

81 D1 61.29 (38) 70 (21) 66.67 (22) 

564 D2 6.45 (4) 13.33 (4) 9.09 (3) 

581 D2 1.61 (1) 0 0 

718 D2 20.97 (13) 13.33 (4) 9.09 (3) 

742 D2 6.45 (4) 3.33 (1) 9.09 (3) 

814 D3 0 0 3.03 (1) 

815 D3 1.61 (1) 3.33 (1) 6.06 (2) 

910 D3 4.84 (3) 0 3.03 (1) 

 

n is the total number of sequences analyzed The Pfs47 amino acid chain exhibited 8 

nonsynonymous alterations as a result of all the detected base substitutions at the 8 

loci: E27D, E188D, P194H, L240I, I248L, N272I, N272Y, and I304L (Table 5.4). The 

codon variations in the corresponding haplotypes showed that P. falciparum parasite 

populations from all sites shared Hap_1, 2, 3, 5, and 6 as prevalent haplotypes. In all 

populations, the haplotype (Hap_3) was the most prevalent. Only the Homa Bay 
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populations were exclusively associated to the haplotypes Hap_7, 9, and 10, while 

Kombewa parasites were the only population that had Hap_13. 

 

Table 5.4: Haplotype mutations and frequency per site 

 

Haplotype Codon changes Frequency per site Total 

frequency 

Homa 

Bay 

Chulaimbo Kombewa  

Hap_1 E27D and P194H 27 16 15 58 

Hap_2 P194H and L240I 8 2 2 12 

Hap_3 P194H 10 5 7 22 

Hap_4 P194H and I304L 3 0 1 4 

Hap_5 E188D and P194H 1 2 1 4 

Hap_6 E27D, P194H and L240I 5 2 1 8 

Hap_7 P194H and N272I 1 0 0 1 

Hap_8 E27D, P194H and I248L 3 0 1 4 

Hap_9 E27D, E188D, P194H and 

I248L 

1 0 0 1 

Hap_10 Same as 3D7* (No 

mutations) 

1 0 0 1 

Hap_11 E27D, E188D and P194H 2 2 2 6 

Hap_12 E27D, P194H, I248L and 

N272I 

0 1 2 3 

Hap_13 E27D, P194H and N272Y 0 0 1 1 

 

*NCBI Reference Sequence of 6-cysteine protein (Plasmodium 

falciparum 3D7): XP_001350182.1s 

 

The transmission clustering system (TCS) network illustrates the distribution of Pfs47 

haplotypes in P. falciparum throughout the three regions, which include Homa Bay, 

Kombewa, and Chulaimbo. All other haplotypes identified in the study sites at varying 

frequencies. The 13 different haplotypes in the TCS network profile were all related 

by a single mutation step whereas the size of the circles represents the frequency 

(Figure 5.2). 
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Figure 5.2: TCS-network analysis of the relationship between Pfs47 haplotypes 

(Hap_1-Hap_13) in D1, D2 and D3 from parasites in malaria-endemic areas of 

western Kenya. 

 

Based on observed sequence differences in P. falciparum Pfs47, the TCS-network 

shows the distribution of haplotypes. The network displays the distribution of Pfs47 

haplotypes in western Kenya from Homa Bay (red), Kombewa (purple), and 

Chulaimbo (green) regions. The hatch mark indicates the number of mutations that led 

to each haplotype, and the size of the circle indicates the frequency of each haplotype. 

 

5.3.2 Phylogenetic relationship of Pfs47 haplotypes 

All haplotypes arose from common ancestry. Out of the sequences retrieved from the 

gene bank, Pfs47 haplotypes from western Kenya have a common ancestral lineage 

with haplotypes from Brazil/Cambodia and Asia accession numbers (KT892016 

Brazil/Cambodia, and EF137239-K1 Asia) (Figure 5.3). The haplotypes Hap_2, 6, and 

11 and haplotypes from Papua New Guinea accession number (KT892040-PNG) are 
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drifting away from the ancestor indicative of recent haplotypes. The rest of the 

haplotypes identified in this study from Western Kenya are close to ancestry. The other 

African countries retrieved from the gene bank accession numbers (KT892026- 

Gambia, KT892027- Ghana, KT892028- Ghana, KT892029-Guinea Bissau, 

KT892032-Liberia, KT892033-South Africa, and KT892034-Sudan) evolved 

independently from the haplotypes identified in Western Kenya. (Figure 5.3). 

 

 

Figure 5.3: Phylogenetic inference using UPGMA method.  
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The branches coincide with the proportion of duplicate trees (50% bootstrap cut-off 

value) where the associated taxa clustered during the bootstrap test (1000 repetitions). 

The evolutionary distances, which are measured in base substitutions per site, were 

calculated using the Kimura 2-parameter technique. Green dots represent the 

haplotypes identified in Western Kenya, red dots represent haplotypes from other 

African countries, blue represents haplotypes from other continents and light blue 

represents haplotypes shared between regions. Twenty-one sequences were retrieved 

from Gene Bank: (KT892060-Senegal; LQ878280-Thailand/Senegal; KT892036-

Mali; KT892040-PNG; KT892021-Brazil; KT892020-Brazil; KT892019-Brazil 

PaloAlto; EF137241-Brazil PaloAlto; KT892053- PNG; KT892015-Brazil; 

EF137233-HB3 Honduras; EF137232-7G8 Brazil; KT892026-Gambia; KT892027-

Ghana; KT892028-Ghana; KT892029-Guinea Bissau; KT892032- Liberia; 

KT892033-South Africa; KT892034-Sudan; KT892016-Brazil/Cambodia; 

EF137239-K1 Asia) were used. 

 

5.3.3 Differentiation and population structure in Plasmodium falciparum strains 

determined by Pfs47 sequences 

Populations of P. falciparum from Homa Bay, Kombewa, and Chulaimbo did not 

differ significantly. Chi-square test results for comparisons across populations were 

all not significant (P>0.05): Kombewa in comparison Chulaimbo (x2=4.232, df =1, 

P=0.895); Kombewa versus Homa Bay (x2=10.91, df =1, P=0.618); Homa Bay versus 

Chulaimbo (x2=10.39, df =0.582). All Nm values in western Kenya were more than 

two (Table 5.5). When the populations of Kombewa and Chulaimbo were compared 

to Homa Bay separately, they exhibited GammaSt Nm values comparable to Homa 

Bay. No genetic variation across the populations since all pairwise FST values were 

zero. 
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Table 5.5: Population structure among Plasmodium falciparum across Western 

Kenya 

Populations χ 2 P-value df FST GammaSt Nm 

Kombewa Chulaimbo 4.232 0.895 9 -0.023 51.000 

Kombewa Kendu Bay 10.911 0.618 13 -0.004 34.200 

Homa Bay Chulaimbo 10.394 0.5815 12 -0.003 34.620 

χ 2 Chi-square; df, degrees of freedom; FST, fixation index; Nm, gene flow estimate 

 

 

The analysis of molecular variance (AMOVA) results shows that all observed 

variations in allele frequency were from among the individuals in the P. falciparum 

parasite populations per site and no variation (0%) was observed among each 

population and within individuals in a population (Table 5.6). Wright's F-statistic 

revealed a low population structure across parasite populations from all the sites while 

the total genetic differentiation index (FST) was -0.00891 (P>0.05) in the study sites. 

 

Table 5.6: Analysis of molecular variance of Pfs47 gene in Plasmodium 

falciparum population circulating in Homa Bay, Chulaimbo and Kombewa 

 

Global AMOVA results 

 

Source of 
 

variation 

df Sum of 

 

squares 

Mean 

 

Square 

Established 

 

Variation 

Percentage of 

 

variation 

Among 2 1.68 0.84 0.00 0 

populations      

Among 122 143.44 1.18 0.59 100 

Individual      

Within 125 0.00 0.00 0.00 0 

Individuals      

Total 249 145.12  0.59 100 

 

df, degrees of freedom 
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5.4 Discussion 

The current study conducted in western Kenya Plasmodium falciparum parasites 

provides important insights into the genetic diversity of Pfs47. This study identified a 

total of 13 haplotypes. The Pfs47 gene showed substantial haplotype diversity (Hd) 

ranging from 0.69 to 0.77 but low nucleotide diversity (π) ranging from 0.10±0.02 to 

0.12±0.01 across sites within the human population. The comparatively higher levels 

of genetic diversity correspond to the observed mean pairwise differences and 

haplotype diversity per study site. The variation in genetic diversity indices of Pfs47 

per site corroborates previous results that linked various parasite genetics to levels of 

malaria transmission intensities (Babiker et al., 1997; Peyerl-Hoffmann et al., 2001). 

 

Plasmodium falciparum is diverse and has varying patterns of population genetic 

characteristics that correlate with local endemicities and transmission intensity 

(Anderson et al., 2000). Reports have shown that the population genetic diversity of 

P. falciparum tends to be low in hypo to meso-malaria endemic regions and high in 

hyperendemic regions (Anderson et al., 2000; OraLee et al., 2011). These results also 

demonstrate similar trends where parasites from Chulaimbo a meso-endemic region 

had the lowest genetic diversity compared to the Homa Bay and Kombewa P. 

falciparum populations. In this study, the Pfs47 gene has displayed relatively diverse 

haplotypes with low nucleotide diversity being observed across sites within Western 

Kenya. Homa Bay (hyperendemic) had the highest nucleotide diversity followed by 

Kombewa (holoendemic) then Chulaimbo (mesoendemic).  

 

The high diversity corresponds to the observed mean pairwise differences and 

haplotype diversity per study site. The variation in genetic diversity indices of Pfs47 
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per site corroborates previous results that linked various parasite genetics to levels of 

malaria transmission intensities (Babiker et al., 1997; Peyerl-Hoffmann et al., 2001). 

Most (50%) of the observed mutations occurred within immunogenic domain two 

(D2) of Pfs47 antigen which is in agreement with findings from previous studies 

(Molina-Cruz et al., 2015). The variations within D2 of Pfs47 antigen has been 

hypothesized to be vital and aid parasite in escaping nitration or TEP1 mediated killing 

(Canepa et al., 2016). Domain 3 had only three mutations while domain 1 had one 

which was much pronounced or had high allele frequencies across the three study 

regions. All the sequences from each site except one from Homa Bay had at least one 

of the loci mutations. The sequence lacking mutation corresponds to NF54 wild strains 

that were reported to have over 90% chance of survival in the An. gambiae R strain 

mosquitoes (Molina-Cruz et al., 2015; Canepa et al., 2016). 

 

Out of the 13 observed Pfs47 haplotypes, 6 haplotypes were shared in the three regions 

representing the different transmission intensities. However, haplotypes harboring 

mutation codon E27D were predominant in each site and seem to be highly selected 

or most infective within the Western Kenya P. falciparum populations. This finding 

reaffirms parasites having mutation codon E27D to be the most predominant Pfs47 

haplotype only found in P. falciparum parasites circulating in Africa (Molina-Cruz et 

al.,2015). Consistent with findings from another study (Molina-Cruz et al., 2015) 

other common haplotypes most of which had mutations in D2 and were found in 

parasites from the three study regions were E188D, L240I, I248L, and N272Y. Among 

the four mutation codons, I248L is more conservative and results in a change of methyl 

group position within the side chain also identified by Canepa et al (2016) and 

Eldering et al (2016) in P. falciparum African strains. The mutations are shown to 
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slightly increase infection rates to 4% non-silenced and further 75% in An. albimanus 

with silenced LRIM1 (Canepa et al., 2016). Apart from mutation codon I304L 

described here for the first time, the other seven have been described in parasites 

circulating in Africa, Asia, America, and Papua New Guinea (Molina-Cruz et al., 

2015). Haplotypes with mutation codon I304L were unique to the Kombewa and 

Homa Bay parasite populations whereas those with mutation codon P194H and N272I 

were private to Homa Bay and Kombewa populations respectively. Compared to the 

Pfs47 orthologue Pvs47 (PVX_083240), both share a 38.5%-38.7% amino acid 

identity, and the haplotype distribution exhibit a geographical population structure 

indicative of alleles favored by natural selection in a given region. Not all the observed 

mutations in Pfs47 were present in Pvs47, however, in amino acid sequences Pfs47 

from the study sites had two mutation sites (27 and 240) at same loci position as the 

one described in Pvs47 (Tachibana et al., 2015). 

 

All the inter-population comparisons displayed non-significant differences across the 

three P. falciparum populations thus confirming a weak population structure. The 

weak population structure or lack of significant difference in nucleotide diversity 

indices may be as a result of considerable gene flow, lack of geographical barriers, 

and inbreeding characterizing parasites at various sites in Western Kenya. 

Furthermore, these sites have a vast network of roads that facilitate movement and 

trade across these study regions. Human movement may also affect the parasite 

population structure by introducing an admixture of P. falciparum strains (Shanks et 

al., 2005; Bonizzoni et al., 2009) as a result of a weak structure as illustrated in this 

study. Plasmodium falciparum populations from Homa Bay and Kombewa showed 

the strongest evidence of endemic structure. This is consistent with other studies 
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conducted in the African continent where P. falciparum is diverse and has varying 

patterns of population genetic characteristics that correlate with local endemicities and 

transmission intensity (Anderson et al., 2000). These results also demonstrate similar 

trends where parasites from Chulaimbo a mesoendemic region had the lowest genetic 

diversity compared to the Homa Bay and Kombewa P. falciparum strains. 

 

5.5 Conclusion 

There was no genetic differentiation among the Plasmodium falciparum parasite 

populations from Homa Bay, Kombewa and Chulaimbo. The Pfs47 polymorphic 

region (1061 base pairs) exhibited thirteen haplotypes and eight SNPs, resulting in 

seven amino acid changes; E27D, E188D, P194H, L240I, I248L, N272I, and I304L. 

There was evidence of an abundance of rare haplotypes, a recent population expansion 

or a selective sweep caused by genetic hitchhiking. The absence of a synonymous 

substitution is also evidence of natural selection in the amino acid polymorphisms 

within the Pfs47 gene. 
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CHAPTER SIX 

COMPATIBILITY OF PFS47 INFECTIOUS HAPLOTYPES TO 

ANOPHELES GAMBIAE IN WESTERN KENYA 

6.1 Introduction 

Insecticide resistance (Ondeto et al., 2017; Huijben and Paaijmans, 2018;  Sternberg 

and Thomas, 2018 ; Orondo et al., 2021) and outdoor transmission (Okello et al., 

2006; Meyers et al., 2016; Sherrard-Smith et al., 2019; Keïta et al., 2021) have 

compromised the efficacy of primary malaria control interventions necessitating the 

development of new or improved targeted strategies that could complement the control 

of malaria such as transmission-blocking approaches. Molecular mechanisms 

underlying Plasmodium infections and mosquito genotypes influencing parasite 

adaptations to diverse Anopheles species are vital in understanding Anopheles-

Plasmodium compatibility interactions. 

 

Malaria transmission majorly depends on competent vectors and compatible infectious 

parasites to influence susceptibility in local Anopheles populations (Molina-Cruz et 

al., 2015). The mosquito immune factors including recognition receptors, cellular and 

humoral components influence the infectiousness of gametocytes to vectors 

(Cirimotich et al., 2010). The likelihood of infection after ingesting gametocytes from 

an infected person is determined by a combination of factors such as the mosquitos’ 

immune responses (Richman et al., 1997; Michel and Kafatos, 2005; Cirimotich et al., 

2010; Nilsson et al., 2015). The thioester-containing protein 1(TEP1) is a key 

immunological gene that exhibits allelic variations (Obbard et al., 2008) and also 

prevents pathogens including Plasmodium infections in mosquitoes (Clayton et al., 

2014), hence altering vector competence and malaria infectivity (Blandin et al., 2004; 
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Blandin et al., 2009). 

 

The Pfs47 gene is a mechanism used by the malaria parasite P. falciparum to avoid 

the immune responses of the vectors (Molina-Cruz et al., 2013; Molina-Cruz et al., 

2020). The gene exhibits haplotypes that innately favor particular mosquito receptors, 

resulting in significant transmission variability (Molina-Cruz et al., 2015). Previous 

studies have shown that certain Pfs47 haplotypes have evolved to interact with specific 

midgut vector receptors in mosquitoes, enabling the malaria parasite to evade the 

mosquito's immune system. This evasion mechanism enhances the chances of the 

parasite surviving and development within the mosquito, ultimately increasing the risk 

of transmitting malaria to humans when an infected mosquito subsequently takes a 

blood meal (Molina-Cruz et al., 2020). The immune system of the vector, however, 

recognizes and eliminates incompatible haplotypes. Furthermore, Anopheles 

populations dominating in a particular area may have exerted selection pressures that 

alter the genetic diversity of Pfs47 haplotypes, resulting in parasite adaptations to local 

vector species. According to Sinka et al, (2010) over 70 Anopheles species now 

transmit P. falciparum malaria around the world. 

 

From a molecular standpoint, the associations between Pfs47 in P. falciparum and the 

TEP1 immunity gene in Anopheles mosquitoes may play a significant role in defining 

malaria infections since specific Pfs47 haplotypes can avoid the mosquito's immune 

system, elevating the risk of infection. Understanding the complex and poorly 

understood Anopheles-Plasmodium interactions form a basis for identifying host 

factor knowledge gaps related to vector competence and serve as potential targets for 

malaria transmission- blocking therapies. 
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6.2 Materials and methods 

 

6.2.1 Study site and population 

Chulaimbo is a rural site 19 km west of Kisumu City (0.03572°S, 34.621°E, altitude 

ranges 1328-1381 m above sea level). The mean annual temperature is between 

120C - 35°C, average annual rainfall of 1352 mm and an average relative humidity 

range of 66–83%. Malaria transmission in this area is endemic with Plasmodium 

falciparum as the dominant species in the area (Idris et al., 2016). Most residents are 

small-scale subsistence farmers. The region has a sporadic water supply system, 

limited sewer and waste disposal.  

 

A cross-sectional survey was conducted during the dry season (January to March, 2020) 

and the wet season (October to December, 2019 and October to December 2020). 

Children between the ages of 5 and 15 years with parental consent were screened from 

villages in Chulaimbo, Kisumu County (Plate 6.1). 

 

6.2.2 Mosquitoes used for the study 

Membrane feeding experiments were carried out on female Anopheles gambiae 

mosquitoes (Kisumu strain) that were reared in the Centre of excellence for malaria 

research (ICEMR) insectary between three and five days after emergence (Plate 6.2). 

This colony was maintained in ICEMR, Homa Bay in western Kenya. The mosquitoes 

were reared at temperatures of 27-290C, 69-80% relative humidity (RH), and a 12 

hours light and 12 hours dark cycle. The colony was then constantly maintained on 

10% sucrose (Das et al., 2007). 

 

 



75  
 

 

 

Plate 6.1: A; Blood is drawn from a Plasmodium falciparum gametocyte carrier, 

B; Infected blood transfer into the hemotek feeders prior to feeding, C; 

Anopheles gambiae mosquitoes ingesting blood under a dark cloth and the 

hemotek feeding system 

 

6.2.3 Identifying gametocyte carriers 

Parasitological assessments to detect P. falciparum gametocyte carriers were 

conducted in school children between the ages of 5 and 15 who agreed and had their 

guardians' permission. Blood samples were obtained from the children using finger 

pricks on well- labeled Whatman® 903 Protein Saver Cards (GE Healthcare 

WB100014) with the participants' information including the code, age, sex and date. 

A total of 50 µl of blood was collected and placed onto the Whatman® 903 Protein 

Saver Cards, which were then air dried before being stored at -20oC in zip lock bags 

for molecular analyses. Simultaneously, thick and thin smears were prepared. Blood 

films were stained with 10% GIEMSA and Plasmodium parasites identified using a 

A B C 
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compound microscope. Malaria parasites counts were read against 500 white blood 

cells. Gametocyte densities were determined for all P. falciparum positive participants 

by counting the number of gametocytes per 500 leukocytes by microscopy and 

expressed as parasites per μl assuming a standard white blood cell (WBC) 

concentration of 8000/μl (McKenzie et al., 2005). Two skilled Microscopists took two 

readings per slide smear. A senior external Microscopists then selected 20% of the 

slides for quality control verification. Membrane feeding was limited to gametocyte 

positive subjects only. Individuals who tested positive for malaria and had symptoms 

were then referred to the nearest local health center and treated. 

 

6.2.4 Blood draws for mosquito feeding assays 

Gametocyte carriers from screened volunteers positive for P. falciparum gametocytes 

donated blood for the whole blood and serum replaced experiments. Blood was drawn 

intravenously by a professional phlebotomist using butterfly needles. Approximately 

3 ml of blood was collected by venipuncture in heparinized tubes for each volunteer. 

An aliquot of 1.5ml of blood was immediately aliquoted into pre-warmed hemotek 

feeders (1ml capacity) at 370C while another 1.5ml was immediately transferred into 

2ml Eppendorf tubes and centrifuged at 2000 rounds per minute for 2 minutes. The 

supernatant of serum was discarded and replaced with a naïve human serum type AB 

(Bio Whittaker, Cambrex Bio Science Walkersville, MD, USA). Replaced blood was 

quickly transferred to the feeders to allow the starved mosquitoes to feed. 

 

  



77  
 

6.2.5 Mosquito infections using membrane feeding assays 

Only participants blood positive for gametocytes was used to feed insectary reared An. 

gambiae KSM strain mosquitoes using membrane feeding assays (serum replacement 

and whole blood experiments) (Bousema et al., 2012). Aggressive 3-5 ay old female 

Anopheles gambiae (Kisumu strain) mosquitoes were starved for 6-8hrs prior to 

feeding on infected blood. Whole blood and serum replacement experiments were 

conducted for each participant. Each cup contained 100 mosquitoes. The mosquitoes 

were allowed to feed from different feeders of the same infected blood for 15-30 

minutes through a parafilm membrane. All membrane feeding procedures were 

conducted at 370C using the hemotek system. Only fully engorged blood-fed 

mosquitoes were sorted and unfed mosquitoes discarded by freezing them for 15 

minutes at -200C. Infected mosquitoes were transferred to cages and maintained at 27-

290C temperatures and 69-80% relative humidity and a 12 hours light and 12 hours 

dark cycle. They were given 6% sucrose and maintained to days 8 and 9 post- feeding. 

Only mosquitoes that survived were dissected for oocysts enumeration. The study 

participants were treated with artemether-lumefantrine (Coartem®) according to the 

Ministry of Health guideline after the membrane feeding exercise. 

 

6.2.5.1 Oocysts enumeration 

All infected mosquitoes that survived were dissected on the 8th or 9th day post-feeding 

under a dissecting microscope as described by Afrane et al (2008). Briefly, each 

mosquito gut was carefully pulled out from the abdomen in 0.5% mercurochrome 

allowed to stain for 10 minutes. The midguts were then examined for oocysts under a 

light microscope. The number of oocysts observed were counted and recorded per 

mosquito gut. The oocysts load was expressed as the number of oocysts per infected 
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mosquito. Mosquito carcasses were labeled and preserved for further molecular 

assays. 

 

6.2.6 Data analysis 

Data from the participants was tabulated in Microsoft Excel V16. Computing 

descriptive statistics (sum, mean, standard deviation, standard error, and 95 % 

confidence interval) and comparing means were done using GraphPad Prism v.8.0.1 

and SPSS version 25 for Windows software. The Shapiro–Wilk normality test was 

used to check data normality before performing multiple mean comparisons and 

chi-square tests.  BioEdit version 7.2.6.1 was used to construct sequenced paired raw 

reads, which were then aligned using the ClustalW algorithm in MEGA X software. 

Data were considered statistically significant at P< 0.05. 

 

6.3 Results 

6.3.1 Parasitological surveys used to identify gametocyte carriers 

Out of 4481 children that were tested for malaria, 885 tested positive, representing a 

19.7% infection prevalence (95% CI: 0.003-0.007). The majority of the positive 

cases were attributed to P. falciparum infections, accounting for 95% (841) of the 

total infections. Other malaria parasite species identified in the study included P. 

malariae (1.6%), P. ovale (0.3%), and mixed infections involving P. falciparum and 

P. malariae (Pf/Pm) or P. ovale (Pf/Po), each accounting for 2.7% of the infections. 

Out of the 841 confirmed P. falciparum positive infections, 142 participants had P. 

falciparum gametocytes that were confirmed by microscopy. The overall gametocyte 

density was 37.3 gametocytes/µl of blood. The gametocyte prevalence was 6.9% and 

density ranged from 16-176 gametocytes/µl of blood treating each infection as an 
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individual entity. 

 

The odds of finding microscopic gametocyte infections were significantly high during 

the dry season (OR 1.37, 95% CI, P=0.001) compared to the wet season (Table 6.1). 

Males were 1.23 times more likely than females to harbor microscopic gametocyte 

infections. No significant variations in gametocyte prevalence by age was observed 

P=0.649. Children between the ages of 8 and 15 years had the highest gametocyte 

densities. 

Table 6.1: Gametocyte prevalence by season and gender 

 

 

Parameter 

 

 

N 

 

Gametocyte 

Density/µl 

Gametocyte 

Prevalence 

n (%) 

 

 

OR (95% CI) 

 

P- 

 

Value 

 

Season 
Wet 3690 30.88 (26.67 - 35.74) 682 (18.5)  

1.37 (1.14-1.64) 
 

0.001 

Dry 791* 44.11(28.43 - 68.42) 187 (23.6) 

 

Gender 
Female 2262 32.03 (26.15 -39.23) 403 (17.8)  

1.23 (1.06-1.42) 
 

0.007 

Male 2219* 31.97 (26.30 - 38.84) 466 (21) 

*Reference categories  

 

6.3.2 Mosquito infections rates by assay 

Membrane feeding assays were performed on 109 of 142 children who tested positive 

for P. falciparum gametocytes. On day 9 after feeding, only 34% of individuals with 

gametocytes infected mosquitos. A total of 3894 mosquitoes were dissected, 1960 in 

serum replacement and 1934 in whole blood to evaluate infection rates. Thirty-seven 

paired membrane feeding experiments from the same donor had infection rates of 0.8% 

(15/1960) and 0.5% (9/1934), with oocyst densities of 1 and 1.8 in serum replacement 
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and whole blood, respectively. (Table 6.2). The difference in both experiments was 

however not significant (P=0.738). 

 

Table 6.2: Infection prevalence for paired experiments (n=37) 

 

Experiment Number Feeding Dissected Number Prevalence Total Oocyst 

types exposed rate (%) Infected of infection oocysts density/midgut 

  (%)   (%) count  

Serum 3760 65.20% 1960 15 0.8 15 1 

replacement   (82.2)     

Whole  

3760 

 

56.60% 

1934  

9 

 

0.5 

 

16 

 

1.8 

blood   (80.2)     

 

 

6.3.3 Prevalence of infectious Pfs47 haplotypes 

Six genetic haplotypes from 24 P. falciparum gametocyte sequences, both with and 

without specific codon variants, have been identified as potentially infectious. 

Haplotypes with the dimorphic codons E27D and L240I, haplotypes containing S98T, 

haplotypes containing E27D, haplotypes with the codon L240I, haplotypes with the 

codon E188D, and haplotypes without dimorphic codons (Figure 6.2). Genotyped 

parasite DNA from blood infected with Hap_4 (with dimorphic codon L2401) was the 

most frequent at 7 (29.2%) with positive oocyst results followed by Hap_3 (E27D) 

and Hap_6 (with no polymorphic sites) each with 5 (20.8%). Infectious haplotypes 

with E27D and L240I mutations (Hap_1) were observed at a frequency of 4 (16.7%) 

whereas Hap_2 (S98T0) and Hap_5 (E188D) was each presented at a frequency of 1 

(4.2%) and 2 (8.3%) respectively. 
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Figure 6.1: Frequency of haplotypes with positive oocyst results. 

 

6.4 Discussion 

This study established the compatibility of probable infectious Pfs47 haplotypes to 

An. gambiae Kisumu strain mosquitoes reared in the insectary. Children aged 5 to 15 

years from the same cohort and study site had the highest frequency of positive oocyst 

results, although being detected at a low frequency (6.7%) in the blood infected with 

haplotypes containing dimorphic codon L240I. Despite the combination of the two 

mutation codons E27D and L240I, this haplotype did not appear to increase infectivity 

based on the frequency observed. On the other hand, haplotypes containing codon 

E27D and those without polymorphic sites infected the same proportion of 

mosquitoes, showing limited compatibility to the An. gambiae s. s mosquitoes used. 
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The fact that six Pfs47 haplotypes with mutation codons observed in this study infected 

mosquitoes at low frequencies shows that they could be compatible with other vector 

species when transmitting malaria. Apart from vectors and gametocyte compatibility 

human antibodies against gametocytes play a critical role in transmission blocking or 

reduction capabilities in addition to their compatibility (Miura et al., 2013; Fabra-

García et al., 2023; Simons et al., 2023). 

 

A previous study identified thirteen Pfs47 haplotypes; haplotypes bearing E27D 

mutations were the majority (53.3%) followed by those without mutation sites (16.7%) 

whereas other haplotypes occurred at a frequency of 6.7% or lower (Onyango et al., 

2021). All An. gambiae s.s used were reared in the insectary and harbored the 

homozygous TEP1* S1/S1 genotype in higher frequencies than the heterozygous 

TEP1*R2/S1 genotypes. The high prevalence of TEP1* S1/S1 observed indicates that 

the mosquito population used were mostly susceptible to Plasmodium gametocytes 

(Rono, 2017: Bartilol et al., 2022a) and may have been highly compatible with 

gametocytes containing the L240I dimorphism following the “lock-and-key” theory as 

described by Molina-cruz et al (2015). Interactions between P. falciparum strains from 

different continents and mosquitos from Africa, Asia, and the Americas resulted in 

parasites infecting vectors from the same locality considerably more successfully than 

vectors from another continent which may be due to the selection of compatible 

parasites by indigenous vectors. 

 

A weak association between gametocyte density and infection rates was observed 

despite exposing numerous mosquitoes with infected blood. The low infection rates 

in the mosquito may have been an indication that the serum replacement and 
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whole blood experiments did not have a significant difference on infection rates. The 

infectiousness of gametocytes can be validated by exposing Anopheles vectors to 

parasites using membrane feeding assays. However, MFAs have clearly demonstrated 

variances in gametocyte prevalence and their infectiousness, which may be caused by 

inherent vector factors reported by Koella and Sorense (2002). Other factors may 

include physiological and environmental variables, antibody levels (Smith et al., 

2014) and surface antigens among them Pfs47, which is expressed by P. falciparum 

gametocytes (Crompton et al., 2014), as well as other human host factors (Drakeley 

et al., 1999; Blandin et al., 2008; Timinao et al., 2021). These factors might contribute 

to the low infection rates as well as the weak associations between gametocyte density 

and infection rates reported in the current study. This finding corroborated previous 

investigations by Bousema and Drakeley (2011) that also documented low infection 

rates reported in the current study. and weak association between gametocyte densities 

and mosquito infection rates that also varied with low gametocyte densities. 

 

To better understand malaria transmission dynamics, molecular interactions 

underlying mosquito immune responses to P. falciparum infections and the immune 

evasion tactics is of importance. According to Molina-cruz et al (2017; 2015; 2016), 

the Pfs47 gene has undergone natural selection as a result of adaptations to diverse 

anopheline species found in different continents hence a strong population structure. 

Parasites with compatible Pfs47 haplotypes can evade complement activation and 

survive within invaded midgut cells (Ramphul et al., 2015). According to previous 

investigations, Plasmodium falciparum strains from different continents interacted 

with mosquitoes from Africa, Asia, and the Americas to indicate that the parasites 

infected the vectors from the same site far more potently than those from another 
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continent (Molina-Cruz et al., 2015). Subsequently, different recombinant P. 

falciparum parasites, each containing a Pfs47 haplotype from a different region 

worldwide with the same genetic makeup, were synthesized in order to test the 

hypothesis that Pfs47 haplotypes directly influence the parasite survival in 

indigenous vectors to a region. The findings implied that the Pfs47 haplotype 

replacement was sufficient to alter compatibility with several vectors(Canepa et al., 

2016). However, further investigations should be conducted on indigenous Anopheles 

vectors combinations with infectious Pfs47 haplotypes as a potential target that may 

focus on disrupting malaria transmission in the mosquito host. 

 

6.5 Conclusions 

The Pfs47 haplotypes that contained mutation codons E27D, L240I, S98T, E188D and 

those conserved (haplotypes with no mutations like the 3D7 P. falciparum strain) were 

found to be potentially infectious to Anopheles gambiae s. l. Despite some haplotypes 

having a combination of the mutations in the Pfs47 gene the parasites’ ability to infect 

and be transmitted by Anopheles mosquitoes was not enhanced in western Kenya. 
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CHAPTER SEVEN 

GENERAL DISCUSSION, CONCLUSIONS AND 

RECOMMENDATIONS 

 

7.1 General discussion 

The aim of this study was to determine the genetic diversity of TEP1 and Pfs47 in An. 

gambiae s. l and P. falciparum parasites respectively in western Kenya, in addition to 

understanding the parasite and vector interactions with regards to vector competence. 

The TEP1 distribution in An. gambiae s. s and An. Arabiensis from western Kenya 

identified TEP1*S1/S1, TEP1*R2/R2, and TEP1*R2/S1 genotypes and TEP1*S1 and 

TEP1*R2 alleles, with TEP*S1 being most prevalent than the resistant allele TEP*R2. 

Apart from Anophelese merus, which was identified along the Kenyan coast and 

exhibited the TEP1*R3 allele, and An. coluzzii, which was identified in Gambia, Mali, 

Burkina Faso, and Cameroon and exhibited the TEP1*R1 allele, the distribution of 

TEP1 in other members of the An. gambiae complex identified was consistent with 

the findings of this study (Rono, 2017; Gildenhard et al., 2019; Bartilol et al., 2022a; 

Hamid-Adiamoh et al., 2023;). 

 

The high TEP1*S1 allele frequency in An. gambiae s.s and An. arabiensis, 

demonstrated that both species have varying frequencies of genetic variations 

associated with Plasmodium parasite susceptibility hence a varied genetic diversity 

within populations. These genetic variations could influence the malaria transmission 

dynamics in different regions where these mosquitoes are present (Le et al., 2012; 

Eldering et al., 2016). The preservation and widespread distribution of TEP1*S1 and 

TEP1*R2 alleles may have substantial implications for malaria transmission 
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dynamics. Furthermore, the genotypes widely distributed may provide mosquitoes 

with certain advantages such as more effective immune responses against Plasmodium 

parasites, which may influence their ability to spread malaria. 

 

The overall Fst values of TEP1 in Anopheles gambiae s. l indicate minimal genetic 

variation between study sites. This finding reveals the absence of significant barriers 

hindering genetic exchange, hence facilitating a continuous gene flow leading to 

minimal genetic differentiation between species. The effective migration indexes 

further reinforce these findings, indicating a high level of gene flow among populations 

(Horton et al., 2010; Harris et al., 2012). The small departures from Hardy-Weinberg 

Equilibrium (HWE) at the TEP1 loci indicate that particular TEP1 alleles are 

beneficial and are preferred by selection pressures, resulting in deviations from 

expected equilibrium frequencies (Crawford et al., 2012). Furthermore, the findings 

suggest that other processes, such as natural mutations and interbreeding, may be 

involved in shaping TEP1 allele structure. This implies that genetic alterations caused 

by mutations, and the genetic material exchanged through interbreeding may be 

contributing to the observed genetic diversity at the TEP1 loci. 

 

Overall, this study illuminated the genetic diversity of TEP1 in An. gambiae s. l in 

western Kenya. Understanding the variations in TEP1 and the distribution in different 

mosquito populations is vital in devising effective malaria control strategies, such as 

genetically manipulating mosquitoes to reduce their ability to transmit the disease. 

Additionally, these findings enhance our understanding of mosquito immunity and 

provide valuable insights into the complex interactions between mosquitoes and 

malaria parasites. The current research characterized thirteen haplotypes in Pfs47 
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within the polymorphic region (1061bp). The high level of haplotype diversity 

observed within the Pfs47 gene suggests that the P. falciparum parasite is continuously 

developing and adapting to varied settings and host populations. These findings support 

previous investigations on the genetic diversity of malaria parasites, demonstrating the 

genetic diversity of the Pfs47 protein (Molina-Cruz and Barillas-Mury, 2014; Molina-

Cruz et al., 2016; Onyango et al., 2021). This polymorphism is most likely caused by 

selection pressures imposed by the human immune system and the biology of the 

mosquito vector. 

 

Eight single nucleotide polymorphisms (SNPs) resulted in 7 amino acid changes: 

E27D, E188D, P194H, L240I, I248L, N272I, and I304L within the Pfs47 sequence. 

Prevalent haplotypes E188D, L240I, I248L, and N272Y, the majority of which 

contained mutations in Domain 2 (D2) were identified in P. falciparum isolates from 

western Kenya. The other seven mutations were identified in parasites present 

throughout Africa, Asia, America, and Papua New Guinea (Molina-Cruz et al., 2015), 

with an exception of the haplotype with mutation codon I304L documented in this 

study for the first time. Most of the observed mutations occurred within immunogenic 

domain two (D2) of Pfs47. This region is known to be highly polymorphic, containing 

the polymorphisms that determine mosquito compatibility at the Pfs47 protein's C-

terminus (Molina-Cruz and Barillas-Mury, 2022). Moreover, antibodies targeting the 

D2 domain of the Pfs47 protein can effectively block transmission, consequently, a 

potential target for future malaria transmission-blocking interventions (Canepa et al., 

2018; Molina-Cruz and Barillas-Mury, 2022). Antibodies prevent the parasite from 

completing the life cycle within the mosquito by blocking the development of 

ookinetes, thus decreasing the number of malaria parasites transmitted to the human 
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host. The ability of these antibodies to inhibit transmission is not dependent on the 

human complement system and cannot be attributed simply to complement's role in the 

immune response, but that other mechanisms are involved in mediating the 

transmission- blocking process (Canepa et al., 2018). 

 

The research findings demonstrate an excess of rare alleles at high frequencies. Similar 

trends observed in another study indicating that this could be as a result of a recent 

positive selection or a population expansion within populations (Amegashie et al., 

2020). Furthermore, the population's richness of rare haplotypes is indicated by low 

Fu's F values which is consistent with recent population growth since it indicates an 

excess of mutations that have not yet reached high frequencies in the populations. 

According to Pfs47 sequence analysis, there was a considerable gene flow between the 

local populations of P. falciparum with a pairwise index of differentiation (Fst) less than 

0.05. Previous studies have proposed that gene movement among P. falciparum 

parasites is probably linked to the mixing of human populations as a result of migration 

(Duffy et al., 2017). Despite variations in the ecology and epidemiology among the 

sites, substantial human migration between sites (Ndeda, 2019) could be responsible 

for the observed Pfs47 gene flow in the area.  

 

The presence of rare alleles in the lowlands comprises the parasite population. Despite 

the significant level of genetic variations seen due to nonsynonymous nucleotide and 

amino acid alterations, the P. falciparum isolates retained a shared gene pool, resulting 

in a relatively homogeneous parasite population. Nonsynonymous substitutions 

observed indicated that the amino acid polymorphisms in the Pfs47 antigen are being 

selected for by vectors. Due to adaptations to various anopheline species present in 
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different continents, the Pfs47 gene has undergone natural selection, resulting in a 

significant population structure (Molina-Cruz and Barillas-Mury, 2014; Molina-Cruz 

et al., 2015; Molina-Cruz et al., 2016). The Pfs47-invading midgut cells enable 

parasite persistence by inhibiting complement activation (Ramphul et al., 2015). The 

selection pressure exerted by Anopheles vectors may have an impact on the 

distribution of Pfs47 haplotypes. The polymorphisms may be vital in evading TEP1-

mediated immune responses to the vectors. 

 

The ability of potentially infectious Pfs47 haplotypes to interact effectively with An. 

gambiae s.s mosquitoes was also established in the current study. The importance of 

this research stems from distinct Pfs47 haplotypes, characterized by mutation codons, 

exhibiting limited infection rates within mosquitoes. Within the same cohort and study 

site, children aged 5 to 15 exhibited the highest occurrence of positive oocyst 

outcomes (Khagayi et al., 2019). These outcomes, characterized by a modest 

frequency of 6.7%, were linked to infected blood containing the Pfs47 haplotype 

containing the L240I dimorphic codon. According to the observed frequency, the 

Pfs47 haplotype containing both E27D and L240I mutation codons did not enhance 

infectivity. In contrast, haplotypes having the mutation codon E27D and haplotypes 

lacking polymorphic sites had equal mosquito infection rates, indicating limited 

compatibility with the An. gambiae s. s. 

 

The TEP1*S1/S1 genotype's high frequency shows that the mosquito population used 

was predominately vulnerable to Plasmodium infections (Rono, 2017). Additionally, 

it might have been especially compatible with parasites that contained L240I 

dimorphisms. A previous study on the prevalence of asexual parasites in the western 
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Kenyan, haplotypes with the E27D mutation were found to be the most widespread 

(53.3%), followed by those without mutation sites (16.7%), and the remaining 

haplotypes were found to be at a frequency of 6.7% or lower (Onyango et al., 2021), 

this haplotype, however, had no infectious activity. The high frequency of the 

TEP1*S1/S1 genotype suggests that the mosquito population employed was mostly 

susceptible to Plasmodium infections (Rono, 2017). There is evidence, nevertheless 

that P. falciparum parasite populations in Africa differ in their ability to circumvent 

the TEP1-mediated immune response, with the most significant modifications 

reported in resistant Anopheles gambiae mosquitoes (Eldering et al., 2016). It may also 

have been compatible with parasites carrying L240I dimorphisms hence the high 

infection frequencies observed. On the contrary, Pfs47 haplotype with mutation I248L 

also identified in this region were completely melanized in Anopheles gambiae R 

strain after infection unlike in An. stephensi that showed infectious activity and An. 

albimanus though exhibited low infection rates of 4% (Canepa et al., 2016). 

7.2 Conclusions 

i. The distribution of TEP1 alleles depicts two common TEP1 alleles (TEP1*S1 

and TEP1*R2) and three corresponding genotypes (TEP1*S1/S1, 

TEP1*R2/S1, and TEP1*R2/R2) in An. gambiae mosquitoes in western 

Kenya. 

ii. There is a high genetic diversity and population structure of Pfs47in P. 

falciparum populations found in western Kenya.  

iii. The infectious Pfs47 haplotypes in Plasmodium falciparum in western Kenya 

vary in their infectivity to An. gambiae mosquitoes.  
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7.3 Recommendations 

i. Use acquired TEP1 distribution data to inform the development of 

policies and targeted interventions depending on the genotypes and 

transmission setting. 

ii. Establish long-term genetic surveillance programs to monitor 

changes in the genetic diversity and population structure of Pfs47 

over time.  

iii. Strengthen vector control strategies especially in regions exhibiting 

high prevalence of infectious Pfs47 haplotypes by monitoring 

targeted interventions 

 

7.4 Suggestions for further research 

i. Characterize the distribution of TEP1 immune related genes and 

their impact on vector competence  

ii. Conduct longitudinal studies to track changes in the Pfs47 genetic 

diversity and population structure over time 

iii. Conduct field studies to determine the association between specific 

Pfs47 haplotypes prevalence of in wild populations and their 

transmission rates. 

 

 

  



92  
 

REFERENCES 

Afrane, Y.A., Bonizzoni, M. and Yan, G. (2016) Secondary Malaria Vectors of Sub-

Saharan Africa: Threat to Malaria Elimination on the Continent? DOI: 

10.5772/65359 

 

Afrane, Y.A., Little, T.J., Lawson, B.W., Githeko, A.K. and Yan, G. (2008) 

Deforestation and vectorial capacity of Anopheles gambiae Giles mosquitoes 

in malaria transmission, Kenya. Emerging Infectious Diseases, 14, 1533-1538. 

 

Alonso, D., Bouma, M.J. and Pascual, M. (2011) Epidemic malaria and warmer 

temperatures in recent decades in an East African highland. Proceedings of 

Biological Sciences, 278, 1661-1669. 

 

Amegashie, E.A., Amenga-Etego, L., Adobor, C., Ogoti, P., Mbogo, K., Amambua-

Ngwa, A. and Ghansah, A. (2020) Population genetic analysis of the 

Plasmodium falciparum circumsporozoite protein in two distinct ecological 

regions in Ghana. Malaria journal, 19, 1-14. 

 

Anderson, T.J., Haubold, B., Williams, J.T., Estrada-Franco, J.G., Richardson, L., 

Mollinedo, R., Bockarie, M., Mokili, J., Mharakurwa, S., French, N., 

Whitworth, J., Velez, I. D., Brockman, A.H., Nosten, F., Ferreira, M.U., Day, 

K. P. (2000) Microsatellite markers reveal a spectrum of population structures 

in the malaria parasite Plasmodium falciparum. Molecular Biology and 

Evolution, 17(10), 1467-1482. 

 

Anthony, T.G., Conway, D.J., Cox-Singh, J., Matusop, A., Ratnam, S., Shamsul, S., 

and Singh, B. (2005) Fragmented population structure of Plasmodium 

falciparum in a region of declining endemicity. The Journal of Infectious 

Diseases, 191, 1558-1564. 

 

Anthony, T.G., Polley, S.D., Vogler, A.P. and Conway, D.J. (2007) Evidence of non-

neutral polymorphism in Plasmodium falciparum gamete surface protein 

genes Pfs47 and Pfs48/45. Molecular and Biochemical Parasitology, 156, 

117-123. 

 

Babiker, H.A., Lines, J., Hill, W.G. and Walliker, D. (1997) Population structure of 

Plasmodium falciparum in villages with different malaria endemicity in east 

Africa. American Journal of Tropical Medicine and Hygiene, 56, 141-147. 

 

Bartilol, B., Omuoyo, D., Karisa, J., Ominde, K., Mbogo, C., Mwangangi, J., Maia, 

M., and Rono, M. K. (2022a) Vectorial capacity and TEP1 genotypes of 

Anopheles gambiae sensu lato mosquitoes on the Kenyan coast. Parasites and 

Vectors, 15, 448. 

 

Bartilol, B., Omuoyo, D., Karisa, J., Ominde, K., Mbogo, C., Mwangangi. J., Maia, 

M., and Rono, M. K. (2022b) Anopheles merus distribution and TEP1 

genotypes along the Kenyan coast. Research Square. 



93  
 

Baxter, R.H., Chang, C.I., Chelliah, Y., Blandin, S., Levashina, E.A. and Deisenhofer, 

J. (2007) Structural basis for conserved complement factor-like function in the 

antimalarial protein TEP1. Proceedings of the National Academy of Science 

of the United States of America, 104, 11615-11620. 

 

Bayoh, M.N., Akhwale, W., Ombok, M., Sang, D., Engoki, S.C., Koros, D., Walker, 

E.D., Williams, H.A., Burke, H., Armstrong, G.L., Cetron, M.S., Weinberg, 

M., Breiman, R., Hamel, M.J. (2011) Malaria in Kakuma refugee camp, 

Turkana, Kenya: facilitation of Anopheles arabiensis vector populations by 

installed water distribution and catchment systems. Malaria Journal, 10, 149. 

 

Belachew, E.B. (2018) Immune Response and Evasion Mechanisms of Plasmodium 

falciparum Parasites. Journal of Immunology Research, 2018, 6529681. 

 

Bennink, S., Kiesow, M.J. and Pradel, G. (2016) The development of malaria parasites 

in the mosquito midgut. Cell Microbiology, 18, 905-918. 

 

Bereczky, S., Martensson, A., Gil, J.P. and Farnert, A. (2005) Short report: rapid DNA 

extraction from archive blood spots on filter paper for genotyping of 

Plasmodium falciparum. American Journal of Tropical Medicine and 

Hygiene, 72, 249-251. 

 

Bhatt, S., Weiss, D., Cameron, E., Bisanzio, D., Mappin, B., Dalrymple, U., Moyes, 

C.L., Henry, A., Eckhoff, P.A., Wenger, E.A., Briët, O., Penny, M.A., Smith, 

T.A., Bennett, A., Yukich, J., Eisele, T.P., Griffin, J.T., Fergus, C.A., Lynch, 

M., Lindgren, F., Cohen, J.M., Murray, C.L.J., Smith, D.L., Hay, S.I., 

Cibulskis, R.E., Gething, P.W. (2015) The effect of malaria control on 

Plasmodium falciparum in Africa between 2000 and 2015. Nature, 526(7572), 

, 207-211. 

 

Blandin, S.A., Marois, E. and Levashina, E.A. (2008) Antimalarial responses in 

Anopheles gambiae: from a complement-like protein to a complement-like 

pathway. Cell Host and Microbe, 3, 364-374. 

 

Blandin, S.A., Shiao, S.H., Moita, L.F., Janse, C.J., Waters, A.P., Kafatos, F.C., and 

Levashina, E.A. (2004) Complement-like protein TEP1 is a determinant of 

vectorial capacity in the malaria vector Anopheles gambiae. Cell, 116, 661-

670. 

 

Blandin, S.A., Wang-Sattler, R., Lamacchia, M., Gagneur, J., Lycett, G., Ning, Y., 

Levashina, E.A., and Steinmetz, L.M. (2009) Dissecting the genetic basis of 

resistance to malaria parasites in Anopheles gambiae.Science, 326, 147-150. 

 

Bonizzoni, M., Afrane, Y., Baliraine, F.N., Amenya, D.A., Githeko, A.K. and Yan, 

G. (2009) Genetic structure of Plasmodium falciparum populations between 

lowland and highland sites and antimalarial drug resistance in Western Kenya. 

Infection Genetics and Evolution, 9, 806-812. 

 



94  
 

Bousema, T., Dinglasan, R.R., Morlais, I., Gouagna, L.C., van Warmerdam, T., 

Awono- Ambene, P.H., Bonnet, S., Diallo, M., Coulibaly, M., Tchuinkam, T., 

Mulder, B., Targett, G., Drakeley, C., Sutherland, C., Robert, V., Doumbo, O., 

Touré, Y., Graves, P.M., Roeffen, W., Sauerwein, R., Birkett, A., Locke, E., 

Morin, M., Wu, Y., and Churcher, T.S. (2012) Mosquito feeding assays to 

determine the infectiousness of naturally infected Plasmodium falciparum 

gametocyte carriers. PLoS One, 7, e42821. 

 

Bousema, T. and Drakeley, C. (2011) Epidemiology and infectivity of Plasmodium 

falciparum and Plasmodium vivax gametocytes in relation to malaria control 

and elimination. Clinical Microbiology Review, 24, 377-410. 

 

Buchon, N., Poidevin, M., Kwon, H.M., Guillou, A., Sottas, V., Lee, B.L., and 

Lemaitre, B. (2009) A single modular serine protease integrates signals from 

pattern-recognition receptors upstream of the Drosophila Toll pathway. 

Proceedings of the National Academy of Science of the United States of 

America, 106, 12442-12447. 

 

Canepa, G.E., Molina-Cruz, A. and Barillas-Mury, C. (2016) Molecular Analysis of 

Pfs47- Mediated Plasmodium Evasion of Mosquito Immunity. PLoS One, 

11(12), e0168279. 

 

Canepa, G.E., Molina-Cruz, A., Yenkoidiok-Douti, L., Calvo, E., Williams, A.E., 

Burkhardt, M., Peng, F., Narum, D., Boulanger, M.J., Valenzuela, J.G., and 

Barillas-Mury, C. (2018) Antibody targeting of a specific region of Pfs47 

blocks Plasmodium falciparum malaria transmission. NPJ Vaccines, 3, 26. 

 

Christophides, G.K., Vlachou, D. and Kafatos, F.C. (2004) Comparative and 

functional genomics of the innate immune system in the malaria vector 

Anopheles gambiae. Immunological reviews, 198, 127-148. 

 

Christophides, G.K., Zdobnov, E., Barillas-Mury, C., Birney, E., Blandin, S., Blass, 

C., Brey, P.T., Collins, F.H., Danielli, A., Dimopoulos, G., Hetru, C., Hoa, 

N.T., Hoffmann, J.A., Kanzok, S.M., Letunic, I., Levashina, E.A., Loukeris, 

T.G., Lycett, G., Meister, S., Michel, K., Moita, L.F., Müller, H.M., Osta, 

M.A., Paskewitz, S.M., Reichhart, J.M., Rzhetsky, A., Troxler, L., Vernick, 

K.D., Vlachou, D., Volz, J., von Mering, C., Xu, J., Zheng, L., Bork, P., and 

Kafatos, F.C. (2002) Immunity-related genes and gene families in Anopheles 

gambiae. Science, 298, 159-165. 

 

Cirimotich, C.M., Dong, Y., Garver, L.S., Sim, S. and Dimopoulos, G. (2010) 

Mosquito immune defenses against Plasmodium infection. Developmental 

and Comparative Immunology, 34, 387-395. 

 

Clayton, A.M., Dong, Y. and Dimopoulos, G. (2014) The Anopheles innate immune 

system in the defense against malaria infection. Journal of innate immunity, 6, 

169-181. 

 



95  
 

Coetzee, M. (2020) Key to the females of Afrotropical Anopheles mosquitoes 

(Diptera: Culicidae). . Malaria Journal, 19:1-20. 

 

Collins, F.H., Sakai, R.K., Vernick, K.D., Paskewitz, S., Seeley, D.C., Miller, L.H., 

Collins, W.E., Campbell, C.C., and Gwadz, R.W. (1986) Genetic selection of 

a Plasmodium-refractory strain of the malaria vector Anopheles gambiae. 

Science, 234, 607-610. 

 

Crawford, J.E., Bischoff, E., Garnier, T., Gneme, A., Eiglmeier, K., Holm, I., Riehle, 

M.M., Guelbeogo, W.M., Sagnon, N., Lazzaro, B.P., and Vernick, K.D. 

(2012) Evidence for population-specific positive selection on immune genes 

of Anopheles gambiae. G3 (Bethesda), 2, 1505-1519. 

 

Crompton, P.D., Moebius, J., Portugal, S., Waisberg, M., Hart, G., Garver, L.S. Miller, 

L.H., Barillas-Mury, C., Pierce, S.K. (2014) Malaria immunity in man and 

mosquito: insights into unsolved mysteries of a deadly infectious disease. 

Annual Review of Immunology, 32, 157-187. 

 

Das, S., Garver, L. and Dimopoulos, G. (2007) Protocol for Mosquito Rearing (A. 

gambiae). Journal of Visualized Experiments., 5:221 

 

Degefa, T., Yewhalaw, D., Zhou, G., Lee, M.-c., Atieli, H., Githeko, A., and Yan, G. 

(2017). Indoor and outdoor malaria vector surveillance in western Kenya: 

Implications for better understanding of residual transmission. Malaria 

Journal, 16(1):443. 

 

De Gregorio, E., Spellman, P.T., Tzou, P., Rubin, G.M. and Lemaitre, B. (2002) The 

Toll and Imd pathways are the major regulators of the immune response in 

Drosophila. Embo Journal, 21, 2568-2579. 

 

Debrah, I., Afrane, Y.A., Amoah, L.E., Ochwedo, K.O., Mukabana, W.R., Zhong, D. 

Zhou, G., Lee, M.C., Onyango, S.A., Magomere, E.O., Atieli, H., Githeko, 

A.K., and Yan, G. (2021) Larval ecology and bionomics of Anopheles funestus 

in highland and lowland sites in western Kenya. PLoS One. 2021 Oct 

11;16(10):e0255321. doi: 10.1371/journal.pone.0255321. PMID: 34634069; 

PMCID: PMC8504749. 

 

Division of National Malaria Programme Kenya (DNMP). (2021) Kenya Malaria 

Indicator Survey 2020: Key Indicators. 

 

Dong, Y., Cirimotich, C.M., Pike, A., Chandra, R. and Dimopoulos, G. (2012) 

Anopheles NF- κB-regulated splicing factors direct pathogen-specific 

repertoires of the hypervariable pattern recognition receptor AgDscam. Cell 

Host and Microbe, 12, 521-530. 

 

  



96  
 

Drakeley, C.J., Secka, I., Correa, S., Greenwood, B.M. and Targett, G.A. (1999) Host 

haematological factors influencing the transmission of Plasmodium 

falciparum gametocytes to Anopheles gambiae s.s. mosquitoes. Tropical 

Medicine and International Health, 4, 131-138. 

 

Duffy, C.W., Ba, H., Assefa, S., Ahouidi, A.D., Deh, Y.B., Tandia, A., Kirsebom, 

F.C.M., Kwiatkowski, D.P., and Conway, D.J. (2017) Population genetic 

structure and adaptation of malaria parasites on the edge of endemic 

distribution. Molecular Ecology 26 (11), 2880-2894. 

 

Eldering, M., Morlais, I., van Gemert, G.J., van de Vegte-Bolmer, M., Graumans, W., 

Siebelink- Stoter, R., Vos, M., Abate, L., Roeffen, W., Bousema, T., 

Levashina, E.A., and Sauerwein, R.W. (2016) Variation in susceptibility of 

African Plasmodium falciparum malaria parasites to TEP1 mediated killing in 

Anopheles gambiae mosquitoes. Scientific Reports, 6, 20440. 

 

Enomoto, M., Kawazu, S., Kawai, S., Furuyama, W., Ikegami, T., Watanabe, J., and 

Mikoshiba, K. (2012). Blockage of spontaneous Ca2+ oscillation causes cell 

death in intraerythrocitic Plasmodium falciparum. PLoS One, 7(7), e39499. 

 

Fabra-García, A., Hailemariam, S., de Jong, R.M., Janssen, K., Teelen, K., van de 

Vegte-Bolmer, M., van Gemert, G.J., Ivanochko, D., Semesi, A., McLeod, B., 

Vos, M.W., de Bruijni, M.H.C., Bolscher, J.M., Szabat, M., Vogt, S., Kraft, 

L., Duncan, S., Kamya, M.R., Feeney, M.E., Jagannathan, P., Greenhouse, B., 

Dechering, K.J., Sauerwein, R.W., King, C.R., MacGill, R.S., Bousema, T., 

Julien, J.P., Jore, M.M. (2023) Highly potent, naturally acquired human 

monoclonal antibodies against Pfs48/45 block Plasmodium falciparum 

transmission to mosquitoes. Immunity, 56, 406-419. e407. 

 

Fabrigar, D.J., Hubbart, C., Miles, A. and Rockett, K. (2016) High-throughput 

genotyping of Anopheles mosquitoes using intact legs by Agena biosciences 

iPLEX. Molecular Ecology Resources, 16(2), 480-486. 

 

Fisher, R. (2006) Statistical methods for research workers [Internet]. Genesis 

Publishing Pvt Ltd. 

 

Fraiture, M., Baxter, R.H., Steinert, S., Chelliah, Y., Frolet, C., Quispe-Tintaya, W., 

Hoffmann, J.A., Blandin, S.A., Levashina, E.A. (2009) Two mosquito LRR 

proteins function as complement control factors in the TEP1- mediated killing 

of Plasmodium. Cell host & microbe, 5, 273-284. 

 

Frolet, C., Thoma, M., Blandin, S., Hoffmann, J.A. and Levashina, E.A. (2006) 

Boosting NF- kappaB-dependent basal immunity of Anopheles gambiae 

aborts development of Plasmodium berghei. Immunity, 25, 677-685. 

 

 

 

 



97  
 

Garver, L.S., Bahia, A.C., Das, S., Souza-Neto, J.A., Shiao, J., Dong, Y., and 

Dimopoulos, G. (2012) Anopheles Imd pathway factors and effectors in 

infection intensity-dependent anti-Plasmodium action. PLoS Pathogens, 8, 

e1002737. 

 

Garver, L.S., de Almeida Oliveira, G. and Barillas-Mury, C. (2013) The JNK pathway 

is a key mediator of Anopheles gambiae antiplasmodial immunity. PLoS 

Pathogens, 9, e1003622. 

 

Garver, L.S., Dong, Y. and Dimopoulos, G. (2009) Caspar controls resistance to 

Plasmodium falciparum in diverse anopheline species. PLoS Pathogens, 8(6): 

e1002737. 

 

Gething, P.W., Elyazar, I.R., Moyes, C.L., Smith, D.L., Battle, K.E., Guerra, C.A., 

Tatem, A.J., Howes, R.E., Myers, M.F., George, D.B., Horby, P., Wertheim, 

H.F., Price, R.N., Müeller, I., Baird, J.K., Hay, S.I. (2012) A long neglected 

world malaria map: Plasmodium vivax endemicity in 2010. PLoS Neglected 

Tropical Diseases.6(9): e1814. 

 

Gildenhard, M., Rono, E.K., Diarra, A., Boissiere, A., Bascunan, P., Carrillo-

Bustamante, P., Camara, D., Krüger, H., Mariko, M., Mariko, R., Mireji, P., 

Nsango, S.E., Pompon, J., Reis, Y., Rono, M.K., Seda, P.B., Thailayil, J., 

Traorè, A., Yapto, C.V., Awono-Ambene, P., Dabiré, R.K., Diabaté, A., 

Masiga, D., Catteruccia, F., Morlais, I., Diallo, M., Sangare, D., Levashina, 

E.A.(2019) Mosquito microevolution drives Plasmodium falciparum 

dynamics. Nature Microbiology, 4(6) : 941-947. 

 

Gillies, M.T. and De Meillon, B.A. (1968) The Anophelinae of Africa South of the 

Sahara (Ethiopian Zoogeographical Region). Vol. 54, 2nd Edition, South 

African Institute for Medical Research, Johannesburg. 

 

Gimnig, J.E., Otieno, P., Were, V., Marwanga, D., Abong’o, D., Wiegand, R., 

Williamson, J., Wolkon, A., Zhou, Y., Bayoh, M.N., Lobo, N.F., Laserson, K., 

Kariuki, S., Hamel, M.J. (2016) The Effect of Indoor Residual Spraying on 

the Prevalence of Malaria Parasite Infection, Clinical Malaria and Anemia in 

an Area of Perennial Transmission and Moderate Coverage of Insecticide 

Treated Nets in Western Kenya. PLOS ONE, 11(1): e0145282. 

 

Gimnig, J.E., Vulule, J.M., Lo, T.Q., Kamau, L., Kolczak, M.S., Phillips-Howard, 

P.A., et al. (2003) Impact of permethrin-treated bed nets on entomologic 

indices in an area of intense year-round malaria transmission. Am J Trop Med 

Hyg, 68, 16-22. 

 

Githeko, A.K., Ayisi, J.M., Odada, P.K., Atieli, F.K., Ndenga, B.A., Githure, J.I., and 

Yan G. (2006) Topography and malaria transmission heterogeneity in western 

Kenya highlands: prospects for focal vector control. Malaria Journal, 5:107. 

 

 



98  
 

Githeko, A.K., Ooto, E.N. and Guiyuin, Y. (2012) Progress towards understanding the 

ecology and epidemiology of malaria in the western Kenya highlands: 

Opportunities and challenges for control under climate change risk. Acta 

Tropica, 121, 19– 25. 

 

Githeko, A.K., Service, M.W., Mbogo, C.M. and Atieli, F.K. (1996) Resting 

behaviour, ecology and genetics of malaria vectors in large scale agricultural 

areas of Western Kenya. Parasitologia, 38, 481-489. 

 

Gupta, L., Molina-Cruz, A., Kumar, S., Rodrigues, J., Dixit, R., Zamora, R.E., 

Barillas-Mury, C (2009) The STAT pathway mediates late-phase immunity 

against Plasmodium in the mosquito Anopheles gambiae. Cell Host Microbe, 

5(5) 498-507. 

 

Hamid-Adiamoh, M., Jabang, A.M.J., Opondo, K.O., Ndiath, M.O., Assogba, B.S. 

and Amambua-Ngwa, A. (2023) Distribution of Anopheles gambiae thioester-

containing protein 1 alleles along malaria transmission gradients in The 

Gambia. Malaria Journal, 22, 89. 

 

Harris, C., Morlais, I., Churcher, T.S., Awono-Ambene, P., Gouagna, L.C., Dabire, 

R.K., Fontenille, D., and Cohuet, A. (2012) Plasmodium falciparum produce 

lower infection intensities in local versus foreign Anopheles gambiae 

populations. PLoS One, 7(1), e30849. 

 

Hay, S.I., Cox, J., Rogers, D.J., Randolph, S.E., Stern, D.I., Shanks, G.D., Myers, 

M.F., and Snow, R.W. (2002) Climate change and the resurgence of malaria 

in the East African highlands. Nature, 415(6875), 905- 909. 

 

Hay, S.I., Shanks, G.D., Stern, D.I., Snow, R.W., Randolph, S.E. and Rogers, D.J. 

(2005) Climate variability and malaria epidemics in the highlands of East 

Africa. Trends in Parasitology, 21, 52-53. 

 

Hillyer, J.F., Barreau, C. and Vernick, K.D. (2007) Efficiency of salivary gland 

invasion by malaria sporozoites is controlled by rapid sporozoite destruction 

in the mosquito haemocoel. International Journal of Parasitology, 37, 673-

681. 

 

Horton, A.A., Lee, Y., Coulibaly, C.A., Rashbrook, V.K., Cornel, A.J., Lanzaro, 

G.C.,and Luckhart, S. (2010) Identification of three single nucleotide 

polymorphisms in Anopheles gambiae immune signaling genes that are 

associated with natural Plasmodium falciparum infection. Malaria journal, 

9:160. 

 

Huijben, S. and Paaijmans, K.P. (2018) Putting evolution in elimination: winning our 

ongoing battle with evolving malaria mosquitoes and parasites. Evolutionary 

applications, 11, 415-430. 

 

 



99  
 

Idris, Z.M., Chan, C.W., Kongere, J., Gitaka, J., Logedi, J., Omar, A., Obonyo, C., 

Machini, B.K., Isozumi, R., Teramoto, I., Kimura, M., Kaneko, A. (2016) 

High and Heterogeneous Prevalence of Asymptomatic and Sub-microscopic 

Malaria Infections on Islands in Lake Victoria, Kenya. Scientific Reports, 6, 

36958. 

 

Initiative, U.S.P.M. (October 2017-September 2018) Kenya Annual Entomological 

Monitoring Report, 

 

Janeway, C.A., Jr. and Medzhitov, R. (2002) Innate immune recognition. Annual 

Review of Immunology, 20, 197-216. 

 

Kapesa, A., Kweka, E.J., Zhou, G., Atieli, H.E., Kamugisha, E., Mazigo, H.D., 

Ngallaba, S.E., Githeko, A.K., and Yan G. (2018) Utility of passive malaria 

surveillance in hospitals as a surrogate to community infection transmission 

dynamics in western Kenya. Archives of Public Health, 76, 39. 

 

Keïta, M., Doumbia, S., Sissoko, I., Touré, M., Diawara, S.I., Konaté, D., Sodio, A.B., 

Traoré, S.F., Diakité, M., Doumbia, S.O., Sogoba, N., Krogstad, D.J., Shaffer, 

J.G and Coulibaly, M.B. (2021) Indoor and outdoor malaria transmission in 

two ecological settings in rural Mali: implications for vector control. Malaiar 

Journal, 20(1), 127. 

 

Khagayi, S., Desai, M., Amek, N., Were, V., Onyango, E.D., Odero, C., Otieno, K., 

Bigogo, G., Munga, S., Odhiambo, F., Hamel, M.J., Kariuki, S., Samuels, 

A.M., Slutsker, L., Gimnig, J., and Vounatsou, P. (2019) Modelling the 

relationship between malaria prevalence as a measure of transmission and 

mortality across age groups. 18 (1):247. 

 

KNSB. (2009). https://www.knbs.or.ke/2009-kenya-population-and-housing-census-

analytical-reports/ 

 

Koella, J.C. and Sorense, F.L. (2002) Effect of adult nutrition on the melanization 

immune response of the malaria vector Anopheles stephensi. Medical and 

Veterinary Entomology, 16(3):316-320. 

 

Krsulovic, F.A.M., Moulton, T.P., Lima, M. and Jaksic, F. (2022) Epidemic malaria 

dynamics in Ethiopia: the role of self-limiting, poverty, HIV, climate change 

and human population growth. Malaria Journal, 21(1), 135. 

 

Lambrechts, L., Morlais, I., Awono-Ambene, P.H., Cohuet, A., Simard, F.R., Jacques, 

J., Bourgouin, C., and Koella, J.C.  (2007) Effect of infection by Plasmodium 

falciparum on the melanization immune response of Anopheles gambiae. 

American Journal of Tropical Medicine and Hygiene, 76(3), 475–480. 

 

 

 

 

https://www.knbs.or.ke/2009-kenya-population-and-housing-census-analytical-reports/
https://www.knbs.or.ke/2009-kenya-population-and-housing-census-analytical-reports/


100  
 

Lanzaro, C.G. and Lee, Y. (2013) Speciation in Anopheles gambiae - The Distribution 

of Genetic Polymorphism and Patterns of Reproductive Isolation Among 

Natural Populations. New Insights into Malaria Vectors, 173-196. 

DOI:10.5772/56232 

 

Le, B.V., Williams, M., Logarajah, S. and Baxter, R.H. (2012) Molecular basis for 

genetic resistance of Anopheles gambiae to Plasmodium: structural analysis of 

TEP1 susceptible and resistant alleles. PLoS Pathogens, 8, e1002958. 

 

Lefevre, T., Ohm, J., Dabire, K.R., Cohuet, A., Choisy, M., Thomas, M.B., and Cator, 

L. (2018) Transmission traits of malaria parasites within the mosquito: Genetic 

variation, phenotypic plasticity, and consequences for control. Evoutionaryl 

Applications, 11(4), 456-469. 

 

Levashina, E.A. and Baxter, R.H.G. (2018) Complement-Like System in the Mosquito 

Responses Against Malaria Parasites. In Complement Activation in Malaria 

Immunity and Pathogenesis, Springer, Cham pp. 139-146. 

https://doi.org/10.1007/978-3-319-77258-5_8 

 

Liu, W., Li, Y., Learn, G.H., Rudicell, R.S., Robertson, J.D., Keele, B.F., Ndjango, 

J.B., Sanz, C.M., Morgan, D.B., Locatelli, S., Gonder, M.K., Kranzusch, P.J., 

Walsh, P.D., Delaporte, E., Mpoudi-Ngole, E., Georgiev, A.V., Muller, M.N., 

Shaw, G.M., Peeters, M., Sharp, P.M., Rayner, J.C., Hahn, B.H. (2010) Origin 

of the human malaria parasite Plasmodium falciparum in gorillas. Nature, 467 

(7314), 420-425. 

 

Lombardo, F. and Christophides, G.K. (2016) Novel factors of Anopheles gambiae 

haemocyte immune response to Plasmodium berghei infection. Parasites and 

vectors, 9, 1-6. 

 

Loy, D.E., Liu, W., Li, Y., Learn, G.H., Plenderleith, L.J., Sundararaman, S.A., Sharp, 

P.M., and Hahn, B.H. (2017) Out of Africa: origins and evolution of the human 

malaria parasites Plasmodium falciparum and Plasmodium vivax. 

International journal for parasitology, 47(2-3), 87-97. 

 

Machani, M.G., Ochomo, E., Amimo, F., Kosgei, J., Munga, S., Zhou, G., Githeko, 

A.K., Yan, G., and Afrane, Y.A. (2020) Resting behaviour of malaria vectors 

in highland and lowland sites of western Kenya: Implication on malaria vector 

control measures. PloS one, 15(2), e0224718. 

 

Mancini, E., Spinaci, M.I., Gordicho, V., Caputo, B., Pombi, M., Vicente, J.L., Dinis, 

J., Rodrigues, A., Petrarca, V., Weetman, D., Pinto, J., Della Torre, A. (2015) 

Adaptive Potential of Hybridization among Malaria Vectors: Introgression at 

the Immune Locus TEP1 between Anopheles coluzzii and A. gambiae in 'Far-

West' Africa. PLoS One, 10(6), e0127804. 

 

  

https://doi.org/10.1007/978-3-319-77258-5_8


101  
 

Manske, M., Miotto, O., Campino, S., Auburn, S., Almagro-Garcia, J., Maslen, G., 

O'Brien, J., Djimde, A., Doumbo, O., Zongo, I., Ouedraogo, J.B., Michon, P., 

Mueller, I., Siba, P., Nzila, A., Borrmann, S., Kiara, S.M., Marsh, K., Jiang, 

H., Su, X.Z., Amaratunga, C., Fairhurst, R., Socheat, D., Nosten, F., Imwong, 

M., White, N.J., Sanders, M., Anastasi, E., Alcock, D., Drury, E., Oyola, S., 

Quail, M.A., Turner, D.J., Ruano-Rubio, V., Jyothi, D., Amenga-Etego, L., 

Hubbart, C., Jeffreys, A., Rowlands, K., Sutherland, C., Roper, C., Mangano, 

V., Modiano, D., Tan, J.C., Ferdig, M.T., Amambua-Ngwa, A., Conway, D.J., 

Takala-Harrison, S., Plowe, C.V., Rayner, J.C., Rockett, K.A., Clark, T.G., 

Newbold, C.I., Berriman, M., MacInnis, B., Kwiatkowski, D.P. (2012) 

Analysis of Plasmodium falciparum diversity in natural infections by deep 

sequencing. Nature, 487, 375-379. 

 

  McKenzie, F.E., Prudhomme, W.A., Magill, A.J., Forney, J.R., Permpanich, B., 

Lucas, C., Gasser, R.A. Jr., and Wongsrichanalai, C. (2005) White blood cell 

counts and malaria. Journal of Infectious Diseases, 192(2), 323-330. 

 

Meyers, J.I., Pathikonda, S., Popkin-Hall, Z.R., Medeiros, M.C., Fuseini, G., Matias, 

A., Garcia, G., Overgaard, H.J., Kulkarni, V., Reddy, V.P., Schwabe, C., 

Lines, J., Kleinschmidt, I., and Slotman, M.A. (2016) Increasing outdoor host-

seeking in Anopheles gambiae over 6 years of vector control on Bioko Island. 

Malaria Journal, 15, 239. 

 

Michel, K. and Kafatos, F.C. (2005) Mosquito immunity against Plasmodium. Insect 

Biochemistry and Molecular Biology, 35(7), 677-689. 

 

Miura, K., Takashima, E., Deng, B., Tullo, G., Diouf, A., Moretz, S.E., Nikolaeva, D., 

Diakite, M., Fairhurst, R.M., Fay, M.P., Long, C.A, Tsuboi, T. (2013) 

Functional comparison of Plasmodium falciparum transmission-blocking 

vaccine candidates by the standard membrane-feeding assay. Infection and 

immunity, 81(12), 4377-4382. 

 

Molina-Cruz, A. and Barillas-Mury, C. (2014) The remarkable journey of adaptation 

of the Plasmodium falciparum malaria parasite to New World anopheline 

mosquitoes. Memorias do Instituto Oswaldo Cruz, 109(5), 662-667. 

 

Molina-Cruz, A. and Barillas-Mury, C. (2022) Pfs47 as a Malaria Transmission-

Blocking Vaccine Target. American Journal of Tropical Medicine and 

Hygiene. tpmd211325, DOI: 10.4269/ajtmh.21-1325 

 

Molina-Cruz, A., Canepa, G.E., Alves e Silva, T., Williams, A.E., Nagyal, S., 

Yenkoidiok-Douti, L., Nagata, B.M., Calvo, E., Andersen, J., Boulanger, M.J., 

and Barillas-Mury, C. (2020) Plasmodium falciparum evades immunity of 

anopheline mosquitoes by interacting with a Pfs47 midgut receptor. 

Proceedings of the National Academy of Sciences, 117(5), 2597-2605. 

 

 

 



102  
 

Molina-Cruz, A., Canepa, G.E. and Barillas-Mury, C. (2017) Plasmodium P47: a key 

gene for malaria transmission by mosquito vectors. Current Opinion in 

Microbiology, 40, 168-174. 

 

Molina-Cruz, A., Canepa, G.E., Kamath, N., Pavlovic, N.V., Mu, J., Ramphul, U.N., 

Ramirez, J.L., and Barillas-Mury, C. (2015) Plasmodium evasion of mosquito 

immunity and global malaria transmission: The lock-and-key theory. 

Proceedings of the National Academy of Sciences of the United States of 

America, 112(49), 15178-15183. 

 

Molina-Cruz, A., DeJong, R.J., Ortega, C., Haile, A., Abban, E., Rodrigues, J., 

Jaramillo-Gutierrez, G., and Barillas-Mury, C. (2012) Some strains of 

Plasmodium falciparum, a human malaria parasite, evade the complement-like 

system of Anopheles gambiae mosquitoes. PNAS PLUS.109(28): E1957-1962 

 

Molina-Cruz, A., Garver, L.S., Alabaster, A., Bangiolo, L., Haile, A., Winikor, J., 

Ortega, C., van Schaijk, B.C., Sauerwein, R.W., Taylor-Salmon, E., and 

Barillas-Mury, C. (2013) The human malaria parasite Pfs47 gene mediates 

evasion of the mosquito immune system. Science, 340(6135), 984-987. 

 

Molina-Cruz, A., Zilversmit, M.M., Neafsey, D.E., Hartl, D.L. and Barillas-Mury, C. 

(2016) Mosquito Vectors and the Globalization of Plasmodium falciparum 

Malaria. Annual Review of Genetics, 50, 447-465. 

 

Mota, M.M., Pradel, G., Vanderberg, J.P., Hafalla, J.C., Frevert, U., Nussenzweig, 

R.S., Nussenzweig, V., and Rodríguez, A. (2001) Migration of Plasmodium 

sporozoites through cells before infection. Science, 291, 141-144. 

 

Musapa, M., Kumwenda, T., Mkulama, M., Chishimba, S., Norris, D.E., Thuma, P.E., 

and Mharakurwa, S. (2013) A simple Chelex protocol for DNA extraction 

from Anopheles spp. Journal of Visualized Experiments, 71:3281.  

 

Mutuku, F.M., Bayoh, M.N., Hightower, A.W., Vulule, J.M., Gimnig, J.E., Mueke, 

J.M., Amimo, F.A., and Walker, E.D. (2009) A supervised land cover 

classification of a western Kenya lowland endemic for human malaria: 

associations of land cover with larval Anopheles habitats. International 

Journal of Health Geographics, 8, 19. 

 

Ndeda, M.A. (2019) Population movement, settlement and the construction of society 

to the east of Lake Victoria in precolonial times: the western Kenyan case. Les 

Cahiers d’Afrique de l’Est/The East African Review, 83-108. 

 

Ndenga, B., Githeko, A., Atieli, H., Wamai, P., Omukunda, E., Munyekenye, G., 

Atieli, H., Wamai, P., Mbogo, C., Minakawa, N., Zhou, G.,and Yan, G. (2006) 

Population Dynamics of Malaria Vectors in Western Kenya Highlands. 

Journal of Medical Entomology, 43(2), 200-206. 

 

 



103  
 

Niaré, O., Markianos, K., Volz, J., Oduol, F., Touré, A., Bagayoko, M., Sangaré, D., 

Traoré, S. F., Wang, R., Blass, C., Dolo, G., Bouaré, M., Kafatos, F. C., 

Kruglyak, L., Touré, Y. T., & Vernick, K. D. (2002). Genetic loci affecting 

resistance to human malaria parasites in a West African mosquito vector 

population. Science, 298(5591), 213-216. 

 

Nikolaeva, D., Draper, S.J. and Biswas, S. (2015) Toward the development of 

effective transmission-blocking vaccines for malaria. Expert review of 

vaccines, 14, 653-680. 

 

Nilsson, S.K., Childs, L.M., Buckee, C. and Marti, M. (2015) Targeting Human 

Transmission Biology for Malaria Elimination. PLoS Pathogens, 11, 

e1004871. 

 

Obbard, D.J., Callister, D.M., Jiggins, F.M., Soares, D.C., Yan, G. and Little, T.J. 

(2008) The evolution of TEP1, an exceptionally polymorphic immunity gene 

in Anopheles gambiae. BMC Evolutionary Biology, 8, 274. 

 

Ochomo, E., Bayoh, M.N., Brogdon, W.G., Gimnig, J.E., Ouma, C., Vulule, J.M., and 

Walker, E.D. (2013) Pyrethroid resistance in Anopheles gambiae s.s. and 

Anopheles arabiensis in western Kenya: phenotypic, metabolic and target site 

characterizations of three populations. Medical and Veterinary Entomology, 

27(2), 156-164. 

 

Ochwedo, K. O., Omondi, C. J., Magomere, E. O., Olumeh, J. O., Debrah, I., 

Onyango, S. A., Orondo, P. W., Ondeto, B. M., Atieli, H. E., Ogolla, S. O., 

Githure, J., Otieno, A. C. A., Githeko, A. K., Kazura, J. W., Mukabana, W. R., 

and Guiyan, Y. (2021). Hyper-prevalence of submicroscopic Plasmodium 

falciparum infections in a rural area of western Kenya with declining malaria 

cases. Malaria Journal, 20(1), 472 

 

Ogola, E.O., Odero, J.O., Mwangangi, J.M., Masiga, D.K. and Tchouassi, D.P. (2019) 

Population genetics of Anopheles funestus the African malaria vector, Kenya. 

Parasites and vectors, 12(1):15. 

 

Okello, P.E., Van Bortel, W., Byaruhanga, A.M., Correwyn, A., Roelants, P., 

Talisuna, A., D'Alessandro, U., and Coosemans, M. (2006) Variation in 

malaria transmission intensity in seven sites throughout Uganda. American 

Journal of Tropical Medicine and Hygiene, 75(2), 219-225. 

 

Ondeto, B.M., Nyundo, C., Kamau, L., Muriu, S.M., Mwangangi, J.M., Njagi, K., 

Mathenge, E.M., Ochanda, H., and Mbogo, C.M. (2017) Current status of 

insecticide resistance among malaria vectors in Kenya. Parasites and Vectors, 

10(1), 429. 

 

 

 

 



104  
 

Onyango, S.A., Ochwedo, K.O., Machani, M.G., Olumeh, J.O., Debrah, I., Omondi, 

C.J., Lee, M.C., Zhou, G., Kokwaro, E., Kazura, J.W., Afrane, Y.A., Githeko, 

A.K., Zhong, D., and Yan, G. (2022) Molecular characterization and genotype 

distribution of thioester-containing protein 1 gene in Anopheles gambiae 

mosquitoes in western Kenya. Malaria Journal, 21(1):235 

 

Onyango, S.A., Ochwedo, K.O., Machani, M.G., Omondi, C.J., Debrah, I., Ogolla, 

S.O., Lee, M.C., Zhou, G., Kokwaro, E., Kazura, J.W., Afrane, Y.A., Githeko, 

A.K., Zhong, D., and Yan, G (2021) Genetic diversity and population structure 

of the human malaria parasite Plasmodium falciparum surface protein Pfs47 in 

isolates from the lowlands in Western Kenya. 16(11), e0260434. 

 

OraLee, H.B., Patrick, L.S., Carmen, B., Juan, C.C., Julie, H., Philip, A., and Hijar, 

G. (2011) Plasmodium falciparum Genetic Diversity Maintained and 

Amplified Over 5 Years of a Low Transmission Endemic in the Peruvian 

Amazon. Molecular. Biology and. Evolution, 28(7), :1973- 1986. 

 

Orondo, P.W., Nyanjom, S.G., Atieli, H., Githure, J., Ondeto, B.M., Ochwedo, K.O., 

Omondi, C.J., Kazura, J.W., Lee, M.C., Zhou, G., Zhong, D., Githeko, A.K., 

and Yan, G. (2021) Insecticide resistance status of Anopheles arabiensis in 

irrigated and non-irrigated areas in western Kenya. Parasites and Vectors, 

14(1), 335. 

 

Osta, M.A., Christophides, G.K., Vlachou, D. and Kafatos, F.C. (2004) Innate 

immunity in the malaria vector Anopheles gambiae: comparative and 

functional genomics. Journal of experimental biology, 207, 2551-2563. 

 

Owuor, K.O., Machani, M.G., Mukabana, W.R., Munga, S.O., Yan, G., Ochomo, E., 

and Afrane, Y.A.. (2021) Insecticide resistance status of indoor and outdoor 

resting malaria vectors in a highland and lowland site in Western Kenya. PLoS 

One, 16(3), e0240771. 

 

Peakall, R., and Smouse, P.E. (2006) GENALEX 6: genetic analysis in Excel. 

Population genetic software for teaching and research. Molecular Ecology 

Notes 6:288-295. 

 

Peyerl-Hoffmann, G., Jelinek, T., Kilian, A., Kabagambe, G., Metzger, W.G. and von 

Sonnenburg, F. (2001) Genetic diversity of Plasmodium falciparum and its 

relationship to parasite density in an area with different malaria endemicities 

in West Uganda. Tropical Medicine and International Health, 6, 607-613. 

 

Pompon, J. and Levashina, E.A. (2015) A New Role of the Mosquito Complement-

like Cascade in Male Fertility in Anopheles gambiae. PLoS Biology, 13, 

e1002255. 

 

 

 

 



105  
 

Povelones, M., Bhagavatula, L., Yassine, H., Tan, L.A., Upton, L.M., Osta, M.A., and 

Christophides, G.K. (2013) The CLIP-Domain Serine Protease Homolog 

SPCLIP1 Regulates Complement Recruitment to Microbial Surfaces in the 

Malaria Mosquito Anopheles gambiae. PLOS Pathogens, 9(9): e1003623.  

 

Povelones, M., Waterhouse, R.M., Kafatos, F.C. and Christophides, G.K. (2009) 

Leucine-rich repeat protein complex activates mosquito complement in 

defense against Plasmodium parasites. Science, 324, 258-261. 

 

Ramirez, J.L. and Dimopoulos, G. (2010) The Toll immune signaling pathway control 

conserved anti-dengue defenses across diverse Ae. aegypti strains and against 

multiple dengue virus serotypes. Developmental and Comparative 

Immunology, 34(6), 625-629. 

 

Ramphul, U.N., Garver, L.S., Molina-Cruz, A., Canepa, G.E. and Barillas-Mury, C. 

(2015) Plasmodium falciparum evades mosquito immunity by disrupting 

JNK-mediated apoptosis of invaded midgut cells. Proceedings of the National 

Academy of Science USA 112, 1273-1280. 

 

Redmond, S.N., Eiglmeier, K., Mitri, C., Markianos, K., Guelbeogo, W.M., Gneme, 

A., Isaacs, A.T., Coulibaly, B., Brito-Fravallo, E., Maslen, G., Mead, D., 

Niare, O, Traore, S.F., Sagnon, N., Kwiatkowski, D., Riehle, M.M., and 

Vernick, K.D. (2015) Association mapping by pooled sequencing identifies 

TOLL 11 as a protective factor against Plasmodium falciparum in Anopheles 

gambiae. BMC Genomics, 16, 779. 

 

Richman, A.M., Dimopoulos, G., Seeley, D. and Kafatos, F.C. (1997) Plasmodium 

activates the innate immune response of Anopheles gambiae mosquitoes. 

Embo journal, 16, 6114-6119. 

 

Rono, K.E. (2017) Variation in the Anopheles gambiae TEP1 Gene Shapes Local 

Population Structures of Malaria Mosquitoes. University of Berlin, Germany. 

 

Russell, T.L., Govella, N.J., Azizi, S., Drakeley, C.J., Kachur, S.P. and Killeen, G.F. 

(2011) Increased proportions of outdoor feeding among residual malaria 

vector populations following increased use of insecticide-treated nets in rural 

Tanzania. Malaria Journal, 10, 80. 

 

Sabbatani, S., Fiorino, S., and Manfredi, R. (2010). The emerging of the fifth malaria 

parasite (Plasmodium knowlesi): a public health concern? The Brazilian 

Journal of Infectious Diseases, 14(3), 299-309.  

 

Schultz, L., Wapling, J.A., Mueller, I., Ntsuke, P.O., Senn, N., Nale, J., Kiniboro, B., 

Buckee, C.O., Tavul, L., Siba, P.M., Reeder, J.C., and Barry, A.E. (2010) 

Multilocus haplotypes reveal variable levels of diversity and population 

structure of Plasmodium falciparum in Papua New Guinea, a region of intense 

perennial transmission. Malaria Journal, 9:336. 

 



106  
 

Scott, J.A., Brogdon, W.G. and Collins, F.H. (1993) Identification of single specimens 

of the Anopheles gambiae complex by the polymerase chain reaction. 

American Journal of Tropical Medicine and Hygiene., 49, 520-529. 

 

Shanks, G.D., Biomndo, K., Guyatt, H.L. and Snow, R.W. (2005) Travel as a risk 

factor for uncomplicated Plasmodium falciparum malaria in the highlands of 

western Kenya. Transactions of the Royal Society of Tropical Medicine and 

Hygiene, 99(1), 71-74. 

 

Sherrard-Smith, E., Skarp, J.E., Beale, A.D., Fornadel, C., Norris, L.C., Moore, S.J., 

Mihreteab, S., Charlwood, J.D., Bhatt, S., Winskill, P., Griffin, J.T., Churcher, 

T.S. (2019) Mosquito feeding behavior and how it influences residual malaria 

transmission across Africa. Proceedings of National Academy of Science USA, 

116(30), 15086-15095. 

 

Shokal, U. and Eleftherianos, I. (2017) Evolution and Function of Thioester-

Containing Proteins and the Complement System in the Innate Immune 

Response. Frontiers in Immunology, 8, 759. 

 

Sifuna, P., Oyugi, M., Ogutu, B., Andagalu, B., Otieno, A., Owira, V., Otsyula, N., 

Oyieko, J., Cowden, J., Otieno, L., and Otieno, W. (2014) Health & 

demographic surveillance system profile: The Kombewa health and 

demographic surveillance system (Kombewa HDSS).. International Journal 

of Epidemiology, 43(4), 1097-1104. 

 

Simons, L.M., Ferrer, P., Gombakomba, N., Underwood, K., Herrera, R., Narum, 

D.L., Canepa, G., Acquah, F., Amoah, L., Duffy, P.E., Barillas-Mury, C., 

Long, C., Lee, S.M., Locke, E., Miura, K., and Williamson, K.C. (2023) 

Extending the range of Plasmodium falciparum transmission blocking 

antibodies. Vaccine, 16;41(21), 3367-3379. 

 

Sinden, R.E., Alavi, Y. and Raine, J.D. (2004) Mosquito-malaria interactions: A 

reappraisal of the concepts of susceptibility and refractoriness. Insect 

Biochemistry and Molecular Biology 34(7) 625-629. 

 

Sinka, M.E. (2013) Global Distribution of the Dominant Vector Species of Malaria. 

DOI: 10.5772/54163 

 

Sinka, M.E., Bangs, M.J., Manguin, S., Coetzee, M., Mbogo, C.M., Hemingway, J., 

Patil, A.P., Temperley, W.H., Gething, P.W., Kabaria, C.W., Okara, R.M., 

Van Boeckel, T., Godfray, H.C., Harbach, R.E., and Hay, S.I. (2010) The 

dominant Anopheles vectors of human malaria in Africa, Europe and the 

Middle East: occurrence data, distribution maps and bionomic précis. 

Parasites and Vectors, 3(3):117. 

 

 

 

 



107  
 

Smith, H.A., White, B.J., Kundert, P., Cheng, C., Romero-Severson, J., Andolfatto, 

P., and Besansky, N.J. (2015) Genome-wide QTL mapping of saltwater 

tolerance in sibling species of Anopheles (malaria vector) mosquitoes. 

Heredity 115(5), 471-479. 

 

Smith, R.C., Vega, R.J. and Jacobs, L.M. (2014) The Plasmodium bottleneck: malaria 

parasite losses in the mosquito vector. Memórias do Instituto Oswaldo Cruz, 

109, 644-661. 

 

Souza-Neto, J.A., Sim, S. and Dimopoulos, G. (2009) An evolutionary conserved 

function of the JAK-STAT pathway in anti-dengue defense. Proceedings of 

National Academy of Science USA, 106, 17841- 17846. 

 

Sternberg, E.D. and Thomas, M.B. (2018) Insights from agriculture for the 

management of insecticide resistance in disease vectors. Evolutionary 

applications, 11, 404-414. 

 

Surachetpong, W., Singh, N., Cheung, K.W. and Luckhart, S. (2009) MAPK ERK 

signaling regulates the TGF-beta1-dependent mosquito response to 

Plasmodium falciparum. PLoS Pathogens, 5, e1000366. 

 

Susomboon, P., Iwagami, M., Tangpukdee, N., Krusood, S., Looareesuwan, S. and 

Kano, S. (2008) Differences in genetic population structures of Plasmodium 

falciparum isolates from patients along Thai-Myanmar border with severe or 

uncomplicated malaria. Malaria Journal, 7, 212. 

 

Timinao, L., Vinit, R., Katusele, M., Schofield, L., Burkot, T.R. and Karl, S. (2021) 

Optimization of the feeding rate of Anopheles farauti s.s. colony mosquitoes 

in direct membrane feeding assays. Parasites and Vectors, 14, 356. 

 

Tonnang, H., Kangalawe, R. and Yanda, P.Z. (2010) Predicting and mapping malaria 

under climate change scenarios: the potential redistribution of malaria vectors 

in Africa. Malaria journal, 9:111. 

 

USAID. (2022) Reducing the burden of malaria. 

 

Valanne, S., Wang, J.-H. and Rämet, M. (2011) The Drosophila toll signaling 

pathway. The Journal of Immunology, 186, 649-656. 

 

van Schaijk, B.C., van Dijk, M.R., van de Vegte-Bolmer, M., van Gemert, G.J., van 

Dooren, M.W., Eksi, S., Roeffen, W.F., Janse, C.J., Waters, A.P., and 

Sauerwein, R.W. (2006) Pfs47, paralog of the male fertility factor Pfs48/45, is 

a female specific surface protein in Plasmodium falciparum. Molecular 

Biochemistry and Parasitology, 149, 216-222. 

 

Vaughan, A.M. and Kappe, S.H.I. (2017) Malaria Parasite Liver Infection and 

Exoerythrocytic Biology. Cold Spring Harbor Perspectives in Medicine, 7(6): 

a025486. 



108  
 

Venugopal, K., Hentzschel, F., Valkiūnas, G. and Marti, M. (2020) Plasmodium 

asexual growth and sexual development in the haematopoietic niche of the 

host. Nature Reviews.Microbiology, 18, 177 - 189. 

 

Veron, V., Simon, S. and Carme, B. (2009) Multiplex real-time PCR detection of P. 

falciparum, P. vivax and P. malariae in human blood samples. Experimental 

Parasitology 121, 346- 351. 

 

Villena, F.E., Lizewski, S.E., Joya, C.A. and Valdivia, H.O. (2021) Population 

genomics and evidence of clonal replacement of Plasmodium falciparum in 

the Peruvian Amazon. Scientific Reports, 11, 21212. 

 

Vizioli, J., Bulet, P., Charlet, M., Lowenberger, C., Blass, C., Muller, H.M., 

Dimopoulos, G., Hoffmann, J., Kafatos, F.C., and Richman, A. (2000) 

Cloning and analysis of a cecropin gene from the malaria vector mosquito, 

Anopheles gambiae. Insect Molecular Biology, 9, 75-84. 

 

Volohonsky, G., Hopp, A.K., Saenger, M., Soichot, J., Scholze, H., Boch, J., Blandin, 

S.A., and Marois, E. (2017) Transgenic Expression of the Anti-parasitic Factor 

TEP1 in the Malaria Mosquito Anopheles gambiae. PLoS Pathogens, 13, 

e1006113. 

 

White, B.J., Lawniczakb, M.K.N., Chenga, C., Coulibalyc, B.M., Wilsond, M.D., 

Sagnone, N., Costantini, C., Simard, F., Christophides, G.K., and Besansky, 

N.J. (2011) Adaptive divergence between incipient species of Anopheles 

gambiae increases resistance to Plasmodium. 108(1):244–249 

 

WHO. (1992) Entomological field techniques for malaria control. Part II. Tutor’s 

guide. World Health Organization. 

 

WHO. (2020a) https://www.who.int/malaria/areas/vector_control/core_methods/en/ 

 

WHO. (2020b) World Malaria Report. 

 

WHO. (2019) https://www.int/malaria/publications/world-malaria-report-2019/en. 

World Malaria Report. Geneva. 

 

WHO, (2017) In Kenya, the path to elimination of malaria is lined with good 

preventions. 

 

Yalcindag, E., Elguero, E., Arnathau, C., Durand, P., Akiana, J., Anderson, T.J., 

Aubouy, A., Balloux, F., Besnard, P., Bogreau, H., Carnevale, P., 

D'Alessandro, U., Fontenille, D., Gamboa, D., Jombart, T., Le Mire, J., Leroy, 

E., Maestre, A., Mayxay, M., Ménard, D., Musset, L., Newton, P.N., Nkoghé, 

D., Noya, O., Ollomo, B., Rogier, C., Veron, V., Wide, A., Zakeri, S., Carme, 

B., Legrand, E., Chevillon, C., Ayala, F.J., Renaud, F., and Prugnolle, F. 

(2012) Multiple independent introductions of Plasmodium falciparum in South 

America. Proceedings of National Academy of Science USA, 109(2), 511-516. 

http://www.who.int/malaria/areas/vector_control/core_methods/en/


109  
 

Zhong, D., Afrane, Y., Githeko, A., Yang, Z., Cui, L., Menge, D.M., Temu, E.A., and 

Yan, G. (2007) Plasmodium falciparum genetic diversity in western Kenya 

highlands. American Journal of Tropical Medicine and Hygiene, 77(6), 1043- 

1050. 

 

Zhong, D., Hemming-Schroeder, E., Wang, X., Kibret, S., Zhou, G., Atieli, H., et al. 

(2020) Extensive new Anopheles cryptic species involved in human malaria 

transmission in western Kenya. Scientific Reports, 10(1): 16139. 

 

Zhou, G., Afrane, A.Y., Vardo-Zalik, A.M., Atieli, H.E., Zhong, D., Wamae, P., Lee, 

M.C., Afrane, Y.A., Githeko, A.K., and Yan, G (2011) Changing Patterns of 

Malaria Epidemiology between 2002 and 2010 in Western Kenya: The Fall 

and Rise of Malaria. Changing Patterns of Malaria Epidemiology between 

2002 and 2010 in Western Kenya: The Fall and Rise of Malaria. PLOS ONE, 

6(5): e20318. 

 

Zhou, G., Afrane, Y.A., Dixit, A., Ming-Chieh L, Wanjala, C.L., Beilhe, L.B., 

Githeko, A.K., and Yan, G. (2013) Modest additive effects of integrated vector 

control measures on malaria prevalence and transmission in western Kenya. 

Malaria journal, 12:256. 

 

 

 

 

 

 

 

 

  



110  
 

APPENDICES 

Appendix I: Ethical Approval letter 

 

 

 

  



111  
 

Appendix II: Permit from the National Commission for Science, Technology and 

Innovation 

 
 

  



112  
 

Appendix III: Kenyatta university Research approval letter 

 

  



113  
 

Appendix IV: Ethical clearance from the Ministry of Health 

 

  



114  
 

Appendix V: Assent Form 

 

Genetic Diversity of Anopheles Gambiae Immunity Gene and Vector 

Competence to Plasmodium falciparum in Western Kenya 

This consent form will be explained and signed by each study participant 

Name of Volunteer:  

Age of Volunteer:  

 

Principal Investigator: Shirley Akinyi Onyango. Supervisors: Prof. Andrew K. 

Githeko and Prof. Elizabethe kokwaro. P.O. Box 30197-00100. Tel: +254722290696 

The purpose of study 

The purpose of this study is to determine polymorphisms in Thioester containing 

protein1(TEP1) and Plasmodium faicliparum surface protein 47 (Pfs47) and their 

interactions from different rural areas of western Kenya with varying transmission 

intensities. 

Procedures involved 

Approximately 4ml of blood will be drawn from the vein in heparin microtainers. 

100ul of the blood drawn from participants will be used to prepare dried blood spots 

and 200ul will be used to prepare thick and thin smears. 3ml will be used for serum 

replacement and whole blood indirect mosquito membrane feeding assays to asses 

Plasmodium parasites infectivity to mosquitoes.. All participants will have a unique 

identifier that links them to their laboratory results, demography and location. Samples 

will be analyzed by microscopy and qPCR at the international center of excellence for 

malaria research (ICEMR). unauthorized tests for the study will not be carried out on 

the blood samples. 
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Discomforts and risks 

The finger prick procedure is slightly uncomfortable. For each individual, sterile 

needle and a syringe (followed by sterile ethanol) will be utilized. The operations will 

represent very minimal risk of infection by other infections. 

Benefit to participants 

Because enrolment is voluntary, there is no financial benefit for your participation. 

 

Confidentiality 

To the degree permitted by law, information about you will be kept strictly 

confidential. Your identity will be coded but not linked to any published results. Your 

code number and identity will be retained in the Principal Investigator's locked file. 

 

Freedom to withdraw 

Your participation in this study is voluntary and you may discontinue your 

participation at any time without prejudice and without affecting future health care. 

Who to contact 

If you have questions about the study or your participation in this study, you may 

contact the investigators on the contact given above. For any questions pertaining to 

rights as a research participant, contact person is: The Secretary, Maseno University 

Ethics Review Committee, Private Bag, Maseno; Telephone numbers: 057-

51622, 0722290696, 0721543976, 0733230878;  

Email address: muerc-secretariate@maseno.ac.ke; muerc- secretariate@gmail.com 

I have read and understand this consent form, and I am willing to participate in the 

study. 

 

mailto:muerc-secretariate@maseno.ac.ke
mailto:muerc-secretariate@gmail.com
mailto:muerc-secretariate@gmail.com
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Participant’s Name Participant’s Signature (consent)  Date 

 

 

 

 

 

Parent/Guardian’s Name Parent/Guardian’s Signature (Assent)  Date 

 

 

 

 

 

 

Investigator’s Name (type or print) Investigator’s Signature  Date 
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Appendix VII: Publication 2 

 


