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ABSTRACT
Malaria, a vector borne disease is still a public health problem in sub-Saharan Africa. In western
Kenya, malaria is endemic with the predominant vectors being An. gambiae s.s, An. arabiensis
and An. junestus. Pyrethroid-based long lasting insecticidal nets and indoor residual spraying are
currently major effective tools employed to control malaria vectors in endemic areas in western
Kenya. However, they are currently threatened by insecticide resistance. Malaria vectors exhibit
varied geographical distributions and An. gambiae s.s, An. arabiensis and An. funestus are the
primary vectors in Busia, Ahero and Bondo respectively. Knockdown resistance has been
documented as a mechanism of resistance against pyrethroids. Recently, both LlO14S and
Ll014F mutations associated with knockdown resistance have been reported in western Kenya.
Whether these mechanisms correlate with sporozoite rates in Anopheles gambiae s.l mosquitoes
in western Kenya is unknown. The overall aim of this study was to investigate whether
knockdown resistance had impact on malaria transmission. Specifically, this study investigated
rate of deltamethrin phenotypic resistance; P. falciparum sporozoite rate and Anopheles densities
between wild-caught female An. gambiae s. I and An. funestus mosquitoes; determined whether
kdr genotypes (L 10 14S and L 10 14F) frequency has association with P. falciparum sporozoite rate
in An. gambiae s.s and An. arabiensis; compared the knockdown resistance allele frequency in
larval raised and wild-caught female An. gambiae s. I. Samples were col1ected from Ahero,
Bondo and Busia in western Kenya. In the laboratory-based experimental design, larval raised
adults and wild caught Anopheles were exposed to 0.05% deltamethrin using the WHO tube
assays to test for susceptibility. Conventional PCR and real-time PCR were used for species
identification and kdr genotyping respectively. Sporozoite rates were determined using ELISA in
all wild-caught female mosquitoes. Of 4,360 wild-caught Anopheles sampled, 32.8% were An.
funestus and the rest were An. gambiae s.l. A total of2,186 larvae raised adults An. gambiae s.l.
were also used for the study. Independent t-test showed that An. Junestus were more
phenotypically resistant compare to An. gambiae s.l. (P<O.OOl). Independent t-test also showed
that wild-caught adult mosquitoes were more phenotypically resistant than larval raised ones
(P<O.OOI). Independent t-test showed that An. funestus had higher sporozoite infectivity rate than
An. gambiae s.l (P<O.OOl). Two-way classification chi-square test of association revealed that
there was a significant association between kdr east (L 1014S) and sporozoite rate in An. gambiae
s.s (X21=5.49, P=O.032). It also showed that the LlO14S and LIOl4F allele frequencies in larvae
raised and wild An. gambiae s.l were not statistically significant. The fmding of a higher level of
resistance in wild versus larval raised adults could be alluded to other mutations and mechanisms
of resistance. It also suggests that wild mosquitoes should be considered in assessment of
phenotypic resistance. The observation of high sporozoite rates in An. funestus in Bondo and
Busia compared to An. gambiae s.l indicates that this re-emerged species could be driving malaria
transmission in the sub-Counties. The significant association between kdr east (L 1014S) and
sporozoite rate in An. gambiae s.s, suggest the epidemiological importance of that marker; it
could drive malaria transmission. The insignificant difference observed in kdr (LJ014S and
Ll014F) frequencies in wild and larval raised adults which did not reflect in phenotypic
resistance suggest that other mechanisms of insecticide resistance might contribute to resistance
in wild mosquitoes. The findings of this study will help in insecticide resistance monitoring and
assessment programmes.
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CHAPTER-ONE

Th'"TRODUCTION

1.1Background

Malariais ranked as the fourth highest cause of death worldwide (WHO, 20 t 6). Children under five

yearsand pregnant women are mainly vulnerable leading to an approximately 70% of ma1aria deaths

(WHO, 2016). Africa regions continue to have the heaviest malaria burden with 92% of global

malaria-relateddeaths in recent past were reported in the region (WHO, 2016). Millions of people are

still not accessing the services they require to prevent and treat malaria (WHO, 2016). Parasitic

malariainfection of red blood cells kills approximately 2000 people per day, most of whom are

childrenin Africa (White et al., 2013).

Malariatransmission in western Kenya is very high compared to other part of the country with the

three main vectors; An. gambiae s.s, An. arabiensis and An. funestus being among the most

predominantvectors in Busia, Ahero and Hondo respectively (President's Malaria Initiative, 2016).

The main strategies currently employed to control malaria vectors. in malaria endemic areas heavily

relyon reducing vector-human contact using long-lasting insecticide nets (LLlNs) and indoor residua]

spraying(IRS) (Hemingway, 2014; Okara et al., 2010). In Kenya, LLINs and IRS are the major

controlstrategies (Chen et al.; 2008). The use of these strategies has increased exponentially for the

pastdecade as part of the movement towards global coverage of all population at risk hence saving

hundredsof thousands of lives (WHO, 2012). Pyrethroids such as deltamethrin, permethrin, cyfluthrin

are the main classes of insecticides currently used for malaria vector control (Ranson & Lissenden,

2016) and had an impact on the global decline in reduction of malaria transmission between 2000-

2015 (Bhatt et al., 2015). Insecticide resistance in malaria vector control has been widely reported in
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many malaria endemic regions particularly in Africa (Mnzava et al., 2015) though resistance data on

An. funestus population were reported to be limited (Ranson and Lissenden, 2016).

The resurgence of malaria vectors and the disease in western Kenya were partially attributed to

reducedefficacy of insecticide treated nets (ITN) and insecticide resistance (Hamel et al., 2011; Zhou

et01., 20 J 1). Pesticides use for crop farming and livestock pest control have been reported to have had

selective pressure on mosquito vectors by leaching into their breeding habitats suggesting that pre-

exposureof immature mosquitoes or larvae to pesticides could lead to selection pressure to resistance

(Yadouletonet 01.,2010). Indoor resting mosquitoes could also develop resistance to insecticides use

in impregnation of bednets and fRS programs as they interact with LLINs during host seeking

(Karunamoorthi & Sabesan, 2013). Earlier studies in western Kenya such as Ahem, Busia and Bondo

reported high resistance to pyrethroids although most of these studies used An. gambiae s.l larvae

collected from the fields to determine insecticide resistance (Ocbomo et al., 2012; Ochomo et aI.,

2014; Wanjala et al.; 2015). Hence it was unknown whether wild adults mosquitoes resting indoors

couldbe more resistant to pyrethroids than larvae sampled from within and around agricultural fields.

The main types of insecticide resistance mechanism are mutations in the target sites genes and

metabolic alterations at the level of the activity of detoxification of proteins (Hemingway and Ranson,

2000) Knockdown resistance is a type of target site resistance mechanism caused by mutation in the

voltage-gated sodium channel either by substitution of leucine (ITA) with phenylalanine (TIT)

(Martinez-Torres et aI., 1998) commonly referred to as West African kdr mutation (LlO14F) or

substitution of leucine (IT A) with serine (TeA) (Ranson et al., 2000) commonly referred to as East

African kdr mutation (L 1014S) at codon 1014. Mutations ofthe genes in the sodium ion channel, the

target site of pyrethroids confer resistance to these insecticides (WHO, 2013). Knockdown resistance

is one ofthe most widely known and well-studied mechanisms of insecticide resistance (Ranson et 01.,
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2011).However.the extent to which knockdown resistance mutation impact malaria transmission has

not hem elucidated,

Sporozoiterate of P.folciparum is one of the major components of vectorial competence as it indicate

the abilityof the Anopheles vector to transmit malaria (Garrett-Jones, 1964; Okwa et al., 2007).

Malariainfection of P. falciparum is the primary causes of malaria transmission in western Kenya

(Hamelet al., 2011). A study carried out in western Kenya to determine An. gambiae s.s and An.

arobiensis susceptibility to insecticides documented moderate level resistance to pyrethroids but

LlOt4S kdr was reported to have "approached fixation" in An. gambiae s.s (Mathias et al., 2011). The

L1014F kdr was first identified in western Kenya in 2012 in both An. gambiae s.s and An. arabiensis

populations(Ochomo et ol., 20l5). Further studies revealed that insecticide resistance in malaria

vectorswasemerging in Busia, Bondo and Ahero which could vary from time to time and within other

smallgeographicalareas in western Kenya (Ochomo et al., 2014). The studies carried out however did

notassesswhetherAnopheles having LIOl4S and LI014F mutations had higher sporozoite rate which

couldbe linkedto malaria transmission. Moreover, the variability in sporozoite rate, mosquito density

betweenAn. gambiae s.l and An. funestus; whether there is similarity in kdr (Ll014S and Ll014F)

frequenciesin larvae raised adults and wild-caught adult An. gambiae s.l mosquitoes is unknown.
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11 Statement of the Problem

Malariais a common public health problem in tropical and sub-tropical countries. Malaria vector

resistanceto insecticides used in vector control poses a great chaltenge to resistance management

strategiesoutlined by World Health Organization (WHO) in the Global Plan for Insecticide Resistance

Management(GPIRM). Malaria vector resistance to pyrethroids was partly attributed to application of

agriculturalpesticides which contaminate mosquito breeding habitats. Adults mosquitoes could also

developresistance to pyrethroids due to interaction with LLlNs impregnated with pyrethroids and

insecticidesuse in IRS program. Thus, it was unclear whether adults mosquitoes resting indoors could

be more phenotypically resistant to deltamethrin than larvae raised ones. Even though kdr west

(LIOJ4F) has been implicated in insecticide resistance compromising vector control in An. gambiae

s.s, the impact of knockdown resistance mutations (Ll 014S and Ll 014F) on sporozoite rate which

couldbe linked to malaria transmission in holoendemic region such as western Kenya ilsunclear. An.

funestus andAn. gambiae s.l are major vectors identified to be responsible for malaria transmission in

westernKenya. However, it is unknown which of the two (An. gambiae s.l or An. Junestus) is more

competentin terms of higher sporozoite rate and vector density and could therefore be driving malaria

transmissionin the region. Furthermore, studies have shown insecticide resistance to pyrethriods in

malariaendemic areas with western Kenya not exempted, but it is unknown whether there is variation

kdr alleles(LI014S and LI014F) frequency in field larval raised An. gambiae s.l and wild caught adult

An. gambiae s.l mosquitoes.
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1.3Research Objectives

IJ.l General Objective

To assess whether knockdown resistance had effect on Plasmodium falciparum sporozoite rates in

malariavectors sampled from western Kenya

IJ.2 Specific Objectives

I. To determine rate of deltamethrin phenotypic resistance among An. gambiae s.l and An. funestus

mosquitoessampled from Busta, Bondo and Ahero in malaria holoendemic region of western Kenya.

2. To determine P. falciparum sporozoite rate and malaria vector densities between wild An. gambiae

s.l andAn funestus mosquitoes sampled from Busta, Bonde and Ahero in malaria holoendemic region

of western Kenya

3. To determine whether kdr genotypes (Ll014S and LlOt4F) frequency had association with P.

folciparum sporozoite rate in An. gambiae s.s and An. arabiensis sampled from Busia, Hondo and

Ahero in malaria holoendemic region of west em Kenya

4. To determine whether An. gambiae s.s. and An. arabiensis larval raised mosquitoes had higher kdr

allele frequency than wild An. gambiae S,$ and An. arabiensis collected from households in Busia,

Bonde and Ahero,
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104 aUHypothesis

I. The rate of deltamethrin phenotypic resistance is not similar among An. gambiae s.l and An.

funestus mosquitoes sampled from Busia, Bondo and Ahero in malaria holoendemic region of western

Kenya.

2. There is no difference in P. falciparum sporozoite rate and malaria vector densities between wild

An. gambiae s.l and An. funestus mosquitoes sampled from Busia, Bondo and Ahero in malaria

holoendemicregion of western Kenya

3. The kdr genotypes (Ll 014S and L1014F) frequency has no association with P. falciparum

sporozoite rate in An. gambiae s.s and An. arabiensis sampled from Busia, Bondo and Ahero in

malariaholoendemic region of western Kenya

4. An. gambiae s.s and An. arabiensis larval raised mosquitoes do not have higher kdr frequency than

wildAn. gambiae s.s and An. arabiensis collected from households in Busia, Bondo and Ahero.

1.5Justification of the study

Malaria transmission is a burden to public health in many endemic countries especially during high

transmission season. Increase in insecticides resistance in major vectors such as An. gambiae s.s. An.

arabiensis and An. funestus as a result of prolonged exposure to insecticides have been reported. There

is the need to determine phenotypic resistance in both larval and wild mosquitoes in order to consider

which one is more suitable for monitoring insecticide resistance. Knockdown resistance mutations

(LIOI4S and LI014F) were identified in western Kenya but there is no conclusive evidence to support

that these mutations (L 1014S and L 10 14F) correlate with P. falciparum sporozoite rate in An. gambiae

s.l. Studies carried out in endemic areas in Africa seem to be contradicting. Hence there is no

conclusion that kdr resistant vectors could transmit malaria more or less than non-resistant vectors,
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Iso, assessing sporozoite rate in major malaria vectors (An. gambiae s.s, An. arabiensis and An.

/IIM.fIUS) in western Kenya could provide useful data on malaria epidemiological outcomes.

1.6Signifteance of the Study

The significant association between kdr east (L 1014S) and sporozoite rate in An. gambiae s.s suggests

the epidemiological importance of that marker. The significant difference in P. folciparum sporozoite

rate in An. gambiae s:1 and An. funestus could serve as a useful reference data to agencies such as

President Malaria Initiative, Ministry of Health and researchers in order to scale up malaria vectors

control strategies or employ a combination of vector control tools to reduce malaria transmission.

Furthennore, significant difference on the level of phenotypic resistance between larval raised

mosquitoes versus wild caught mosquitoes could be useful in insecticide resistance monitoring and

assessment.
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CHAPTER TWO

LITERA TIJRE REVIEW

2.1 Malaria Epidemiology

Malariais the most devastating protozoan disease of human beings; it is transmitted by Anopheles

mosquitoes(White et al., 2013). There are about 400 different species of Anopheles mosquitoes, but

only30 of theseate vectors of major importance in malaria transmission (WHO, 2016). It is a complex

diseasecaused by five Plasmodial species Plasmodium falciparum, Plasmodium ovale, Plasmodium

vivax, Plasmodium malariae and Plasmodium knowlesi (Raghavendra et al., 2011). Among these

speciesP. falciparum malaria remains one of the most important pathogen-specific causes of human

mortality(Collins et al.; 2000) and 99% of the majority of mortalities in 2015 were attributed to P.

/alciparum malaria (WHO, 2016). Malaria is ranked. as the major killer of children, mainly in Sub-

SaharaAfrica, taking the life of a child every two minutes. In 2015, 91 countries and territories

worldwidehad on-going malaria transmission but global burdens of mortality are dominated by

countriesinAfrica (WHO, 2016).

Malaria is estimated to have cost nearly US$300 million on average annual expenditure for

managementand control alone for the past one and half decade; US$ 6.4 billion per year was globally

estimatedto be mobilized by 2020 to fully fund the fight against malaria (Malaria, 2012). The

emergenceand resurgence of vector-borne diseases like malaria in the 2 pt century is still a major

threatto human health, causing more than million deaths and considerable mortality and morbidity

globally.High population growth across the globe which led to extensive deforestation, irrigation,

unplannedurbanization has been identified to influence the proliferation of vector-borne disease such

asmalaria(Karunamoorthi & Sabesan, 2013). The resurgence of malaria endemic in tropical countries
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was also ascribed to antimalarial drug resistance, insecticide resistance in control vectors, funding

reductionand cessation and relaxation of control efforts (Cohen et 01.,2(12).

In western Kenya, P. falciparum is the most dangerous parasite of malaria and major cause of

mortalityand morbidity, accounting for over 99% of all malaria infection in the country (Ojakaa et al.,

2011;Zhouet aI., 2(11). It was estimated that 28 million people reside in malaria endemic areas with

approximately 11 million people living in areas where malaria parasite prevalence is estimated to be

greaterthan 20% (President's Malaria Initiative, 2(16). Endemic areas include Busia, Bondo, Ahero

and Lake Victoria basin in western Kenya where transmission is severe throughout the year with P.

jaJciparum prevalence greater than 20% and higher entomological inoculation rate (Fig. 2.1). For the

pastdecades vector control through the use of insecticides has been targeted as the main weapon and it

is still the most effective weapon in malaria control programmes (Karunamoorthi, 2011).
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Figure2.1: Map of Kenya indicating population-adjusted P. falciparum prevalence by County (Noor et

01.,2012)
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ria Vector Control

control is defined as measures of any kind directed against a vector of disease and intended to

• it its ability to transmit the disease (Karunamoorthi, 2011). Vector control is one of the most

ive strategies currently available in malaria control programmes (Cohen et al., 2012). The

optionsavailable for present day vector control efforts mainly include insecticide-treated materials,

biologicalcontrol agents, insect growth regulators (IGRs), environmental management, and personal

protectionmethods against mosquito vectors (Raghavendra et al.; 2011).

Undoubtedly,the ongoing malaria vector control efforts depend heavily on insecticide treated nets

(ITNs)including long-lasting ITNs and IRS (Hemingway, 2014). Indoor residual spray is largely

responsiblefor spectacular reduction in disease incidence during the early twentieth century, including

eliminationof malaria from many countries (Wakabi, 2007). Hence International malaria control

programmehas helped to deploy about 289 million ITNS to sub-Sahara Africa which had increased

theuse of lTNs and IRS in large scale than ever before in malaria endemic countries. Consequently,

numeroussuccesses were achieved through the use of ITNs and IRS (Karunamoorthi & Sabesan,

2013). Indoor residual spraying is widely used in areas of seasonal transmission including epidemic-

proneareas and increasingly being used in more malaria-endemic areas (Malaria, 2012). Insecticide

treatednets (lINs) impregnated with pyrethroids, that were introduced do net only decrease the man-

mosquito contact by deterrence or excito-irritability but also kill the mosquito with its residual

insecticidalactivity. The common insecticide used in vector control are pyrethroids (Malaria, 2012;

WHO, 2013). Pyrethroids have become relatively inexpensive, provide quick knockdown and are

relatively safe compounds to use near humans to control common house frequenting mosquitoes

(Chareonviriyaphap et al.; 2013).
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Aldnll~ vector control in many countries still use insecticides in the absence of viable alternatives,

development of control strategies using ovitraps, space spray, biological control agents among

were established but used in limited scale. Recent introduction of safer and reliable vector

I agents such as insect growth regulators, biocontrol agents, natural plants products and

vironmentalmanagement methods have also yielded positive results and are yet to be implemented

onlargescale for vector control (Raghavendra et al., 2011).

lJ General Introduction to Insecticide Resistance

Accordingto WHO, (1957) insecticide resistance is defined as "the developed ability in a strain of

insectsto tolerate doses of toxicant which would prove lethal to majority of individuals in a normal

populationof the same species". A population is described as resistant to an insecticide if a mortality

rate less than 90% is observed in the tests (WHO, 2013). Insecticide resistance has been observed in

over50 Anopheles species (Diptera: culicidae) responsible for the transmission of malaria to human

worldwide(Hemingway and Ranson, 2000). Insecticide resistance occurs through physiological and

behavioralchanges on a population level that are set in motion by repeated environmental exposures to

insecticideor other toxins over time (Reid & McKenzie, 2016).

InAfrica, the first insecticide resistance in An. gambiae was noticed in Bobo Dioulasso, Burkina Faso

in the year 1967 (Metcalf, 1989). Later, (DOT) resistance was found in neighboring countries; Cote

d'Ivoire, Nigeria and Mali .and East and Central Africa countries (Carnevale et al., 2009).

Dichlorodiphenyltrichloroethane (DOT) was more or less abandoned worldwide after 19805 and was

replacedby organophosphate, pyrethroid and carbamate (Metcalf, 1989). However, as resistance still

persists,vector control was negatively affected mainly in Africa, Latin America and India through the

use of agricultural pesticides. In the late 1970s, pyrethroids were introduced and increasingly used in
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19905 till today (Corbel & N'Guessan, 2013). Since the pyrethroids were employed for vector control,

of rapid resistance were reported in malaria vectors worldwide including An. albimanus, An.

darlingi, An. culicifacies, An. stephensi, An. gambiae, An. funestus, An. arabiensis and An minimus

(Cornel& N'Guessan, 2Q13).

Insecticideresistance necessitates that all malaria-endemic areas should continuously monitor local

vectorsso as to ascertain the impact of control mechanisms. Now evidence ofaccumulation of malaria

vector resistance to commonly used insecticides has been reported in several malaria endemic

oountriesworldwide, including Cote d'Ivoire, South Africa, Burkina Faso, Ghana, Equatorial Guinea,

Angola,Gabon, Benin, Ethiopia and Congo-Brazzaville (Karunarnoorthi & Sabesan, 2013). The

developmentof insecticide resistance in insect pests and disease vectors is increasing on an alarming

scale worldwide (Fig. 2.2). However, patterns of resistance is not uniform across aU areas, with some
I

vectorpopulations having low instances of resistance in spite of long-term use of chemicals to control

them(Chareonviriyaphap et al.; 2013).

The two main mechanisms of resistance; target site mutation and metabolic-based mechanisms have

beenreported in An. gambiae s.s. from West Africa (Hemingway, 2014). These have resulted in

elevatedlevels of resistance rising up to WOO-fold and the emergence of cross resistance (involving

resistance to different classes of insecticides) to additional resistance (resistance to new class of

insecticide)(Edi et al., 2012). Insecticide resistance has been documented in areas covered with LLINs

(Hajj et al., 2013). In agricultural areas, An. gambiae s.s. were found breeding in wells used for

irrigation (Klinkenberg et ol., 2008). An. gambiae s.s. and An. arabiensis can also be found in

temporarilyrain pools, hoof prints around edges of dams, pans and rice fields (Coetzee et al.; 2013).

Pyrethroidsresistance of vector mosquitoes is one of the key barriers against effective vector control

(Kawada et al., 2011). High levels of resistance to pyrethroid in An gambiae s.s. (protopopoff et al.,



0\3; Toeet al., 2014) and An arabiensis (Haji et al., 2013) has been observed. Previously, insecticide

re istanceis known to be centered on Western and Central Africa but a recent study pointed out that

resistancehas spread dramatically throughout malaria endemic areas in Africa and beyond (Nkya et

01.,2014). Surveys carried out in western Kenya including Busia, Bondo and Ahero have documented

emergenceof genotypic, phenotypic and metabolic insecticide resistance (Chen et al., 2008; H.

Kawadaet al., 20 II; Mathias et al., 2011; Ochomo et al., 2014). These could have negative effect in

the useof insecticide treated nets for vector control programmes.
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Figure2.2: Malaria Vector resistance to insecticides across various endemic areas worldwide (WHO,

2015)
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t influence on selection pressure for mosquito vectors. Studies have shown that the

ial breeding sites for malaria vectors are within and around agricultural areas prone to the use

icides for pest control {Muriu et al .• 2008; Vanek et al.; 2006). For instance, An. gambiae s.l

found to be more resistant to pyrethroids (delthamethrin and permethrin) in areas of regular use of

. idesbut susceptible in areas of low or no use of pesticides (Diabate et al., 2002). Thus. there is a

of insecticide resistance development in malaria vectors due to pesticides exposure. Studies have

that agricultural use of pyrethroids for crop protection and livestock pest control had led to

eIopment of resistance in mosquitoes (Diabate et aL, 2002; Dongus et al., 2009; Overgaard, 2006).

ilic vectors prefer resting indoors after host seeking for blood meal hence they interact with

INs which could predispose them to develop resistance (Takken, 2002). Despite exposure to

icidesat different-stages of Anopheles development, it is unknown whether larvae collected from

withinand around agricultural fields could be more resistant to deltamethrin than wild adults resting

2.S Malaria Vector Density in Kenya

Over 140Anopheles species have been documented across Africa of which at least 8 of this number

were considered to be malaria vectors. Anopheles mosquitoes belong to phylum Arthropoda, class

Insecta, order Diptera, sub-order Nematocera, family Culicidae, sub-family Culicinae, genus

Anopheles, and sub-genus Cellia (Gillies & Coetzee, \987). Anopheles gambiae sensu stricto also

known as Anopheles gambiae and Anopheles arabiensis are noted as effective vectors of human

malaria (White, J974). Anopheles merus, Anopheles melas, Anopheles quadriannulatus, and

Anopheles bwambae have also been identified as members of Anopheles complex, Other species such

asAnopheles nili, Anopheles moucheti and Anopheles funestus (members of Funestus group) though

do not form part of Anopheles complex have also been documented as important players in malaria
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ission in Africa (GiHies& Ceetzee, 1987). To be among the most important vectors of human

. these vectors were identified by virtue of their competence as vectors, average sporozoite

preference for feeding on humans and abundance (Okara et al., 2010),

Kenya, An. gambiae, Anorabiensis and An. funestus are the most widely distributed vectors across

mostprovinces, transmission intensities and urban-rural areas and are said to be the most important

species formalaria transmission {Kawada et al., 20t 1). However, An. arabiensis, An.gambiae and An.

fi-stus aremore ubiquitous along the coastal and western regions, dose to Lake Victoria and in the

lake habitats (Minakawaetal .• 2012). Anopheles arobiensis is also found in the arid areas of North

West in Turkana areas whereas few species of An. gambiae were also found in more central regions of

the country (Okara et -al., 2010). The 'spatial occurrence of the three 'most dominant vectors vary

betweendifferent classifications of transmission intensity. For example, An. gambiae was documented
(

more often in areas with highest transmission intensity, with less frequentreports at sites in very low

transmission(Ohra et al.; 2010), In western Kenya, An. arabiensis and An. funestus are known to be

a predominantvector in Ahero/Nyando area due to rice farming which provide good environment for

breeding (Ochomo et al., 20l2) but Teso/Busia region is known for the presence of An. gambiae s.s as

themain vector with An. -arabiensis and An. funestus being minor vectors (Ochomo et al., 2014}.ln

Bondo sub-County, the distribution ofbed net') was linked to rapid decrease mAn. funestus population

(8ayoh et al., 2010) but subsequent study had shewn-that An.funestushad re-emergedinBondo sub-

County (McCann et .al., 2014), There was also a shift from An. g{mWiae s.s population to An.

arabiensis (Bayohet al., 2010). Hence the density of major vectors in western Kenya was unclear due

tore-emergence and shifting from one species to another.
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'-.' id'e Resistance versus P. fulcipurum Sporozoite Rates in Malaria Vectors

_m",!olcipanlm malaria is a tropical disease in Africa transmitted by Anopheles mosquitoes

m-t:tOOe & McKenzie, 2009). Female Anopheline mosquitoes transmit malaria during a blood feed

iIocuJating microscopic motile sporozoites, which seek out and invade hepatocytes and then

• y (White et al.; 20J 3). Study conducted in Chad to assess circumsporozoite rate in An.

iemis and An. gambiae s.s. revealed high vector infection rate at site with extensive use of

icals (Foster etal., 2016). However, there was significant increase in insecticide resistance

110 kdrre istance allele was detected in An. arabiensis populations (Foster 131 al., 2016). A similar

carried out in Zambia documented absence of sporozoite positive mosquitoes among An.

kle s.l and An. funestus that were resistant to IRS pyrethroid (Chanda et ol., 2011). This could

influence on malaria transmission in those areas. In Bioko Island of Equitorial Guinea, prior to

entation of IRS, P. falciparue« sporozoite positivity in An. gambiae was reported to be 6% but

reduced to O.4%immediateJy after spraying the area and later it rebounded partially to 3.1%

(Hemingwayet 01., 2013). The overall effect of !ulr status on sporozoite positivity was highly

. itieant. Lowersporozoite positivity in both M and S form was observed in An, gambiae. The study

also found that pyrethroid-resistant kdr homozygotes could transmit less malaria than the susceptible

«Mlllterparts. The study however, concluded that the kdr status could not reduce the bio-efficacy of

pyrethroid IRS(Hemingwayet al., 2013), Studies on possible impact of lair (LlOI4S and LlO14F) on

vector competence which leads to malaria transmission seem to be conflicting. In Benin. the presence

of idr (Ll 014F) mutation did not have an effect on P. falciparum infection rate in An. gambiae s.s

(Ossegrave et ol; 20J 2). In contrast, previous study carried out in Senegal suggested that kdr had an

effecton increasedmalaria transmission (Trape et al., 2011). Alout et al., (2013) also documented that

An. gamhiae s.s having kdr mutation had high sporozoite rates which could influence malaria
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· ion. A similar .study conducted in Tanzania also reported significant association of one

, vgsc-1014S with P. falciparum sporozoite rate in An. gambiae s.s. with the P. falciporum

1IIO'.i~·krate being 4.2% (Kabula et al., 2016). In western Kenya, it was unknown whether resistant

les having kdr resistance genes could exhibit more vectorial competence in tenus of higher P.

iparum sporozoite rate which would be linked to parasite transmission.

lIy,insecticide resistance data on An. funestus >i:slimited though resistance had been reported in

malaria endemic areas (Ranson & Lissenden, 2016). Anopheles funestus has no markers for kdr

I014Sand L1014F) hence the main mechanism identified for pyrethriods resistance is over-

sionof oxidation enzymes such as CYP6P9a and CYP6P9b (Brooke et al., 2001; Djouaka et al.,

II). Increased in malaria transmission was attributed to high level of insecticide resistance in An.

J-stus population in Southern Africa (Hargreaves et al., 2000). In Bonde region of western Kenya,

•• level of An. Junestusresistance to pyrethroids ( mortality rate of 60%) and P. falciparum

sporozoiteinfectivity rate of 4.45% were reported in 2010 and 2011 (McCann et al.; 2014). The

pleValenceof P. falciparum in ITNs and IRS areas could be attributed to increasing levels of

insecticideresistance which could lead to malaria control failures (Chanda et al., 2011). Plasmodium

jaJciparum malariais a major public health problem in western Kenya, but whether An. gambiae s.l or

An. funestus had higher sporozoite rate and could be the major vector driving malaria transmission in

the regionwas unknown.
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7De Mechanisms of Malaria Vector Resistance to Insecticides

The main mechanisms that have been proven and conclusively documented to cause insecticide

'stance in mosquitoes are target site insensitivity, known as knockdown re i tance (k.dr) and

meI8bolicresistance due to elevated levels of detoxifying enzymes such as P450 monooxygnases,

~uthathion~S-transferases (GTS) and carboxyesterases (Protopopoff et 01., 2013; Ranson et al.,

20(0). Other types of mechanisms of resistance include reduced penetration and behavioural

avoidance.Fig. 2.3 indicates behavioral and physiological changes associated with insecticide

resistancein susceptible vector and the resistant vector.

2.8.Knockdown Resistance Mech.anism

Knockdownresistance (kdr) is caused by a series of genes involving a mutation in the sodium ion

channel,the target site of pyrethroids and Dichloro-diphenyl-trichloroethane (DDT), and conferring

resistanceto these insecticides (WHO, 2013). These mutations induce amino acid substitutions leading

to alterations in the structural and chemical attributes of target proteins, rendering them less

susceptibleto insecticide binding (Brooke & Koekemoer, 2010).

Knockdownresistance is the best understood type of resistance mechanism and molecular diagnostics

to detect this resistance mechanism are now incorporated into insecticide resistance monitoring and

surveillancestrategies in malaria control programmes(Corbel & N'Guessan, 2013). Single amino acid

mutation in the {{S6 membrane-spanning region of the voltage-gated sodium channel gene confers

withthe target site OOT-pyrethroid resistance in An. gambiae s.1 (Karunamoorthi & Sabesan, 2013).

Knockdown resistance associated with pyrethroid resistance in malaria vectors involves either

substitution of leucine residue found at codon 10t4 with phenylalanine (lOt4F), first documented in

West Africa (Martinez-Torres et 01., 1998) or ubstitution of leucine with serine (1014S) in the
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voltage-GatedSodium Channel (VGSC) documented in East Africa (Ranson et al., 2000). These two

mutationshave been held responsible for cross resistance against DDT and pyrethroid insecticides

(Protopopoffet al., 2008). Resistance to pyrethroids rely heavily onkdr mechanisms, although other

mechanisms such as cuticle alteration; where the cuticle is changed into lesser permeable thus

reducingthe entry rate on amount of insecticide have also been observed (Protopopoff et al., 2008).

Knockdownresistance was earlier thought to have evolved in S-form but has eventually developed

fromthe Sform to M-form. It was 'Suggested that this happened due to hybrid formation and tater

introgression, The commonly known and widespread form in sub-Sahara Africa is the S-form. In

Easternpart of Africa, the S-form has been documented but studies suggested that the kdr allele is

currentlyspreading in M-form (Cuamba et al., 2006). Once kdr allele frequency reaches a certain

thresholdand its combined with a drastic decrease in vector densities by insecticides, an exponential

increasein the resistant form is observed in a short period of time (Protopopoff et al..•2008).

Studyconducted by Okia et al., (2013) revealed that kdr mutation LJOJ4S frequency was moderate

(34%-37%) in An. gambiae s.s. but no Ll0l4F was identified in An. arabiensis though all the An.

arabiensis used for the "Study were wild type. The frequency of kdr mutation LIO 14S observed in An.

gambiae s. . population were found to he lower than previous studies which reported 86% (Ramphul

et al., 2009) and 47% (Verhaeghen et al., 2010}in the year 2008 and 2006 respectively.It was unclear

whythere was rapid reversion to wild type, the susceptible genotype. However, genotypic frequencies

of all the populationinvestigated do not meet expectations of Hardy- Weinberg principle but the study

suggested that the population of An. gambiae was undergoing selective pressure (Okia et 01.,2013). In

areas under lTNs coverage and areas not under ITNscoverage, significant increase in kdr frequency

was documented; approaching 60% in less than three years (Protopopoff et al.; 2008). Moreover, the

study pointed out that kdr mutation identified in the population was not significantly different from

21



houseshaving at least one JTN and those in houses with no ITNs. The significant increase in kdr

frequency was ascribed to low migration of Anopheles population and selection overcome gene flow

(Protopopoff et al., 2008), Meanwhile, Wondji et al., (2005) noted that areas with extensive use of

long-lastinginsecticide treated nets, have relatively high level of gene flow between An. arabiensis

populations300km apart.

The leucine-serine mutation was observed in a -single An. arabien: ••is population in western Kenya

(Stumpel al., 2004) but subsequent study by Mathias etal.; (2011) reported absence ofL1014S in An.

arabiensis. Howevervprevious study revealed kdr east mutation at the same amino acid position

causing leucine-serine substitution (LlOI4S kdr allele) which was associated with permethrin

resistance in An. gambiae s.l (Ranson et al.; 2000). In an areas treated with ITNs in Kenya, the

frequencyof the 1014S lu1r allele doubled from the year 1987 to 2001 but these increments was not
(

observedoutside these areas (Stump et al., 2004). In Bioko Island of Equatorial Guinea, the failure of

IRSpyrethroids was linked to high frequency of kdr LlO14F in An. gambiae s.s population (Sharp et

al., 2007). This mutation (LIOl4F kdr allele) was first reported in western Kenya, in 2012 though it

waspresent in low frequencies (Ochomo et al., 2015). This exponential increase in kdr allele could be
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howeverattributed to the use oflTN which confer selection pressure for kdr mutation (Fanello et aI.,

2003). In Ahero, Busia and Bondo of western Kenya, LI0148 and LI014F mutations associated with

pyrethroidresistance in An. gambiae s.l were documented but ,it was unclear whether the frequency of

thesegenes in field larvae raised mosquitoes is similar to adult sampled via indoor resting collection

due to differential exposure to insecticides.
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Figure 2.3: Scheme of potential behavioral and physiological changes associated with insecticide

resistance in malaria vectors (a) Susceptible insect/vectors (b) Resistant insect/vectors (Lapied et al.,

2009).
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This is a standard method recommended by WHO for testing for insecticide resistance. Using this

method, mosquitoes are exposed 1:0 defined concentrations of an insecticide fur a fixed period of time

attheend of which the number of mortalities 18 recorded (WHO, 2(13). In 'its present form, the test is

designedto distinguish between basefine susceptibility and resistance 1:0 insecticides in adult

mosquitoes. Test kits and insecticide-impregnated papers are prepared on- behalf of WHO by the

Universiti Sains Malaysia, which is based in Penang, Malaysia. These papers are impregnated with

various kinds of insecticides at various concentrations of each insecticide such as 4% DDT, 0.75%

Pennethrin,tJ.{)5% Deitamethrln,O.5% Etofenprox among others (WHO, 20B). The bioassay data

scoredin population with mortality in the range 98-100% indicates susceptibility and a mortality of

lessthan 9-8% suggest existence of resistance and further investigation 'shonfd be carried out. However,

if the observed mortality is between 90% and 97%, the presence of resistance genes 1n the vector

populationshonldbe confirmed, This could be done byperforming additional bioassay test with the

sameinsecticide (deltamethrin (}'05%) or any other insecticide on that particular population.
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CHAPTER THREE

MATRIALS AND METHODS

3.1 Study Areas

Wildmosquitoes and larva were collected from three si-tes, Besia Coenty (O'06'N, 33"58'E; l 147

Elevation 3764ft), Ahero (00"' l'S, 34"55'£; 1155 Elevation 378M) in Kisumn County and Bonde

located in Siaya County in western Kenya (Fig. 3.1). Busia County is bordered by Kakamega County

to the South, Teso to the south West. The main occupation of the people In Busia Comrty is

predominantlyfarming as they depend 00 extensive production of tobacco, sugarcane, grain cereals

including maize, bananas, onions and vegetable (Jaetzotd et al., 2(05). An. gambiae s.s is the main

malaria vector though An. arabiensis and An. funestus s.l. are also available in lower proportions

(Ochomo et al ••2014).

Aherois located about 20 kilometers East of Kisumu, The area is a marked variation in altitude in

Nyando where Ahem is located. The areas alongthe Nyandoplateau have altitude as low as I tOO m

above sea level and is very prone to flooding, with other areas as high as 1540 m above sea level. The

main occupation of the people in A hero is farming. .Ahem is a rice producing area due to local

topography,annual flooding regimes and irrigation. Since rice funning is a major economic activity, it

provides habitats conducive for the breeding of An. arabiensis mosquitoes, which promotes malaria

transmission (Ochomo et £11., 2m 4).

Bonde is located in Siaya County with a population of about 309.190 (KNBS, 20tO). It borders Siaya

tothe north, Gem district to the east and Lake Victoria to the South. It has altitude rising from 1,140m

in the eastern part to 1,400m above sea level in the western part. The two main fivers, Nzoia and Yala
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merse the district and they enter Lake Victoria through the Yala Swamp. The western part of the

dislrict is drier and the eastern part is wetter towards higher altitudes. Relative humidity is high and

mean evaporation is between {800m to 2000m per annum. The majur public health challenge in the

districtis P.folciparum malaria (Hamel et ol., 2(11). In children under five years, malaria prevalence

is about 30010. There was a great reduction in An. funestus mosquitoes fOllowing implementation of

ITNs distribution programme in the early 2000& in certain areas of the county. There was also a great

shift from An gambiae s.s mosquito to a greater extent An. arabiensis population (Bayoh et ai., 201 O)

in Bondo sub-County, But a study conducted later revealed that An. funestus had re-merged in

Asembo, Bondo sub-County (McCann et al., 2014).
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Figure 3.1: Map indicating the study areas; Ahero, Busia and Bondo.
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WildMosquito Samplipg

samplecollection was done from December to January, 2016 between early hours of 6:00 am to

11:00am. Wild mosquitoes were ~mplt;d from thrt;t; locations; Aherc in Kisumu County, Busia in

a.sia County and Bondo in Siaya County (Fig 3.1). Following a method used by (Ochomo et al.,

2014), twenty eight (28), thirty three (33) and thirty six (36) households were randomly selected from

lIb-locations(clusters) in Ahem, Bonde and Busia respectively. A sub-location had 10-35 villages

I1d eachof them have 1QQ to 120 bouseholds, Indoor resting mosquitoes were collected usin-£ mouth

apirationmethod. Using this technique, mouth aspirators and flash tights were used to aspirate wild

mosquitoesresting on bed nets and walls inside the houses (Appendix 7, Plate A). The wild

mosquitoeswere put into paper cups and were kept in cool box before transporting them to the lab.

Mosquitoeswere fed with 5% sugar in cotton pledget before using them for the bioassay.

3.3Mosquito Larvae Sampling

Mosquitodippers and hand pipettes were used to collect Anopheles larvae from various habitats

includinghoof prints, rice fields, mud paths, and drainage channels (Appendi?( 7, Plate B and C).

Sampleswere sent to Centre for Global Health Research Institute, Kenya Medical Research Institute,

Kisumulaboratory for rearing. Larvae were placed on spring water pan and rear. They were provided

with a mixture of fish feed and- brewer's yeast until they reached pupation where individuals were

transft;rre4to cages and allowed to tfmerge as adults. Adults were given 5% sugar in cotton pledgers,

Threeto five day old adults female mosquitoes emerged under these favourable conditions were

exposed to deltamethrin (0.05%) using WHO tube bioassay test kits to determine phenotypic

resistance.
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Morphological Identification of An. g4mbiae s.1 and An. /flnestus

line mosquitoes were identified following morphological features outlined by Gillies &

,(1987) with x40 magniflcation using light microscope, The dark spot at the upper margins of

wings is peculiar to ail Anopheles. The palpis are known to have segmented into three and

pled. It was observed that An. funestus had a pale spot on second dark area and in between the

dark spots on vein 6 is a light spot. There were no presence of fringes on vein 6 and also absence

of speckleson the legs in An. funestus. An. gf)mbiae s.l on the other hand, had speckles on the legs

withtarsi 1-4 having noticeable pale bands.

Testingfor Pbenotypic Resistance Qsing WlIQ- Tube Bioassay M~tbod

The bioassay was performed following a method developed by W1IO for assessing insecticide

resistance(WI-IQ, 2013). A total of 2,186 field collected larvae raised A 11· gambiae $.1, 2,929 wild-

caughtadult An. gambiae s.l and 1,431 wild adults An. funestus were exposed to deltametbrin (0.05%)

usingWHO Bioassay test, Anopheles mosquitoes emerging from pupation and wild-caught Anopheles

mosquitoessampled via indoor resting coHection were given 5% sugar solution as awaited for the

bioassay,The wild-caught adult female mosquitoes were allowed to stay up to 3 <lays before; they were

usedfor bioassay. Prior to exposing them to the insecticide, six sheets of clean white paper (l2 x 15

em)impregnated with 0,05% del~meth_tin; rolled into cylinder shape were inserted into four holding

b1bes (one per tube) and fastened into position with a steel spring-wire clip. Hundred and twenty (120)

tohundredand fifty (150) mosquitoes were used for a single test, They were aspirated from paper cups

intofour holding tubes through the fining hole in the slide to give four replicate samples of 20-25

mosquitoesper tube. The slide unit was closed once mosquitoes have been transferred and the holding

nibes were set in an upright position for an hour. Each of the fotlf red-dotted exposure tubes was lined

with a sheet of deltamethrin (0.05%) impregnated papers whereas the two yellow-dotted control tubes
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wae linedwith silicone oil impregnated papers; each was fastened into position with copper spring-

. clip. The control mosquitoes (Kisumu strain) were treated in the same way as the exposed

mosquitoes;they were treated in parallel and under the same conditions. The purpose of the control

toprovidean estimate of natural mortality during the bioassay and to account for an variables that

mayinducemortality other than the insecticide being tested, The empty exposure tubes were attached

&l thevacant position on the slides and with the slide unit opened so that the mosquitoes are blown

aentlyintothe exposere tubes ami once they were in the tubes, the slide unit is closed and the holding

lUbes were detached and set aside. Exposure tubes containing mosquitoes were set in a vertical

positionwith mesh the mesh-screen and uppennost for a period of 1 hour. In this 1 hour period. the

number of'knockdown mosquitoes was recorded every to minutes. At the end of the I hour exposure

period,the mosquitoes were transferred back into the detached holding tubes, A pad of a cotton wool

soakedin iO'O/o sugar water was placed on the mesh-screen end of the holding tubes. Afterwards, the

mosquitoeswere maintained at 25± 2°C and 3() ± 10% relative humidity al!d mortality were scored at

24·hourspost exposure. At the end of the 24 hour post-exposure, the deadmosquitoes were counted

andrecorded.Adlilt mosquito was considered to be alive if it was able to fly regardless of the number

oflegsremaining. Any knocked-down mosquito having lost wings or legs was considered moribund

andwas counted as dead. Once mortality was scored. surviving mosquitoes were knockdown by
freezing.AU mosquitoes were placed in individual Eppendorf tubes and frozen at -200C for molecular

analysis.Only female Anopheles mosquitoes were used for bioassay and molecular analysis.
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Priorto DNA extraction, the grinding buffer was prepared using the follewing reagents and their

Homogen~ti4)g Bgffer consisted of O.10m NaCl (O.~9g), O,20m sucrose (6,84g), O.Olm EDTA

(O.37g),O.03m Trizma base (lY.36g) and rOOml sterile water (pH ftlY).

Lysis buffer consisted of O.25m EDTA (9.28g), 2,5% (w/v) SDS (l.88g), O.5m Tr!?;ma base (6.03g)

De grinding buffer was prepared oy mixing 4-parts homogenization buffer and I' part lysis buffer

GenomicDNA was extraction from three hundr(!d and sixty (368) wild Anopheune mosquitoes and

twohundred and seventy three (273) larvae raised mosquitoes. The extracted DNA samples were
(

subjectedto coventional PCR analysis for species id(!ntification and susequently genotyped for kdr

east(LI014S) and kdr west (L W14F) mutations.

Genomic;:DNA samples from malaria vectors were extracted for each population usLog Ethanol

PrecipitationMethod. This is a standard recommended method developed by Collins et al., (1981) for

extractil1ggenomic DNA from mowuitoes. With this !ll(!th94, DNA could Q(!extracted from body

parts(legs, antenna or wings). Mosquitoes that were exposed to deltamethrin via \VT-TO Bioassay

procedureand frozen at -20°C were ground immediately after removing them from the treezer to avoid

degradation of the DNA by nucleases. The grinding of the body parts (legs and wings) of each

mosquitowas done using a sterile pestle by adding lOOuL grin4 Qyffer to tn(! Eppendorf tubes until no

mosquito parts were identifiable. The tubes were immediately placed in +6SoC water bath fur 30

minutesto degrade any nucleases released after grindiog the mosquito parts so that they do not

degrade the DNA. W-hite the tubes were stili warm, t4uL of 8M potassium acetate (KAc) were added
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eachtube to achieve a final concentration of 1M and mixed thoroughly by vortexing or tapping the

. Afterwards, the tubes were incubated on ice for at feast 3(} minutes. The salt solution

precipitatedout the mosquito parts am! other insolubles including proteins denatured by sodium

cbiec)1 sulfate (SDS). The tubes were then centrifuged at a maximum speed of 13,200 rpm at room

~perature for l~ mi!lutes. New sterile tubes were labeled and the supernatants were transferred into

dienewtubes. Care was taken not to transfer any of the precipitates. A volume of 200uL of ice-cold

100010ethanol was added to the supernatants and mixed well by inverting the tubes. They were then

incubated at room temperature for 5 minutes to precipitate the DNA. At this point, some of the

sampleswere stored at -20°c and -80°C for long term storage. Later, the tubes were centrifuged at a

maximumspeed of f3,200 rpm at room temperature for 20 minutes to pellet the DNA. The ethanol

waspouredoff immediately and care was taken not to disturb the pellets. In some instances where the

pelletshave dislodged, the tubes were spun again for 5 minutes before pouring off all the ethanol. A

volumeof 20011Lof cold 70% ethanol was added and spun for 5 minutes at top speed to wash the

pellets.The final stage of the washing was done by adding 200uL of cold ron~/Qethanol and spun for 5

minutesat top speed, The ethanol was pour~d off carefully at each stage of the washing of the DNA

pellet.After washing, the pellets of DNA were dried on the bench for at least 1 hour. In some cases,

thepellets of DNA were left to dry o£! th~ bench overnight. Finally, a solution of Tris-EDTA buffer

with IuUmL of RNase/DNase-free (this was useful to remove any RNA that co-precipitated with the

DNA)was prepared, The DNA was re-suspended in 100uL of this solution and pellets were dissolved

bygently tapping the tubes. The ON A was allowed to fully re-suspended and stored at -20°C for PeR

analysis.
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3.7Identification of An. gambiae s. s. and An. arabiensis using Polymerase Chain Reaction

Conventional polymerase chain reaction (PCR) was used to distinguish An. gambiae s.s. and An.

arabiensis following a method described by Scott et al., (1993). Following this method, 1.5 ul of the

extractedDNA samples was loaded into the wells of the PCR plate and amplification of the DNA was

performed using Biorad TlOOTM Thermal Cycler (Bio-rad laboratories, inc., www.bio-rad.com,

Singapore). Table 3.1 shows the PCR master mix of the various reagents used in the DNA

amplification.

Table 3.1: PCR master mix reagents for An. gambiae s.l discrimination

Reagent Volume for 1 sampletul) Volume for 100 samplestul)

Water 4.98 498 i

5x peR buffer 3 300
MgCb 1.8 180
dNTPmix 1.14 114
PrimerGA 1 100
PrimerAR 1 100
PrimerUN 1 100
TaqDNA Polymerase 0.08 8
Total 14 1400
GA:An. gambiae ss, AR: A. arabiensis, UN: universal, NTP: nucleotide primers

Thenucleotide primers (NTP), the universal primers, primers for An. gambiae s.s. and An. arabiensis,

theTaq enzyme, 5x buffer and the water were kept at -20oC freezer and MgCh was kept at 4°C prior to

PCR reactions. The specific primers which defined the mosquitoes DNA sequence to be amplified

includes 5'-AAG TGT CCT TCT CCA TCC TA-3' for A. arabiensis, 5'-CTG GTT TGG TCG GCA

CGT TT-3' for An. gambiae s.s and a universal primer, 5'-GTG TGC CCC TTC CTC GAT GT-3'

which played a role in extension of the DNA after denaturation of nucleotide primers (dCTP), dCTP,

dATP and dTTP). Water was added first and the enzyme, DNA Taq polymerase was added last to the

PCR plate. The total volume of the master mix per well used for the amplification was 14,..il (Table
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3.1) for96-well plate. Controls and blanks were also added at 14 ul, After loading the plate, it was

aled with plate sealer and loaded directly onto the Thermal Cycler (gene machine) (Bio-rad

laboratories,inc., www.bio-rad.com, Singapore). The lid was closed and the machine was switched on.

ID somecases, the plates were stored at 4°C for future use when not loading immediately into the PCR

machine.The cyclic conditions included, 94°C (lminutes) (denaturation) for 1 cycle followed 30

cyclesof9"4-OC for t minute, 54<>C(Iminute) for annealing and 74°C (t minutes) for extension. This is

repeated30 times and the whole process of amplification took 1hour and 30 minutes. The gene

machinewas programmed to rest at 4°C after the last cycle so that the amplified DNA could" be

3.8Identification of An.funestus using Polymerase Chain Reaction

PCR discrimination of An. funestus was performed based on species-specific single nucleotide

polymorphisms in the second internal transcribed region following a method developed by Koekemoer

el ol.; (200Z) which was later modified by incorporating internal mismatches into the primers to

enhancespecificity and simplicity (Wilkins et al., 2006). DNA amplification was done using Biorad

T100™ Thermal Cycler (Bio-rad laboratories, inc., www.bio-rad.com, Singapore). For 96-weH plate,

15111of master mix was added per well and the 96-well plate was sealed and loaded onto the Thermal

cycler (Bio-rad laboratories, inc., www.bio-rad.com, Singapore). Then, the Thermal cycler was

switchedon at the power source to amplify the DNA. The PCR conditions included melting at 94°C

for4 minutes for 1 cycle followed by 30 cycles of 94(}C for 30 seconds, 5SOCfor 30 seconds and n(}c

for 45 second followed by 1 cycle of ire for 7 minutes. The reagents and their respective

concentrations were added in the following order as presented in the Table 32.
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Table3.2 peR master mix reagents for An. Junestus discrimination

Reagents 1 Sample 100 sample
4.99.0 ~I 499~1
3.0 ~l 300 ul
1.14 ul 114.0 ul
1.80 ~l 180 ~I
1.0 ul 100 ~I

1.0 ul 100 ul

1.0 ul 100 ul
0.08 ul 8 ~I
14.73 ul 1401 1-11

Taq5xPCRBuffer with MgCb
dNTPs(2 mM mix)
M Cb (25mM)

(F, 5 pmol/ul) [5'-CCGATGCACACATTCTTGAGTGCCTA-
']

FUN(R, 5 pmol/ul) [S'-CTCGGGCATCGATGGGTTAATCATG-
3']
EES (R, 5 pmol/ ul [5'-GACGGCATCA TGGCGAGCAGC-3 ')

Ta DNA olymerase (5UI ~1)-MR4 uses GoTaq, Promega
Total
F:forwardprimer R: reverse primer

3.9Agarose Gel Electrophoresis and Visualisation of Amplified DNA

AfterDNA amplification, the plates were removed and the plate sealer was carefully removed to avoid

spills.The agarose (2%) was prepared by weighing 3g ofagarose powder and mixed with 150ml TBE

(TriBoric Acid EDTA) buffer and heated for 3minutes until molten. Ethidium bromide (4~1) was

addedinto the agarose gel then the molten gel was poured into the casting tray containing combs and

allowedto solidify for 30 minutes. The gel was transferred to the electrophoresis tank containing TBE

bufferthen loaded the wells with 16~1 of the amplified DNA using multi-channel pipette. The Power

Pac(Bio-Rad, USA) of the electrophoresis tank was switched on and the DNA was allowed to run at

100 volts for 15 minutes. Then the gel was transferred to the UVP GelDoc It2 imager machine (UPV,

Analytik Jena Company, UK) for DNA visualization. The machine captured high resolution images

and enhances quantitative analysis of fluorescent gels. The GelCam 315 camera attached to UVP

GelDoc 1t2 imager machine helped to take pictures of the gel and Vision Works Software installed in

the computer was used for images enhancement and analysis. The DNA bands were scored on the

electrophoresis loading map.
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110Plasmodium faiciparum Sporozoite Rate Detection using ELISA

Plarmodium falciparum circumsporozoite protein was detected in the head and thoraces of the

Anopheles using antigen-capture ELISA method (Dumez et al., 2011; Wirtz et al., 1987). Enzyme

Linkedfmmunosorbcnt Assay (El JSA) is a sensitive immunoassay that uses an enzyme linked to

antibodyor antigen as a marker for the detection of a specific protein (sporozoite). Plasmodium

Jalciparum sporozoite ELISA was performed using reagent kit (MRA~890, MR4, ATCC, Manassas,

VA). Preparation of ELISA reagents solutions is outlined in Appendix 3. Three thousand three

hundred and sixty (4,3'(0) wild-caught adult mosquitoes were subjected to enzyme-linked

immunosorbentassay (ELISA) to test for P. falciparum sporozoite positivity rate. Of this total, 2,929

wereAn.gambiae s.l and 1,431were An. funestus.

Usingthis method, 50j.11of capture monoclonal antibodies (mouse Ab PflA 10-CDC) specific for P.

Jalciparum sporozoite was added to each wen of the ELISA plate. The plate was covered with

aluminumfoil to prevent evaporation and incubated for 30 minutes. Afterwards, the well contents was

removedby holding the trays firmly by their sides, inverted over the sink and hanged gently to remove

the solution. This was followed by blotting the plates on clean absorbent paper. Thereafter, the wells

werefilled with 200111blocking buffer (containing IGEPAL CA~63-Q)and incubated for 1 hour. When

the time elapsed, the contents were drained by banging plates sharply to remove the solution. 50JlI

mosquitohomogenate (test samples) were then added per well. Positive and negative controls were

alsoadded (50JlI per well). The plates were incubated 2 hours at room temperature. Near the end of the

incubation period, the ABTS-substratc solution; mixture of solution A (ABTS) and solution B

(hydrogen peroxide) 1:1 was prepared. Also, the Mab-peroxidase conjugate was mixed with the

blocking buffer: O.05ugl50jl' blocking buffer. In a 1.5ml microfuge tube, the enzyme activity was

confirmed by mixing 5pl of the conjugate with -WOpl ABTS. A rapid colour change observed
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indicatedthat the peroxidase enzyme and the substrate were functionaL After the incubation period,

homogenates were removed and the plates were washed 2x with PBS-Tween-20 byfiHing and

emptyingthe wells. After washing, 50J!1 of the conjugate was added to each well and incubated for 1

bour. Later the conjugate was removed and the wells were washed with 3x with PBS-Tween-2Q.

Finally,lOOJ!lof ARTS was added per well and incubated for 30 to 60 minutes for colour change to be

observed. Colour change was read visually and the results were scored on the data form (Appendix 2).

3.n KDR Genotyping

Real-time polymerase chain reaction (RT -PCR)using Applied Biosystem Real-time machine was used

todetect kdr genotypes (Lt014S and Lt014F) at amino acid position 1014 of the voltage-gated

sodium channel, following a method developed by Bass et al., (2007) and Mathias et al., (20J I).

Frozengenomic DNA samples were thawed at room temperature. A 96-well plate was placed on ice-

coldpack. Using a pipette, lOut pipette tips was used to dispense L5 p.I of each sample genomic DNA

to appropriate wells. Samples were genotyped using probes for the wild type (5'-

CITACGACTAAATITC-3') and LHH4S (5'-ACGACTGAATITC-3') alleles. The same samples

were also genotyped for the LI014F allele (5'-ACGACAAAATfTC-3'). RT-PCR reactions were

runnedon Applied Biosystem Real-time machine using a 96-weH format, Each reaction involved 5.0

~Iof zx'l'aqman RT-PCR master mix (Applied Biosystems), 0.2 J!l , primer forward for 1014S (5'-

CGA TeT TGG TCC ATG ITA AIT TGC A-3'), 0.2{}¢ primer reverse for IOJ4S (5'-CAT TIT

TCTTGG CCA CTG TAG TGA T-3'), 0.2 J!l for the wild type (5'-CTf ACG ACT AAA TIT C-3')

andiU5pl LlO14S probe (5'-ACG ACT GAA TIT C-3') at respective concentrations of 10 p.M, 1.50

~I DNA template, and 2.75 J11 sterile water in a final volume of 10 ul, Each 96-well plate contained

positive controls for all three genotypes in triplicate along with a no-temp-Iate. PeR conditions for

Ll014S were initial DNA melting and activation of hot-start taq polymerase step at 95°C for 10
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minutesfor 45 cycles, 95° for 30 seconds, 60°C for 30 seconds (annealing) and noc for 30 seconds

(extension}.Kdr west (LWt4F allele) involves, O.2p::l for the wild type probe (5'-

CTIACGACTAAATITC-3'), 0.21.d for forward primer (5'-CAT TIT TCT TGG CCA CTG TAG

TGA T-3'), O.2p'! for reverse primer (5'~eGA TCT TDG Tee ATG ITA ATI TC.£ A-3'). The rest of

thereagents and volumes used were the same as those mentioned above when genotyping for L 1014S.

Thefinal volume was lOpt PeR conditions for L I (H4F include 95°C for H) minutes for 1 cycle, 95°C

for 10 seconds for 40 cycles and 60°C for 45 seconds. Reaction curves for each set of reactions were

visualized using TaqMan® Genotyper software version 1.3.1. Absence of andes was confirmed by the

textreports generated by the TaqMan® Genotyper software version 1.3.1.

38



3.12Data Analysis

Dataanalysis was done using SAS Version 9.T. Results from phenotypic resistance to deltamethrin

were analysed following WHO recommended criteria for testing for resistance (WHO, 2013). The

mortalityrates of the tested samples were calculated by summing the number of dead mosquitoes and

expressingthis as a percentage of the total number of exposed mosquitoes:

. . . . . . . . Total number of dead mosquitoes ...
observed mortality = . x roo

Total exposed mosquitoes

Following the WHO guidelines for testing insecticide resistance in malaria vectors, mortality range of

98-J OW,1,indicates susceptibility to the insecticide tested, less than 98% mortality suggest ex istenee of

resistance in the population which warrant further investigation and a population with less than 90%

mortalitywere considered as resistant.

Independent t-test was used to determine whether there are significant differences in the level of

deltamethrin phenotypic resistance in An. gombiae s.l field larvae raised mosquitoes and wild-caught

adult mosquitoes. Also, Independent t-test was used to compare the mean deltamethrin phenotypic

resistance between wild adult An. gambiae s.l and An. funestus. One way Analysis of Variance

(ANOV A) was used to establish whether there was a significant difference in mean P. falciparum.

sporozoite of An. gambiae s.] across the three sites and independent t-test was used to compare the

mean sporozoite in An.gambiae:d and An.funestus.

Two-way classification chi-square test of association was used to determine whether there was an

association between P. falciparum sporozoite rates and kdr genotype frequency in An. gambiae s. l. In

the same way, Two-way classification chi-square test of association was used to associate kdr allele
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frequency in field larvae raised mosquitoes and wild-caught adult mosquitoes sampled from

households.

3.13Ethical Considerations

Ethical approval was obtained from Maseno University Ethics Review Committee. The study

conductedunder the Scientific and Ethical Review Unit of the Kenya Medical Research Institute (SSe

2261).

Informed consent was also obtained from owners of households in Ahero, Bondo and Busia where

mosquitoeswere collected. Details of informed consent arc outlined in Appendix 6 and ethical

approval Jetter is in Appendix 4.
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CH.APTER FOUR

RESULTS

4.1Deltametbrin Pbenotypic Resistance of Wild Population and Larvae Raised Population of

An.gambiae .d

Thisstudy pointed out that larvae raised An. gambiae s.l from the three sites were all resistant to

deltamethrinwith Ahero having highest mortality rate of 88% followed by Busia, 62% and Bondo,

52%.Hence the popu~ation from Bonde recorded the highest resistance to deftamethrfn.

UsingWHO standard method, the mortality rates of An. gambiae s.l exposed to deltamethrin were

5Q%,3-9% and 52% for Ahero, Bonde and Bnsia respectively. The mortality rates for An. funestus

sampledin Bondo and Busia were 29.70% and 33.05% respectively. These mortality rates of both

larvaeraised and wild-caught adult An. gambiae s.l sampled from the three sites were considerably

lowerthan the recommended WHO >90% threshold for resistance (Table 4.1). Independent t-test

showedthID;there was a significant differences in deltamethrin phenotypic resistance between larvae

raised mosquitoes and wild caught mosquitoes sample from the study sites (P<O.OOl) at 95%

confidence interval. AIso, An. funestus was more phenotypically resistant to deltamethrin than An.

gambiae s.l (P<O.OOl). However, was no significant difference in phenotypic resistance in An.

junestus from Bonde and Bnsia for (P=O.303). Table 4.1 details the comparison of mortality rate in

larvaeraised mosquitoes and wild caught mosquitoes.
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Table 4.1: Comparison of the mortality rate of An. gambiae s.l wild mosquitoes and larvae raised
mosquitoes exposed to 0.05% deltamethrin for 24 hour post-exposure

Site Wild-caught Adult Mosquitoes Field larvae raised mosquitoes P-value

No. per site Mortality No. per site Mortality
Ahero 1,407 698 (50%) 398 353 (89%) <0.001
Bondo 569 223(39%) 430 224 (52%) <0.001
Busia 953 499 (52%) 1,358 848 (62%) <0.001
Total 2,929 1420 (48%) 2,186 1425(65%) <0.001

4.2 Percentage Density of Anopheles Mosquitoes from the Study Sites

Of two thousand nine hundred and twenty nine (2,929) wild caught An. gambiae s.l sampled, 48.04%,

19.45% and 32.54% were from Ahero, Bondo and Busia respectively. Two thousand one hundered

and eighty six (2,186) larvae raised An. gambiae s.l were identified. Out of this number, 18.21%,

19.67% and 62.12% were from Ahero, Bondo and Busia respectively. A total of one thousand four

hundred and thirty one (1,431) An. Junestuswas sampled from Busia and Ahero. One thousand one

hundred and ninety two (1,192) was was sampled from Bondo and two hundred and thirty nine (239)

was sampled from Busia. Table 4.2 shows the percentage density of Anopheles mosquitoes from the

study sites.
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Table 4.2: Percentage density of larval raised and wild adults Anopheles species in the study sites

uitoes
Sitef- An. unestus

Bondo
t-

Aherof-

Busiaf-
Totalf-

ambiae s.l
Aherof-
Bondor-
Busiaf-
Total'-

4.3 Sporozoite Rate of P.falciparum in Wild Anopheles Mosquitoes

Sporozoite rate for An. gambiae s.l sampled from the three sites were l.56%, 0.2% and l.78% for

slightly higher (4.45%) compared to Busia (3.77%). An. Junestus however, had the higher P.

Ahero, Bondo and Busia respectively whereas the positivity rate for An. Junestus from Bondo was

jalciparum sporozoite rate compared to the An: gambiae s.l counterparts in all the study sites and there

abundant vector population in Bondo region but no An. Junestus was sampled from Ahero. One way

was a significant difference between them (P<O.OOl). The study identified An.funestus to be the most

Analysis of Variance (ANOVA) showed that the mean difference in sporozoite rate oj An. gambiae s.l

across the three sites were statistically significant at 95% confidence interval (P=0.022) (Table 4.4).

However, independent-t test failed to show any significant difference in sporozoite infectivity rate for

An. Junestus sampled from Bondo and Busia (P=0.637) (Table 4.4). Table 4.3 Shows Plasmodium

jalciparum sporozoite negative and positive of the species from the study sites.
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Table 4.3: P. Jalciparum sporozoite rate of wild Anopheles mosquitoes

1,431

Ahero
N=1407

Bondo
N=569

17
(1.78%)

Total An. gambiae s.l
Number
tested

1
(0.2%)

Busia
N=953

N=4,360

2,929 . 1,385 22
0.56%)

568

Pi
sporozoite
positive

Pi
sporozoite
negative

936

Pi
sporozoite
positive

Pi Pi
sporozoite sporozoite
negative positive

Pi
sporozoite
negative

An. funestus
Bondo

N=1,192
Busia

N=239
Ahero

1,140 52
(4.45%)

230

Pi
sporozoite
positive

Pi Pi
sporozoite sporozoite
negative positive

Pi
sporozoite
negative

9
(3.77%)

*PI Plasmodiumfalciparum

Table 4.4: Mean P.Jalciparum sporozoite difference in wild Anopheles across the study sites

An. gambiae s.l An. Junestus
Site Pi sporozoite F-value P-value

mean
(N=2929)
0.01563611

Pisporozoite Statistic
mean value
(N=1431)

P-value

Ahero

Bondo 0.00175747 3.82 0.022 0.04446309
0.22 0.637

Busia 0.01783841 0.0376569

Ahero*Bondo (P=0.042), Ahero*Busia (P=0.8932), Bondo *Busia (P=0.0242)
*ANOVA was used to compare the mean difference of Pi sporozoite in An. gambiae s.l in Ahero,
Bondo and Busia
*Independent t-test was used to compare mean difference of Pi sporozoite in An. funestus between
Bondo and Busia
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4.4Knockdown Resistance Genotype Frequency and Distribution in Wild adult Anopheline

Mooqnitocs

Coventional peR revealed that most of the samples from the study sites were An. arabiensis. The

number of An. arabiensis identified wag 86 (88.66%) , 91 (67.91%) and 96 (70.07%) for Ahero, Busia

and Bondo respectively. An. gambiae s.s. on the other hand, recorded low numbers across the study

sites.Results from conventional peR analysis indicated that 2 (2.06%), 39 (29.10%) and 24 (17.52%)

ofAn. gambiae s.s. were recorded in Ahero, Busia and Bondo respectively. However, 9 (9.28%), 4

(2.99%) and 17 (12.41%) of the samplesfrom Ahem, Busia and Bonde respectively did not amplify.

Thereason for not amplifying could be that they were other species of the An.gambiae s.l complex.

The frequency of kdr east (Ll014S) mutation observed in An.. arabiensis mosquitoes was 26.74%,

35.71% and 21.88% from Ahero, Busia and Bondo respectively. Kdr west (Ll014F) was 7.56% in

Ahero, 28.02% in Busia and 30.21% in Bonde. The homozygote form of kdr wes: was not detected in

Ahero but 13 (7.56%) of heterozygote form was observed in only An. arabiensis mosquitoes. In

general kdr east frequency was high across the three sites compare to kdr west. However, in Busia, An.

arabiensis population recorded the highest number of homozygote form of kdr west. Bondo recorded

only leone) homozygote form of kdr wes: in the An. arabiensis mosquitoes. The heterozygote form of

kdr west on the other hand, is present in all the An. arabiensis mosquitoes with highest number (56,

3021 %) being observed in Bonde.

Thefrequency of kdr east and west in An.gambiae s.s across the study in was relatively low compared

to the frequencies in An. arobiensis. Only one homozygote kdr east allele Wag recorded in Ahem but

kdr west allele was not obseverd. In Busia, the frequency of kdr east and west in An. gambiae s.s was

38.46% and 19.23% respectively. The frequency of kdr east and west in An. gambiae s..s from Bonde
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was the same (12.5%). The proportion and distribution of kdr east and west mutations in the study

siteswas showed in Table 4.5

Table 4.5: The frequency and distribution of the kdr east (1014S) and west (1014F) alleles of wild

Anopheline mosquitoes

Site Specie Proportio EastKdr (1014S) West Kdr (1014F)
s n

N=368 SS LS LL NA Freqency FF LF L NA Frequeny,
,% L %

A 86 3 40 39 4 26.74 0 13 57 16 7.56
(88.66%)

G 2 (2.06%) 1 0 1 0 50 0 0 2 0 0
Ahero

NA 9 (9.28%) 0 4 3 2 22.22 0 1 6 2 I 5.56

A 91 12 41 24 14 35.71 11 29 30 21 28.02
(67.91 %)

G 39 7 16 9 7 38.46 3 9 10 17 19.23
Busia (29.10%)

NA 4 (2.99%) 0 2 2 0 50 1 1 2 0 3.75

A 96 7 28 46 15 21.88 1 56 29 10 30.21
(70.07%)

G 24 0 6 14 4 12.5 0 6 9 9 12.5
Bondo (17.52%)

NA 17 1 2 12 2 11.76 0 10 5 2 29.41
(12.41 %)

A: An. arabiensis, G: An. gambiae s.s., NA: Not amplified, SS: homozygote allele for Ll014S
mutation, LS: heterozygote allele for Ll014S mutation, FF: homozygote allele for Ll014F mutation,
LF: heterozygote allele for Ll014F mutation, LL: wild genotype (not resistant allele) Ll014 codon

*The frequency was calculated using the formula: 2(SS) +LS)/2N* 100 for kdr east and 2(FF) +LF)/2N
*100 for kdr west ...
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4.5Knockdown Resistance Association with P. falciparum Sporozoite Rate in An. gambiae s.l

An. gambiae s.s and An. arabiensis mosquitoes tested for P. falciparum sporozoite and proved

positivewere subjected to lair ( LlO14S and LI014F) analysis (Table 4.3). Samples that were tested

negativefor P.falciparum sporozoite were also genotyped for kdr (LI014S and LI014F) mutations

alongside the ELISA positive ones.

Twoway classifications Chi-square (X2) revealed that there was significant association between vgsc-

Ll014Smutation with sporozoite rate in An. gambiae s.s (X21=5.48, P=O.032)though the number of

sporozoitepositive alleles were very low. In contrast, there was no association between LlO14S with

sporozoiterate in An. arabiensis population. Moreover, the presence of LlOl4F mutation did not

correlatewith sporozoite rate in either An. gambiae S.s or An. arabiensis populations investigated

(Table4.6).
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Table 4.6: Kdr Mutations (LI014S and LI014F) associations with P. falciparum sporozoite rate

Kdr west (LI014F) association with Pi falciparum sporozoite rate
I

Species Pf sporozoite Kdr frequency X2 test value P-value

An. gambiae s.s N=3 N=15 0.45 I

0(0%) 2 (13.33%)

An. arabiensis N=12 N=98 0.249 1

"
0(0%) 2 (2.04%) ,

I,

in An. gambiae s.s and An. arabiensis

Kdr east (LI014S) association with Pi falciparum sporozoite rate

Species Pf sporozoite Kdr frequency X2 test value P-value

An. gambiae s.s N=8 N=22 5.48 0.032

5 (62.5%) 4 (18.18%)

An. arabiensis N=22 N=109 3.26 0.131

2 (9.09%) 2 (1.83%)

Pf Plasmodium jalciparum
*The results were analysed using two way classifications Chi-square (X2)

4.6 Frequency of Kdr Genotype in Lavae Raised Anopheline Mosquitoes

The PCR analysis results indicated that 223 (81.68%) were An. arabiensis, 6 (2.20%) were An.

gambiae s.s and 44 (16.12%) did not amplified. The distribution of An. arabiensis in the study areas

was 76 (81.72%) for Ahero, 70 (75.27%) for Busia and 77 (88.51 %) for Bondo. No An. gambiae s.s.

was was recoreded in Ahero. However, only 2 (2.15%) and 4 (4.60%) of An. gambiae s.s. identified in

Busia and Bondo respectively. The frequency and distribution of kdr allele varied across the study

sites. Bondo recorded the highest number of homozygote and heterozygote forms of kdr west (16),
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followed by Busia (6) and Ahero (1). The proportion of each of the species per study site and the

frequency and distribution of the kdr alleles for 10 14S and 1014F were indicated in Table 4.7

Table 4.7: The frequency and distribution of kdr east (10148) and west (1014F) alleles of field

collected larvae raised Anopheline mosquitoes

Site Species Proportion East Kdr (1014S) West Kdr (1014F)

N=273 SS LS LL NA Frequency, FF LF LL NA Frequency,
% %

A 76 2 33 38 3 24.34 1 13 48 14 9.87
(81.72%)

Ahero
G 0(0%) 0 0 0 0 0 0 0 0 0 0
NA 17(18.28%) 1 10 6 0 35.29 1 4 10 2 17.65

A 70 0 31 38 1 22.14 9 15 40 6 23.57
(75.27%)

Busia G 2 (2.15%) 0 2 0 0 0.5 0 0 2 0 0

NA 21 3 11 6 1 40.48 1 5 14 1 23.81
(22.58%)

A 77 3 7 64 3 8.44 16 31 17 13 40.90
(88.51 %)

Bondo G 4 (4.60%) 0 3 1 0 37.5 1 0 2 1 25

NA 6 (6.90%) 0 2 2 2 16.67 0 4 2 0 33.33

A: An. arabiensis, G: An. gambiae s.s., NA: Not amplified, SS: homozygote allele for LlO14S
mutation, LS: heterozygote allele for Ll014S mutation, FF: homozygote allele for Ll014F mutation,
LF: heterozygote allele for Ll014F mutation, LL: wild genotype (not resistant allele) Ll014 codon

*The frequency was calculated using the formula: 2(SS) +LS)/2N* 100 for kdr east and 2(FF) +LF)/2N
*100 for kdr west
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4.7 Comparison of the Frequency of Kdr Genotypes (Vgsc-LI014S and Vgsc-LI014F) in Larvae

Raised Mosquitoes and Wild Mosquiotoes

Two way classifications Chi-square (X2) showed that there was no significant association between kdr

east (vgsc-LlOI4S) in larvae raised mosquitoes and wild-caught female mosquitoes (X,2=2.630,

P=O.l 08) at 95% confidence interval (Table 4.8). Similarly, the result also showed that there was no

significant association between kdr west (vgsc-LI014F) in larvae raised mosquitoes and wild-caught

female mosquitoes (X2,=0.l41, P=0.742).

Table 4.8: Comparison of kdr genotypes frequencies in larvae raised and wild caught adult

mosquitoes

Kdr
Genotypes

Wild caught Larvae Raised
mosquitoes mosquitoes

N (%) N (%)

x2

value
p-

value

LI014S 170 (46.2) 109 (39.78) 2.630
LI014F 141 (38.32) 101 (36.86) 0.l41

0.l08
0.742

*The result was analysed using two way classification Chi-square (X2)
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CHAPTER FIVE

DISCUSSION

The low mortality rates «90%) following WHO Bioassay guidlines observed in all the malaria vectors

used in this study showed that there was a dramatic increased in phenotypic resistance to deltamethrin

in all the study sites. Earlier, high mortality rate to deltamethrin using WHO Bioassay method was

documented in An. arabiensis population in western Kenya (Mathias et al., 2011; Ochomo et al.,

2012) but recent study revealed low mortality to deltamethrin (Wanjala et ai., 2015) confirming the

findings of the current study. There was significant difference in mortality rates between larvae raised

An. gambiae s.l and wild caught An. gambiae s.l mosquitoes resting indoors in all the study sites.

Wild-caught An. gambiae s.l mosquitoes were far more resistant compare to larvae raised mosquitoes.

Even though earlier studies in western Kenya reported high resistance to pyrethroids, most of these

studies used An. gambiae s.1 larvae collected from the fields to determine insecticide resistance

(Ochomo et al., 2012; Ochomo et al., 2014; Wanjala et al., 2015). The higher resistance recorded in

wild-caught adult An. gambiae s.l mosquitoes compare to larvae raised ones could be ascribed to other

mutations or mechanisms of resistance which might not be in the larvae raised mosquitoes.

Asparagine-to-tyrosine substitution mutation on the voltage-gated sodium channel at position 1575

(N1575Y) has been identified to be responsible for pyrethroid resistance in An. gambiae s.1 (Djegbe et

aI., 2014; Jones et al., 2012) Furthermore, the significant difference recorded in the level of

deltamethrin resistance between wild mosquitoes and larvae raised mosquitoes could be attributed to

pyrethriods used in the control of livestock disease vectors (Diabate et al., 2002; Overgaard, 2006);

since An. arabiensis also depends on cattle for blood meals. A study conducted in some farming

communities in Benin had shown that pyrethroids use for agricultural activities resulted in high level

of resistance to deltamethrin (Nazaire et ai., 2014). The high level of resistance recorded in this study
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could be as a result of development of other unknown molecular markers of resistance as the

mosquitoes come into contact with insecticide. This warrant further investigations through genome

sequencingto detect resistance markers.

AnophelesJunestus was found to be more resistant compared to An. gambiae s.1counterparts but there

wereno significant difference between resistance in An. Junestus species found in Bondo and Busia

populations. Globally, Insecticide resistant data on An. Junestus were documented to be limited

(Ranson and Lissenden, 2016) though there are studies which reported high level of pyrethroids

resistant in this malaria vector (Hargreaves et aI., 2000; Kawada et al., 2012; McCann et aI., 2014).

This study pointed out that An. Junestus resistance to deltamethrin had increased significantly as

compared to previous studies. McCann et al., (2014) documented 60% mortality rate to deltarnethrin

inAsembo, Bondo region in 2010 and 2011 wheras this study revealed 29.7% and 33.05% mortality

ratefor Bondo and Busia regions respectively.

SinceBondo and Busia regions were among areas under ITNs coverage, insecticide resistance could

playa major role in the abundance of An. Junestus vector population in the region. Use of insecticides

foragricultural activities such as for controlling livestock vector desease and crop pest, could also play

a role in offering selection pressure for resistance in western Kenya. The mechanisms for extremely

high level of deltamethrin phenotypic resistance in An. Junestus mosquitoes was not elucidated in this

study but other studies documented that over-expression of CYP6P9a and CYP6P9b oxidation

enzymeswhich result in rapid detoxification of pyrethroids were responsible for pyrethroids resistance

inthis vector (Brooke et al., 2001; Djouaka et al., 2011). Metabolic resistance mechanisms have been

implicated for insecticide resistance in An. Junestus (Hemingway, 2014; Mulamba et al., 2014).

Furthermore, vgsc-1014S and vgsc-1014F are not associated with target site pyrethroids resistance in
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An.junestus but mutations in other exons have been suggested to playa role in target site resistance

(Djouaka et al., 2011).

The current study revealed that An. arabiensis is the major vector of all the An. gambiae s.l complex in

Ahero, Bondo and Busia (>70%). Earlier studies had shown that An. arabiensis was the main vector in

Ahero due to rice irrigation farming which provide breeding grounds for that vector (Ochomo et al.,

2012; Ochomo et al., 2014). In Bondo region, An. arabiensis was previously discovered to be a minor

vector (Beier et aI., 1990; Taylor et aI., 1990) but subsequent studies proved that the population of An.

arabiensis became the most abundant vector with a decrease in An. gambiae s.s. population; which

was in agreement with this study (Bayoh et al., 2010; Ochomo et aI., 2014). Though An. gambiae s.s.

is known to be a major vector in Busia/Teso region with the presence of An. arabiensis as a minor

vector (Ochomo et aI., 2012), this study found out that An. arabiensis is the most abundant vector.

This therefore necesitates further mornitoring. The feeding behaviour of An. arabiensis (more

exophilic and endophilic) and resistance to pyrethriods could be the reason for the resurgence of this

vector in western Kenya. High proportion of An. funestus was sampled from Bondo district via indoor

resting collection and small proportion was observed from Busia region. Previously, An. funestus

population in Bondo Region had witnessed a drastic reduction following the distribution ofITNs in the

1990s (Gimnig et ai., 2003), hence sampling of this vector was Jow (Lindblade et ai., 2006); but later

there was resurgence of this vector in Asembo (Bondo sub-County), western Kenya (McCann et ai.,

2014). This study comfirmed that An. funestus has reemerged and is now the major vector and the

main player of malaria transmission in the region and could dominate other areas if other vector

control efforts are not employed. The remergence of An. Junestus could be attributed to insecticide

resistance since this vector showed high resistance to deltamethrin in this study.
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This study confirmed a previous study in Asembo, Bondo District in 2010 and 2011 which also

reported high sporozoite rate (4.5%) in An. funestus (McCann et aI., 2014). High proportion of An.

funestus and high level of resistance to deltamethrin in Bondo Region indicated the impact of this

vectorin malaria transmission in the region. Anopheles funestus resistance to pyrethroids was linked to

increase in malaria transmission in South Africa (Hargreaves et aI., 2000). Moreso, Chanda et al.,

(2011)noted that P. falciparum prevalence in ITNs and IRS implementation zones could be ascribed

to increasing level of pyrethriods resistance which could lead to malaria control failures. Undoubtedly,

the prevalence of P. falciparnm malaria cases in Bondo and Busia regions are due to high vectorial

capacity of An. fimestus population in those regions though other vectors could also playa role. The

reemergence, relatively high resistance to deltamethrin, anthropophagic nature and high P. falciparum

sporozoite rate of An. junestus female mosquitoes in Bondo and Busia regions contribute significantly

Sporozoite infectivity rate in malaria vectors is a major components of entomological inoculation rate

(EIR)(President's Malaria Initiative, 2016). In general, the sporozoite infectivity rate recorded in this

study varies across all the study sites. Plasmodium falciparum sporozoite infectivity rate in An.

gambiae s.l varied across Bondo, Ahero and Busia. High sporozoite rate observed in Busia and Ahero

inAn. gambiae s.l mosquitoes sampled via indoor resting collection suggested that these vectors are

themajor players of malaria transmission in those regions. The relative low rate of sporozoite in An.

gambiae s.l in Bondo could be as a result of ITNs intervention and a significant resurgence of An.

funestus species. Anopheles junestus had the higher P. falciparum rates in Bondo and Busia but there

wasno significant difference in sporozoite rate between the two regions. But in general, there was a

significant difference in sporozoite rate between An. gambiae s.l and An. funestus suggesting that An.

funestus is likely to transmit malaria more than An. gambiae s.l. This also implies that the parasite can

adaptand be sustained more in An. junestus mosquitoes compare to An. gambiae s.l counterpart.
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tomalaria transmission in those regions in western Kenya. This should be of great concern to National

MalariaControls Programs and other agencies aiming at malaria elimination in western Kenya.

Knockdown resistance (L1014S and L1014F) genotype frequencies observed in this study were high

and could be associated with An. arabiensis vector population in all the study sites though some

proportions were observed in An. gambiae s.s. population. An earlier study associated Ll 014S

mutation with An. gambiae s.s. and Ll014F was associated with An. arabiensis (Kabula et aI., 2014).

Kdr east (L1014S) was first discovered in Kenya in 2000 (Ranson et aI., 2000) and kdr west (Ll 014F)

wasdiscovered in 2012 in western Kenya (Ochomo et aI., 2015). Since the discovery ofkdr mutations,

theyvary from area to area and from one species to another. Previously, no kdr allele was observed in

An. arabiensis vector but the frequency of L1014S in An. gambiae s.s. was reported to be high

(Mathias et al., 2011; Ochomo et aI., 2012); though Kawada et al., (2011) documented 1014S in An.
I
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arabiensis mosquitoes in high proportions. Later in 2011 to 2013, Ochomo et aI., (2015) recorded low

frequencies of L1014S in An. Arabiansis population in Bondo and Ahero but no Ll 014S was observed

inAn. gambiae s.s in Ahero and Bondo.

The frequency of Ll014F recorded in Bondo and Ahero in 2012 and 2013 in An. Arabiansis

population was in very low proportions compared to the frequency observed in the current study. Also"

novgsc-1014S and vgsc-1014F were detected from 2011 to 2013 in Bondo and Ahero in An. gambiae

s.s. mosquitoes (Ochomo et al., 2015). Moreover, Wangala et aI., (2015) reported no detection of

1014F in An. gambiae s.s. and An. Arabiansis in Ahero but Ll014S was low in An. arabiensis

population. The increased in kdr allele frequency detected in this study could be associated with low

migration of Anopheles mosquitoes and selection overcome gene flow (Protopopoff et al., 2008). An

earlier study noted that extensive use of LLINs had resulted in relatively high level of gene flow

betweenAn. arabiensis mosquitoes in about 300km apart (Wondji et al., 2005). However, increased in



kdr frequency could not have any negative effect on malaria control interventions implemented in

western Kenya. Some studies noted that high kdr frquency did not have negative effects on the bio-

efficacy ofpyrethriod treated bed nets (Ouattara et ai., 2014) or reduce the bioefficacy ofpyrethriod

IRS (Hemingway et aI., 2013) though one study associated the failure of IRS pyrethroids with high

frequencyof kdr L1014F in An. gambiae s.s (Sharp et al., 2007).

Earlierstudies to elucidate the possibility ofkdr (L1014S and L1014F) impact on malaria transmission

in some areas in Africa had reported conflicting results. Even though the current study detected

increasedkdr mutations (L1014S and L1014F) especially in An. arabiensis; there was no association

betweenL1014S mutations and P. falciparum sporozoite infectivity rate in An. arabiensis mosquitoes.

Similarly,it was also observed that L1014F had no association with sporozoite rate in An. gambiae s.s

and An. arabiensis. In contrast, L1014S had significant association with sporozoite rate in An.

gambiaes.s population though the number of sporozoite positive alleles were very low t6 make any

meaningfulinterpretation. A previous study in Benin (Ossegrave et ai., 2012) had shown that Ll014F

hadno influence on P. Jaiciparum sporozoite rate in An. gambiae s.s which confirmed the current

study.Moreover, Hemingway et aI., (2013) noted that homozygote form of kdr pyrethroids-resistant

couldtransmit less malaria compared to the susceptible one. However, a study had also shown that An.

gambiae s.s having LIOl4F mutation had high sporozoite rates which could impact malaria

transmission(Alout et aI., 2013). Furthermore, in Senegal, Trape et aI., (2011) reported kdr Ll014F

hadeffect on increased malaria transmission after implementation of malaria control programmes. The

underlyingfactors by which L1014F mutation influenced malaria transmission in some areas contrary

toother areas is still not understood though in the current study there was no detection of homozygote

formof L1014F in both species investigated. The significant association of L1014S with sporozoite

ratein An. gambiae s.s population detected in the current study confirmed a similar study in Tanzania
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which reported significant association of L1014S mutation with sporozoite rate in An. gambiae s.s

mosquitoes (Kabula et al., 2016). Thus, An. gambiae s.s having kdr east (L1014S) are more likely to

sustain the P. jalciparum parasite and could contribute to malaria transmission in areas recording high

levelof resistance to pyrethroids.

High frequency of kdr genotypes were detected in both larvae raised adult mosquitoes and wild

mosquitoes collected indoors in households having ITNS; meanwhile there was no significant

association between kdr east (L1014S) in larvae raised mosquitoes and wild-caught mosquitoes and

also no significant association between kdr west (Ll014F) and kdr east (L1014S) in larvae raised

mosquitoes and wild-caught mosquitoes. But from the forgoing discussion, there was significant

difference in deltamethrin phenotypic resistance between larvae raised mosquitoes and wild-caught

adult mosquitoes. This did not however reflect in kdr frequencies in larvae raised mosquitoes and

wild-caught adult mosquitoes suggesting that the wild adult mosquitoes' population developed other ,;l

mechanisms of insecticide resistance possibly not in larvae raised populations as they came into

contactwith ITNs and IRS pyrethriods.
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CHAPTER SIX

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY

High level of deltamethrin phenotypic resistance was observed in larvae raised versus wild caught

adult An. gambiae s.l populations implying that wild adults Anopheles developed other resistance

mechanisms when they came in contact with ITNs during host seeking. Higher sporozoite rate, relative

abundance and higher resistance observed in An. junestus compared to An. gambiae s.l suggest that the

former is playing a major role in malaria transmission in Bondo and Busia sub-Counties. Only LI014S

mutation had significant association with P. Jalciparum sporozoite rate in An. gambiae s.s though the

number of sporozoite positive alleles was low; suggesting that that marker may playa role in malaria

transmission. The insignificant association between kdr LlO14S and LI014F in larval raised

osquitoes and wild caught mosquitoes implies that wild caught adult mosquitoes developed other

mechanisms of insecticide resistance apart from kdr mutations as a result of their interaction with ITNs

Duringhost seeking for blood meal.

6.2 CONCLUSIONS

I. This study demonstrated significant increase in deltametrin phenotypic resistance in both larval

aised and wild caught Anopheles sampled from Ahero, Busia and Bondo.

e. There was a higher sporozoite rates and relative abundance of An. funestus in Bondo and Busia

mpare to An. gambiae s.l therefore An. funestus is more competent in malaria transmission than An.

ambiae s.l populations
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3. The LI014S mutation may influence malaria transmission in pyrethroid resistant An. gambiae s.s.

4. There were no association between Ll014S and LlO14F mutations in larval raised versus wild

caught Anopheles.

6.3. RECOMMENDATIONS

63.1 Recommendations from the study

1. Larvae alone should not be used to test for insecticide resistance in Anopheles mosquitoes

since wild-caught adult mosquitoes proved more resistant than larvae raised counterparts. Wild

mosquitoes should also be used alongside. Furthermore, other vector control methods or new

insecticides apart from pyrethroids should be explored for use in malaria vector control

programmes since mosquitoes are highly resistant to current pyrethroids.

2. Effort should be geared towards An. junestus control especially in Bondo and Busia Regions

since they are the main players of malaria transmission in those areas

3. Insecticide resistant molecular markers should be continously monitored in malaria control

programme

4. Other mechanisms such as metabolic resistance or Ace-l mutations m~ghthave played a role in

resistance in wild caught adults mosquitoes.
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1. The high level of phenotypic resistance observed in this study suggest that there could be other

unknown insecticide resistance molecular markers, therefore further studies should be carried

out to elucidate these markers in both An. gambiae s.l and An. funestus populations.

2. Further studies should explore possible use of new classes of insecticide for vector control

6.3.2. Recommendations for Further Studies

60



REFERENCES

Afzoun, N., Afkpon, R., & Akogbeto, M. (2014). Evidence of increasing L1014F kdr mutation
frequency in Anopheles gambiae sl pyrethroid resistant following a nationwide distribution of
LLINs by the Beninese National Malaria Control Programme. Asian Pacific journal of tropical
biomedicine, 4(3),239-243.

Alout, H., Ndam, N. T., Sandeu, M. M., Djegbe, L, Chandre, F., Dabire, R. K., ... Cohuet, A.
(2013). Insecticide resistance alleles affect vector competence of Anopheles gambiae ss for
Plasmodium falciparum field isolates. PloS one, 8(5),63-49.

Bass, c., Nikou, D., Donnelly, M. J., Williamson, M. S., Ranson, H., Ball, A., ... Field, L. M.
(2007). Detection of knockdown resistance (kdr) mutations in Anopheles gambiae: a
comparison of two new high-throughput assays with existing methods. Malaria journal, 6(1),
111.

Bayoh, M. N., Mathias, D. K., Odiere, M. R., Mutuku, F. M., Kamau, L., Gimnig, J. E., ...
Walker, E. D. (2010). Anopheles gambiae: historical population decline associated with
regional distribution of insecticide-treated bed nets in western Nyanza Province, Kenya.
Malariajournal, 9(1),62.

i~ I,.

Beier, J. C., Perkins, P. V., Onyango, F. K., Gargan, T. P., Oster, C. N., Whitmire, R. E., ...
Roberts, C. R. (1990). Characterization of malaria transmission by Anopheles (Diptera:
Culicidae) in western Kenya in preparation for malaria vaccine trials. Journal of medical
entomology, 27(4),570-577.

Bhatt, S., Weiss, D., Cameron, E., Bisanzio, D., Mappin, B., Dalrymple, U., ... Eckhoff, P.
(2015). The effect of malaria control on Plasmodium falciparum in Africa between 2000 and
2015. Nature, 526(7572),207-211.

Brooke, B., Kloke, G., Hunt, R., Koekemoer, L., Tern, E., Taylor, M., ... Coetzee, M. (2001).
Bioassay and biochemical analyses of insecticide resistance in southern African Anopheles
funestus (Diptera: Culicidae). Bulletin of entomological research, 91(04), 265-272.

Brooke, B. D., & Koekemoer, L. L. (2010). Major effect genes or loose confederations? The
development of insecticide resistance in the malaria vector Anopheles gambiae. Parasit
Vectors, 3, 74.

61



Carnevale, P., Robert, V., Manguin, S., Corbel, V., Fontenille, D., Garros, C., ... Roux, J. (2009).
Les anopheles: Biologie, transmission du Plasmodium et lutte antivectorielle, IRD Ed 7 (123),
234-254

Chanda, E., Hemingway, J., Kleinschmidt, L, Rehman, A. M., Ramdeen, V., Phiri, F. N., ...
Chizema-Kawesha, E. (2011). Insecticide resistance and the future of malaria control in
Zambia. PLoS One, 6(9), e24336.

Chanda, E., Hemingway, 1., Kleinschmidt, I., Rehman, A. M., Ramdeen, V., Phiri, F. N., ...
Coleman, M. (2011). Insecticide resistance and the future of malaria control in Zambia. PloS
one, 6(9), e24336. doi:1O.13711journal.pone.0024336

Chareonviriyaphap, T., Bangs, M. J., Suwonkerd, W., Kongmee, M., Corbel, V., & Ngoen-Klan,
R. (2013). Review of insecticide resistance and behavioral avoidance of vectors of human
diseases in Thailand. Parasit Vectors, 6(280), 1-28.

Chen, Andrew K. Githeko, John L Githure, James Mutunga, Guofa Zhou, & Van, G. (2008).
Monooxygenase Levels and Knockdown Resistance (kdr) Allele Frequencies in Anopheles
gambiae and Anopheles arabiensis in Kenya. Journal of Medical Entomology" 45(2), 242-250.

Cohen, J. M., Smith, D. L., Cotter, C., Ward, A., Yamey, G., Sabot, o. J., & Bruno, M. (2012).
Malaria resurgence: a systematic review and assessment of its causes. Malariajournal, 11(1),
1-17.

Coetzee, M., Hunt, R. H., Wilkerson, R., Della Torre, A., Coulibaly, M. B., & Besansky, N. J.
(2013). Anopheles coluzzii and Anopheles amharicus, new members of the Anopheles gambiae
complex. Zootaxa, 3619(3),246-274.

Collins, F. H., Kamau, L., Ranson, H. A., & Vulule, J. M. (2000). Molecular entomology and
prospects for malaria control. Bulletin of the World Health Organization, 78(12), 1412-1423.

Collins, F. H., Mendez, M. A., Rasmussen, M. 0., Mehaffey, P. C., Besansky, N. J., & Finnerty,
V. (1987). A ribosomal RNA gene probe differentiates member species of the Anopheles
gambiae complex. The Americanjournal of tropical medicine and hygiene, 37(1),37-41.

Corbel, V., & N'Guessan, R. (2013). Distribution, mechanisms, impact and management of
insecticide resistance in malaria vectors: a pragmatic review. Anopheles mosquitoes-New
insights into malaria vectors, 633.

62



Cuamba, N., Choi, K. S., & Townson, H. (2006). Malaria vectors in Angola: distribution of species
and molecular forms of the Anopheles gambiae complex, their pyrethroid insecticide
knockdown resistance (kdr) status and Plasmodium falciparum sporozoite rates. Malar J, 5, 2.
doi:10.1186/1475-2875-5-2

Czeher, C., Labbo, R, Arzika, I., & Duchemin, J.-B. (2008). Evidence of increasing Leu-Phe
knockdown resistance mutation in Anopheles gambiae from Niger following a nationwide
long-lasting insecticide-treated nets implementation. Malaria journal, 7(1), 1.

Diabate, A., Baldet, T., Chandre, F., Akoobeto, M., Guiguemde, T. R, Darriet, F., ... Small, G. J.
(2002). The role of agricultural use of insecticides in resistance to pyrethroids in Anopheles
gambiae sl in Burkina Faso. The American journal of tropical medicine and hygiene, 67(6),
617-622.

Djouaka, R., Irving, H., Tukur, Z., & Wondji, C. S. (2011). Exploring mechanisms of multiple
insecticide resistance in a population of the malaria vector Anopheles funestus in Benin. PloS
one, 6(11), e27760.

Djegbe, I., Agossa, F. R., Jones, C. M., Poupardin, R, Cornelie, S., Akogbeto, M., ... Corbel, V.
(2014). Molecular characterization of DDT resistance in Anopheles gambiae from Benin.
Parasites & vectors, 7(1),409.

Dongus, S., Nyika, D., Kannady, K., Mtasiwa, D., Mshinda, H., Gosoniu, L., ... Killeen, G. F.
(2009). Urban agriculture and Anopheles habitats in Dar es Salaam, Tanzania. Geospatial
health, 3(2), 189-210.

63

Durnez, L., Van Bortel, W., Denis, L., Roelants, P., Veracx, A., Trung, H. D., ... Coosemans, M.
(2011). False positive circumsporozoite protein ELISA: a challenge for the estimation of the
entomological inoculation rate of malaria and for vector incrimination. Malar J, 10(195),
10.1186.

Edi, C. V. A., Benjamin G. Koudou, Christopher M. Jones, David Weetman, and Hilary Ranson.
(2012). Multiple-insecticide resistance in Anopheles gambiae mosquitoes, Southern Cote
d'Ivoire. Emerg Infect Dis, 18(9), 1508-1511.

Fanello, C., Petrarca, V., Della Torre, A., Santolamazza, F., Dolo, G., Coulibaly, M., ... Coluzzi,
M. (2003). The pyrethroid knock-down resistance gene in the Anopheles gambiae complex in
Mali and further indication of incipient speciation within An. gambiae ss. Insect molecular
biology, 12(3),241-245.



Foster, G. M., Coleman, M., Thomsen, E., Ranson, H., Yangalbe-Kalnone, E., Moundai, T., ...
Peka, M. (2016). Spatial and Temporal Trends in Insecticide Resistance among Malaria
Vectors in Chad Highlight the Importance of Continual Monitoring. PLoS One, 11(5),
e0155746.

Garrett-Jones, C. (1964). The human blood index of malaria vectors in relation to epidemiological
assessment. Bulletin of the World Health Organization, 30(2), 24l.

Gillies, M., & Coetzee, M. (1987). A Supplement to the Anophelinae of Africa South of the
Sahara. Publications of the South African Institute for Medical Research, 55, 1-143.

Gimnig, J. E., Vulule, J. M., Lo, T. Q., Kamau, L., Kolczak, M. S., Phillips-Howard, P. A., ...
Hightower, A. W. (2003). Impact of permethrin-treated bed nets on entomologic indices in an
area of intense year-round malaria transmission. The American journal of tropical medicine
and hygiene, 68(4 suppl), 16-22.

Haji, K. A., Bakari 0 Khatib, Stephen Smith, Abdullah S Ali, Gregor J Devine, Coetzee, M., &
Majambere, S. (2013). Challenges for malaria elimination in Zanzibar: pyrethroid resistance in
malaria vectors and poor performance of long-lasting insecticide nets. Parasites & vectors,
6(82). doi:doi: 10.1186/1756-3305-6-82

Hamel, M. J., Adazu, K., Obor, D., Sewe, M., Vulule, J., Williamson, J. M., ... Laserson, K. F.
(2011). A reversal in reductions of child mortality in western Kenya, 2003-2009. The
Americanjournal of tropical medicine and hygiene, 85(4),597-605.

Hargreaves, K., Koekemoer, L., Brooke, B., Hunt, R., Mthembu, J., & Coetzee, M. (2000).
Anopheles funestus resistant to pyrethroid insecticides in South Africa. Medical and veterinary
entomology, 14(2), 181-189.

Hemingway, J. (2014). The role of vector control in stopping the transmission of malaria: threats
and opportunities. Philosophical Transactions of the Royal Society B: Biological Sciences,
369(1645), 20130431-2013043l. doi:1O.l098/rstb.2013.0431

Hemingway, J., & Ranson, H. (2000). Insecticide resistance in insect vectors of human disease.
Annual review of entomology, 45(1), 371-39l.

Hemingway, J., Vontas, J., Poupardin, R., Raman, J., Lines, J., Schwabe, C., ... Kleinschmidt, I.
(2013). Country-level operational implementation of the Global Plan for Insecticide Resistance
Management. Proceedings of the National Academy of Sciences, 110(23),9397-9402.

64



Jaetzold, R., Schmidt, H., Hornetz, 8., & Shisanya, C. (2005). Farm Management Handbook of
Kenya, Vol. II. Natural Conditions and Farm Management Information. Ministry of
Agriculture, Kenya, in Cooperation with the German Agency for Technical Cooperation
(GTZ), Nairobi.

Jones, C. M., Liyanapathirana, M., Agossa, F. R., Weetman, D., Ranson, H., Donnelly, M. J., &
Wilding, C. S. (2012). Footprints of positive selection associated with a mutation (N1575Y) in
the voltage-gated sodium channel of Anopheles gambiae. Proceedings of the National
Academy of Sciences, 109(17), 6614-6619.

Kabula, 8., Kisinza, W., Tungu, P., Ndege, C., Batengana, 8., Kollo, D., ... Magesa, S. (2014).
Co-occurrence and distribution of East (LI014S) and West (LI014F) African knock-down
resistance in Anopheles gambiae sensu lato population of Tanzania. Tropical medicine &
international health, 19(3), 331-341.

Kabula, 8., Tungu, P., Rippon, E. J., Steen, K., Kisinza, W., Magesa, S., ... Donnelly, M. J.
(2016). A significant association between deltamethrin resistance, Plasmodium falciparum
infection and the Vgsc-l 014S resistance mutation in Anopheles gambiae highlights the
epidemiological importance of resistance markers. Malaria journal, 15(1), 289.

Karunamoorthi, K. (2011). Vector control: a cornerstone in the malaria elimination campaign.
Clinical Microbiology and Injection, 17(11), 1608-1616.

Karunamoorthi, K., & Sabesan, S. (2013). Insecticide resistance in insect vectors of disease with
special reference to mosquitoes: a potential threat to global public health. Health Scope, 2(1),
4-18.

Kawada, H., Dida, G. 0., Ohashi, K., Komagata, 0., Kasai, S., Tomita, T., ... Njenga, S. M;
(2011). Multimodal pyrethroid resistance in malaria vectors, Anopheles gambiae ss, Anopheles
arabiensis, and Anopheles funestus ss in western Kenya. PloS one, 6(8), e22574.

Kawada, H., Dida, G. 0., Ohashi, K., Komagata, 0., Kasai, S., Tomita, T., ... Takagi, M. (2011).
Multimodal pyrethroid resistance in malaria vectors, Anopheles gambiae s.s., Anopheles
arabiensis, and Anopheles funestus s.s. in western Kenya. P/oS one, 6(8), e22574.
doi:lO.1371/joumal.pone.0022574

Kawada, H., Gabriel 0 Dida, George Sonye, Sammy M Njenga, Mwandawiro, C., & Minakawa, a.
N. (2012). Reconsideration of Anopheles rivulorum as a vector of Plasmodium falciparum in
Western Kenya: some evidence from biting time, blood preference, sporozoite positive rate,
and pyrethroid resistance. Parasites & vectors(5:230), 1-8. doi:l0.l186/1756-3305-5-230

65



Bureau of Statistics. Nairobi, Kenya: Government of Kenya.

Kelly-Hope, L. A., & McKenzie, F. E. (2009). The multiplicity of malaria transmission: a review
of entomological inoculation rate measurements and methods across sub-Saharan Africa.
Malaria Journal, 8( 1), 1.

Klinkenberg, E., McCall, P. J., Wilson, M. D., Amerasinghe, F. P., & Donnelly, M. J. (2008).
Impact of urban agriculture on malaria vectors in Accra, Ghana. Malaria journal, 7(1), 151.
doi:10.l18611475-2875-7-151

KNBS. (2010). In Population and Housing Census 2009. Edited by Kenya National

Lapied, B., Pennetier, C., Apaire-Marchais, V., Licznar, P., & Corbel, V. (2009). Innovative
applications for insect viruses: towards insecticide sensitization. Trends in biotechnology,
27(4), 190-198.

Koekemoer, L., Kamau, L., Hunt, R., & Coetzee, M. (2002). A cocktail polymerase chain reaction
assay to identify members ofthe Anopheles funestus (Diptera: Culicidae) group. The American
journal of tropical medicine and hygiene, 66(6),804-811.

Lindblade, K., Gimnig, J., Kamau, L., Hawley, W., Odhiambo, F., Olang, G., ... Slutsker, L.
(2006). Impact of sustained use of insecticide-treated bednets on malaria vector species
distribution and culicine mosquitoes. Journal 0/medical entomology, 43(2), 428-432.

Malaria, R. B. (2012). Key malaria facts. Geneva: Roll Back Malaria.

Martinez-Torres, D., Chandre, F., Williamson, M., Darriet, F., Berge, J. B., Devonshire, A. L., ...
Pauron, D. (1998). Molecular characterization ofpyrethroid knockdown resistance (kdr) in the
major malaria vector Anopheles gambiae ss. Insect molecular biology, 7(2), 179-184.

Mathias, D. K., Ochomo, E., Atieli, F., Ombok, M., Nabie Bayoh, M., Olang, G., ... Gimnig, J. E.
(2011). Spatial and temporal variation in the kdr allele L1014S in Anopheles gambiae s.s. and
phenotypic variability in susceptibility to insecticides in Western Kenya. Malaria journal,
10(1), 10. doi:lO.1186/1475-2875-10-1O

Mawejje, H. D., Wilding, C. S., Rippon, E. J., Hughes, A., Weetman, D., & Donnelly, M. J.
(2013). Insecticide resistance monitoring of field-collected Anopheles gambiae sl populations
from Jinja, eastern Uganda, identifies high levels of pyrethroid resistance. Medical and
veterinary entomology, 27(3),276-283.

66



McCann, R. S., Ochomo, E., Bayoh, M. N., Vulule, J. M., Hamel, M. J., Gimnig, J. E., ... Walker,
E. D. (2014). Reemergence of Anopheles funestus as a vector of Plasmodium falciparum in
western Kenya after long-term implementation of insecticide-treated bed nets. Am J Trop Med
Hyg, 90(4),597-604. doi: 10.4269/ajtrnh. 13-0614

Metcalf, R. L. (1989). Insect resistance to insecticides. Pesticide science, 26(4),333-358.

Minakawa, N., Dida, G. 0., Sonye, G. 0., Futami, K., & Njenga, S. M. (2012). Malaria vectors in
Lake Victoria and adjacent habitats in western Kenya. PloS one, 7(3), e32725.

Mnzava, A. P., Knox, T. B., Temu, E. A., Trett, A., Fomadel, C., Hemingway, J., & Renshaw, M.
(2015). Implementation of the global plan for insecticide resistance management in malaria
vectors: progress, challenges and the way forward. MalarJ, 14, 173. doi:1O.1186/s12936-015-
0693-4

Mulamba, C., Riveron, J. M., Ibrahim, S. S., Irving, H., Barnes, K. G., Mukwaya, L. G., ...
Wondji, C. S. (2014). Widespread pyrethroid and DOT resistance in the major malaria vector
Anopheles funestus in East Africa is driven by metabolic resistance mechanisms. PloS one,
9(10), el10058.

Muriu, S. M., Muturi, E. J., Shililu, J. 1., Mbogo, C. M., Mwangangi, J. M., Jacob, B. G., ...
Novak, R. J. (2008). Host choice and multiple blood feeding behaviour of malaria vectors and
other anophelines in Mwea rice scheme, Kenya. Malariajournal, 7(1),43.

Nazaire, A., Aikpon R., & M., A. (2014). Evidence of increasing Ll014F kdr mutation frequency
in Anopheles gambiae sl pyrethroid resistant following a nationwide distribution of LLINs by
the Beninese National Malaria Control Programme. Asian Pacific journal of tropical
biomedicine, 4(3), 239-243.

Nkya, T. E., Akhouayri, 1., Poupard in, R., Batengana, B., Mosha, F., Magesa, S., ... David, J.-P.
(2014). Insecticide resistance mechanisms associated with different environments in the
malaria vector Anopheles gambiae: a case study in Tanzania. Malariajournal, 13(1), 1.

Noor, A., Kinyoki, D., Ochieng JO, Kabaria CW, Alegana VA, Otieno VA, ... RW., S. (2012).
The epidemiology and control profile of malaria in Kenya: reviewing the evidence to guide the
future vector control. Nairobi: DOMe and KEMRI-Welcome Trust-University of Oxford-
Research Programme. Retrieved from

Ochomo, E., Bayoh, M. N., Brogdon, W. G., Gimnig, J. E., Ouma,C., Vulule, J. M., & Walker, E.
D. (2012). Pyrethroid resistance in Anopheles gambiae s.s. and Anopheles arabiensis in

67



Ramphul, U., Boase, T., Bass, C., Okedi, L. M., Donnelly, M. J., & MUller, P. (2009). Insecticide
resistance and its association with target-site mutations in natural populations of Anopheles
gambiae from eastern Uganda. Transactions of the Royal Society of Tropical Medicine and
Hygiene, 103(11), 1121-1126.

Protopopoff, N., Matowo, J., Malima, R., Kavishe, R., Kaaya, R., Wright, A., ... Mosha, F. W.
(2013). High level of resistance in the mosquito Anopheles gambiae to pyrethroid insecticides
and reduced susceptibility to bendiocarb in north-western Tanzania. Malar J, 12(1), 149.

Protopopoff, N., Verhaeghen, K., Van Bortel, W., Roelants, P., Marcotty, T., Baza, D.,
Coosemans, M. (2008). A significant increase in kdr in Anopheles gambiae is associated with
an intensive vector control intervention in Burundi highlands. Tropical medicine &
international health, 13(12), 1479-1487.

Raghavendra, K., Barik, T. K., Reddy, B. N., Sharma, P., & Dash, A. P. (2011). Malaria vector
control; from past to future. Parasitology research, 108(4), 757-779.

Ranson, H., Jensen, B., Vulule, J., Wang, X., Hemingway, J., & Collins, F. (2000). Identification
of a point mutation in the voltage-gated sodium channel gene of Kenyan Anopheles gambiae
associated with resistance to DDT and pyrethroids. Insect molecular biology, 9(5),491-497.

Ranson, H., & Lissenden, N. (2016). Insecticide resistance in African anopheles mosquitoes; a
worsening situation that needs urgent action to maintain malaria control. Trends in
parasitology, 32(3), 187-196.

Ranson, H., N'Guessan, R., Lines, J., Moiroux, N., Nkuni, Z., & Corbel, V. (2011). Pyrethroid
resistance in African anopheline mosquitoes: what are the implications for malaria control?
Trends inparasitology, 27(2), 91-98.

Reid, M. C., & McKenzie, F. E. (2016). The contribution of agricultural insecticide use to
increasing insecticide resistance in African malaria vectors. Malar J, 15(1), 107.
doi:l0.l 186/s12936-016-1 162-4

Scott, J. A., Brogdon, W. G., & Collins, F. H. (1993). Identification of single specimens of the
Anopheles gambiae complex by the polymerase chain reaction. The American journal of
tropical medicine and hygiene, 49(4),520-529.

Sharp, B. L., Ridl, F. c., Govender, D., Kuklinski, J., & Kleinschmidt, I. (2007). Malaria vector
control by indoor residual insecticide spraying on the tropical island of Bioko, Equatorial
Guinea. Malaria journal, 6(1),52. doi:10.1186/1475-2875-6-52

69



Stump, A. D., Atieli, F. K., Vulule, J. M., & J., B. N. (2004). Dynamics of the Pyrethroid
Knockdown Resistance Allele in Western Kenyan Populations of Anopheles Gambiae in
Response to Insecticide-Treated Bed Net Trials. Am. J. Trop. Med. Hyg.; 70(6),591-596.

Takken, W. (2002). Do insecticide-treated bednets have an effect on malaria vectors? Tropical
medicine & international health, 7(12), 1022-1030.

Taylor, K. A., Koros, J. K., Nduati, J., Copeland, R. S., Collins, F. R., & Brandling-Bennett, A. D.
(1990). Plasmodium falciparum infection rates in Anopheles gambiae, An. arabiensis, and An.
funestus in western Kenya. The American journal of tropical medicine and hygiene, 43(2),
124-129.

Toe, K. R., Jones, C. M., N'Fale, S., Ismail, H., Dabire, R. K., & Ranson, R. (2014). Increased
pyrethroid resistance in malaria vectors and decreased bed net effectiveness, Burkina Faso.
Emerging infectious diseases, 20(10), 1691-1696.

Trape, J.-F., Tall, A., Diagne, N., Ndiath, 0., Ly, A. B., Faye, J., ... Badiane, A. (2011). Malaria
morbidity and pyrethroid resistance after the introduction of insecticide-treated bednets and
artemisinin-based combination therapies: a longitudinal study. The Lancet infectious diseases,
11(12),925-932. i

Vanek, M. J., Shoo, B., Mtasiwa, D., Kiama, M., Lindsay, S. W., Fillinger, u., ... Killeen, G. F.
(2006). Community-based surveillance of malaria vector larval habitats: a baseline study in
urban Dar es Salaam, Tanzania. BMC Public Health, 6(1), 154.

Verhaeghen, K., Van Bortel, W., Roelants, P., Okello, P. E., Talisuna, A., & Coosemans, M.
(2010). Spatio-temporal patterns in kdr frequency in permethrin and DDT resistant Anopheles
gambiae ss from Uganda. The Americanjournal of tropical medicine and hygiene, 82(4),566-·
573.

Wakabi, W. (2007). Africa counts greater successes against malaria. The Lancet, 370(9603), 1895-
1896.

Wanjala, C. L., Mbugi, J. P., Ototo, E., Gesuge, M., Afrane, A. Y., Atieli, R. E., . , ... Yan, G.
(2015). Pyrethroid and DDT Resistance and Organophosphate Susceptibility among Anopheles
spp. Mosquitoes, Western Kenya. Emerging Infectious Disease journal, 21, 12.

White, G. (1974). Anopheles gambiae complex and disease transmission in Africa. Transactions of
the Royal Society of Tropical Medicine and Hygiene, 68(4),278:-298.

70



WHO. (1957). Technical Report Series No. 125, Insecticides seventh report of the expert
committee. (0749-3797). Retrieved from

White, N. J., Pukrittayakamee, S., Hien, T. T., Faiz, M. A., Mokuolu, O. A., & Dondorp, A. M.
(2013). Malaria. The Lancet, 383(9918), 723-735. doi:1O.1016/s0140-6736(13)60024-0

WHO. (2012). Global Malaria Programme; Global Plan for Insecticide Resistance Management in
Malaria Vectors.

WHO. (2013). Test procedures for monitoring insecticide resistance in malaria vector mosquitoes.
Geneva: The Organization.

WHO. (2015). Regional and Countries profiles. Retrieved from

WHO. (2016). Global Malaria Programme; World Malaria Report. Retrieved from
http://www .who.intlmalarialpublications/world-malaria-report -20 16/reportJen/

Wilkins, E. E., Howell, P. 1.,& Benedict, M. Q. (2006). IMP PCR primers detect single nucleotide
polymorphisms for Anopheles gambiae species identification, Mopti and Savanna rDNA types,
and resistance to dieldrin in Anopheles arabiensis. Malaria journal, 5(1), 125.

Wirtz, R., Zavala, F., Charoenvit, Y., Campbell, G., Burkot, T., Schneider, 1., ... Andre, R.
(1987). Comparative testing of monoclonal antibodies against Plasmodium falciparum
sporozoites for ELISA development. Bulletin of the World Health Organization, 65(1),39.

Wondji, C., Simard, F., Lehmann, T., Fondjo, E., SAME-EKOBO, A., & Fontenille, D. (2005).
Impact of insecticide-treated bed nets implementation on the genetic structure of Anopheles
arabiensis in an area of irrigated rice fields in the Sahelian region of Cameroon. Molecular
ecology, 14(12),3683-3693.

Yadouleton, A. W., Padonou, G., Asidi, A., Moiroux, N., Bio-Banganna, S., Corbel, V.,
Gazard, K. (2010). Insecticide resistance status in Anopheles gambiae in southern Benin.
Malariajournal, 9(1),83.

Zhou, G., Afrane, Y. A., Vardo-Zalik, A. M., Atieli, H., Zhong, D., Wamae, P., ... Yan, G.
(2011). Changing patterns of malaria epidemiology between 2002 and 2010 in Western Kenya:
the fall and rise of malaria. PloS one, 6(5), e20318.

71


