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Abstract

Anopheles funestusssis one of the vectors that plays a major role in the transmission of
malaria in subSaharan Africawith Plasmodium falciparunthe principal human malaria
parasite, responsible for the majority of cases in Africa. Transmission of the malaria parasite
to the human host depends on the successful completion pfdahe a sexualedévelopment

in the Anophelewector, howeve, themo s g u immoné system influences the plasmodial
transmission cycle. The defensive immune response diriibphelesontributes to decrease
parasite numbers, but, certain factors in the immune response and blood meal favour
infection. AnoplelesC-type lectins (CTLs) are immune protein recognition receptors involved
in the melanization process, the indectds
gambiaeCTL4 has been shown to inhibit melanization, thereby supporting the survival of
ookinetes to oocysts and increasing the potential risk of infection. In this gtadfynestus

s.s. CTL4 genewas successfully amplified arnde analyed protein wasdentified to consist

of an N-terminal tricysteine (CXCPC) motif and one CTL domain with two calciioms
binding sites. Structural modelling revealed that this CTL4 domain composed of
h el i c e ssheets andlaiblefoop fold that are stabilized by two highl conserved
disulphide bridges In order to obtain sufficiennumber of fed adult females for
infection/treatment studies, optimizationtbeé feeding rate using an artificial feeding system
was determined. Adult females provided wdtistilled water §H,O), 72 hours prior to blood
feeding had an increased feediage (p = 0.0117),whereashe age at which adult females
received their first blood meal had no impact on the feedingpessrate. However, the
cumulative probability of survival post blddeeding is affected by the age of the mosquitoes
and reached 82, 66 and 50% at ages 5, 10 and 15 days old, respectively. Suagessifur

of infected P. falciparum(NF54 strain) bloodby the laboratoryAn. funestus s. colonywith

was confirmed by the presence of tparasited circumsporozoite protein (CPS)ene
amplification The mRNA expression level of the CTL4 B falciparum infected and
uninfected mosquitoes were not significantly differept < 0.2560). Sensitivity ofAn.
funestus s. to antimalarial drug chloroquine (CQ) displayedlawicidal activity, whereas

CQ in the blood meal knocked down and kilkophelesdults in a dosdependent manner.
Collectively, these observations shdhat it is feasible to obtai. falciparum infected
laboratoryAn. funestus s. using an artificial membrane feeding system. This can be used for
comprehensive study on natuRlasmodiurrAnophelesnteractions that may provide novel
malaria control sat e gi es 6 i n c |-blatking gaccings.am additiors this study

suggests that CQ interferes with theophelesmmune system, compromising the defensive



response. This highlights the importance of understanding the impact that antimalarial drugs
have on malaria parasite transmission inAhephelewvector.
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CHAPTER ONE

1 Introduction

Mosquitoes are invertebrate anthropods that are classified under the Diptera order (Service,
1996). There are approximately 3,600 speofesiosquitoes that have been identified, 41 of
which belong to the Culicidae family (Service, 2008; Coetzee, 2017). The Culicidae family is
comprised of three subfamilies, Anophelinae, Culicinae and Toxorhynchitihase
mosquitoes are distributed throughdubpical and temperate regions worldwide. Mosquitoes

are of major medical importance because they transmit various deadly diseases including
chikungunya, dengue feveilariasis Japanese encephalitis, Wésle virus, yellow fever,

zika virus and malaria being the most predominant (Service, 2008; Foster and Walker, 2019).

1.1 Malaria
Malaria is a vector borne infectious disease that is spread by an indewiptielinenosquito
and is caused by a protozoan &g which invades the erythrocyte of an infected individual.
Approxi mately half of tohnealanaomodt lividgin tipedrgpicdl at i o n
regions of Africa, Southeast Asia and centraltS8cAmerica (Figure 1.1). In 2021the World
Health Organization (WHO) anali report disclosed that in 2020, 241 million cases and
627,000 deaths of male occurred globally (WHO, 2021 The WHO African region was
home to 9%6 of theglobal cases of malaria in 2020, of which®6vere fatal. Malariasi a
leading cause of death in developing countries and results in a global burden on the
government and affected individuals. Pregnaotnenand children are the most vulnerable
group affected by malari@ndin 2020children undethe age of five aa@unted for 80% of the
global deaths (WHO, 2020

Malaria control programs aim to prevent transmission of malaria by 1) early diagnosis, 2)
effective treatment and 3) effective vector control (WHO, 2015). Early and accurate diagnosis
of malaria is importanfior disease management and surveillance, thus the WHO recommends
the use of microscopy or rapid diagnostic testing (RDT) for patients suspected to have malaria
before treatment is administered (WHO, 2019). Nucleic acid amplification based diagnostic
testng detects low density gfarasitesthus, the WHO urges that it should only be used for
epidemiological research, as well as in surveys that map submicroscopic infections (WHO
2019). Antimalarial drugs are critical for the control and elimination danathereforeit is
essential that they are efficient in treating malaria. The efficacy of antimalarial drugs has been

reported to be threatened WBlasmodiumparasites developing resistante the drug



Resistance has been reported in commonlyd udeigs and these include artemisinin,
antifolates (pyrimethamine, sulfadoxine) and quinolongdofoquine CQ), mefloquine)
(Fitch, 1970; Wilsoret al, 1989; Wanget al, 1997; Gay, 1994; Plowet al, 1998). Thus, the

WHO urges for the continuousonitoring of the efficacy of the antimalarial drugs.

L

N gy

Il One or more indigenous cases Il Certified malaria free after 2000
Zero indigenous cases in 2018-2020 (] No malaria

B Zero indigenous cases in 2019-2020 Not applicable

Il Zero indigenous cases (>3 years) in 2020

Figure 1.1: Worldwide distribution and cases of malaria showing Africa and South

Africa with high prevalence annually (WHO, 2020.

1.1.1 Vector control
In order to prevent the transmission of malaria, tieeake and the vector needs to be
managed. In Africa, vector control programs have been primarily dependent on indoor
residual spraying (IRS) and long lasting insecticidal nets (LLIN) that target the adult
mosquitoes (WHO, 2019). Pyrethroids are the ongecticides approved for use bhIN,
this is due to their low mammalian toxicity and ability to rapidly immobilize and kill insects.
In 2018, 50% of the people living in Africa who were at risk of contracting malaria were
protected by LLIN (WHO, 2019).ThelRS protection has decreased globally across all WHO
regions from 5% in 2010 to 2% in 2018 (WHO, 2019). Other WHO appriR@dlasses of
insecticides includes organoclorines, carbamates, neonicotinoid and organophosphates
(Mnzavaet al, 2015; WHO,2012;WHO, 2020). In addition to interventions to control adult
vector populations, larval vector population control can be achieved by environmental
management that involves educating the community, chemical insecticides and the
introduction of biological control in aquatic breeding sites (WHO, 2013; Damététh,
2014; Cheret al, 2019).



Despite the efforts of biological control and insecticide centered management control
programsjnsecticideresistance by vectors of malatiadermines the efficacy of these control
programs and poses a major threat in the potential number of people that may contract malaria
(Ransoret al, 2009).

1.2 Malaria parasite
The Plasmodiumparasite requires a vertebrate host and an invertebrate mosquito vector to
complete its lifecycle. DifferenPlasmodiumparasite species have adapted to a different
vertebrate host ranging from birds to mammals (Garnham, 1966). Interestingly, the nnfectio
process between parasite and vertebrate host has remained similar througRmsntoelium
parasite genus (Garnham, 1966). Approximately 200 speci€dasmodiumparasites are
known to infect birds, mammals and reptiles (Rich and Ayala, 2006), fiwgich, namely,
P. falciparum P. knowlesj P. malariag P. ovale andP. vivax have been identified to infect
humans. The most lethal B. falciparum causing the highest mortality (WHO, 2019).
Plasmodium falciparunwas found to be responsible for 99.7% of the estimated malaria cases
in 2018 in the WHO African region (WHO, 2019).

The lifecycle of theP. falciparumcomprises of three stages of cell division and development
(Figure 1.2). These includes the eaythracytic cycle (Figure 1.2A)intra- erythrocytic cycle
(Figure 1.2B) and sporogonic cycle (Figure 1.2C) (Burkot and Graves, 2000; CDC, 2019).
During thesestagesthe parasite undergoes 10 morphological transitions where it proliferates
asexually and ppagates sexually following transmission from human to mosquito (Figure
1.2).

1.2.1 The vertebrate host
During a blood meal, the femaknophelesvector inoculates sporozoites from her salivary
glands into the bloodstream of the human host (Figurd)lwherep or oz oi t es use
circulatory system to rapidly travel to the liver and invade the hepatocytes (Fige@® 1.2
(Shinet al, 1982). Sporozoites mature and undergo asexual reproduction known as-the exo
erythrocytic schizogony (Figure 1.2A) wheretgevelop into schizonts (Figure 132. After
9-16 days schizonts multiply via mitosis, this results in the rapture of the hepatocyte that
releases thousands of merozoites (Figure4).thto the blood to invaderythrocyteskd
blood cells (RBCs) (Fige 1.25).
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Figure 1.2: Life cycle of P. falciparum (stages 112). The development oP. falciparumin
vertebrate (rightstages 47) and invertebrate (lefistages 8.2) host. The distinctive stages showing
different parasite forms: sporogonic cycle (1.2C),-ergthrocytic cycle (1.2A) and erythrocytic cycle
(1.2B) and the morphology oP. falciparum gametocytes (step 7) is different to the other human
Plasmodiunspecis (CDC, 2019).

The merozoites invade thleythrocytesand undergo further asexual reproduction in the host
erythrocyte differentiating into distinct developmental stages: rings, trophozoites and
schizonts over approximately 48 hoardy in P. falciparum(24 hours inP. knowlesiand 72
hours in P. malariag. At the end of the first erythrocytic cycle, lysis of the original
erythrocyteoccurs andup to 32 progeny merozoitg®nly in P. falciparum are released into

the bloodstream where swogient invasion of more RBCs takes place (CDC, 2019). This
mass release of merozoites marks the pathogenesis disdaseand is characterized by flu

like symptoms associated with malaria (CDC, 201%)me merozoites differentiate into
sexual precuy cells, called gametocytes. This is achieved when the invasive stage, intra
erythrocytic cycle (Figure 1.2B) is slowed down due to stress response factors from the host
(Bennink et al, 2016), such as anemia, parasite density, host immune responsegor dru
treatment (Kuhen and Pradel, 2010).



1.2.2 Invertebrate host
The sexual reproduction stage (Figure 1.2C) ofRh&lciparumbegins immediately when
the male microgametocyte and female macrogametocyte are ingested by theAfeopaleles
vector during her blood mealsametogenesis is initiated by changes in environmental
conditions in the mosquito midgut less than two minutes following ingestion. These changes
include: (i) a drop in temperature by approximately 57@ch is mandatoryfor gametocyte
activation (ii) presence of compounds suchxaghurenic acid (XA which isa mosquite
derived metabolic intermediate of tryptophan catabqli@im an increase in pH from 7.2 to
approximately 8 (Benninkt al, 2016) (iv) a decreas in glucose concentration and (v) an
increase in Naand HCOy/CI ion exchange shuttle (Figure 1.3A) (Kawametoal, 1992;
Alano and Billker, 2005). Following this, the activated microgametocytes and
macrogametocytes begin to egress from the enveldpingan RBC and transform into fertile
gametes, this occurs f@&rto 10 minutes after activation (Sologeb al, 2011). The egress
vesicles are known to contain plasmodial plmmening perforin protein (PPLP2), which is
able to penetrate the extracellutaatrix (ECM) on the parasite six minutes post gametocyte
activation (Figure 1.3A). Fifteen minutes post blood intake, the extracellular matrix opens up
to release fertile microand macrogametes. The microgamete exflagellates by replicating its
genome thee times by mitosis to form eight haploid megametesvhich detach from the
male residual body in search of a macrogamete for sexual reproduction (Figure 1.3B). This
attachment (microand macrogamete) is facilitated by the parasites lumulus @iagul
factor C(LCCL-domain) proteins and surface proteins of they$teine richgene familyof
proteins includingPs47, Ps48/45 and Ps230, where the latter two are considered as potential

candidates for transmissieblocking vaccines (Prade2007).

Fertilizationtakes place ~2 hours post blood intake and results in the rapid generation of a
zygote, which over the next 20 24 hours differentiates into motile elongated ookinetes
(Figure 1.3C). Over the next 1@ 36 hours,the ookinetes invade the mosquito midgut
epithelium and lodge under the basal lamina to develop into oocysts (Figure 1.3D) (Bennink
et al, 2016; Simoeset al, 2017). Midgut invasion by the ookinetes is facilitated by
specialized secretory micronemal @ios (Figure 1.3D) of the protozoan body that are
important for gliding motility and host cell adhesion and invasion (Benatnél, 2016).
Sebastiaret al. (2012) identified 91 proteins in zygotes that were only synthesized following
fertilization, mostof these proteins are involved in motile and invasion attributes by the
ookinetes. During the next 415 days, the oocyst matures and raptures to release sporozoites

into the haemocoel that migrate to and invade the salivary glands.



Sporozoites are tinetransferred to the next host when the mosquito has her next blogd meal
this marks the complete lifecycle of the parasite (Figure 1.2C and 1.3E). The mosquito stages
of P. falciparumare completed in @5 days (Smithet al, 2014), however thisnay vary
depending on the vector species and climate.
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Figure 1.3: Development of theP. falciparum in the midgut of the Anophelesvector. The
sequence of parasite development and the approximate time for each step within the mosquito is
summarized in steps-B. Abbreviations of molecules involved:CelTOS; celitraversal protein for
ookinetes and sporozoites, CTRP; circumsporozoite ananbwospondirrelated adhesive protein
related protein,CgH1206; glucose,LCCL; lumulus coagulating factor GPLP2;Plasmodium
perforinlike protein, POSAL0; putative ookinete surfa@ssociated protein-10, PSOP1/2/6/7/12;
putative secreted ookinete priotel/2/6/7/12, SOAP; secreted ookinete adhesive protein, WARP; von
Wilebrand factor A domainelated protein, XA; xanthurenic acid (Adapted from Benngtkal,

2016).

1.3 Anophelesvector
Female mosquitoes from the anopheline genus are well known vectbrsmain malaria
(Gillies and De Meillon, 1968). In 189Sir RonaldRoss confirmed that th@&nopheles
mosquito is a vector of malaria by using the avian malaria parBsiteljctumand suggested
that an infectedAnophelesfemale is responsible for transsion of the malaria parasite
(Garnhan, 1966; Brindha, 2014).



There are over 400 speciesAiophelesmosquitoes known worldwide, only 40 have been
identified to be vectors of malaria (Blandin and Levash#t®)4a Sinkaet al, 2010). In
Africa, An. arabiensis An. gambiae s. An. coluzziiand An. funestus s are the four major
vectors responsible for the the bulk of the transmission of mafer@phelesarabiensis An.
gambiae s. andAn. coluzziibelong to theAn. gambiaecomplex which is comprised of nine
sibling species that are morphologically indistinguishable (Gillies and De Meillon, 1968;
Gillies and Coetzee, 1987; Coetzee al, 2013; Barronet al, 2019; Coetzee, 2020).
Anopheledunestus s. belongs to thén. funestugroup that is recognized by eleven African
sibling species that are morphological similar (Harbach, 2004; Cehaét 2003; Spillinget

al., 2009).

The Anophelesrector goes through four distinct stages of its lifecycle: egg, lpwaa and

adult, which are recognized by different morphological characteristics (Figure 1.4). The
length of each stage is dependant on the type of species and environmental conditions
including temperature and food supply. The first three stages arecagndtiasts about-54

days, briefly, adult maguitoes lay a raft of eggs on water surfaces which hatch into larvae
within 3-5 days. The larvae futhendergoesfour stages (LA.4) that last betweeB-10 day
Eventually larvae will develop intopupa, which remains at the surface of the water and
responds to stimuli only (Figure 1.4). The adult mosquito develops inside the pupa and

emerges after-8 days.

Adult
Terrestrial
5 Aquatic
7
Egg f Pupa
f ; /
‘f ‘;f ;l ‘;r
Larval stages: L1 L2 L3 L4
_>
Larva

Figure 1.4: The Lifecycle of theAnophelesmosquito (Williams and Pinto, 2012).



1.3.1 Anopheles funestugroup
Historically, theAn. funestusggroup was comprised of nine African sibling spedasaruni,
An. brucei An. confususAn. funestus s., An. fuscivenosusAn. leesonj An. parensis An.
rivulorum and An. vaneeden(Gillies and De Meillon, 1968; Gillies and Coetzee, 1987). In
2003, a new species was identified in Cameroon by Co#tuat (2003 and nameAn.
rivulorum-like. In addition, Spillinget al (2009) identified another new sjpeEnamedAn.
funestudike. The identification of these two species expanded this group to 11 African

sibling species.

Anopheledunestus s. which is the focus of this study, is the most predominant vector of
this group and is widespread throughout the tropical regions (Gillies and De Meillon, 1968;
Sinkaet al, 2010). This vector is (i) smaller and darker in color in comparison with members
of the An. gambia complex; (ii) has a longer generation time, where depending on the
environmental conditions, it takes on average two to three weeks from elgygdlop into
adult stage, in contrast to members of Amegambiaecomplex (one to two weeks); and (iii)
adults have a longer lifespan of up to 40 dégdlies and Coetzee, 1987; Fontenille and
Simard, 2004; Lo, 2014 Anopheles funestusssis highly anthropophilic (feeds on humans)
and endophilic (indoor restinghus making it easy to control using appropriate insecticides
(Gillies and De Meillon, 1968; Dadziet al, 2013). The other members of this group are
mainly zoophilic (feeds on animals). Howevan, rivulorum, An. vaneedenandAn. parensis

have been inmgated as minor vector species and their role and impact in malaria
transmission needs furtheesearch (Wilkeset al, 1986; Kawadat al, 2012; Burkeet al,

2017; Burkeet al, 2019).

1.4 Vector-parasite interaction
During its sexual reproductip thePlasmodiunparasite and itAnophelewvector engage in a
series of interactions, which include invasion and migration byPfasmodiumparasite
through theAnophelespithelial tissues (Dimopoulat al, 2001). During these interactions,
the Plasnodiumparasite encounters and triggers Amdphelesobust innate immune system,
which is capable of activating a plethora of defense reactions (Dimopetlak 2001;
Christophidest al, 2002). These reactions result in major parasite losses (Rig)ir@nd in
some cases, can stop the development of the parasite and lead to total refractoriness by the
AnophelegBlandin and Levashin2004a).Not all ingested gametocytes develop into mature
ookinetes in the midgut epithelium (Figur&A), significant parasite losses also occur when
ookinetes invade and transverse the midgut epithelium and only a minority develop into

oocycts (Figure 5B-C).



When the oocysts mature and rapture, only a fraction of the released spomrmtessfully

ends up in the salivary glands (Figurb[l). These dramatic parasite losses are attributed to:

1) Midgut epithelium defense reactions such as digestive enzymes including phenoloxidase
(PO), dopa decarboxylase and dopachrome conversiomenasulting in melanization
and lytic events that destroy the parasite (Hillyer, 2010

2) Reactions in the haemocoel compartment are mounted to parasites that were not
neutralizedandimmune responses involve immune factors secreted by #radwytes,
fat body and pericardial celéd

3) Salivary glands mainly form a physical barrier that must be crossed by the sporozoites
before they are transmitted to the next host, defense reactions includes the production of
AMPs and serine prease inhibitors by the salivary glands to limit gland invasion
(Hillyer, 2010).

Successful transmission of tidasmodiumparasite depends on sevefalophelesmmune
factors and molecules at cellular and molecular levels, thus understandinigeyanteract at
different parasite developmental stages is important. Furthermore, identification of the
Anophelesmmune molecules that have a vital role in regulattt@smodiumparasites has
redirected and informed new strategies to control and prefdémsmodium parasite
development and progression in the mosquito (Blamdiral, 20040. In addition to the

mo s g u immane tagorgregulating the transmission of tRéasmodiunparasitg, several
external factors in the veterbrates blood Imeave been reported to interfere with the
development of th&lasmodiumparasite in theAnophelesnosquito (Ichimoriet al, 1990;
Hoghet al, 1998; Abrantest al, 2005). Increased infectivity by tfiRdasmodiunparasite to

the Anophelesnosquito has been attributed to the presence of antimalarial drugs, such as CQ
in the blood meal. It is proposed to inhibit sorA@ophelesimmunerelated proteins
highlighting a need to understand the impact that antimalarial drugs have on transofission
the Plasmodiunparasite (Ichimoret al, 1990; Hoghet al, 1998; Abrantest al, 2005).
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1.5 Mosquito immune system

The mo s g u immuné systen has gained more attention since the 1990s as a potential

alternative method to enhance and complement existing vector control toolse{Ndo

2016).T h e

mosquitoods

mmun e

system can

be

categ

malaria parasites,amely, the midgut epithelium, haemocoel, and within the salivary glands.

These compartments include physical and physiological barriers linked with antimicrobial

peptides (AMPs), pathogen recognition receptors (PRRs), immune signaling pathways and

mechanims that parasites must overcome in order to complete its development in the

mosquito (Figure 1.6 and Figure 1.7).

Female mosquitoes are anautogenous, where they require a blood meal for egg production and

this exposes them to several pathogens thatgeoathrough complex development stages

inside the mosquito (Hillyer, 2010). Pathogen entry into the mosquito can be acquired through

ingestion in cases such as those involving the malaria parasite or cuticle breakage in cases

involving entomopathogenic fgnor other microbial infections (Hillyer, 2010). In the latter,

immune responses such as coagulation, haemocyte degranulation, melanization and scar

formation are induced to prevent pathogen ertmhe pathogen is able to enter, the mosquito

has an #ective innate immune system comprising of cellular and humoral responses that are

capable of fighting the pathogen (FiguréA.and Figurel .6B).
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Cellular immune responses are mainly facilitated by haemocytes (blood cells) (FgBye 1.

meanwhilethe AMPs, PRRs and the PO cascade form part of the humoral immune response
(Figure 16A) (Hillyer, 2010).
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Figure 1.6 : Outline of cellular and humoral immune responses in female mosquitoes

upon pathogen recognition. (A) Humoral reponse includes soluble components of the

haemolymph in which PRR binds to pathogen cell surfaces resulting in the activation of AMPs in the

fat body, oxidative stress by haemocytes leading to bacterial lysis, melanization and oxidative damage.

(B) Celluler immune response is mainly mediated by haemocytes where recognition of pathogens

induces encapsulation and phagocytosis (Redrawn from Hillyer, 202®breviations: ROS;

reactive oxygen species, NOS; nitric oxide, Tep; thioesiataining protein and DSCAM; down

syndrome cell adhesion molecule.

The discovery and development of technologies suatbeapsequencing has revealed that

mosquitoes, like all animals ampdants are holobionts, comprising of a diverse community of

organisms (Bartholomay and Michel, 2018). These include protozoat(Xly 2005; Pintcet
al., 2008; Osteet al, 2004; Graumanst al, 2017), bacteria (Wart al, 2008; Paret al,
2012; Akali et al, 2016), viruses (Sargf al, 2003; Saiyasombat al, 2011; Bollinget al,
2015), fungi (Andreadis, 2005; Beerefl al, 2005) and nematodes (Paily and Balarama,

2000).
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Obtaining sufficient mosquitoes experimentally infected Withsmodiunparasites has been

one of the most challenging steps in understandttasmodiurmAnophelesinteractions.
Although this has recently become a standard technique in most laboratories, the technique
remains challenginglhus, for this section, adable Plasmodiuninteractions which could be
sourced from the availabliggerature will be discussed. Exception will be given to other
mosquito species includingedesaegyptiand other microorganisms including bacteria and
viruses, sincethe immune reponsefollowing a challenged by these microbes has been
studied in detajlthuscan be used to understand the mosquito immune system €bebit

1990; Dimopoulo®t al, 1997; Donget al, 2009a; Schnitgest al, 2009).

1.5.1 Barriers to infection
For pathogens to successfully establish infection, it is important that they overcome the
physical (Figure Z.A-C) and physiological barriers (Figure/D-G) of the mosquito defense

compartments, midgut epithelium, haemocoel and salivary glands (Kairdar20183.

B. Haemocoel jw

= - $ MIB
ﬂidgut A.
=

Sk
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‘e
’#
Pathogen

Infected blood

Figure 1.7: Schematic representation of infection barriers in the mosquitoPhysical and
physiological barriers to infection include midgut epithelium, haemocoel and salifeangs.Arrows
represents path followed by ingested pgtme in and out of the mosquitébbreviations for
physiological barriers: MIB; midgut infection barrier, MEB; midgut escape barrier, SGIB; salivary

gland infection barrier and SGEB; salivary gland escape batfégure redrawn from Kumaat
al., 2018).
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1.5.1.1Physical barrier

1.5.1.1.1 Midgut barrieir
The midgutepithelium barrier comprises of a narrow anterior region that has prominent
microvilli, smooth endoplasmic reticulum and a waiveloped basal labyrinth. This region is
involved in the absorption of sugar aadvider posterior region, which is involved in blood
absorption and is comprised of noticeable rough endoplasmic reticulum and high numbers of
mitochondria (Franet al, 2015; Kumaet al, 2018). Drastic structural changes in the midgut
have been obseed following acquisition of a blood meal and these include the condensation
of the nuclei, enlargement of the mitochondria and concentric whorls in the rough
endoplasmic reticulum begin to form (Fraetzal, 2015; Kumaet al, 2018). The concentric
whotls of the rough endoplasmic reticulum have been reported to be reserves for synthesis of
enzymes when the mosquito is under stress (Staetbdt 1964). Furthermore, following the
acquisition of a blood meal, the midgut epithelium secretes dikeathick structure
comprised of chitin, protein and glycoprotein, known as the peritrophic matnigh lines
the digestive tract of most invertebrates (Sleaal, 2001; Dinglasaret al, 2008). The
peritrophic matrixthickens andsurrounds the entireldnod bolus and is known to prevent

ingested pathogens from adhering to the midgut epithelial cells (Etahz2015).

In addition, pathogens includi®RJasmodiunparasites ingested with a blood meal must secret
hydrolytic enzymes such as chitinasdito pen a hol ed or | yse the ma
and escape (Vinetet al, 2000; Dinglasaret al, 2008). The role of chitinase in allowing
ookinetes to transverse the peritrophic matrix has been repoherk ultrasound studies
demonstrated thaPlasmodiumookineteswere able tgoenetrate and disrupt the peritrophic
matrix (Sieberet al, 1991). This important role was further demonstrated when mutations or
deletion of chitinase i®. berhgeiand P. falciparumimpared the infectivity of the parasites
for mosquitoes (Desseret al, 2001; Tsaiet al, 2001). Moreover, the thickening of the
peritrophic matrix has beeshownto reducePlasmodiuminfectivity (Billingsley and Rudin,
1992). A complementary studgported that inhibition of chitinase by enzymes or antibodies
results in major reduction d?lasmodiuminvasion of the midgut epithelium (Langet al,
2002; Liet al, 2004).
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1.5.1.1.2 Haemocoel barrier

The haemocoel (open body cavity) is a barrier to theagliglands and consists of visceral
organs. It is delineated by the outer cuticle and the basal lamina surrounding internal tissues
(Hillyer, 2010) . The basal | amina has a de.l
and its thickness varies bet@emosquito species and strains (Vogelal, 2017).

1.5.1.1.3 Salivary gland barrier
A physical barrier that pathogens must cross to complete their lifecycle, the salivary glands of
a female mosquito is comprised of three lobes, where two lateral lobes are further divided into
proximal and distal regions and one medial lobe that is cozshéctthe main salivary duct
(Figure 1.6C) (Pintet al, 2008; Vogelst al, 2017). The lobes are enriched with epithelial
cells and bound by basal lamina, which forms thick layers that are difficult for microbes to

penetrate (Kumaet al, 20183.

1.5.1.2 Physiological barriers
These are fiprotecto barriers that defend t
environment that is not suitable for the survival and replication of the pathogens (Figjre 1.
-G). The degree to which the physiologiterriers restricts the passage of pathogens can
depend on various factors, such as the inoculum of pathogens ingested, nutritional status, host
strain, time posingestion, temperature and the production of immune factors from the

cellular and humoral sponses (Hillyer, 2010; Oviech al, 2011).

1.5.1.2.1 Midgut infection barrier and midgut escape barrier
In the midgut infection barrier, pathogens are unable to replicate or infect the midgut
epithelial cells. This may be due to 1) host cell surface recemqusred by pathogens to
bind and initiate infection; 2) midgut epithelial cells being4p@mmissive to infection; or 3)
strong immune response against the pathogen (Keinak, 20183. This infection barrier
was evident ilPAn. gambiaeG3 strain whichwas refractory td°. gallinaceum where ookinete
death was observed following an infected blood meal (Figui®)XVernick et al, 1995).A
secondary barrier, namely the midgut escape barrier is present in case pathogens were able to
infect and escape the midgut infection barrier. The secondary barrier prevents pathogens from
escaping and making their way to the salivary gland (Kwehat, 20183. The effectiveness
of the midgut escape barrier was eviderAmgambiaeG3 strain, where 100%&fractoriness
was observed againséveralPlasmodiunspecies including?. cynomolgi(ceylon strain) P.

gallinaceum(8A strain),P. gunderiandP. inui (N34 strain).
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Whilst, 83-100% refractory was observed agairfdt berghei(NK strain) and some human
Plasmodiumincluding P. knowlesi(H strain),P. vivax (NK, Chesson and ONG strains) and

P. falciparum(SL, 7G8 and Indo3 strains). Refractoriness was attributed to the encapsulation
of Plasmodiunoocysts inthe midgut epithelium (Collinet al, 1986). HoweverPlasmodium
parasites of somAnophelestrains escape both the midgut infection and escapeiisaand

develop into oocysts. The oocysts then mature and rapture to release sporozoites that enter the
haemocoelwhich is aprimary body cavity found in most invertebrates, containing circulatory

fluid or a nutrient rich medium, that is comprised ofmune cells and humoral immune
factors that are produced by haemocytes, pericardial cells and fat body (Hillyer, 2010). These

latter cells and organ are multifunctional and essential fantbes q uimmuity:s

i. Haemocytes are blood cells involved in inme surveillance and are found circulating in
the haemolymph or attached to the visceral tissues (FiguE®. Based on the enzymatic
activity, lectinr  binding properties and morphology, mosquito haemocytes were divided
into adipohemocytes,grarulocytes oenocytoids and thrombaoyds (Hillyer and
Christensen, 2002). However, it was later realized that adipohemocytes and
thrombocytoids are not true haemocytessed on functional and comparative studies.
Haemocytes initiate immune responses upon pathogen recognition and are involved in the
secretion of humoral factors, as well as sequestration of pathogens through phagocytosis
and nodulation. A number of immune factors are produced by the haemocytesnopclu
AMPs, PRRs, phagocytosedements and proteinmelanization modulators and enzymes,
stress response proteins and signal transduction proteins. Granulocytes are adhesive by
nature and account for 95% of the circulating population of haemocytes.pfbeyce
proteins of humoral immune system, namely, nitric oxide, serine protease and serine
protease inhibitors (Castillet al, 2009; Hillyer and Estevelzao, 2010). In addition, they
display acid phosphatase activity, bind strongly to artificial sabst and engage in
phagocytosis oPlasmodiumsporozoites and bacterial pathogewithin five minutes of
recognition (Hillyeret al,, 2003). Oenocytoids account for 5% of the haemocytes and are
known to produce phenoloxidase and phenylalanine hydroxyldseh are key enzymes

in the melanization process.

ii. Pericardial cells are large binucleate cells flanking the heart of the mosquito and mediate
both cellular and humoral immune responses, such as lytic activity and phagocytosis in
response to yeagHernandezMartinezet al, 2013), bacterial anBlasmodium(Hillyer
et al, 2007). Immune challenge has been reported on the surface of the heart (Jones,
1954).
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iii. The fat body or otherwise known as the energy storage organ, exclusively mediates
humoral imlmune responses (Figure/E). The fat body of a mosquito is a multifunctional
organ lining the integument of the mosquito and is comprised of loosely assembled cells
that are rich in glycogen and lipids. The synthesis of precursors of vitellogeninréequi
for egg production) takes place in fat cells. In addition, the fat body also facilitates the
production of AMPs, reactive oxygen species (ROS) and reactive nitrogen species

associated immune responses (Hillgeal, 2002).

1.5.1.2.2 Salivary gland infection barier and salivary gland escape barrier
The molecular mechanism underlying the salivary gland infection and salivary gland escape
barrier is not well defined (Figure 17G). The salivary gland infection barrier was identified
when Scottet al. (190) investigated the susceptibility éf albopictasto eastern equine
encephalomyelitis virusAfter acquisition of viraemic blogdhe following was deduced: the
posterior region of the midgut epithelium is thought to be the initial site of eastern equine
encephalomyelitis virus replication after which it disseminates into the haemocoel, where the
secondary replication takes placethe fat body The eastern equine encephalomyelitis virus
was however unable to establish infection in the salivary gland, thus showing the active
effect of the salivary gland infection barrier (Scetttal, 1990). The presence of the salivary
gland escape barrier was shown An hendersoniwhen infection of the salivary gland
infection barrier by La Crosse virus was successful. However, La Crosse virus was not
secreted in the saliva, thus failing to be transmitted orally (Grimstadl, 1985.
Interestingly, some parasites and viruses are able to infect and escape this barrier due to their
ability to modify the cytoskeleton of the epithelial salivary glands (Kuetal., 20183. In
addition, an immune factor serine protease inhibitor 6P($& produced by the salivary
glands was found to be present near the epithelium cells of the distal lateral lobeB.when
bergheiwere present (Pintet al, 2008). Furthermore, gene knockdowrstudy by Pintoet
al. (2009 using RNA interference (RNAishowed that SRNP6 limits gland invasionAn.
gambiae Knockdown of the SRNP6 protein resulted in an increased number of sporozoites
nine days post knockdown (i.e. 19 days post infected blood meal), sporozoites numbers were
3,541 and 8,196 for controlnd 7,142 and 10,734 for SRNP6 knockdown 15 and 19 days
post infectioni.e. a 2.05 amd 1.31 fold difference 15 and 19 days post infecgspectively
(Pintoet al, 2008).
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1.6 Molecular basis of immunity

1.6.1 Recognition
The mosquito has effective moleculiést can recognize and interact with pathogens when
they are being invaded. These mosqudiévived molecules P RaRe dnsstly located on the
midgut epithelium and haemocoel of the mosquiattern recognition receptors bind
specifically to pathogen cell surface structures known as pathogen associated molecular
patterns (PAMPS) resulting in the activation of downstream events that may lead to the
destruction of the pathogen (Da$ al, 2009. Approximately 150 putative PRRs were
identified in An. gambiaeof which most were found to be secreted proteins with adhesive
domains that interact with PAMPShese include thioesteontaining proteins (TEPS),
fibronectin related proteins (FREPs)Gramnegative binding proteins (GNBPS),
immunoglobulin superfamily (Ig) and-gpe lectins (CTLs) (Dast al, 2009).

1.6.1.1Thioester-containing protein

These receptors are generally found in the haemolymph, their main role is to lead pathogens
to neutralization. Christophidext al (2002) identified 19 TEPs iAn. gambiaegenomeand
the thioestecontaining proteirl (TEP1) PRR is the most stlied in Drosophila
melanogasterAn. gambiaeand Aedesaegypti(Lagueuxet al, 2000; Blandiret al, 2004h
Chenget al, 2011). TEP1 is an acute phase glycoprotein secreted by haem@cytes
haemolymph as a single peptide chain that is acthtollowing a proteolytic cleavage
(Blandin and Levashina2004g. The activated TEP1 recognizes and binds to surfaces of
Gramnegative bacteria and targets them for clearance by phagocytosis (Leveishina
2001). This receptor can also recognaed bindP. berghei parasites in susceptible and
refractoryAn. gambiae(Blandin et al, 2002) Blandin et al (2002) showed that TEP1 binds
to P. bergheiookinetes surface protein P28 (Figure 1.3) in infected suscepiiblgambiae
mosquitoes, where this recognition was more pronounced 48 hours post infection until
ookinetes finished invading the midgut. When using the refraé&torgambiaestrain, TEP1
completely aborts the development Bfasmodium parasites includingP. gallinaceum
(Vernick et al, 1995), P. cynomolgj P. bergheiand P. falciparum (Collins et al, 1986),
TEP1 bound tdP. bergheiin a timedependent mannemducing perturbation of the P28
signal, condensation and degradatiomakinetenuclei followed by nelanization of parasites
(Blandinet al., 20041
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1.6.1.2Fibronectin Related Proteins
Fibronectin related proteins (FREPS) also knownfrdgsinogen domain immunolectins
(FBNSs), represent the largest gene family of PRR&ringambiae FBNs are mostly located
in the abdomen, haemolymph and haemocytes, with approximately 59 putative FREPs
identified to interact with bacteria, fungi afdasmodiumfollowing an immune challenged
(Waterhouseet al, 2007). All FBNs comprise of a pathogeimding fibrinogenlike (FBG)
domain at their @erminus, whereas the-tdrminus sequence is proposed to be involved in
the interaction with other FBNs. This interaction results in the formation of a multimeric
protein bundle with potentially high affinignd specificity for pathogens, thus increasing the
recognition repertoire. The FBN gene family is classified into clusters (R, G, P, B and X)
based on their location in the chromosome and FBGG domain @aig2009). Donget al
(2009) investigated thexpression of 38 FBNs following an immune challenge with Gram
negativeEscherichia coli Grampositive Staphylococcus aureusacteria,P. bergheiandP.

falciparum

The findings of the study indicated that; i) FBIN-6 and-22 were upregulated by both
bacteria; ii) FBN3, -6, -8, -9, -13,-22 and-37 were upregulated following bottPlasmodium
species challenges; iii) FBH, -9, -22 and-24 were upregulated in response to bacterial and
Plasmodiunchallenges. RNAI mediated gene silencing of FBNshowd i) an increase of
99% across four Gramegative bacterial specieSerratia sp Asia bogorensisPseudomonas
veronii and Sphingomonas sandii) RNAI mediated gene silencing of FB6l and FBN-9
resulted in an overall increase in 55 and 68%, respegtivedocyst number oP. berghei
However, silencing both gend®BN 6/9 resulted in a significant increase of 82% oocyst
number ofP. berghei Furthermore, silencing FBR, -9 and-39 in P. falciparuminfected
mosquitoes resulted @n increase iwocyst numbers between Bl%, whereas silencing all
genes including FBM resulted in the significant increase of 95% oocyst number. These
observations suggest that members of the FBN gene family function synergistically against
Plasmodiumnfection. Amongsall FBNs, FBN9 was shown to have antimicrobial and anti

Plasmodiunmactivity (Donget al, 2009).

1.6.1.3Gram-negative binding proteins
Gramnegative binding proteins (GNBPs) are membrane bound receptors that are located on
different tissues of thenosquito, these include haemocytes, midgut and salivary glands and
are upregulated following infection by bacteria Blasmodiuninfection (Dimopoulost al,
1997).
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The An. gambiaegenome contains six members of the GNBP gene family which belong to
subfamily A (GNBPA1 and GNBPAZ2) and subfamily B (GNBPB1, GNBPB2, GNBPB3 and
GNBPB4) (Warret al, 2008). Subfamily A is present in all known fruit flies and moths,
whereas subfamily B is specific to mosquitoes. GNBBELmostly expressed in the salivary
gland and abundant in the thorax.

The An. gambiae GNBP family is expressed in the following mosquito tissueb six
aforementioned GNBPs are highly expressed in the posterior region of the female midgut in
contrast to the cardia. Furthermore, high exgogslevels were observed in the haemocytes
compared to the whole mosquito. GNBPBL1 is highly expressed in the salivary glands and
thorax, butexpressedn lessamounts in the head, GNBPB4 is highly expressed in the fat
body, whereas the head and midganhtainslessamounts of this protein (Waet al, 2008).
Anopheles gambia&NBPs primarily responds to exogenous immune challenges. RNAI
mediated gene silencing of GNBPA2, GNBPB1, GNBPB3 and GNBPB4 resulted in a
significant increase in the mortalityf emosquitoes following an immune challenge wih

coli (Figure 18A-D). Depletion of GNBPB4 resulted in a significant increase in mosquito
mortality reaching +18% of survival six days post an immune challeng€&. looli, in
comparison to the GFP contrtilat showed +57% (Figure 8D) (Warr et al, 2008). In
addition, the depletion of GNBPB4 in mosquitoes challenged Witlaureus increased
mosquito mortality (Figure 1.7D). GNBPB4 has been found to neutializeli, S. aureus P.
berghei, but notP. falciparum(Dimopouloset al, 1997). GNBPAZhowever was able to
neutralize P. falciparum (Warr et al, 2008). ForPlasmodiumimmune challenge, gene
silencing of GNBPAZ2 significantly increased the numbecyst approximatelg.43 fold in

the midgutfollowing P. falciparuminfection, whereas silencing of GNBPB4 and GNBPB3
significantly increasedP. bergheioocyst to 2.44old and 2.86 fold, respectively. The fold
differencefor the positive control foP. falciparumwas 3.0 whereas a 4.49 foldis observed

in P. bergheiinfectioncompared to their respective contr@¥arr et al, 2008).
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Figure 1.8: The role of An. gambiae GNBPs in defense against Grammegative and
Gram-positive bacteria Transcripts of four GNBPs were independently depleted in an adult
female An. gambiaefollowing dsRNA injection Mosquitoeswere immune challenged with. coli

(G+) or S aureus(G-) 4 days thereafter, and the survival rate was monitored for 6 daysigRNA
injection dsGFP were used as positive controls for this siiWdgur et al, 2008).

1.6.1.4immunoglobulin superfamily
The An. gambiaemosquito contains 135 of genes from this gene family, 85 of which were
found to be overexpressed following an immune challenge (Hillyer, 2010). Although their
location is not clear, six of these 85 identified genes have been characténogiheles
gambae down syndromecell adhesion molecule (AgDSCAM) is a member of the
immunoglobulin (Ig) gene superfamily known to be hypervariable because it undergoes
alternative splicing, which enables it to produce a broad repertoire of 31,920 splice sites
containirg variable combinations of Ig domain that have different recognition and binding
sites (Donget al, 2006a). The structure of the Ig domain is known to be ideal for ligand
binding, recognizing noself molecules and promotes their elimination (Gamftal., 2008).
Alternative splicing of the AgDSCAMjene has been reported in response to a bacterial or
Plasmodiumimmune challenge. RNAi mediated gene silencing of AgDSCAM following
Gramnegative bacterial challenge showed that AQDSCAM is essential for iamibial
activity. Following the depletion of the AQDSCAM, there was a significant proliferation of
Bacterium HPC1068308%), A. bogorensig97%), P. veroni bacteriaand (99%)Donget al,
2006a). Furthermore, the RNAI gene silencingAgDCAM in mosquitoes provided with a
blood meal infected witl?. bergheishowed a 65% overall increase in oocyst number (Dong
et al, 2006a).
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In addition, AgDCAM has been implicated in phagocytosihere thislepletion
significantly decreases the phagocytapacity of Sua5B cells in responsestaureus(55%)

and E. coli (60%), respectively. Garveet al (2008) showed that the depletion of two

I mmunogl obul inds | RI D4 a ntde nunkbérDofP. fadcipagumi f i c an
oocystswith a foldchange of 1.71 and 2.56, respectiyéBID6 was able to limifP. berghei

infection (Garveeet al., 2008).

1.6.1.5C-type lectins
Lectins are glycoproteins that are present in all organisms and are a gene family comprising of
selectins, collectins, endocyti@eaeptors and proteoglycans (Vamki al, 2009). Lectins
interact with glycans on the cell surfaces were they mediate processes includiogjl cell
adhesion, glycoprotein turnover, pathogen recognition and opsonisation (Drickamer and
Taylor, 1993; Varkiet al., 2009; Wanget al, 2018). Lectins contain the carbohydrate
recognition domain (CRD) or also known agype lectin (CTL) domain (CTLD), with which
they bind with high affinity to carbohydrate structures (Drickamer and Taylor, 1993).
Classical CTLs a& a group of CTLs that share primary and secondary structural homology,
where the CRDs depend on calcium idies activity (Drickamer and Taylor, 1993). Calcium
is responsible for maintaining tregructuralintergrity of the CTLD, which is necessaryrf
optimal function and are directly involved in ligand binding (Camibal, 2005). Not all
CTLDs require calcium for activity, some may participate in proieiaractionsand bind
inorganic surfaces and lipids (Zelensky and Gready, 2005). One CTlcongginmore than
oneCTLD, where a single CTLD consists of approximately-1B0 amino acid residudisat
adopts a prototypic lectin fold composed of five gn@ r a islheele (85 ) ( balnd t wo
helic@s) . Uln addi t iaenstabilized by twd Brinre tisulphide bonds
between a pair of cysteine residues (Zelensky and Gready, 2008t RBg2015; Bishnoket
al., 2019).0Ostrina furnacalis an Asian corn borer moth has been reported to contain a CTL
with more than one CTLShenet al, 2018); whilst different speciemay contain four
calciumbinding sitesat typical locations within the CTLD of the protefRigure 19A-B).
Sites one, two and three are located in the upper lobe (FigdBg, vhereas site four is
located in the lower lobe (Figure9B) (Zelensky and Gready, 2005)he sugar binding
specificity of CTLs is governed by key conserved motifs in the CTLD, which interact with
cognate monosaccharades via calcium coordination and a network of four hydrogen bonds
(Zelensky and Gready, 2005). CTLDs with calctbmding site2 consist of the GlHPro-Asp
(QPD) motif, which is characteristic for galactose binding. Similarly, CTLDs with aP&du
Asn (EPN) motif is characteristic of mannose binding; whereas théA3mAsp (WND)
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motif is characteristic for calcium binding ines (Weiset al, 1992; Weis and Drickamer
1994; Zelensky and Gready 2005 and Iwanga and Lee, 2005; 2hahdg2009).
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Figure 19: Calcium ion binding sites in the Gtype lectin domain. Ribbon diagrams
representing CTLD structures of human ASGP&hd rat MBRA demonstrate the four locations of
the C&" binding sitegCa1 to Ca4). The black spheres represent the calcium ion and the numbered
arrows represent the differet sites (Zelenskyg Gready, 2005).

Anopheles gambia€TL gene family comprises of 22 members that are classified into four
groups, galactoskinding (GCTLA), mannoséinding (CTLM), selectins and other CTLs
based on sequence specific features (ChristopleEties, 2002). TwoAn. gambiaeC-type
lectin proteins CTL4 and CTLMAZ2 have been identified (Ggtal, 2004). These two genes
are upregulated following bacterial anBlasmodiumimmune challenge anttave been
implicated with protecting th€lasmodiumparasie from themo s g u immuné response.
Functional knockout of the CTL4 and CTLMA2 geneAn. gambiaethat aresusceptible to

P. berghei infections, respectively resulted in significant melanization éb8nd 53% of
invading ookinetesin  contrast a double knockout of both genesulted in melanization of
88% of invading ookinetes (Os& al, 2004). This double knockout additive effect of CTL4
and CTLMA2 was similar to the knockout of CTL4 alone. Collectively theserobdmons
suggest that both CTLs function to protect parasites against melanisation and that CTL4 may
be the key drPiberghei@staefal, p0049. Althaughithese lectins have a
protective function td?. berghej they are requiredof Gramnegative antimicrobial activity
(Schnitgeret al., 2009).
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Schnitgeret al. (2009) showed that CTL4 has antimicrobial activity agakfaistoli in An.
gambiae The depletion of the CTL4 and CTLMAZ2 resulted in a significant increase of 4.6
and 4.3-fold bacterial proliferation of. coli, respectively, while no additive antibacterial

activity was observed when silencing both genes (Schretgdr, 2009).

1.7 Immune signaling
The molecular basis of the mosquito innate immunity involves a series of signal
transductions, which regulate the natural microbiota and most importantly protect the
mosquito from continuous exposure to invading pathogens (Kwehal, 20183. The
recognition of microoganisms by PRRs can lead to the killing of the pathogen through 1)
constitutive effector mechanisms, including melanization and phagocytosis and/or 2)
activation of intracellular immunsignalling pathways, which induce the production of
effector molecules including AMPs or reactive species to neutralize the invading pathogens
(Hillyer, 2010; Kumaret al, 20183. There are three major pathways within the mosquito
innate immune system i.e. Toll, immunieficiency (IMD) and the Janus kinasggnal
transducers and activators of transcription in 3AK/STAT pathway (Figure 110A-C)
(Cirimotich et al, 2010; Hillyer, 2010). These immune signaling pathways have been shown
to be activated by pathogens including fungi, Gyaositive bacteriaPlasmodiunmand viruses
(Kumaret al, 20183.

1.7.1 Toll pathway
Initially identified in Drosophilamelanogasteduring genetic screening of genes involved in
the embryonic development, the Toll pathway has been shown to be induced by Gram
positive bacteriafungi and somePlasmodiumparasites including?. falciparum and P.
knowlesj and viruses. Induction led to the activation of cellular immune response and the
production of AMPs (Gwadet al, 1989). Furthermore, this pathway is controlledR&ish
(RelD,anNFa b transcri pt ileAh Infaeval and female Rduly mosogiitoes .
Rell has two isoforms, ReA and Rel1B, that are induced following bacterial immune
challenge (Cirimotichet al, 2010). Some of the immune related gength antibacterial,
antifungal and antiparasitic activity include AMPs defensin, gambisin and cecropin.
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Figure 1.10: Immune signaling pathwaysin mosquitoes Briefly, the (A) Toll pathway is
activated by the recognition of PAMPs by PRRdich trigger proteolytic cleavage of spaetzel.
Spaetzel binds to the Toll receptors, which indsigaaling via the Myd88, Tube and Pelle adapter
proteins. This leads to the inhibition of cactus protein that is phosphorylated and targeted for
degadation. This allows Rell to be translocated to the nucleus and activates the transcription of AMPs
related to the Toll pathway. TH8) IMD detects a pathogen through the PERPreceptors, which

leads to cascades of signalling events through IMD, FADI2dd. Rel2 is phosphorylated by Dredd

and is translocated to the nucleus resulting in the activation of the prodottidNPs in this
pathway The (C) JAK/STAT is initiated when the Upd protein binds to the Dome receptor. This leads
to the activation of the Hop protein that phosphorylates STAT proteins and allows for STAT
dimerization. The dimer is translocated to the nucleus were it activates the transcrip¢ti®TAT

related genesAbbreviations: AMP; antimicrobial peptides, Dome; domeless, Dredd; death related
ced3/Nedd 2like caspasefFADD; Fasassociated protein with death domakiop (AK); JAK
tyrosine kinase Hopscotch, IMD; immune deficien#K/STAT; Janus kinase signal transducers
and activators of transcription, Myd88; myeloid differentiation primary response protein ,
PAMP; pathogefrassociated molecular patterns, PO; phenoloxidase, proP&uhpmml oxidase,

PRR; pathogemnecognition receptors, MD; immune deficiency, PGREC; peptidoglycan
recognition protein, Rel; relish, STAKignal transducers and activators of transcription, SP;

serpin,UPD; unpaired. (Redramom Kumaret al,, 2018a).
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1.7.2 Immune deficiency pathway
Induction of the IMD pathway begins when PRR recognizes a foreign pathogen and is
reportedly the most effective pathway in immune responses aaifadtiparum (Kumar et
al., 20183. The IMD pathway also has a N\Fb t ranscri ption factor
central role in this pathway by regulating cecropin 1 and AMP (Cirimagichl, 2010;
Garveret al, 2012). When Rel2 undergoes alternative splicing, two isoforms are produced,
the short length (Rei®) protein and the full length (Ré&IR) protein that contains a carbexy
terminal ankyrin, ANK and death domain. Rdf2has been reported to modulate the intensity
of infection in mosquitoes (FigurelDB). When the negative regutatof Rel2 (Caspar) was
silenced, an overexpression of Rel2 was observed and this rendered complete resistance of
An. albimanus An. gambiaeand An. stephenisagainst laboratory culture®. falciparum
(Kumaret al, 20183. Some of the immune genes wathtiparasitic action related to the IMD
pathway include TEP1, CTL and FBN

1.7.3 JAK/STAT pathway
There is limited information available on this pathway as far as mosquito immunity is
concerned (Figure 10C). The JAK/STAT pathway comprises of four majobmponents,
unpaired (Upd) peptide ligand, transmembrane protein receptor (Dome), Janus kinase (JAK)
and STAT proteins. Induction of the JAK/STAT pathway begins when Upd binds to the
extracellular terminal of the Dome receptathich resultsin dimerizaton of receptors and
leads to the phosphorylation of Janus kinase (Kuetaal, 2018g. The activation of the
Janus kinase in turn phosphorylates théei@inal side of the receptors and produces a
binding pocket for the STAT protein. The STAT proteiredme phosphorylated when they
bind to the JAKDome complex, this activates the STAT proteins leading its dimerization and
translocation to the nucleus where they regulate the expression of target genesgKaimar
20183. This pathway mediates theatiscriptional activation of the nitric oxide synthase in
response télasmodiuminfection, which in turn leads to the production of reactive nitrogen

species.
1.8 Mosquito effectors

1.8.1 Antimicrobial peptides
The AMPs are positively charggdw molecular weight proteins that are produced by the fat
bodyandhaemocyteshatare involved in humoral immune responses (Figus&)L.(Blandin
et al, 2002).
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Mosquito AMPs are classified into three groups, defensewppins and gambicinabed on
structure and amino acid sequence (Gwatda., 1989; Donget al, 2006b). Cecropins are the
largest AMP group in mosquitoes with a broad spectrum of antimicrobial and anti
Plasmodiumactivity and these include cecropin A, B and C (Wual, 201§9. The
antibacterial activity of cecropins is to lyse bacterial cell membranes leading to the leakage of
cellular contents that eventually leads to the death of the bacterial. Furthermore, ébahdz
(1989) showed that an upgulation of cecropiB in An. gambiaeinfected withP. falciparum

or P. knowlesidisrupts oocysts developmetitere was a significant increase of8and 94%

in the number of destroyed oocysts, respectively. Defensins are small variable cationic
argininerich peptides with sixconserved cysteine residues and are induced in response to
bacteria, but are mostly effective against Gyawsitive bacteriaBacillus subtilis(Blandin et

al., 2002). The RNAi mediated gene silencing of defensiinngambiaechallenged witlB.
subtilis resulted inkilling 85% of the mosquitoes one day posimune challenge anall by

day two (Blandinet al, 2002). TheAn. gambiaegambicin exist in two forms, the oxidized
form with high antibacterial activity and naxidized form (Vizioli et al., 2001). Oxidized
gambicin inhibitsE. coli at minimal concentrations (6.22.5uM). Both forms of gambicin
have antifungal activity because their-nggulation reduced the elongation éurospora
crassahyphae delaying the germination of spores. Fatmore, both forms of gambicin
showed a dosdependentkffect onanti-Plasmodiumdevelopmentn An. gambiae where
54.8% and 65.2% ofP. bergheiookinetes were respectively killedth 10uM and 50uM of
gambicin (Vizioli et al, 2001). In additiongene silencing of gambiciresulted in a 80%

increase irP. bergheioocysts formation (Dongt al, 2006b).

1.8.2 Reactive species
Reactive species are products of oxidative stress produced by the innate immune response
system (Figure BA and B) (Betteridge2000). These oxidative fyroducts are potentially
toxic to the host and must be generated transiently and kept localized (@adlinat al,
2008). ROS and reactive nitrogen species are associated with killing of mosqugelinon
entities. ROS facilates some cellular processes including apoptosis, digestithre bfood
meal, intercellular signaling and cell growth regulatory pathways (Velkal., 2006). ROS
activity against Granmegative bacteria showed that the refractAry gambiaemosquitq
which exhibits high levels of ROS, survives bacterial challenges. i§hia contrast to
susceptible strains where 90%thésesusceptible mosquitoes died eight days post bacterial

challenge.
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When vitamin C (ascorbic acid), an aokiidant was administered to susceptilblacteria all
mosquitoes died by day three (Moli@auz et al, 2008). This suggests that ROS is required

for antibacterial activity.
1.9 Immune effector mechanisms

1.9.1 Phagocytosis
Phagocytosis is an evolutionary conserved imengellular process known to effectively
neutralize and remove microorganisms. In the mosquito, phagocytosis is mainly regulated by
PRR, transmembrane receptors and other signaling proteins. The TEP1 and LRMI1 were
identified as major recognition peptidesvolved in the phagocytic degradation of
microorganisms due to their ability to opsonize microorganisms (Schetgad, 2009).
Phagocytosis is initiated when proteins on the plasma membrane recognizes a foreign agent
and is engulfed by a phagocytic caedlsulting in the formation of a phagosome (a cell that
carries foreign targets or microoganisms). The phagosome is then internalized into a
membrane delimited phagosomeéhich fuses with the lysososme in the cytosol. This leads to
the neutralization ofhie target by hydrolytic enzymes in the lysosome (Hillgeal, 2003;
Kumaret al, 2018).

1.9.2 Melanization
Melanization is the major effector immune response of the immune system that consists of
enzymatic and neenzymatic reactions (Gonzat&antoyo and QadobaAguilar, 2011). It is
activated locally in response to cuticle injury or systemically following pathogen invasion in
the haemocoel (Nakhle&t al, 2017). The melanization process has dual function, 1) in
development such as cuticle hardening, eggioh tanning and 2) immunity (Hillyer, 2010).
As part of the immunity of the mosquito, melanization is responsible for encapsulating
multicellular microorganisms repairing injured tissue and defending the mosquito against
pathogens. The melanizatioropess is characterized by the formation of a thick dark melanin
rich proteinaceous layer that surrounds the invading pathogen (Figaiahd C).

The melanization process begins with a proteolytic cleavage gfhmool oxidase zymogen
(proPO) followng recognition of PAMPspeptidoglycansor lipopolysaccharides by clip
domain serine protease (CLIP) to an active form called the PO enzyme (Nekhlel2017).
Although not well defined, this interaction activates the serine protease pathway where th
cleavage of the proPO is thought to be facilitated by the activation of a serine proteinase, pro
phenol oxidase activating enzyme (PPAE) at specific sites of the peptide bond near the amino

terminus (Kanost, 1999).
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The activation of the PO enzyme sulsetly initiates the formation of melanin. Briefly,
phenylalanine undergoes hydroxylation by phenylalanine hydroxylase to form tyrosine, which
is also hydroxylated by PO to form Dopa. Dopa becomes oxidized to form dopaquinone that
undergoes a spontaneousryenzymatic structural rearrangement and is converted to
dopachrome which undergoes decarboxylation to form- Slhydroxyindole (DHI)
(GonzalezSantoyo and Cordobaguilar, 2011). The DHI is then oxidized by PO to form
indole-5, 6-quinone that cross limkwith proteins in the haemolymph to form a malanitic
capsule (Hillyeret al, 2010; Gonzale®antoyo and Cordobaguilar, 2011). The production

of melanin byproducts and its intermediates (quinones, diphenols, hydrogen peroxide,
reactive nitrogen and sapxide) results in a highly oxidative environment. This is lethal for
the pathogens, but becomes detrimental to the mosquito. However, this is tightly controlled by
mosquito gene families including-@pe lectins or serine protease inhibitors and enzyhas
prevent excess melanization. One such enzyme is the NA@#pdndent thioredoxin
reductase, which can neutralize oxidative molecules such as quinones. The NADPH
glutathione reductase catalyzes the reduction of glutathione disulphide to glutathicetgy the
neutralizing oxidative molecules (Figure 1.11). The mosquito NADfeidendent thioredoxin

reductase employs a similar process (Baaail, 2002).

Pathogen

*f%ﬁ
Chemoattractant

agents (P5P)
-  —
COT~_ 5
A. Recognition ) ProPO-activating

), system

/N

B. Recruitment

Cellular lysis and
release of melanin

PN
—

D. Encapsulation

Melanization
Figure 1.11: Overview of the melanization processA) Recognition of pathogens by PR (
recruitment of hemocytes surround the pathogen and release chemoattractant protentscRSP
recruit plasmatocyte<C] internal layers of the plasmatocytes begin to thicken and become dark due to
the production of melanin which occur within hemocytB3 KMelanin is deposited to the foreign
target thereby creating unfavorable living conditions for the pathogen, this results in the prevention of
growth of the of the foreign target and eventually leads to its de¥tbreviations: PSP;
plasmatocyte spreadimeeptide (Redrawn from Gonzal&antoyo and Cordob&guilar, 2011).
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1.10lmmunomodulators
Immunomodulators include a wide range of immune activators and suppressors aimed at
restoring normal immune function and can be indigenous or synthetic (Baddartewz et
al., 2014). Antimalarial drugs such as chloroqui®)), artemisinin and pyrimethamine are
also immunomodulators and range from immune suppressors to activators depending on the
target (Kimet al, 2015; Hou and Huang, 2016; @hal, 2016). The prgence of antimalarial
drugs such a€Qin the blood meal ingested by tA@ophelesnosquito has been reported to
interact with theAnophelesimmune system and interfere with the development of the
Plasmodiunparasite in the mosquito (Abrantetsal, 2005)

1.10.1 Chloroquine
CQis a 4aminoquinoline antimalarial drug discovered by Hans Andersig in the early 1900s.
It has been used as an antimalarial drug for many decades due to its low cost, efficacy against
the asexual stages &f falciparum parasite and its safetyHowever,the development of
resistancdoy the malaria parasite has greatly reduced it clinica(lKismgstadet al, 1987). In
South Africa, CQ is not used for malaria treatment because the prin@pahsite P.
falciparumis resistant taCQ. However,CQis still effective against othétlasmodiunspecies
including P. malariag P. ovale andP. vivax (WHO, 2019).CQ is not only an antimalarial
drug, itis alsoalsoused in the management of rheumatoid arthritislapds erythematosus
(Fox, 1996; AlBari, 2015; Schrezenmeier and Dorner, 2020). In addition, preliminary studies
have reported tha€CQ may bean effective drug against the new SABSonavirus 2
(Vincentet al, 2005; Fantinet al, 2020; Gbinigieet al., 2020).

1.10.2 Mechanism of action ofCQ againstP. falciparum
During theintra-erythrocytic cycle of thd®. falciparum parasite approximately60-80% of
the hosterythrocytecytoplasm is consumed intbe cytosome vaere haemoglobin is ingested
and transported to thaigestivefood vacuoleby transport vesicles (Figure 1.12) (Chematy
al., 2007). The acidic food vacuole (pH 5.0 to 5.4) mntained by the proton gradient and
activated by an ATPase pump and proteolytic enzymes (Coranado 2014). Degradation
of haemoglobin produces amino acids that are used by the parasite to produce, p®teins
well as a release of haefe(ll). Haan-Fe(ll) is oxidized to form haematife(lll). This
subsequently results in the production of hydrogen perowte&h together witthaemare
toxic to the parasite. The parasite then detoxifies haematin to form an insoluble, inert,
crystalline haemozoiithat is not toxic to the parasite. This is crucial for the survival and
growth of the parasiteerabling it to continue its cycleby utilizing host molecules and

invading new cells (Chemast al, 2007; Coranadet al, 2014).
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Additionally, haemoglobin degradation involves two parasite aspartic enzymes ia. the
falciparum food vacuole, plasmepesin | and #dnd a cysteine protease falcipain. These
enzymes function at an optimal pH of approximately 5.0, indicating theirmrdlagmoglobin
degradation (Coranada al., 2014).

Amino Acids

Peptidases

~

Proteases

Hemoglobin T» Small Peptides

Heme
Fe(ll) HY -
Fe(lll)

Dimerization
Hematin ——» Hemozoin

RED BLOOD CELL

Figure 1.12: Haemoglobin degradation byP. falciparum and haemozoin formation in

RBC (Vanderesset al, 2016).

The proposed mechanism of actionGf is attributed to its ability to prevent the formation

of haemozoin (Figure 1.13). At a physiological pH of 7.4, unprotora€@ednters an infected

RBC by diffusion where it becomes protonated to?0@oi and Marunaka, 2014; Coronado

et al, 2014) and, deito the ionised state is prevented from leaving the par@gdinds to

the free haemprevening bio-crystallization to haemozgjrand as a resujtthe toxic haem
accumulatesn the cell and the environment becomes unfavourable for the parasite. The
resulting CQhaem complex is highly toxic, generating free radicals that induce lipid
peroxidation leading to haemolysis and eventually -gligestion by the host immune cells
killing the infect edetRlB2D12(Parhizgdand Teahghi,2@19)3; OO6 N
Resistance in the parasite is duethe efflux of CQ out of thepar asi t e owd di ges
vacuoleandis known to be associatedttva parasite protejmamelyPlasmodium falciparum

CQ resistance transport@PfCRT) found in the digestive food vacuole membréHayward

et al, 2006; Eckeet al, 2012) After many years of drug pressure, various mutations have
emerged to protect the parasitediyeratirg themembrane protein physiochemical properties

therebymodifying CQ uptakean resistant parasiteg¢€keret al, 2013.
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Figure 1.13: Proposed mode of action o€Q on P. falciparum (Parhizga and Tahghighi,
2017).

1.10.3 The use ofCQ on anti-inflammatory diseases
Rheumatic arthritis and systemic lup@sythematosus(hereafter referred to as lupus
erythematosysare auntoimmune diseases. Rhematic arthritis causes pain, swelling, stiffness
and damage of joints throughout the body and lupus erythematosus causes permanent chronic
kidney disease and permaheenal damage (Leet al, 2011). Therapy for patients with renal
damage includes corticosteroids, immune suppressive agents and antihypertensive
medication. The first use of an antimalarial drug in a patient with lupus erythematosus
occurred in 1630 whem successfully treated tertian fever (malaria) and, in the 1800, quinine
successfully induced pallor in a patient diagnosed to hawvpus rush (Figure 1.14) (Lest
al., 2011). Furthermore, during/orld War Il, quinine was used as malaria prophalaxis by
soldiers. Interestingly, soldiers with inflammatory arthritis and cutaneous Ilupus had
symptomatic impovements while they were taling quinine. Collectively, these observertions
led to studies on the use of mm&larial drugs to treat patients with rheumatic diseas€s. C
and hydrochloroquineGQ analogue) were later introduced and approved for medicinal use;
this was due to great efficacy and tolerability in comparison to quin@®@. and
hydrochloroquine are dtcommonly used antimalarial drugs administeredhtmagepatients
with rheumatic diseases (Leeal, 2011; AtBari, 2015; Schrezenmeier and Dorner, 2020).
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Figure 1.14: History of CQ and CQ analogue, hydroxychloroquine introduction

(Schrezenmeier arfldorner, 2020).

1.10.4 Anti -inflammatory mechanism of action ofCQ
The specific mechanism of action 6fQ and its analogues in reducing ammflammation is
still unclear. However, the immunomodulatory effectsG@ and hydroxychloroquine are

mediated by actionthat can besummerizedn Figure 1.15

I DNA binding and anti-DNA antibodies I

DNA, RNA and protein

] I Chemokine expression (e.g. CCL2, CXCL10) I
synthesis

Slimsation S TLR Sgnaling I I Ca?" signalling in T and B cells I

Antigen processing and

presentation Phospholipase A2; prostaglandin

and leukotriene processing

Chloroquine analogues

Cytokine production and release
(e.g.IL1, 6 ond 18, TNFa, IFNy)

I Cutaneous UV light reaction

Action of endogenous as well as
exogenous histamine

Matrix metalloproteinases
(e.g. MMP9)

Micro-RNA expression

I Lysosomal acidification

— Indicates inhibition

Figure 1.15: Proposed antinflammatory and immunomodulatory effects of CQ and its
analogues(Al-Bari, 2015).Abbreviations: CCL2: Chemokine (GC motif) ligand 2 CXCL10: C-X-
C motif chemokine ligand 10TLR: Toll- like receptor;NO: Nitric oxide; IL1,6: Interleukirl,6 ;

TNFa: tumor necrosis factealpha; IFN. Interferongamma; UV: ultraviolet.
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The proposed mechanism of action of CQ is dependant on its weak base properties which
allow it to accumulate incdic vesicles to elicit its anthflammatory effectsThis is initiated

when wnprotonatedCQ (pH 7.4) diffuse freely and rapidly across cell membranes to acidic
cytoplasmic vesicles (lysosomesg) inflammatory cellsand, once protonated becomes
trapped Lysosomes are cellular compartments that contain acid hydrolases that digest
macromolecules (ABari, 2015). The pH of the lysosome is maintained at approximately 5.0
by lysosomal F-ATPase, this is for optimal activity of hydrolases. The Addpenden
lysosomal H-ATPase pumps Hions into the acidic vesicl&SQ then diffuse from the cells
cytoplasm into the acidic lysosome. This action caws@artition due to the difference
between the pH gradient that ultimately leads to the irreversible accionuttCQ in the
lysosome and increases the pH-@dri, 2015).CQ and its analogues interfer with the acidic
environment in the lysosome and inhibits processes including enzyme function, antigen

presentation and phagocytosis.

1.10.4.1 Blockade of Tolllike receptor signalling pathways
Toll-like receptors (TLR) are pattern recognition cellular receptors that recognize foreign
invading pathogens and endogenous molecules from damaged tissue and induce inflammatory
responses by activating the human immune systemeiLale 2011; Gaeet al, 2017). During
autoimmunity endogenous molecules (cellular debris) can activate-lif®ll receptor
signalling pathway causing plasmacytoid dendritic cells and antigen presenting cells to
produce large amounts dhterferorU (IFN-U )and stimulate Bcells to increase the
production of immunoglobulins and cytokines that repair damaged tissue and fight invading
pathogens (Gacet al, 2017; Schrezenmeier and Dorner, 2020). However, excessive
activation of the ToMHike receptorsdisrupts homeostasis by sustained-ipftammatory
chemokines and cytokines, at most times, consequently leading to the development of auto
immune diseases (Gagt al, 2017). In antigen presenting cellSQ/hydroxychloroquine
reduces inflammatory respass by inhibiting the activation of Telike receptors, which
prevents the producti on o f-6andltlokKgure £X6A).In ncl ud
plasmacytoiddendritic cells (Figure 1.16B)CQ/hydroxychloroquinealso inhibits antigen
procesing and major histocompatibility complex class Il presentation toell, which
prevents the activation of -Gells. This subsequently prevents the differentiation and
expression of the transmembrane type Il protein, CD154, as well as the reduction in
production of cytokines by-E e | | s ( T N@&and ILt1fFaNdBcelld (RAFF, TNF, -6
and IL-1) (Schrezenmeier and Dorner, 2020).
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Figure 1.16: Proposed cellular mechanism of action of hydroxychloroquine during auto

immunity. A) Antigen presenting cll and B) plasmacytoid dendritic cellsbbreviations:

APC; antigen presenting cells, BAFF:d8ll activating factor, HCQ; hydroxychloroquine,-1L.-6;
interl euki n, | NFU/ I NFo: i nterferon al pha/ gamma,

class Il, TNF; tumor necrosis factor, TCR:dll receptor (Salezenmeier and Dorner, 2020).

1.10.4.2 Antigen processing and presentation
Autophagy is a conserved transport pathway that is essential to maintain cellular homeostasis
(Mautheet al, 2017). Cellular homeostasis is achieved through sequestration, delivery and
degadation of damaged tissue (cargo) and organelles into lysososme. The ultimate aim of
autophagy is the degradation of cargo (Figure 1.17). Dysregulation of the autophagy disrupts
immune homeostasis and has been implicated in inflammatory, lysosomakdisaahcer,
muscle dystrophies and neurodegeneration (Shintani and Klionsky, 2004; Levine and
Klionsky, 2004; Mizushimeet al, 2008; Levineet al, 2011). Antigen processing is a pH
dependent phenomena which is interfered with ®@/hydroxychloroquine affecting
lysosomal acidification by increasing the pH inside the lysososmé4A] 2015). This
interference turns off the process of antigen presentation and leads to a decrease in the number
of autoantigentic peptides appearing on the cell surfacerédeces binding of antigenic
peptides to class Il major histocompatibity complex molecules (MHC class Il) (Figure 1.17)
(Al-Bari, 2015; Schrezenmeier and Dorner, 2020).
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Figure 1.17: Proposed molecular mechanism oCQ analogue hydroxychloroquine

(HCQ) during auto-immunity. (Schrezenmeier and Dorner, 2020).

1.11 Melanization, C-type lectin and immunomodulators

The understanding of the interaction between Rfesmodiumparasite and it#Anopheles

vector has led to many studies that target major developmental stages of the parasite in the

vector. In addition, the gain of knowledge of the mosquito immune system clearly shows that

this robust defense system is capable of eliminating invading patho@ka melanization

response is a tightly controlled process in mosquitoes (Section 1.9.2), controlled by gene

families that inhibit excessive melanization preventing excessive production of melanization

by products/intermediates that will be detrimentethe insect (Shirt al, 2011). It has been
reported that two genes (CTL4 and CTLMA?2) of thay@e lectin family inhibit excessive

melanization during an immune challenge Byberghei This inhibitory process from the

CTLs i's the

thePlasmodiunparasites (Section 1.6.1.5) (Ostaal, 2004).

h dirg itselbBfronvdeath, louf in tprpreventathe destruction of
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Shinet al (2011) reported on the discovery of the CLSP2 genkertes aegyptnosquito

that encodes for modular proteinsthwvia Gtype lectin and elastadié&e serine protease
domain that is controlled by N&éb of t he Tol | and | MD pat hwa
regulated following an immune challenge with avian malaria par&sigallinecaumand
Enterobacter cloacaeRNAI medated gene silencing of CLSR2sulted in the proteolytic
cleavage of proPO 24 hours post infection, which leads to the melanizafogalfinecaum
ookinetes andE. cloacaebacterial cells. However, when the proPO enzyme was depleted,
CLSP2 accumulatiowas detected and this prevented the melanizatién gdllinecaumand

E. clocae(Shinet al, 2011). Wanget al (2015) reported on the CLSP2 gene to function
extracellularly as a PRR in which the lectin domain binds to fungal compondB¢éaoberia
bassiana conidaRNAI mediated gene silencing of the CLSP2 gengdraegyptimosquitoes
infected withB. bassianaed to the ugregulation of genes encoding FBNs, TEPs and serine
proteases that are involvednmelanisation this increasedfractoryof Ae aegyptiagainstB.
bassiana(Wanget al, 2015). These findings suggest that PRR containing the lectin domain

act as negative regulators of the melanization process.

In addition to Ctype lectins acting as negative regulators and promdatagmodium
developmentCQ has been shown to increadBsmodiumnfectivity to theAnophelesector
(Abranteset al, 2005). Abrantest al. (2005) showed th&Q down regulates the expression

of immune related genes including AMPs, gambicin @efénsin . This effect was found to

be dosalependant inAn. gambiaewhen mosquitoes werprovided with a blood meal
supplemented witQ (10 and 50mg/kg). The cohort provided with 50mg/kgQfwas able

to suppressgambicin and defensin with a fold change -{69 and-1.9, respectively.
Moreover, Abrantest al (2008) showed a dowregulation (suppression) of gambicinAm.
gambiaepreviously treated with 50mg/kg @Q and infected withP. bergheiwith a fold
change of-1.63. This study suggests that CQeifieres with signalling pathways of the
Mo s q u inbatesi@mune system at a transcriptional leaeld understanding these
interactions can provide new strategies to control malaria (Abrahtds 2005). In addition,

it has previously been shown tlgditicocorticoids are able to inhibit the transcription of AMPs
by inducing the synthesis of -$b&bdSienalpacl ca
1997). The actions a@flucocorticosteroidare not always immunosuppressive, but can also be
immuneenhancing. Tanet al (2014) showed thaglucocorticosteroidsenhanced the
expression of AMP genes to amplify the immune response of the fly embryo to bacterial

infections.
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1.12 Rationale/ research motivation
Insecticide resistance conferred by tA@ophelesvector and drug resistance by the
Plasmodiumparasite undermines the efficacy of the current intervention used for malaria
control. Understanding the biological interactions between Amephelesvector and
Plasmodiumparasite can enable potehgossibilities for disrupting the transmission cycle.
Available research on the transmission cycle between Ahephelesvector and its
Plasmodiumparasite has shown potential targetsaasalternative in the reduction of the
number of deaths caused malaria.Molecularand biological research of the transmission
cycle has been studied in great detailm gambiaeand murine parasit®. berghei Vector
parasite interactions have been limitedAim funestus s.sprimarily due to the difficulty of
rearing of this mosquito species in the laboratory and acquiring suffiBiesimodium

infected mosquitoes experimentally.

The establishment of than. funestus s.scolony by Huntet al (2005) has opened new
research opportunities. The. funestus s. FUMOZ colony is routinely reared using guinea
pigs for a blood meal. However, to initiake falciparuminfection studieswhereby this
colony needs to feed on an artificial standard membrane feeding system, optimised blood
feeding will be needed to enmsuadults feeds adequately for subsequent studies. Considering
the significant role the mosquito immune system plays in the transmission of the malaria
parasite, thénteractionbetween the mosquito aitl falciparumcan be used as an approach

to interrypt transmission. The putativén. funestus s. CTL4 has been identified from an
automated projection (bioinformatics resource centerfrom An. gambiae CTL4

(https://www.vectorbase.org/Thereforeit was hypothesized that

1) An. funestus s. CTL4 is upregulated following immune challenge Byfalciparumand
this plays a significant role in the transmission cycle of the malaria parasites, particularly by
protecting malaria parasites from immune response through the inhibition of immune

proaesses such as melanization.

2) Theimmune system oAn. funestus s. can be modulated by compounds to inhibit CTL4
and this would allow for specific targeting of malainéected mosquitoes. By inhibiting
CTLA4, this will allow for melanization to occand the subsequent production of quinones
that would result in death of the mosquito and at the same time inhibit the transmission of

the malaria parasite.
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1.13 Aim and Objectives

1.13.1 Aim
This study aimed to understand the effect fdtlciparumand an immunenodulator,CQ,

have on the expression profile of the putative immune factor CTiL4dhe main African

malaria vectoAn. funestus s.s

1.13.2 Objectives
. Identify An. funestus s.£TL4 transcript.
. OptimizeAn. funestus s.$eeding rate.

. InfectAn. funestus s.svith P. falciparum

A W DN P

. Evaluate the transcript level of CTL4 h falciparuminfected and uninfecte@in. funestus

S.S
5. Investigate the preliminary toxicological profile of CQ An. funestus s.$¢arvae and adult

females.
6. Evaluate the transcript level of CTL4 @Q-treatedand untreated adu#n. funestus s.s
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CHAPTER TWO

2. Materials and Methods

2.1 Identification of An. funestus ss.CTL4 gene

2.1.1 Bioinformatics analysis
The CTL4 gene has been shown to play a major role in the developmentRidsheodium
parasite inAn. gambiae however, has not yet been studied An. funestus s. In order to
identify the molecular, structural, functional and conformational characteristicAnof
funestus s. CTL4, the approach included the use of bioinformatics tools (Table 2.1). As
such, genomic DNA (gDNA), complementary DNA (cDNA) and aminiol @equences were
used to investigate structural, functional and conformational featyees specific primers

were designed at coding regions (eXons

2.1.1.10btaining An. funestus ss. CTL4 sequences
The An. funestus s. CTL4 (AFUN10847) nucleotiel cDNA and amino acid sequences were
retrieved from thé/ectorBase(https://www.vectorbase.ong/Analysis of the deduced cDNA
and amino acid sequences including general features in cDNA, molecular weight, signal
peptide and domain organization werefpened byPfam PredictProtein, Prosite, InterPro,
SignalP and SMART (Table 2.1). Furthermore, the deduced amino acid sequence was
submitted to Quark, RaptorX and Phyre servers for prediction of the tertiary structure (Table
2.1). These servers were seted because they are not only free and accessible but have been
shown to perform well in the CRISR&®sociated protein 9 experiment (GAswhich will
enable the generation of a more accurate streifiallberget al, 2012; Xu and Zhanet al,
2012; Xu and Zhangt al, 2013; Kellyet al, 2015. The generated protein data bank (PDB)
files which is atexual file format that describes the thidimensional structures of a molecule
were submitted to ProSA and PROCHECK for assessment pféaécted tertiary structures

and visualized with Pymol Molecular Graphics V$d@tware

2.1.1.2Sequence alignment and phylogeny
Amino acid sequences fém. funestus.s. CTL4 orthologs were retrieved from VectorBase
and multiple sequence alignment was eafrout using multiple sequence comparison by log
expectation (MUSCLE) program available in MEGA X (Kumetr al, 2018) with the
following defaultparameters: refining alignment; gap opening penalt209; gap extension
penalty of O; hydrophobicity mtiplier of 1, 2; maximum interactions of 100; clustering
method (for interactions 1, 2) mnweighted pair group method with arithmetic mean
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(UPGMB) and minimum diagonal length of 24. Additionally, multiple sequence alignment by
Clustal O bttps://www.di.ac.uk/Tools/msa/clustalobetweerAn. funestus.s. CTL4 and other

C-type lectins that have been studied was employed to determine conserved functional
domains inAn. funestus.s CTL4 (Zelensky and Gready, 2003). Phylogeny was performed in
order to evaluate the evolutionary relationship amomgst funestus .s CTL4 and its
orthologs. The resulted alignments were used to construct a phylogenetic tree with the aid of
the neighboujoining (NJ) available in MEGA X software package. In order to construct the
NJ phylogenetic tree, thimllowing parameters were sejaps were treated as characters;
complete deletion of gaps or missing data; poison model; uniform rates and statistigsitan

was performed using bootstrap trails with, 1,000 replicates (https://www.megasoftware.net/).

2.1.1.3Primer design
All primers used in this study were designed with the aid of bioinformatic tool, Primer3
(http://bioinfo.ut.ee/primer®.4.0/) and are listeith Table 2.2 Thisexcludes primers in Table
2.3, which were previously designed by other members in the lab and have become standards.
This tool provided the most optimal primer sequences @Gith content between 560% and
an annealing tenggature ranging between 560°C, however for some primer sequences, the
G-C content is lowas a result of the A rich base that is characteristic of tREasmodium
genome(used in Section 2.5.2). Prior to use, the lyophilized oligo primers wheriybrie
centrifuged topellettthe lyophilized content to the bottom and a 100uM stock was prepared
by dissolving the pellet in deionized water as instructed by the manufacturer (Ingaba biotec,
Pretoria, South Africa). The concentration of the stock prinvere determinefly measuring
the absorbance of the DNA at 260nm whereas the purity was determined by using the ratio
260nm/280nm (Asonmzsony @aided bya NanoDropE OneC spectroph:
ScientificeE, USA: 8402742 @ An. funBstsus s.iCdlednt i f i ¢
(AFUN10847) nucleotide was retrieved from VectorBase (https://www.vectorbase.org/) as a
FASTA format sequence and exon sequences were uploaded on Primer3 for primer design.
Additionally, exon two was only 80bp loramdsegmets of the introns were included so that
sequencing without the need for cloning can be possfd@quencing of small fragments are
problematic and therefore primers were designed to amplify fragments between 200
1,000bp.

2.2 Biological Materials
Mosquito strainwild-caught females (n>200) were collected by other members of the unit
from house searches in southern Mozambique and colonized in 2000 gHaht 2005).

Adults and larvaghat make up th&UMOZ colony are maintained in the insectary in the
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WITS Research Institute for Malaria, Faculty of Health Sciences, University of the
Witwatersrand under standandsectary condition: 25 + 1°C, 80% humiditgdaa 12 hour
day-night, 45 minutes dusédawn cycle (Hungt al, 2005). Adults were provided with 10%
(w/v) sugar watesolution whereas larvae were fed on 2:1 ratio of finely crushed Bedog
biscuits tobrewersyeast.

All ethical clearance certidates for the study were obtained from the University of the

Witwatersrand Ethics Committees (Appendi&ection A.1).

Table 2.1 List of databases and bioinformatics tools used duringin silico
characterization of An. funestus ss. CTL4. Servers wereised to characterize the CTL4 protein,

more than one server was used since each server uses specific properties in the analysis of the cDNA

and amino acid sequences.

Software name

Website/ URL link

Reference(s)

Sequences (nucleotide/ammacid)

VectorBase https://www.vectorbase.org/ Giraldo-Calderonret al, 2015.
GeneBank https://www.ncbi.nlm.nih.gov/genbank Bensoret al., 2013.
Sequence alignment
ClustalO https://www.ebi.ac.uk/Tools/msa/clust Sieverset al., 2011.
o/
Domain organization
Pfam http://pfam.xfam.org/ El-Gebaliet al,, 2019.

PredictProtein

https://lwww.predictprotein.org/

Yachdavet al., 2014.

Prosite https://prosite.expasy.org/ Sirgristet al, 2013.
SMART https://smart.embl.de/ Letunic et al, 2014; Letunig
et al, 2017.

InterPro https://www.ebi.ac.uk/interpro/proteinj Mitchell et al, 2019.

SignalP http://www.cbs.dtu.dk/services/Signall Armenteroset al., 2019.
Tertiary structure prediction/nomology modelling

RaptorX http://raptorx.uchicago.edu/ Kallberget al, 2012.

Quark https://zhanglab.ccmb.med.umich.edy Xu andZhang et al 2012; Xu
QUARK/ and Zhanget al, 2013.

Phyre http://www.sbg.bio.ic.ac.uk/phyre2/htr Kelly et al., 2015.
l/page.cgi?id=index

Protein quality assessment

ProSA https://prosa.services.came.sbg.ac.at/ Sippl, 1993.
sa.php Wiederstein and Sippl, 2007.

PROCHECK http://servicesn.mbi.ucla.edu/PROCH| Laskowskiet al., 1993; 1996.

CK/
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Table 2.2 Primers sequences designad part of this study. The sequence, length of the oligo
primers, melting temperature of each primer pair (Tm) and the expected amplicon size.

Expected
amplicon size

(bp)

Tm
(°C)

Primer Sequence (53 Length (nt)

Primers used to amplifyAn. funestsus s. CTL4 protein coding regions
Exon 1 E1F CGTACGCACTTT| 20 62.45 188
E1R CAGAGGGA 21 58.66
TGGGCTAAATG
TTGGTTCTGT
Exon 2 E2F AAGAACTGCGC 20 58.35 158
E2R TCGGTAAAT 20 60.40
CACGCATGTTTG
GTACGGTA
Exon 3 E3F ACACTGCAACT 20 62.45 226
E3R CGATCGGTA 20 60.40
CGGCACTGATG
TTGGATTCC
Primers used to detectAn. funestus gDNA
Intronl I11F CGGCCATTTCT| 20 60.22 413
1R GGCTTACTA 20 60.79
GCAACATACGA
CGGGTGAAT
Primers used for confirmation of P. falciparum infection
CSsP CSPF CAAATGACCC 20 47.68 150
CSPR AAACCGAAAT 20 51.78
CACTACATGG
GGACCATTCA

2.2.1 Isolation and amplification of An. funestus ss. CTL4

2.2.1.1DNA extraction

Prior to DNA extraction, live adult female (n=18j. funestus s. from the FUMOZ colony
were obtained from the insectary and killed by freezin@@tC for no more than 10 minutes,
samples were then desiccated on silica gel and placed atteomperature. Genomic DNA
(gDNA) was extracted from leg/wing of ea&h. funestus.s. sample using a DNA extraction
prepGEM Insect kit (ZyGEM, New Zealand: 9504494) as instructed by the manufacturer.
Briefly, a leg/wing from each sample was placed [DNA extraction master mix comprising
of 10x black buffer,1uL prepGEM that lyses sample leg/wing by removing nucleoproteins
from DNA (ZyGEM, New Zealand: 9504404) and an addition of deionized water to make

up a total volume ofOpL per leg/wing.
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Samples were then incubat eRhdUSA: 1861006k with tima | cCyoc
following cycling conditionsproteinaseactivation step for 15 minutes at 75°C followed by a
proteinasaleactivation step at 95°C for 5 minutes. The result&NAy samples were stored

at-20°C until needed.

2.2.1.2Amplification and sequencing
Singleplex polymerase chain reaction (PCR) was used for the amplification of the target
CTL4 exons (Table 2.2). The principle of the singleplex PCR is that a single target sequence
is amplified in a single reaction tube in contrast to multiple targets being amplified in one
reaction tube. The PCR was optimized by evaluatireg following primer concentrations
betweenl- 3.5pmol, annealing temperature between533C, as well aghe amount of
template usedbetween 0.2uL). For the amplification of the CTL4 exons, the master mix
comprised of 20uL reaction ofl0x PCR buffer (100mM TridHCl (pH 8.3)), 500mM KClI),
25mM MgCh, 2.5mM deoxyribonucleotide (each containing 2.5mM of ed&lP, dTTP,
dCTP and dGTB), 3.3pmol of each primer pair, 0.5 unit®gq DNA polymerase enzyme
(TaKaRa TagqE, )ahdp8uhofdeRrizeédlwatytgDNA was added to give a
total volunme of 22L. Sampl es wer e pl aced i n-Rad, t hern
USA:1861096) with the following cycling conditions: an initial denaturation step at 94°C for
2 minutes, followed by 29 cycles of denaturation at 94°C for 30 seconds, annealing at 55°C
for 30 seconds, extension at 72°C for 30 seconds and a final extension for 5 minutes at 72°C.
In order to visualize the PCR producssimples were mixed in a 5:1 ratio wk TriTrack
loading dye (10mM TridHCl (pH 7.6); 0.03% (w/v) bromophenol blue03% (w/v) Xxylene
cyanol FF; 60% (w/v) glycerol; 60 mMthylenediaminetetraacetic aqiiDTA)) (Thermo
Scientifi¢ , USA: R0611). The PCR products2.51L, wereelectrophoresed with a 0.1ug/uL
100bp readyto-use DNA ladder (containingx TriTrack loading dye; Thermo Scienti’ﬁc
USA: SM0244) in a 2%w/v) TAE SeaKerfi LE agarose gel (Lozna, USA: 50004) that was
stained with 10mgnL ethidium bromide (Sigma, USA: 123%-8) and submerged in Bx
TAE buffer (40mM Tris, 20mM acetic acighd 1mM EDTA, pH 7.2) at 110V/400Amps 1
hour 20 minutes. The PCR products were sent to Macrogen (Amsterdam, Netherlands) for
Sanger sequencing to confirm that the correct sequences were being amplified ¢Bahger
1977).

2.2.1.3Sequence analysis
Sequences &m the PCR products were obtained from Macrogen and uploaded into a
Molecular Evolutionary Genetics Analysis tool (MEGA X software package) for analysis of

the electropherogram of the nucleotide sequences (Kemat, 2018). Some nucleotide
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sequence$iad baselines i gnal s on e i-endsédhat cduld baveSrésultellom 3 6
signal saturation, G/C degradatj@/C compressioand these were removéthermoFisher
Scientific, 2016)The edited sequences (query sequences) were tixpogd the VectorBase
(https:/lwww.vectorbase.org/) where the Basic Local Alignn&edrchTool (BLASTn) for
nucleotides was used to align the sequences against avalatydelessequences in the
database. This was to confirm that the sequenced RG&ugis were indeed fromn.
funestus s. CTL4 from the database, and the following parameters were considered: The
resultant percentage identity between query sequence and sequences in the database must be
greater than 98%, a maximurvalue of 10 (i.erange between 10 and¥0 and 95100%
coverage of sequence alignmerttgs://www.vectorbase.ong/ Additionally, MEGA X
package (Kumaet al, 2018b) was used for phylogenetic analysis of Ane funestus.s.

CTL4 and its orthologs (Appendix Section B, Table B1). Evolutionary history was estimated
by the Neighboudoining (NJ) methods, the topology of the of the generated tree was
assessed by default settings were test was based on 1000 replicates arahampllistance

were computed using Poison correction (Kuetzal, 2018b).

2.3 Optimization of the feeding rate of theAn. funestus ss.
In order to obtain maximal number of emergiadults forthe feeding optimization and
infection/treatment studies, theJMOZ colony wasscaled up(Figure 2.1). Subsequently,
optimal feeding conditions were determined to ensure sufficient engorgémduanestus s.
females were obtained. In addition to this, females need to survive for &t |8astd a post s
infection feeding to ensure that sufficient samples will be available for infection/treatment

studies $ee objective8 and 5). Three parameters were evaluated:

1) Does starvation (no sugar water) increase feeding rate?
2) Does an increase in starvatiaripd influence feeding rate?

3) What is the impact of adult female age on feeding rate and survival post feeding?

2.3.1 Artificial membrane system
The system comprised of a water bath chamig@ch was attached to  two tubes
connected to sixglass feeders in series (Figure )2&hd maintained at 37°C constant
temperature (Kasaet al, 2003).Calf collagen casing was thoroughly rinsed to remove the
salt that is used for its storage, ringadicut into 7x7cm square segments that werectest

at the bottom of each glass feeder and secured using a rubber band.
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Defibrinated cow bloodwhole blood)obtained in 1BL falcon tubes from Vector Control
Reference Laboratories (VCRL, Johannesburg, South Africa, Mr O. Wood) were kept at
20°C fornot more than 3 months for feeding adult femfate funestus s. mosquitoes. Prior

to each assay, the blood meal was allowed to thaw at room tempeaéienreyhichlmL of

the blood meal was added into each glass feeder and waon3dCfor not moe than 5

minutes before feeding the mosquitoes.

Figure 2.1: Anopheles funestus .s
colony in the Maureen Coetzee
Insectary, WRIM, University of the
Witwatersrand, Johannesburg, South
Africa. The emerging adults of thén.
funestus s. colony were transferred from
larval/pupal bowls to5L and BugDorml
holding cages.(A) Larval bowls, 21.5cm
length by 4cmbreadthwere used to house
earlysecond instar larvagB) larval bowls
40cm length by 28cm breath enclosed with
nylon mesh were used to house thfairth
instar larvae and pupa€C) cages5L and
29.98cmlengthx 29.98cmwidth BugDorm1

were used to house adult mosquitoes after they emerge from the pupal stage and are provided with

10% (w/v) sugar water at all times.

Figure 2.2: Overview of a
multiple artificial glass feeding
membrane system.(A) water bath
with dH,O was kept at 37°C(B) the
water inlet and outlet tubes connected
" the circulating system and allowed for
the flow of water to keep the blood
meal warm,(C) nylon mesh covered

the cages enabled the femalen.
funestus s. to use their serrated proboscis to pierce through the mesh and the memengperature
of the blood meal was regulated at 37°C inside the glass feeder and collagen sausagé¢&ling,

blood meal and adult femad. funestus s. in 25L cages.
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2.3.2 Starvation of mosquitoes(no sugar water)increases theeeding rate
In order to increase the success feeding rate, it was necessary to optimize the diet required by
the laboratory adult femal&n. funestus s. prior to their first blood meal. As such,48
hours starvation period was useyl memberf the unitfor infection studies of members of
the An. gambiaecomplex andhese conditions werevaluated orAn. funestus s.#\ total of
300 (males and females adults) were fed witf®% (w/v) sugar watesolutionfor eightdays
in a5L holding cageto allow them to mate (Figure 2.3A)ating is knownincreaseblood
feeding in females (Dahalagt al, 2019). Fortyeight hours prior to blood feeding, £50
laboratory adult females were removed from the holding cage and separated into three
different sandpapered 2. treatment cages (Figure 2.3B). The first group received 10% (w/v)
sugar watesolution thesecondg r o u p énergytsduece (sugar water) was withdrawn i.e.
received plain dbD and the third group did not receiarything it was fully starved (Figure
2.3B).

Prior to the blood meal, 2010-days old adult femalén. funestus s mosquitoes were
randomly selected from each diet treatment and were introduce@50taL sandpapered
polystyrene cups with a top diameter &fmm and a height of 92mm (Figure 2.3Chis
assay was repeated three times having thnieéogical replicates and for each of the
replicates, there were two technical replicatésch totals to six technical replicatés each
diet treatment (Figer 2.3C).

The polystyrene cups were covered with a nylon mesh net on the opening of the cup and
secured with a rubber band (Appendix A.6, Figure Al). Subsequémlyunestus s. adult
females were left to acclimate for not more than 60 minutes. Inazaeh female mosquitoes
were allowed to feed for 385 minutes. Forecordingexperimental outcomes only fully
engorgedmidgut/blood bolus of a mosquito is completely filled with ingested blood meal)
mosquitoes were used, partially engorg@etdgut/blaod bolus of a mosquito partly contains
ingested blood mea§nd norengorged (did not feed) mosquitoes were killed by freeaing
20°Cand then
discarded.The blood feedig success rate was calculatesingEquation 2.1.

P e conr nsg - O1 AIABOIEAB ONOE QI AO
0 AOAARDREMA IO AGOM 5 /8T AT AR 6K G DAGAR A "

Equation 2.1 The blood feeding success rate calcularn.
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300 adult M &F
+
10% (w/v) sugar
water

Key

M= Males
F=Females

S. dH,0= 10%
{w/v) sugar water
FS= Fully starved

+ 50 females
+

10% (w/v)

50 females
+

dH,0

150 females
Fully starved

sugar water

/ \

C
20F+ 20F+ 20F+ 20F+ 20F. 20F .
S.dH, S.dH, dH,0 dH,0 FS FS

Figure 2.3: Experimental set upto assess starvation in feeding rate ofarious diets

provided 48 hours prior to blood feeding adult femaleAn. funestus ss. (A) Adult An.
funestus s. males (M) and females (F) were collected and houséd imolding cage and provided
with 10% (w/v) sugar (B Distilled water (IH,O) for eight days.(B) Adult females (x 50) were
transferred to BL cages anavheretreated as follows: one group was provided with 10% (w/v) sugar
water (S. dHO), second group di® and the third groupverefully starved (FS)(C) The experiment
was repeted three times (three biological replicates wittho technical replicate®r each biological

replicatg.

2.3.3 An increase inthe starvation period influencesthe feeding rate
Based on the outcome from (Section 2 3te starvation @riod was determined to identify
the optimal starvation period that will result in increased feeding rat@rfofunestus s.
adult females, without resulting in increased mortality. Approximately 230 adult female
mosquitoes were collected from5h holding cage comprising of adult male and female
mosquitoes that were kept at standard insectary conditions @tlaiht 2005). Adult females
were provided with 10% (w/v) sugar wasslutionand split intat45 mosquitoesvhich were
then introducedn 25L treatment cagesherethey received a cotton pad soaked k@ for
24 hours, 48 hours72 hours and 96 hours (Figure 2.4), the remaining 45 were treated as
controls (0 hours) thaktceived 1% (w/v) sugar watesolution Blood feeding wapeformed

as per (Section 2.3.2)
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Figure 2.4: Schematic diagram illustrating the conditions used to investigate the
starvation period. Adult femaleAn. funestus s. were starved at different time poir@4, 48 72and
96 hours shown ipurple,orange green andblue respectively such that on of blood meal they are 10
days old.Controls were kept on 10% (w/v) sugar water solution Witbd feeding day whichis

indicated by a red star.

2.3.4 Adult female agehas an influenceon feeding rate and survivalof mosquitoes
post feeding

Anopheles funestussshas a longer generation time in comparison to mosquitoes from the
An. gambiae complex (Lo, 2014). During colony maintenance at the Maureen Coetzee
Insectary, adults frorAn. gambiaecomplex are blood fed betweerb4lays post emergence.
This is however different foAn. funestus s., which receive theiblood meal 57 days post
emergencethisresults in feeding, howeveonly a few adults feedugpublished observatip
Prof. L. Koekemoer). This optimization step was performed for two main reasons: 1) to
determine the optimal age that will result in an increased blood feeding rate i.e. is there any
relationshipbetween age oAn. funestus s. and blood feeding suess, 2) whetheAn.
funestus s. blood fed at different ages will have different survival periods i.e. is there any
relationshipbetween age at whicAn. funestus s. blood feed and longevity. The latter was
performed to find out if the laboraton. funestus s. fed at different ages can survive
throughout the life cycle of theP. falciparumas outlined(Smith et al, 2014). To initiate
these experiment80 adult femaleAn. funestus s. from each cohort-510 or 15 days old
were prepareds described forSection 2.3.2 and 2.3.3 based on the outcome: (/84
sugar watesolutionprovision after emergence followed by an exclusive@ldtarvation diet
72 hours prior to blood feeding. Mosquitoes were collected suclhnatvould be 5, 10 and
15 days oldn the day the fing assay was to be conductEdjure 2.5B).
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Blood feeding was peformed as pggction 2.3.2 subsequently 40% (w/v) sugar water
solution was givento the mosquitoesnd refreshed aftegvery two days. Mortality was

monitored daily up to 18 days post the blood meal.

300 adult M &F

+ 20F 20F
10% (w/v) sugar +80 females (1000) (10 DO)
water — +

dH,0
5 DO

10 DO
15 DO

24 48 72

Starvation period (Hours) ’ :

Figure 2.5: lllustration of the strategy used for investigating the impact of age orn.
funestus ss. blood feeding.Adult females at ages 5, 10 and 15 daysvedde starved for 72
hours prior to blood meaControls were kept on 10% (w/v) sugar water solution biaibd feeding

day whichis indicated by a red star.
2.4 Anopheles funestus.s immune challenged withP. falciparum

2.4.1 Biological material:
Mosquito strain: Laboratory female aduln. funestus s. (FUMOZ colony) was prepared as
summerized ir{Section 2.3)Malaria parasite: Plasmodiunfalciparum(NF54 strain)
infectedhumanblood with gametocyte percentage betwed®gwas provided by the Prof L
M Birkholtz, University of Pretoria (Readet al, 2015 2021).

2.4.2 Anophelesnfection with P. falciparum
A total of 320 adult femalén. funestus s. prepared aslescribedin Section 2.3. Briefly,
adult females were provided witdH,O for 72 hours and were immune challenged with a
blood meal infected withP. falciparum at 10 days old. A total of 160 mosquitoes were
introduced into two separateb2. sandpapered cagedare one cohort (n = 160) received a
blood meal infected withP. falciparum and the other cohort, control (n = 160) received a
blood meal withouP. falciparum Briefly, adult femaléAn. funestus s. mosquitoes (n = 160)

received InL of infected and unimfcted blood meal for 45 minutes using an artificial glass
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feeding membrane system (Figure 2.2; Appendix Section A.2, Figure A2, shdwing
funestus s. blood feedingReaderet al,, 2021)

Females that did not feed or partially engorgéth a blood mealwere removed using a
manual aspirator and killed by freezing-280°C and dicarded. Only those that were fully

engorgedvith a blood mealvere maintained on 10% (w/v) sugar wagelution

2.4.3 RNA stabilization
Twenty four hours posteeding with P. falciparum infected blood meabr CQ-treatment
15 mosquitoes (#000ng/pLRNA) from each biological replicate were removed frorL2.
cages and preserved using two different RNA stabilizing solutiGtidAlater (RNA
Stabilizing Reagent, Qi agen, Ghemcayaskiy1993;7 6 1 0 6
Invitrogen, USA: 15596018) depending on availibilty at the time. Samples could then be used
later for downstream transcripinalysis(Section 2.5; 2.7). Briefly, mosdgoes from each
biological replicate were first immobilized by freezing-80°C for not more than 3 minutes,
which does not kill the mosquito nor destrthe RNA, samples were prepared for RNA

isolation as follows:

1) RNA was stabilized using TRIzo Reagent E (lnvitrogen, USA:
monophasic solution employed to isolate RNA, but can also maintain the integrity of
RNA during tissue homogenizatioBriefly, 15 infected vs. uninfected (designatedPas
falciparumA and control A) and treated vs. untreated (designated asC@ad control
A-C) mosquitoes were introduced to a sterile microcentrifuge twoipéaining 0.5mL
TRI zol ReagentE (Ilnvitrogen, USA: 15596018
homogenized s1i n g a sterile pl astic RNaseZapkE

SLBQ7780V) treated pestle. The homogenates were plac2d°& for later use.

2) RNA stabilization using RNAlater (Qiagen, Germany: 76106): Individual infected vs.
uninfected mosquitoes from two baglical replicates designated as sampkes
falciparum B and C and control B and C where immersed in 100% ethanol for
approximatelyhalf a secondSubsequently, mosquitoes were gently placed on filter paper
for two seconds to remove excess ethanol. mthaecreases the hydrophobicity of the
adults and ensures more permeabibfythe stabilizing solutionFive ethanol treated
mosquitoes were transferred into a sterile microcentrifuge tube containingl 0.5
RNAlater (RNA Stabilizing Reagent, Qiagengi@any: 76106), which is an aqueous

nontoxic tissue storage reagent that stabilizes and protects cellular RNA in specimens
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and enables the use of specimens later. The tubes were plagéd aivernight and

transferred te80°C until required.

2.5 Transcription analysis
2.5.1 Sample preparation

2.5.1.1RNA extraction
Mosquitoes samplethat were stored at80°C in RNAlater (RNA Stabilizing Reagent,
Qiagen, Germany: 76106) where thawed at room temperdh@&NAlater was discarded
and the excessolutionwas remoedusing a paper towel, samples that were homogenized
in TRI zol Reagent E (| mwypet maoufpeturers instiloonsrel 55 9 6 0
removed from-20°C and allowed to thaw at room temperature. RNA was extracted as
follows: samples that we in RNAlater (RNA Stabilizing Reagent, Qiagen, Germany: 76106)
were transferred in a sterile tube, manually homogenized5mlOo f TRI zol Reage
(Invitrogen, USA: 15596018) and incubated at room temperaturvéominutes, to allow
for completedissociation of nucleoprotein complexes. Following thi&ml. chloroform was
added to the homogenates (Trizol and RNAlater stabilized samples) and incubated at room
temperature for -8 minutes. Samples were centrifuged for 15 minutes at 1¢&08°C to
separate out the agueous mix into 3 phashkse upper aqueous layeontaining RNA was
transferred into a new sterile microcentrifuge tube, whereas the interphasedantene

indyl containing DNA and protein were stored-20°C.

RNA was precipitated by the addition of ¥ImL isopropanol solution (ACE, France:
161054014)rt room temperatur® an  aqueous phase and incubated at room temperature
for 10 minutes, before being centrifuged at 4°C for 10 minutes at 12,00@ spernatant

was discarded and the RNA pellet was washed with 75% ethlanelly vortexedand
centrifuged at 4°C fofive minutes at7,50@. The supernatant was discarded and the RNA
pellet airdried at room temperature for not more than 5 minuié® RNA pellet was
resuspended iIBOUL  RNasefree water (Qiagen, Germany: 157013852) and incubated in a
heating block at 57°C for 15 minutes, to allow for complete dissociation of the pellet.
Thereatfter, the pellet was immediately placed onaicd stored at-80°C for downstream
analysig(Section 2.5and2.7).

2.5.1.2Quality and quantity assessment of RNA samples
The concentration of the RNA was determined
(Thermo ScientificeE, U Stire :A28BARGD Palio4 a2r&ti® Detwdey me a s
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1.8 and 2.0 is generally accepted for pure RiN#ereas the range outside-2.8 is a result of
contaminants including phenols and prot¢inT her mo Sci e n t-47%7703)Eln USA:
saddition a 1% (w/v) 06x TBE (549 Tris base, 27.5g boric acid, 0.5M EDTA) SeaR¢&if

(Lozna, USA: 50004) denaturing agarose gel was used to assess the integrity of the extracted
RNA (Oginoet al, 1990). Briefly, 0.5g of agarose was dissolved 5x@.BE buffer.The gel

was stained with 0.1ngL ethidium bromide in order to allow visualization of the RNZne

png of RNA sample was mixed in a 1:1 ratio wislx RNA loading dye (95% formamide;

0.025% (w/v) SDS; 0.02% (w/v) bromophenol blue; 0.025% (w/v) »yleyanol FF; 0.025%

(w/ v) ethidium bromide and 0.50M EDTA; Ther
RNA-loading dye samples were incubated at 70°C in a thermal cycler for 10 minutes and then
loaded in a 1% (w/v) agarose gel and electrophoresed at TON fminutes with a 1kb RNA

ladder (Thermofisher, USA: R064127) to determine the size of the resolved RNA fragments.
The gel was photographed under an ultraviolet illuminutesescence. RNA was regarded to be
of good quality if it comprised the 28S+16S 5.8% &S ribosomalragmentyWinnebecket

al., 2010; Machairat al, 2015).

2.5.1.3 cDNA synthesis
Prior to cDNA synthesis, RNA was thawed on ice and the concentration of the RNA samples
re-measured, since RNA degradggsoom temperature andmay deradethe concentration
during the freez¢haw process. A reverse transcriptase enzyme was used to convert RNA to
complementary DNA (cDNA) using a High Capacity RN#cCDNA kit (Applied
Biosynthesis, USA: 4387404) as instructed by the manufacflinerreaction mix comprised
of 2ug total RNA per20puL reaction mix with2x buffer mix, 20x enzyme mix and nuclease
free waterwhereas theontrolreaction had no enzyme. The RT reactions weréormedby
incubation at 37°C for 60 minutes atefminatedby heating at 95°C for 5 minutes. The
concentration and purity of the synthesized
spectrophotometer (Thermo ScientificE-USA: €
80°C until required.

2.5.1.4Assessmenbf the quality of the cDNA
The quality of the synthesized cDNA was assessed by conventional singleplex PCR and
agarose gel electrophoresis. During primer design of the CTL4 exons (Section 2.2.1.3, Table
2.2), primers for intron one were designed, primer @aL411-F and CTL4IIR (Table 2.1),
to assess iEDNA was intron (gDNA) free. The assessment of the cDNA was as follows: PCR
of 2ug of the synthesized cDNA samples from mosquitoes that fed Bnfalciparum

infected and uninfected blood meal atiee CTL4 intron one was performed using the
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extracted gDNA (Section 2.1.1.2) as a positive control. The PCR master mix for the
amplification of theAn. funestus s. CTL4 intron comprised of 20uL reaction with10x

PCR buffer (100mM TrigdCI, pH 8.3),25mM MgCh, 2.5mM dNTPs (each containing
2.5mM of eacldATP, dTTP, dCTRanddGTB), 10uM of each primer pair, 0.5 units of Taq
DNA polymerase enzyme ( TaKa RpLdma.cc&mplesGiere n a : R
placed in ahermal cycleand the cyclig conditions comprised of an initial denaturation step

at 94°C for 2 minutes, followed by 29 cycles of denaturation at 94°C for 30 seconds,
annealing at 48°C for 30 seconds, extension at 72°C for 30 seconds and a fheakengon

for 5 minutes a?2°C.In order to visualize the expected 403bp amplicon, PCR products were
mixed ina 5:1 ratiowittbxTr i Track | oading dye (Ther mo Sci
PCR products were then electrophoresed with a QuLud00bp readyto-use DNA ladder
(containinggx Tr i Track | oading dye; Ther mo @uww) entif
1x TAE SeaKerfi LE agarose gel (Lozna, 50004, USA) that was stained with ¥mg/

ethidium bromide and submerged ifaTAE buffer at 1200V/40@ for 90 minutes.

2.5.2 Confirmation of P. falciparum infection in An. funestsus s.
In order to confirm the presence Bf falciparum parasites 24 hours post feeding, the
presence of the circumsporozite transcript (CSPrnnfunestsus.s. midguts was amplified
by PCR.Plasmodiumfalciparum CSPis required for the successful transmission of the
sporozoites to the mammalian vector and was previously detected dparayoitestages
has recently been detecteldiring ookinete stage@akley et al, 2018). The PCR was
conductedvith the NF54 strain oP. falciparumas the positive control (Prof R. L. Van Zyl,
University of the Witwatersrand) and the DNA was extracted using the DRi&syd and
Tissue kit (Qiagen, Germany: 695@&b pemanufacturer instructions.

Briefly, 100L P. falciparumcontaining blood was lysed in a mix containing 40mAU/mg of
proteinase K and phosphate buffered saline (PBS; pHiry 8)}otal volume oR20uL The
PBS was prepared with 136.89 mM NaCl (Merck), 4.1 mMHRO,.2H,0 (Riedelde
Haérf), 4.02 mM KCI (SigmaAldrich®), and 1.47 mM KHPO, (Fluka) in Milli-Q® water,

autoclaved and stored at room temperature.

A total of 200uL buffer AL was addedo the mix and vortexed briefly before being
incubated at 56°C for 10 minutes 100% (w/v)28f0uL of ethanolwas added thereafter.
Purification of the DNA included binding and washing of the sample with 99% ethanol,
buffer AW1 and AW2 and centrifugation steps between @@0@ 20000Qy. Finally 100uL

DNA was elutedusingbuffer AE (10mM Tris.Cl, 0.5mM EDTA, pH 9.0).
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Plasmodium falciparum circumsporozoite (PF3D7_0304600) nucleotide sequence was
obtained from PlasmoDB (https://plasmodb.org/plasmjo/ Primer3
(http://bioinfo.ut.ee/primer®.4.0/) was used to design the circumsporozoite specific primer
pairs CSPF and CSPR (Table 2.2) at protein coding reddvigdly, the PCR was performed
with a21pl reaction tothvolume and was comprised d0x PCR buffer (100mM TridHCl,
pH8.3); 256mM MgCJ; 2.5mM dNTPs (each containing 2.5mM of eaZrlP, dTTP, dCTP
anddGTP); 10uM of each primer pair; 0.5 units of Tag DNA polymerase enzyme (TaKaRa
TaqE, Chi na: Onfu 0ellalMemplatel BDNA and 98 deionized water.
Samples were placed intlermal cyclemwith the following cycling conditions: cycling: an
initial denaturation step at 94°C for 2 min, followed by 32 cycles of denaturation at 94°C for
30 secods, annealing at 53°C for 30 seconds, extension at 72°C for 30 seconds and a final

extension for 5 minutes at 72°C.

In order to visualize the 150bp amplicon, PCR products were mixed in a 5:1 ratiéxwith
TriTrack loading dye (10mM Tri$ICl (pH 76); 0.03% (w/v) bromophenol blue, 0.03%
(w/v) xylene cyanol FF, 60% (w/v) glycerol and 60mM EDTA) (Thermo Scieﬁtiﬂ.(tSA:
R0611). The PCR products were electrophoresed with a @llpaf/ 100bp readyo-use
DNA ladder (containinggx TriTrack loadng dye; Thermo Scientiﬁc. USA: SM0244) in a
2% (w/v) 1x TAE buffer SeaKefi LE agarose gel (Lozna, USA: 50004) that was stained
with 10mgL ethidium bromide and submerged inla TAE buffer at 110V400A for 90

minutes.
2.5.3 Quantitative real time qPCR

2.5.3.1Reference gene selection
In order to select the candidate genes to normalize data sampPegatdiparum immune
challenged and control mosquitoes, four (n AA) funestus s. reference genes (Table 2.3)
were screened. These genes have been padyiased as internal controls for transcript
analysis (Christiaet al, 2011; Lo, 2014).

Prior to reference gene selection some of the cDNA from the three biological replicates was
pooled, this was done twormalize variation within replicates apdoduce a standard curve

the pooled concentrati on was measured wi t h an
spectrophotometer (Ther mo Spodled n tDNA ivas EhenU S A :
seriallydiluted to give a final concentration of 1,00Quighvhichwas further diluted -2old to

a final concentration of 1.95ngd.. The remaining cDNA products independently frdme
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three biological replicates were diluted to a working stock solution of 1@Drigf transcript

level analysis.

In order to ensura sterile working environment, the workspace was wiped with 75% ethanol
and 15%(w/v) bleach. A singleplex qPCR for reference gene selection was performed in a
25pL total volume comprising of 1.2mix SYBR® (antibodymediatedhot start, iTaq DNA
polymerase, dNTPs and Mgg{l(Bio-Rad, USA: 178880), 3uM of forward and reverse
primers, 100ngiL of template cDNA and a range (1.95ng/1,000nglL) of different
concentration in the case of the standard curve and an additiobuaf ruclease free water
(Ambion®, USA: AM9937). Amplification of each gene was performed using CFX96 qPCR
Bio-Rad machine (CFX connect real time system, USA:-3@26). All reactions were
performed in triplicategn = 3),where each biological replicate cprised of three technical
replicategn = 3).Samples in a 96 well plate were subjected to the folloWwiG& condition:

an initial denaturation step at 94°C for 2 minutes followed by 38 cycles of denaturation at
94°C for 30 seconds, annealing of prisyat 55°C for 30 seconds, extension at 72°C for 30
seconds, final extension at 72°C for 10 minutes and a dissociation curve betw@siC 74t

0.5°C increments for 5 seconds.

In order to visualize and confirm the gPCR products, samples were mixed imadi&\kith

6x TriTrack loading dye (Thermo Scienti'ﬁc USA: R0611). The qPCR products were then
electrophoresed with a O0.1jd/ 100bp readyto-use DNA ladder (containingx TriTrack
loading dye; Thermo Scientiﬁc USA: SM0244) in a 2.5% (w/\)x TAE buffer SeaKerf

LE agarose gel (Lozna, USA: 50004) that was stained with X8mgthidium bromideand
submerged in &x TAE buffer at 110V/40® for 90 minutes.

Table 2.3 Primers used during reference gene selection.

Accession ID Sewence3§pO Expected
Amplicon size
(bp)

NDs** AY727672.1 | TAGAATTTTATTAGGGTGGGATGG 122
GCATTATCAAATCGAATTGGAGAT

RPS7* AFUNO007153 | TTACTGCTGTGTACGATGCC 134
GATGGTGGTCTGCTGGTT

RPS26** | AFUN003198 | GATAAGGCAATCAAGAAGTTCG 160
TACACAGGCGACGCAACAC

RPL19** | AFUN005878 | GAAACACCAACTCCCGACA 223
TCAACAGGCGACGCAACAC

*RPS7 was used as an internal control by Christian, 2011. #RPS26 and RPL19 were used by
Lo, 2014.RPS7: 40S ribosomal protein S7, NINADH dehydrogenase subunit 5, RPS26: 40S
ribosomalprotein S26 and RPL19: 60S ribosomal protein L19.
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NormFinder, a statistical software algorithm that identifies the optimal normalization gene
between a set of candidate genes was used to identify the optimal reference genes based on
the gene with the lowesstability value fumerical) in comparison to the other candidate
genes Andersenet al, 2004). This was achieved when raw Cqg values of infected and

uninfected target and candidate reference genes were used.

2.5.3.2Transcript level analysis
The An. funestus s. CTL4 transcript analysis was performed B falciparum immune
challenged mosquitoes. The CTL4 transcript level was normalized with the top three stable
candidate reference genes, RPS7, RPS26 and RPL19 that were identified in Section 2.5.3.1
(Gimenoetal., 2014). Quantification of th&n. funestus s CTL4 transcript was performed in
a CFX96 gPCR Bidrad machine (CFX connect real time system, USA-3@36) where
a standard curve for the target and reference genes was generated (SB@&ibh Zhe
reaction caditionswere performed as in Section 2.5.3.1. The following critical factors were
used to validate the efficiency of the gPCR: a linear standard curvé’of (RO . 9§90 o
0.990|), consistency across all replicates and an efficiency value betwéeti9% (Taylor
et al, 2010). The expression of the CTL4 transcript was determined using raw Cq values in

several methods including: i) Livak method'jfc,eli) Error of propagation and iii) REST

2009 relative expression software tool (www.giagen.com) to ensure the correct expression

was reported.

2.5.3.3Confirmation of gPCR products
Prior to transcript level analysis confirmation of the gPCR products for the expeapdidon
size of 226, 160, 134 and 223bp long for CTL4, RPS26, RPS7 and RPL19, respectively was
undertaken using agarose gel electrophoresis. Where the gPCR products were mixed in a 5:1
ratio with 6x TriTrack loading dye (Thermo Scienti‘ﬁc USA: R0611)and electrophoresed
with a 0.1pglL 100bp readyto-use DNA ladder (containing 6X TriTrack loading dye;
Thermo ScientifiE, USA: SM0244) in a 2.5%x TAE buffer SeaKeffi LE agarose gel
(Lozna, 50004, USA) that was stained with 10mig/ethidiun bromideand submerged in a
1x TAE buffer at 110V/40A for 90 minutes. Following gel electrophoresis, gPCR products
were sent to Inqaba Biotech, Pretoria, South Africa for Sanger sequencing (Stuadier
1977).
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2.6 Investigating toxicological effect of CQ on An. funestus ss. larvae and adult
females
Prior to the immune challenge of the adult femate funestus s. mosquitoes witfCQ, the
toxicological properties 0€Q were assessed against-&" instar larvae and adult female
mosquitoes using the WHO recommended guidelines (WHO, 2005). Table 2.4 shows the

properties of the compounds used in the toxicological assays.

Table 2.4 Properties of compounds used in the toxicological assaysAof. funestus ss.
(Sigma-Aldrich ® USA, 2020a; 2020b).

Compound | Emperical formulae | Molecular Structural formulae ™
weight
(g/mol)

Chloroquine | CigH26CINaRH:PO, 515.86 CHs (CHs

HN)\/\/N“\/CH:’

= . 2H3PO4

Cl N

4, 40 D| CiHoCps 354.49 CClj

” Only CQwas used in adulticidal assays.

2.6.1 Preparation of compounds
Stock solutions500mM DDT (0.177g/mL) (Sigma, USA: 529-3) and CQ (0.257g/mL)
(Sigma, USA: 56635) (Table 2.4) were prepared in Lndimethyl sulfoxide (DMSO;
ENSURE’ACS; Merck, USA: 6768-5) for the larvacidal assays. The stock solutions were
mixed thoroughly to give a homogenous mixture and were then sto/@&@Pat
Prior to the larvicidal assays, serial dilutioimgluding a 10x dilution factor ranging from
500puM to 5x10°uM were prepared in DMSO. In additioh)OmgmL of CQ (5x1FpuM) was
preparedy dissolving 0.140@f weighedCQ in 1.4mL PBS (pH 7.3) due ttheisotonic and
nontoxic properties of PBEpH 7.3)to cells(Section 2.5.2)This wasfurther dissolved in
PBS (pH 7.3) to give the following concentrations: 5, 10, 25 and 50nfypr the adulticidal

toxicity assessment.
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2.6.2 Larvicidal assay
Larvicidal bioassays were conducted as described by WHO (2013) and letvakg2016)
with slight modifications. Briefly, 2Z5mL normal laboratory larval rearing water (g(®)
was added t@50mLplastic cups. Batches bfenty3-4" instarAn. funestus s. larvae from
the same generation were added to each cup and allovesditoilate for not more than 15
minutes. Varying concentrations of DDT or CQ (Section 2.6.1) were added to the water in

each cup and mixed to ensure even distribution of the compound.

The cups were then enclosed with a nylon mesh net and securea multber band (Figure

2.6). A small dose of larval food (Section 2.1) was provided to the larvae once a day to
prevent starvation. Each assay was repeated five times with two controls: one with a mix of
dH,O and250uL 1% (w/v) DMSO (Merck, USA: 6768-5) and the second containing only
dH,O to assess the effect of the solvent on the larvae. The assay was kep?7 &t 26r 72
hoursand the mortality and morphological appearance of the larvae was recorded every 24
hours. Larvae that were unaltle rise to the surface when the water was disturbed were
considered dead, whilst morbid larvae, i.e. inability to show characteristic diving reaction,
were also recorded as dead. If the mortality of the controls was betvw288%,5he assay was

not discared, it was correctedby using Abbotts formula in Equation 2.2. (Abbott, 1925).

POETl OwaQ@Www fO pMmm

Equation 2.2 Abbotts formula, where X = percentage survival in untreated control and
Y = percentage survival in treated sampl¢ WHO, 2005).
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Figure 2.6: Larvicidal bioassay for testing toxicological effects of DDT andCQ.
Experimental step up for larvicidal assay during incubation with compo@d™-4" instar
An. funestsus.s. larvae exposed to different concentrations of D[BI).Larval cups enclosed with a
nylon mesh and secured with rubber band in case larvae progresses to the adult stage.

2.6.3 Adulticidal assay
The CQ concentration ugkin the pilot adulticidal assay was tdamined based on the
larvacidal assaySection 2.6.2)To screen th&€Q dosageof 0.025¢gmL, it was added to the
blood meal for the adult femal&n. funestus s. mosquitoes using an artificial Hemotek
membrane feeding system (Discovery Workshopssrington, UK). This feeding system
used an electric power unit/source that maintained a constant temperature at 37°C that
regulated the temperature of the blood meal (Figure 2.7). Connected to the power unit were
six feeders, calf collagen casing waspamed as described in Section 2.3 (Figure 2.7). The
rinsed collagen casing was cut and stretched across the bottom of the Hemoteklbedted
reservoir with a surface area of 9.6camd secured with a hard rubber ba@de millilitre of
100% human blood htained from three different donors constituting three biological
replicates was transferred into the Hemotek hehledd reservoir (Gunathilaket al, 2017).
Adult female mosquitoes were prepareddascribed inSection 2.3. One hour befobeing
evalated,mosquitoes received theQ-treatedblood meal, 20 adult femalen. funestus s.
were introduced i250mLsand papered polyester cups in order for them to assimilate.
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This assay was conducted with two controls: one blood meal contained PBS3)@id’ the

other was an untreated blood meal. Adults that were not fully engorged with the blood meal
were removed and knockdowe. mosquitoes that died or those that were alive, but unable to
fly 10-15 minutes postngestion of CQreatedblood mel was recordedthe mortality was

recorded 24 hours post blood feeding.

Figure 2.7: Overview of Hemotek artificial membrane feeding system(A) Power unit

source(B) blood meal in a feedefC) cage with adult mosquitoes.
2.7 Evaluation of the effect ofCQ on An. funestus ss. CTL4

2.7.1 Anophelegreatment with CQ
A total of 320 adult femal@n. funestus s. prepared as optimized (Section 2.3) were immune
challenged with a blood meal treated with a dose of Bragf CQ as determined by the pilot
assay (Section 2.6.3). A total of 160 mosquitoes were introduced into two sepatate 2.
sandpapered cages; where one cohort (n = 160) received a blood meal treafg aviththe
other control cohort (n = 160) receivadlood meal with PBS (pH 7.3). Briefly, adult female
An. funestus s. mosquitoes receivednil of treated and untreated blood meal for430
minutes using an artificial Hemotek membrane feeding system (Discovery Workshops,
Accrington, UK). Females thatidinot feed or were partially engorged were discarded, only

those that were fully engorged were maintained on 10% (w/v) sugar water.

Twentyf our hours post chl oroquine treatment,
(Invitrogen, USA: 15596018) as described in Section 2.4.3. RNA extraction, nucleic acid
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guality assessment and CTL4 transcript abundance were performed as descriens S
2.5.1 and 2.5.3). The control group included the-@feated mosquitoesn order to
improve the efficiency of the reference genes in the gPCR, optimization included; 1) testing
primer concentrations between 1p@d/buM; 2) test different volumes of00ng/uL cDNA
template between 0.542uL in the reaction mix 3) using different annealing temperatures

for primers between 45%60°C, and 4) change of reagents and consumables. These were
reactions were repeated severally after which an introductitred®7 and 18S primers were

used.

2.8 Statistical analysis
Data analysis for the optimization of the feeding rat&rffunestus s. was performed using
GraphPad Prisfh version 5 (GraphPad Software, USA). One wvamgalysis of variance
(ANOVA), Dunnettsd multiple comparison test fo
differences between treatments. Kaplan Meier survival curves analyzed the percentage
survival across different agen. funestus s.; the Logrank (MantelCox) test was useat
compare the difference in means between different treatments and, Spearmans Rank test was
used to test for correlation. Reference gene selection and relative quantification were
determined using NormFinder v20 and REST 2009 software, respectively; thietec
way Student Ttest was used for relative quantificatidine larvicidaldose required to cause
50% lethality(LDsg) was determined using IBM SPSS statistics 22 software package (IBM
corp, USA), two way ANOVA was used to compare the differenceeans of treatments
and survival of the larvae during the incubation period from GraphPad *Pviersion 5
(GraphPad Softwar e, USA). Adulticidal assay:
exact) test. Ap< 0.05 was considered significantly differdot all tests conducted in this

study.
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CHAPTER THREE
3. Results

3.1 Characterization of An. funestus ss. CTL4

The CTL4 transcript has not yet been characterized structurally and functionalli. in

funestus s. mosquitoes. In this regérthe approach involved the use of computational tools

(Table 21 ) to:

1) Identify and obtain thé&n. funestus s. CTL4 nucleotide sequene&d cDNA information

2) Use bioinformaticsanalysis (Section 2.1.1.2p further obtain full length of thén.
funestus s. CTL4 amino acid sequences and determine the conserved residues involved in
domain functioning and structural conformation,

3) Isolate and amplify the exons by PCR and

4) Confirm the presence of thelC4 in colonizedAn. funestus s. FUMOZ mosquitoes.
3.1.1 In silico characterization of An. funestus ss. CTL4

3.1.1.1 General features of cDNA and domain organization
The An. funestus s. CTL4 cDNA is 721bp long with a 534bp open reading frame (QRF

177 amino acids, a 157bp 5' untranslated region (UTR) and a 30bp 3' UTR (Figufiéh8.1).
721bp cDNA codes for three exonsmely, E1 (97bp), E2 (80bp) and3 (357bp) The
resultant protein contaires signal peptide (SP) betweet22 amno acids at the Xerminal, a
single CTLD between 5377 amino acids (Figure 3.1 and Figure 3.2). Additionally, the other
regions that are present are highlighted by different colours (Figure), 312Bely the
cleavage site between amino acids2Z84shown by a broken red lineand the SP contains the
following regions: nitrogen (N) region that constitutes a stretch betwderhgdrogen (H)
region that constitutes a stretch betweeb7&esidues a carbon (C) region that constitutes a

stretch betweeh8-22 amino acids.
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1 acggagagttttcagatgctgtacaacgtacggtttattctgtaccgatcgtacgtacge 60
61 actttcagagggaattgctatcagtaaacattgttaccagcattactccattgaatattc 120

*
121 atacaattttttaaaaaaactttacatccagtgtagaatgaagttcacgaaattaatctt 180

..................................... -M--K--F--T--K--L--I--F 8

181 tggtgtaataacagttataatgttctgtatgattattgatacagaaccaacatttagccc 240

8 -—-G--V--I--T--V--I--M--F--C--M—-I--I--D--T--E—-P--T--F--S—-P 28

241 aagaactgcgctcgaaatgatccaccagaagetttgtgtttgtecatgeggaaatccaaa 300
28 --R—--T--A--L--E--M--I--H--Q--K--L--C--V—-C—-P-—-C--G--N--P——-K 48

301 aggaggaaagctttataccgtaccaaacatgcgtctgaattggttcgaageggtggecaca 360
CTLD

48 —-G--G--K--L-JY--T-—V--P--N--M--R--L--N--W--F—--E--A--V--A--H | €8

36l |ctgcaactcgatcggtatgtcaattgettecgataaaggatgecaaatgatecgacgattgtt |420

é8 |--C--N--8--I--G--M--§--I--A--S--I--K--D--A--N--D--R--R--L--L | 88
421 |gcagatgtatttgcaacgaacccggtacaacttacggtcacaggtaggaaatcagtegec |480

88 |--o--M—-Y--L--Q--R--T--R—--Y--N--L--R--8—-Q--V——G--N--Q--S—-P |108
481 |gtattggatcggagcgaataatcttgetgecaataatggtettegatggggtgtaagtaa |540
108 |--Y--W--I--G--A--N--N--L-—-A--A--N--N--G--L--R--W--G--V--S--N [128
541 |tcaagaagtgacaacatcagaatggaatccaacatcagtgccgagcaatgaccgatcgga |600
128 |--Q--E--V--T--T--5--E--W--N--P--T--S--V--P--S—--N--D--R--S--E [148
601 |accgttctgcgtgtatataaaggctgaaagtatgcaatggactccagecccaatgtgatgg |660

148 | --P--F--C~-V—==Y==I-=K--A==E==§==M--Q--W--T--P--A--Q--C--D--G |168

66l |tgaacaaaggcaatttatttgecgaatattagcaagcagcaggccacagtttaaacacaat 720

I I - g e P 177

721 a 721

Figure 3.1: Sequence analysis d&n. funestus ss. CTL4 cDNA. Nucleotide sequence open
reading frame and deduced amino acid sequence. The signal peptide is undbdistait (ATG)

and stop (TAG) codon are shown by asterisk red stars, the 5' and 3' untranslated reagions (UTR) in
blue with 157bp and 30bp long. The putativy@e lectin domain (CTLD) (124aa) is indicated in a

box. The ND motif that contains calciummbing sites is underlined.
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1 22 53 177

CTLD

}4 H . CTLD

Signal Peptide —_ Non-cytoplasmic domain

Figure 3.2: Domain organization ofAn. funestus ss. CTL4 protein. (A) The numbers above

the domain indicates the corresponding location of amino acid residues in the protein sequence. Signal
peptide region coloured in lamderand C-type lectin domain is coloured in light blue and the grey
region is undefinedB) Other domain features: N region in yellow, H region in green and C region in
purple. The protein cleavage site shown as a broken in red line and the CTlDriswoplasmic

domain.

3.1.1.2 Molecular features and phylogeny relationship of CTL4

In order to identify essential amino acid residues that may be involved in the functioning of
theAn. funestus s. CTL4, a multiple sequence alignment betwaenfunestus s. CTL4 and

other studied proteins with CTLD was conducted (Figure 3.3). In addition, multiple sequence
alignment of An. funestus s. CTL4 orthologs of other mosquitoes are displayed (Figure
3.4A-B). Mammalian CTLDs were used since their criyaéal protein structures are available
and could be used to analyze key structural properties of CTLDs (Zelensky and Gready,
2003).Anophelesfunestus s. CTL4 CTLD lacks the EPN (mannose binding motif) and QPD
(galactose binding motif) motibut may cotain the WND motif with a substitution from
tryptophan (W) to alanine (A) shown in a blue box as AND (Figure 3.3), there is one ND
motif indicated by a double line in then. funestus s., this motif may be a stand alone since
hydrophobic W was substituidewith the polar uncharged serine (&igure 3.3). TheCTLD

of An. funestus s. CTL4 is stabilized bydisulphide bondswo pairs of cysteine residues
between Cyd and Cys4 (bond one) and Cy8 and Cys3 (bond two), these are highlighted
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in purde and are positions:*®€and C* for bond one and £*and G for bondtwo (Figure
3.3) whereas & and C¢"*for bond one and ¥ and CG°®for bond two (Figure 3.4/).

In addition,An. funestus s. CTLD structural features includes: the snialtirophobic core
contributed by U1l and b2, primary hydrophobi
l ong | oop hydrophobic core (LLHR) contribut
aspartic acid (D) Ssubstitutbiimcg relsutdaumisc aac it
hi ghly corbgle rAb éodrL ohll a WI GL motanfd ffmihgad ast !l y
hairpin (Figure 3.3).

cTnLd4 0 e e KLCVCPCGNPK-GG 13
1HTN GEPPTQKPKKIVNAKKDVVNTKMFEELKSRLDTLSQEVALLKEQQALQTVCLKGTKV-HM 59
TGIT mm o 0
1QDD e QE--AQTELPQARISCPEGTNAYRS 23
2VUV  mmmm e GCPDGWTQFLD 11
B1 al p1 o2

CTL4 KLITVPNMRLNIFEAVAH INSTGMS—-TAS IKD@RRLLQMYLQRTRYNLRS QVGNQSPY 72
1HTN KCFLAFTOQTKTFHEASED@ISRGGT-LSTPOQTGSE@NDALYEYLR—————— QS—-VGNEAET 111
1G1T WSENTSTEAMTYDEASAYEOORYTH-LVATONKERIEYLNSTILS—————————— YSPSYY 49
1QDD YCHYFNEDRET@VDADLYBONMNSGNLVSVLTQABGAFVASLIK—————- E-SGTDDFNV 76
2VUvV LC| IYQSAKASIXSAQSS QALGGI—LAEPDTAC INEVLTHMCK—————- ENGDAGSFGP 64

B2 |31 |32 1 B3 | B4
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Figure 3.3: Multiple sequence alignment ofAn. funestus ss. CTLD with four CTLDs

from other species Homo sapieng1g1lt, 2vuvand 1qdd) andCodakiaorbicularis (1htn)).
Conserved amino acid residues are highlighted by different colours with substitutes written in
corresponding colours. Numbers to the rigbpresentpositions to residues, canonical motifs are
double underlined and disulphide bridges are shown at the bottom of the sequencegstaine
residues and the secondatyuctural features shown above sequenescentage identity matrix of
reference sequencesAm. funestus s CTLD is 21%,17%, 18% and 23% for 1g1t, 2vuv, 1qdd and
1htn respectivelyDther conserved residues involved in either calcium or carbohydrate biarding

indicated by:/. symbols
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In addition, An. funestus s. CTL4 has a trcysteine C'XC**XC* at the Nterminus which
may forma disulphide bridge heterodimetth An. funestus s. CTLMA4 (boxed in pink in
Figure 3.4A) (Schnitigeet al, 2009). The aspartic acid {bin the An. funestus s. CTL4) is
conserved acrosg@mostall orthdogs, excludingAn. albimanusandAn. darling. The Trplle-
Gly-Leu WIGL maotif in An. funestus s. CTL4 orthologs has a substitution from leucine to
alanine resulting in a WIGA motif (boxed in red in Figure 3.4A), excepA&raegyptiwhich

has glycine as a substitute.

Interestingly,Ae aegyptinot only possess the EPN, but also the WND motifs in its CTLD
(shown by a double line in Figure 3.48). The absenceof the EPN motif in other mosquito
species may be due that $leeproteins are evolutionary distant from each otherbahdeen
differentmosquito specied-he QPD motif is proposed to be possessedmystephensand

An. maculatuswith a D amino acid substitution to E (QPE). In addition, predidigahd
binding amino acids of than. funestus s. CTL4 (red colour in Figure 3.4B). Other highly
conserved amino acids are also highlighted (Figure-BYA

Ae. aegypti -——-MMEFLSSLLVLCLIGTLKLTAADPLRNQTVRDILVEKNMCLCRCEZAVNDGSKNYLIPF 57
An. darling ——-MEHSKRLYVVLLVAYLCSVQLVQ---SQFTALEMLRRDECICPCSNP-KGGKDYHVPN 54
An. albimanus ——-MEHSKRLEVVLFAAYLCSAQLVQ---SONTAREMLLRNECICPCAHP-NAGKQYRVPD 54
An. atroparvus ——-MRLSVGLAGAFVVLLHTLTLISCYRTDPQTAKDMLTQNICICPCSNP-KGGKLYVVPN 57
An. sinensis --MKLFIVLAGGLAVLLHTLTFIACN--VPRTAQDMLTQNICICPCSNP-KGGKLEQVSFE 55
An. dirus MKMKPSVAFVGPVLEVLLCSVTLEQ-GYAQKSALDAIRQNQCICPCGNP-YGGKRYEIPN 58
An. minimus 000000 —————m e MIRONICVCPCGNL-QGGKLYTVET 24
An. funestus —-MKFTKLIFGVITVIMFCMIIDTEPTEFSPRTALEMIHQKICVCPCGNP-KGGKLYTVEN 57
An. melas mm e MIIQNICVCPCGNP-RGGKLYTTPN 24
An. merus —-MQILNILVSSIGITLVCLIVSTH-GYRATTAREMIIQNICVCPCGNP-RGGKLYTTEN 56
An. gambiae —-MQISNIFVSSIGITLVCLIVSTH-GYRATTAREMITQNICVCPCGNP-RGGKLYTTPN 56
An. arabiensis ——MQISNIFVSSIGISLVCLIVSTH-GYRATTAREMITQNICVCPCGNP-RGGKLYTTPN 56
An. coluzzii ——MQISNIFVSSIGITLVCLIVSTH-GYRATTAREMITQNICVCPCGNP-RGGKLYTTPN 56
An. guadriannulatus ——MQISNIFVSSIGITLVCLIVSTH-GYRATTAREMIVQNICVCPCGNP-RGGKLYTTPN 56
An. christyi ——MNVSKIYFGCVGIALLCLIITTN-GYTSKTALEMIKQKICVCPCGNH-RGGKLYTVSN 56
An. stephensi ———-MFRKTSILGATVVILSLIIATN-CSTSPSALDIILQKICVCPCENP-RGGKLYTVSS 55
An. maculatus 4]
BAe. aegypti -DDGTHEMEATISY] 110
An. darling —NRIJ ASY] 105
An. albimanus —KRILJ ARY] 105
An. atroparvus TEKL VAH 111
An. sinensis DVVE] VAH] 109
An. dirus —QRIL VAY] 112
An. minimus —IHL QIYLERSRHNLRTPKKSQLPY 83
An. funestus —~MRI| OMYTORTRYNLRSQVGENQSPY 116
An. melas —LRIJ OLHLDGERRLTRSQKRSKIPY 83
An. merus —IRI OLHLDGDRRLTRSQKRSKIPY 115
An. gambiae —LRIJ OLHLDGDRRLTRSQKRSKIPY 115
An. arabiensis —-LRIJ (OLHLDGDRRLTRSQKRSKIPY 115
An. coluzzii —LRIJ OLYLDGDRRLTRSQKRSKIPY 115
An. gquadriannulatus —LRIJ (O LHLDGDRRLTRSQKRSKIPY 115
An. christyi —KRIJ OLYLEGETRSTRSQIRNQLPY 115
An. stephensi —ERL QLHLEQTRRNLRSQSRSQIPY 114
An. maculatus QLWL O LHLEQTRRNLRSQARSQIPY 66

Figure 3.4A: Multiple sequence alignment ofAn. funestus ss. CTL4 orthologs. The
different amino acid sequences from different vector species are aligned, showyageineresidues
(boxed in pink. The WIGA motif is boxed in red whereas the carbohydrate binding WND mo#Aiof
aegyptiis underlined andubstituted byAND motif. Gene accession numbers of each mosquito vector

and percentage similary An. funestus sCTL4 are reported in Appendix Section B, Table B1.
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Figure 3.4B: Multiple sequence alignment ofAn.

funestus ss. CTL4 orthologs. The

different amino acid sequences from different vector species are aligned, showing highly conserved

cysteine residues responsible for the formation of disulphide bongiimglé). The galactose binding
QPD maotif is substituted by the QPE motif (undweeti). Ligand binding residues are bolded Gene
accession numbers of each mosquito vector are reported in Appendix Section B, Table B1.

To investigate the evolutionary relationship betw@enfunestus s. CTL4 and its orthologs,

a neighbour joining tree was used (Figure 3®sults showed th#n. funestus s. CTL4 is

closely related té&\n. minimus this was expected since the percentage similarity is the highest

of all the orthologs with 68.57% sequence identity (https://www.vectorbase.org/). Members of

the An. gambiaecomplexshownin blue are clustered together in Figure 3.5 (Seobtal,

1993; Barroret al, 2019). Althoughall proteins from different mosquito spes

emerge

from the same ancestor, it is interesting thatfunestus s. andAn. christyi whosesequence

homology percentage 61.24%, butthe proteinsre evolutionarylistant(Figure 3.5).
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Figure 3.5: Phylogenetic analysis betweeAn. funestus ss. CTL4 orthologs. Anopheles
funestus s. CTL4 shown by the green line is closely relatedAto minimusthey evolve from the

same ancestoe aegyptishown by the red line is an outlier, andmieers of theAn. gambiae

complex shown by the blue lines and are closely related. Evolutionary history was inferred by NJ
method, bootstrap test was based on 1000 replicates. Evolutionary distances were computed using the
Poison correction method wherdl @ositions containing gaps were completely delet€dne

accession numbers can be found in Appendix Section B, Table B1.

3.1.1.3 Conformational tertiary structure predictions

In order to extrapolate the conformational characteristics oAthdunestus s. CTL4, the

overall three dimensional (3D) structure was analysed with the aid of bioinformatics tools
(Table 21), to determine the protein fold of the conserved residues. A total of seven models
demonstrating the tertiary structufalding of the CTL4were resolved, five ranked from top

to least model (M3d-M5¢q) were resolved from Quark, one from RaptorX gyland one from

Phyre (M%). The lowerrankedQuarkmodels M4 and M&, were discarded. Template based
server RaptorX used® 5e4k, 5xtS, 1htn, 1SI6 and 2VV templates to predict the 3D fold of

An. funestus s. CTL4 summarizedlable 3.1. The quality of the resolved model is assessed
using the following measuresPavalue less thanlx I0and 1x 10 for mainly alpha anddta

proteins respectively, score value which measure the alignment between template and query
protein with an alignment score of O indicating very poor quality andutiv®rmalized

global distance test score (UGDT/GDT) which measures the absplatity of the model in
which proteins Amifuhdstusrse sCTOu4€shas 1DD7 ), a uGDT
good quality (Table 3.1). Whereas template based server Phyre produced 120 PDB templates
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but c5a06A, c5e41B and c4yliA were amongst the ranking with confidence of 100, 99.9

and 99.9 respectively and a percentage sequence of 22%, 25% and 24% respectively.
Residues involved in the CTLD fold are shown in purple, yellow and green for modgis M1

M3, M1g and MZ respectively (Figure 3.6). Characteristicaldm. funestus s. CTL4

CTLD has$etwecebl and t wo -sheets (excludomg theddandMsar al | e |
which only have &heqsa@ZalensayfandaGready, 2@GH)ese reselled b

models compared to the preliminary experimentally determiwedyambiaeCTL4 (Figure

3.6D) adopts similar conformational protein folds (Bishetoal, 2019).

gﬁ!‘n»\‘;‘u a

.—('r An. gambiae CTL4

Figure 3.6: Tertiary structure of An. funestus ss. CTL4. Models resolved by Quark, RaptorX

and Phyre respectivefA-C). Shown are tertiary representations of the CTL4 with CTLD, residues
not involved in CTLD fold shown in cyahecalcium binding NBmotif is shown as blue sticks and
indicated by white brokearrow. The cysteine residues for the formation of the disulphide bonds are
shown as grey and orange sticks and ase indicated by white solid arrows. Theoretical tertiary
structures predicted through alignment with PDB structures, PDB ID: 5e4k, 380% and 5xtS.
Structures were viewed by PymdDisclaimer: Please note tisatuctures M and MZ are theoretical
predictions based on experimentally crystallized structures, laboratory experimentations is required for
the final determination of thiertiary structure(D) Tertiary structure oAn. gambiaeCTL4 (Bishnoi

et al, 2019)
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Table 3.1 RaptorX model quality score assessment.
Rank p-value Score | uGDT/GDT | uSeqlD/SeqlD Model Name Template

1 1.1x10°" | 110 | 92/52 26/15 5e4kA-440640 1 | 5e4kA
2 3.1x10° [ 104 | 90/51 25/14 5xtsA-440640 1 | 5xtsA
3 5.2x10°" | 101 | 92/52 28/16 1htnA-440640 1 | 1htnA
4 8.6x10°" | 98 91/51 21/12 2vuvA-440640 1| 2vuvA
5 5.6x10°" | 100 | 87/49 27/15 1s16A440640 1 | 1s16A

3.1.1.4 Tertiary structure quality assessment

Since the tertiary structure of then. funestus s. CTL4 has not yet been experimentally
determined, quality assessment of the predicted tertiary structures was carried out in order to
evaluate local and global energy and the stability of the resolved models (Figure 3.6).
Analysis from ProSA web server imdites a deviation of the predicted models from
experimentally determined crystalized or NMR natpetein structuresthat have been
submitted to the PDRBNd the local stability of the models resolved from Quark, RaptorX and
Phyre, respectively (Figurg.7A-C). A Z-score outside the a range thataracteristidor

native proteins indicatesrroneousstructures, energy plot shows energy as a function of
amino acid sequence generally, positive values corresponds to the problematic erromgous par
of a protein structure whereas negative corresponds to the stable parts of the protein structure.
All models resolved from Quark fall within the NMR regioe. and the Zscores are2.97,-

4. 33 and3.98 for models M3, M25 and M3, respectively(Figure 37Ai-iii). The local

energy of these models shows thatd\whd M2, are the least stable models since most amino
acid residues do not fall in the negative region. Howeveg, dfppears to be the most stable

(of the top three Quark models) whenest of its amino acid residues fall within the negative
region (Figure 3 iv-vi). Model M1x falls within the NMR region with a Bcore 0f-4.05, the

energy of the model shows stability in most of amino acid residues that are involved in the
CTLD fold (Figure 3.1; 3.2) since they fall in the negative region (Figure 3.7iB).(i
Instability in model M% occurs in amino acid residues found in the positive region of the
graph and contribute to the disorder in the secondary structure between amino dwues resi

31, 144145 and 177 (Figure 3.8A). Model M1alls within the NMR region with a Bcore

of -4.09 and is a stable model since most of its amino acid residues fall in the negative region
(Figure 3.9), instability in model Mloccurs in amino acid refiies found in the positive
region of the graph and contribute to the disorder in the secondary structure between amino
acid residues at high confidence-78, 9596, 98, 100102, 104105, 118, 137140, 142146

and 176 (Figure 3.9).
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Figure 3.7 Structural quality assessment of the theoretical predicted tertiary structure of

An. funestus s. CTL4. (A): (i-iii) shows the Zscore plot in comparison to PDB structures fall
within NMR region. (iv-vi) local energy plot M1Q and M2Q as the least stable, most of the
residues are found in the positive region whereas M3Q energy for residues has low overlap to
the positive region. The size of the protein is indicated by the window size, a default of 40 is
generally used(B): (i) Shows the Zcore plot in comparison with PDB structures were M1R
falls within the NMR region (i) local energy plot, M1R residues3B and 141147 have
disorder and do not fall in the negative region. The size of the proténdicated by the

window size, adefault of 40 is generally usefC): (i) Shows theZ-score plot in comparison with PDB structures werePNHlls within the NMR region,

(ii) local energy plot, most residues fall in the negative redibme.size of the protein is indicated by the window sizefault of 40 is generally used.
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Figure 3.8: Summary of secondary structure properties ofAn. funestus ss. CTL4
predicted by RaptorX. (A) Hovering on top of the amino acid residues is the predicted distribution

of stability that affects the tertiary structure. Approximately 23% residues of the overall structure have
disorder shown by maroon bars that affect the stability of the tertiagtigteuvhereas only 7% of the
CTLD are disordered. The amino acid residues that are ordered are shown by the light b{gg bars.
Secondary structure components involved in the folding of the tertiary structure, there are four helices
shown by the red barBye beta strands are shown by the dark blue bars and the coils are shown by the

grey bars. The residues that are not part of the CTLD fold are boxed in black broken line.
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Figure 3.9: Summary of secondary structure properies of An. funestus ss. CTL4

predicted by Phyre. The predicted secondary structure that affects the folding and stability of the

tertiary structure, there is high confidence in the helices (total of four) shown in green and most beta
strands (total of nim) shown in blue. The disordered residues of the overall structure are shown by a
question mark symbol making up 32% whereas 28% residues of the CTLD are disordered. The

residues that are not part of the CTLD are boxed in black broken line.

Additionally, the quality of the predicted models was evaluated by the use of the
Ramachandrands pl ot . stefiochemicalvgaabty of tioe redcdvedeprotein n e t
models via assessing psi and phi angles of amino acid residues which estagyesically

allowed regions in the amino acid residuegure 3.10AC s hows t he Ramachan
for the predictedhn. funestus s. CTL4 modelswherein quadrant | (top left), quadrant Il (top
right), guadrant [ 1] (bottom | eft) and quad
for all the resolved models is summerizad Table 3.2). Brieflythe most favoured region
additiondly allowed region, generously allowe region anddisallowed regionsof the
Ramachandrandés pl ot s -lWWoespediwly ¢Figutes 30)t dModglss ad r an
resolved from template servevklr and M% have over 80% of their amino acid residires

the most favoured regions (QI) and the least amount in the disallowed region (QIV) whereas
models resolved from template free U3, have at most 54% residues the most

favoured regiorand over 4% of residues in the disallowed region (Table 3.2).
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Table 32 Analysis for the arrangement of amino acidesiduesin Ra mac handr ands p

| Quadrant! | Quadrant Il Quadrant Ill Quadrant IV

M1o 47.1% 37.4% 10.3% 5.2%
M2 49.7% 36.1% 10.3% 3.9%
M3o 54.2% 31.6% 8.4% 5.8%
Mlgr 84% 13.5% 1.9% 0.6%
M1lp 80.5% 11.9% 5.1% 2.5%
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Figure 3.10: Ramachandranés plot for theoret

An. funestus s.SCTL4. Plot showing the distribution of energetically allowed amino acid residues
(A) () M1Q has a total of 94.8% residues in energetically allovegibns (QIQIl) with 5.2% outlier
residues in energetically disallowed region (QIV) (i) M2Q has a total of 96.1% residues in
energetically allowed regions (@ll) with 3.9% outlier residues in energetically disallowed region
whereas(QIV) (iii) M3Q has #otal of 94.2% residues in energetically allowed regions@@jwith

5.8% outlier residues in energetically disallowed region(Q(B).M1r has a total of 99.4% residues

in energetically allowed regiorf®I-QII) with 0.6% outlier residues in energedily disallowed region
(QIV) whereaqC) M1, has a total of 97.5% residues in energetically allowed red@hrQI1) with

2.5% outlier residues in energetically disallowed re@@®v).
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3.1.2 Confirmation that CTL4 is presentin laboratory An. funestus ss.
In order to confirm whether the CTlgeneis present irAn. funestus s., conventional PCR
was conducted using gene specific primer péiigure 3.11).These primer pairs were
designed to amplify specific regions of the translated nudeaequence (Figure 3.11). The
electrophoresed PCR products from CTL4 exons indicate single distinctive PCR products of
188, 158 and 226bp depicting exons one, two and three, respectively, and a template free
negative control for each primer pair (Figur&2. Each primer pair was optimised to ensure
a single amplicon with high yield was achieved and that amplicons produce fragments of
expected sizes. There was no amplification in the template free negative control, suggesting
that there was no contamir@tiin the mastermix.

— »

E1F ELR E2 F
—>

...ATG.... —— ....TAG....
Intron 1 Intron 2 Intron 3

Intron 4

Exon 1 Exon 2 Exon 3

Figure 3.11: Graphical representation of gene specific primer pairs binding sites of
CTLA4. Anopheles funestuss<CTL4 start and stop codon indicated by ATG and TAG respectively,

introns are indicated by the grey lines between exons. Primer pairs are indicated by the same colour.

= <—— 500 bp

-
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Figure 3.12: Amplification of An. funestus ss. CTL4 in laboratory FUMOZ colo ny.
Amplification of CTL4 exons irAn. funestus s. gDNA. DNA fragments of the PCR products were
visualized on a 2% (w/v) nedenaturing agarose gel, sizes were estimated by comparison with a
100bp DNA molecular weight marker (MWM). PCR products wereddaas follows: lanes 1 and 8

with MWM, lanes 2, 4 and 6 indicates exons one, two and three, respectively. The no template
negative control (NTC) for each PCR reaction is indicated by lanes 3, 5 and 7 for each exon,

respectively.
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Subsequently, sequence arsa of these PCR products was conducted to confirm identity to

the An. funestus s. CTL4 (AFUNO010847).Visual inspection of the amplicons after
electrophoresis(Figure 3.12), revealed thabne of the PCR products, exon three (226bp)
performedbetter andvas used to investigate ta. funestus s. CTL4. MEGA X software

was used to edit the chromatogram from Sanger sequencing of the PCR products. BLASTn
tool from Vectorbase was then used to search chromatogram nucleotide sequence against
nucleotide sequences of members of the anophiline mosquitoes. BLASTn results identified
the An. funestuss.s. CTL4 (AFUN010847) which showed a 98.7% identity, 100% sequence
alignment of 155bp of the edited sequence and amlie of 1x107® between query

(chromatogram nucleotide sequence) and sequence in the database.

3.2 Optimization of the feeding rate
Optimizationof the feeding rate to carry out infection/treatment studiespgeermed The
An. funestus s. FUMOZ colony is reared using guinea pig as a source of blood meal,
thereforethe development of a successful artificial feeding system was essenmtiBl
falciparum transmission studiesthe use of an artificial feeding system is not only blood

efficient, but also maintains constant temperature of the blood meal (Luo, 2014).

This study focused on determining whether 1) starvation increase$eeding rate, 2) an
increase in starvation influences the feeding rate and 3) the impact of adult female age on

feeding rate and survival post feeding.

3.2.1 Starvation increases the feedinguccessate
Table 33 shows data oAn. funestus s. adult females blood fed on cow blood who received
different diet treatments 48 hours prior to blood meal. The mean percentage number of
individual mosquitoes that were fully fed (Section 2.2 now designated as fed), significantly
differed between different ei treatments (Oneay ANOVA; F = 5.26,p < 0.05 n=3
(Figure 3.13).Interestingly, the number omosquitoesthat fed in the control and J@
treatment issimilar. D u n n emultipfe scomparisonsanalysisshowed that there was no
significant differencdetweerthe mearof the control vs. KO treatmentg = 0.99). However,
therewas a significant difference ithe means between control vs. fully starved treatmept (
=0.0244,n=3).
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Table 33 Feedingsuccess oAn. funestus ss. adult females provided with different diets.

Treatment Sample size| Mean % feeding  95% CI
before rate + SD (n) Lower
feeding
Control (10% (w/v)) 120 442+ 9.7 (53) 33.98 54.35
H.0 120 44 + 16.5 (53) 26.79 61.54
Fully starved (48 hours) 78 22 +12.9(27) 8.91 36.08

Different superscript lettgf™™) within columns indicates statistical differerimetween means

60 *
- I
=
@ T
S 40
o
=
T
[+F]
< 204
5
@
=
0 T
~
<° \J
o°¢ g@é
Q&\d’
Treatment

Figure 3.13: Average blood feeding success rate Ah. funestus ss. females provided

with different diets. Graph represents the mean success feeding rate from three independent

biological replicates, error bars show the mean + SOp=0(0244).

3.2.2 An increase in starvation periodinfluences the succesteeding rate
It was hypothesized that adult females that are starved for longer periods of time will have a
higher feeding rate in contrast to those that are starved for a shorter period of time. In
addition, this assay was also performed to increase the low percentage feeding rate obtained
(Section 3.2.1). Moreover, a total of 42 individual mosquitoes in the fully starved treatment
(Section 3.2.1) died, this resulted in less number of individual uitogs before feeding
(Figure 3.13)andfor this reason diet treatment with® was used fothe starvation period

objective. Data on success feeding rate at different starvation periods is summarized in (Table
34).
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Adults starved for 72 hours nd$ed in higher feeding rates than the control group (Figure

3.14). Additionally, the majority of mosquitoes starved for 72 hours were partially fed,
probably required more time to feed, they were however not included in the anBhesis.

was a stastical significant difference in mean percentage feeding success rates between
different starvation periods (Otveay ANOVA; F = 3.09,p < 0.05 n=3). Dunnettds mu
comparisons showed a statistical differemceneansbetween controls vs. mosquitoes starved

for 72 hours (Table 3.4).astly, mosquitoesvith a 96 hour water starvation period had high
mortality andresuledin fewer mosquitoesavailable for blood feedinfrable 3.4)Variation

betwesn the control feeding rate of this experiment and those presented in table 3.1, might be
due to difference in blood stocks used, insectary conditions, etc. and should be investigated in

future.

Table 34 Feedingsuccess rates oAn. funestus ss. femdes across different starvation

periods.
Treatment Sample size Mean % feeding rate + 95% Cl
(starvation period) SD (n) ‘

Control (10% (w/v)) 120 14*+ 7.36 (17) 6.44 21.89
24 hours 120 27 £ 18.62 (32) 7.12 46.21
48 hours 120 31 +15.30(37) 14.77 46.89
72 hours 120 39" + 11.58 (47) 21.01 51.32
96 hours 100 20+ 7.76 (14) 7.39 32.10

Different superscript lettdf"™ within columns indicates statistical differermetween means

Figure 3.14: Percentage

50 - * feeding success rate o&n.
= I funestus ss. starvation period.
@ 407 Mean number of individual
E-, 30 - mosquitoes that fully engorged thu
._g blood meal following starvation
8 20 1 for 24, 48, 72 and 96 hours,
E 10 - mosquitoes starved for 72 hours
E had a mean feedjrate of 9.
0 Graph represents the mean feedi
rate from three independent
® biological replicates, error bars
Treatment (hours) show the mean = SD. *pE
0.0117).
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3.2.3 Adult female agehas an impacton the feeding rate and survival post feeding
The percentage success feeding rat@roffunestus s. blood fed on cow blood at different
ages 5, 10 and id&ays old is summarized in Tables3There was no statistical significant
difference in means between of feeding rates and age at whifhnestus s. have their first
blood meal (Onavay ANOVA; F = 1.32,p = 0.2968 n=3) (Figure 3.15).The lack of
statistical significance might be due to the high level of variation observed and increasing the
sample size might decrease the variation observed hemadition, the feeding rate was
directly proportional to the age at which adult femdlase their first blood meal. As such,
correlation between 5 vs. 10 days old adults was r = 0.8824=a0.0361, whereas no
correlation was found between 10 vs. 15 days old r = 0.4928 at 3278 (Figure 3.15).

Table 35 Feeding success rats ofAn. funestus ss. females of different age groups.

Age of blood feeding Sample Mean % feeding 95% ClI

rate £ SD (n)

5 days old 120 43 £ 19.92 (52) 22.43 64.23
10 days old 120 63 + 36.98 (75) 23.69 101.30
15 days 120 68 + 21.3981) 45.05 89.95
100 -
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Figure 3.15: Average feeding success rate Ah. funestus ss. of different ages. There was

no statistical difference in mean between the feeding rates of mosquitoes of different ages. Graph
represent the mean feeding rate from three independent biological replicates, error bars show the mean
+ SD. p=0. 2968).
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Data for longevity ofAn. funestus s. fed on cow blood at different ages (5, 10 and 15 days
old is summarized in Figure 3.16. Results show that female survival proportion ranges from
100-28%; 10020% and 10€L6% with median survival rate of 15; 14.5 and 10 for adults aged
5; 10 and 15 days old, respectively frordl8 days post blood meal. There was no significant
statistical difference of adult females across the different agesréndgMantelCox test,
Chi-square 19.2, DF = »,= 0.3839).
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Figure 3.16: Percentage survival rates of mosquitoes of different ages post blood meal
Graph represents the cumulative survival across the indicated time points for all three sejgicate
0.3839).Dotted linesindicate the95% confidence intervals and the solid horizontal limeicate

the upper 75% and lower 25%ercentiles.

3.3 Anopheles funestus.s infection with P. falciparum
Ingestion ofPlasmodiuninfected blood meal bgin. gambiae s. has been associated with an
up-regulation of the CTL4 gene which leads to the protection of the parasite agaiAst the
gambiae s. immune system (Ostat al, 2004). In order to obtaiAn. funestus s. CTL4
gene (AFUNO010847) transcripte. of exon 3total RNA wasextracted24 hours post feeding.
The messenger RNA (mMRNA) was converted to cDNA for downstream trancript abundance
analysis. Additionally, sincéAn. funestus s. mosquitoes ingested lauman blood meal
infected withP. falciparum parasites, nucleic acid (mMRNA or gDNA) that is extracted from
the mosquito will contain the a r a geneticematérial. Therefore, in order to confirm that
falciparum parasites were ingested by adult femate funestus s. mosquitoes, PCR was

used to amplify th@arasitecircumsporozoitgene .
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3.3.1 RNA quality assessment
The purity of the RNA was determined by measuring the absorbance of the total extracted
RNA. A summaryof the optical densit at A0A 280 0f the RNA samplefrom mosquitoeshat
were immune challenged with @arasiticinfected blood meal and uninfectecontrolsare
reported in Tableg.6. An absorbance value between-2.8 is generally accepted as good
quality RNA with nocontaminants (Tayloet al, 2010). The yield in RNA samples stabilized
RNA wusing Trizol Reagent E was hi gher i n  coc

stabilized with RNAlater and closer to the desired concentration (Section 2.5.1).

Table 36 Summary of readings showing optical density ratios from extracted RNA fed

on P. falciparum infected blood.

Sample ID Nucleic Acid (ng/uL) A260/A280
P. falciparum A* 838.59 2.01
P. falciparum B 780.93 1.99
P. falciparum C 667.01 1.98
Control A* 835.56 1.94
Control B 562.81 1.98
Control C 509.00 1.94

* RNA samples stabilized using Trizol Readgent

Theintegrity of he RNA samples was assesssthgdenaturing agarose gel electrophoresis,
since the concentrati ons o WhiclaisHigh &bugh tesl@empl e s
viewed by gel electrophoresis (Machagtial, 2015). Figure 3.17 shows electrophodese

RNA samplesvhich typically indicate atrong 18S rRNA (~2,000bp) profiling due to the co
migration of the 28S rRNA which cleaves with the 18S rRNA under denaturing conditions to

form one distinctive bright band, a faint 5.8S (200bp) and 5S (~120bgphd©1990;
Winnebecket al, 2010; Machairat al, 2015). The fragments of the ribosomal subunits in
samples whose RNA was stabilized using Trizol Red&genndicated by red arrowsn

(Figure 3.17)was moreapparentn comparison to samplesablised in RNAlater.
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2000 bp
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Figure 3.17: Total RNA extraction migration patterns in P. falciparum-challenegd
An. funestus ss. rRNA fragments were visualized on &1(w/v) denaturing agarose gel.
Sizes werestimated by comparison to BHIRNA ladder (MWM). Sample RNA was loaded
as follows: lane 1 MWM, lanes 2, 3 and 4 mosquitoesided withP. falciparuminfected

blood meal wheredanes 5, 6 and ihosquitoes provided withninfectedblood meal

3.3.2 cDNA quality assessment
The quality of the synthesized cDNA was asse$sestreeningfor gDNA contaminatiorvia
PCR and agarose gel electrophoresis. Figure 3.18 displays the region at which primer pairs for
intron-1 region anneallThe irtron was not amplified in aP. falciparuminfected blood meal
and uninfectedampleqIntron-1 primers in Table 2.2) in comparison to the mosquito gDNA
(positive control) which resulted in a 403bp (red arrow in Figure 3.19). Additionally,
BLASTN resits for the mosquito gDNA intron confirmed the sequentachto the An.
funestus s. CTL4 intron region.

11F

-..ATG.... — -..TAG....

Intron 2 Intron 4
Intron 1 Intron 3

Exon 1 Exon 2 Exon 3

Figure 3.18: Graphical representation of gene specific primer pairs binding sites of

CTL4. Anopheles funestuss<CTL4 start and stop codon indicated by ATG and TAG respectively,
introns are indicated by the grey lines between exons. Primer pair for-intsoimdicated by a green

colour.
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Figure 3.19: Nucleic acid assessment iR. falciparum immune challenged An. funestus

S.S. Amplification of intron 1 cDNA fragments were visualized on a 2% (w/v)-denaturing agarose

gel, sizes were estimated by comparison to a 100bp DNA ladder (MWM). PCR product was loaded as
follows: lanes land 10 MWM, lanes 2,aBd 4 are mosquitoes provided wRhfalciparuminfected

blood meal, lanes 5, 6 and 7 are mosquitoes provided with uninfected blood meal, lane 8 no template
negative control whereas lane 9 is gDNA positive control. The 403bp intron 1 band is faint and

pointed by the red arrow.

3.3.3 Confirmation of P. falciparum infection in An. funestus ss.
The presence oP. falciparum parasites in the ingested blood meal can be detected using
various assays including gPCR, PCR and morphology. A morphologically based assay for the
viability of the parasites was not necessary for this study, however, other members of the
research unit auducted morphological assays, 8 and 10 days post infection which showed
that infection was established based on the different stages of the parasite development (data
not shown, as per personal communiation with Prof L Koekemoer (SHIP projecijjlerto
confirm the presence of th falciparum parasitesn the cDNA PCR was used to analyze
the presence of the circumsporozite transcrigtninfunestus s. 24 hours post ingestion of an
infected blood meal. Amplification of the circumsporozltgObpwas detected iparasites
mosquitoes, but no amplification was detected in mosquitoes provided with an uninfected
blood meal (Figure 3.20).
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Figure 3.20: Screening for P. falciparum parasitesin An. funestus ss. PCR products were
visualized on a 2% nedenaturing agarose gel. Sizes were estimated by comparison to a 100bp DNA
ladder (MWM). PCR product was loaded as follows: lanes 1 and 10 MWM, lane 2 dBpicts
falciparum positive control (150bp), lane 3 depicts tnplate negative control, lanes 4, 5 and 6
depicts transcript of mosquitoes provided withfalciparuminfected blood meal; whereas lanes 7,8

and 9 depicts product of mosquitoes provided with uninfected blood meal.

3.4 Quantitative real time PCR (qPCR)

3.4.1 Refaence gene selection
gPCR was used to quantify tia. funestus s. CTL4 transcript 24 hours poBt falciparum
infected blood meal. The accuracy of the gPCR is influenced by the stability of the reference
genes to normalize th&n. funestus 5. CTL4 mRMA levels (Vandesomplet al, 2002).In
this regard, candidate reference genes were first screened to find the suitable reference genes.
Selection of potential reference genes was based on genes with the lowest stabilitg value
numerical value thatsi the lowest in comparison to the othdfggure 3.21A shows the
ranking of candidate reference genes from the most to the least stable, reference gene RPS26
was the most stable of the screened reference genes with a stability value of 0.018n&RPS7
RPL19 were equally stable with a stability value of 0.017; whereaswdd the least stable
with a stability value of 0.031. In addition, Normfinder also estimated intergroup variation
between reference genes (Figure 3.21B) which revealed thasNii® bast stable of the four
candidate reference genes with a stability value of above zero (0.029); whereas RPS7, RPS26
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and RPL19 stability values where below zere@609,-0.008 and0.012, respectively. This
further supports the values in Figure 3.21Ae¢ ttop 3 ranked genes will be used for

normalizing CTL4.

Rank | Gene Stability | Pf[Cq (meantSEM)] | C [Cq(meantSEM)]

name vahie

1 RPS216 | 0.010 2216 £0.027 2362 £0.045
2 RPST | 0.017 21.05+£0.106 2250 £0.067
3 RPL19 | 0.017 2018 £ 0.027 2168 £0.109
4 NDs 0.031 2173 £0.018 21.51 £0.065

P_f=P._falciparum; C = Controls; Cq [(mean+SEM)] = arithmetic mean
+ standard error of mean.
B 0.04+
0.034
0.024
0.01 1
0.004
-0.014 .

-0.02

Intergroup variation

T T T T
ND5 RPS7 RPS26 RPL19
Candidate genes

Figure 3.21: Reference gene selection and intergroup variation iA. falciparum infected

An. funestus ss. (A) Ranking of candidate reference genes according to their expression stability by
Normfinder. (B) Graphical representation showing that RPS7, RR826RPL19 intergroup values

fall below zero, indicating that they are stable in comparison toWiirh has asalue above zero.

3.4.2 Relative quantification
The amplificationof the reference genes and target gémeqPCR analysis was successful.
Optimization of the qPCR included determining the optimal annealing temperature and
primer concentrations follagenes All reactions resulted in good exponential curves (Figure
3.22). The reaction efficiencies for all three independent replicates were betw&@d96R
values were greater than 0.992 and a slope betvw&8hl t0-3.418 (Appendix Section B;
Figure B2 [AD (ii)]). Additionally, a dissociation curve and peak were used to evaluate the
formation of primer dimers as well as nspecific amplification, the melt peak for all

transcripts show a single peak at different template concentration indithéiba single
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gPCR product was Figure 3.22-iiji (Taylor et al. 2010). The gPCR reactions were
performed with a no template control (NTC) ame@ction withSYBR with HO as negative
controls did not have any amplification indicating that reagents were free of contaminants.
Individual amplification, standard, melt peaks and curves for each gene can be found in
(Appendix Section B; Figure B2 BB (ii)]).

(i) Melt Curve
5500 1. 5
5000 I =
5 4500 1
2 1

3000 1

75 80 85 90 95

(ii) Melt Peak
T

-d(RFU)dT

f ———+ t
75 80 85 90 95
Temperature, Celsius

Figure 3.22: Curves of reference gene selection iR. falciparum infected An. funestus ss.
Graphical representations of dissociation (i) curve and (ii) peak showing single peaks indicating
amplification of a single qPCR product. Negative controls are shown by the blue line atione diot

the curves. Gene identifications are as follows: CTL4 shown in pink, RPS26 shown in blue, RPS7
shown in green and RPL19 shown in red. The NTC and SYBRGrafe shown in light blue at the

bottom of the curves.

3.4.3 Confirmation of gPCR products
In order to confirm that the correct amplicons were being amplified, gPCR products were
electrophoresedFigure 3.23 and sent for sequencing. The gPCR cDNA profiling was as
follows: 226bp, 160bp, 134bp and 223bp for CTL4, RPS26, RPS7 and RPL19 ivedpect
All reactions included a NTCwhich did not have any amplicon and a SYBR withOH
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negative controls, both these controls did not have amplification indicating that
primers/reagents were working efficiently and are void of contaminants. Addijiorzall
BLASTnN search in Vectorbase resulted in 100% coverage of the edited sequences from the
chromatogram (Sanger sequencing) that where aligned with those in the database and very
high negative E values betweeri®#0 10> and a sequence similarity idégtscore between
97.8100%.
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Figure 3.23: Amplification of gPCR products in An. funestus ss. immune challenged

with P. falciparum infected blood meal. cDNA fragments of gPCR products were visualized in a

2% (w/v) nondenaturing agarose gel, sizes weséngated by comparison to a 100bp DNA ladder
(MWM). gPCR products was loaded as follows: lanes 1 and 19 MWM; lanes 2, 3 and 4 CTL4, lane 5
CTL4 NTC; lanes 6, 7 and 8 RPS26, lane 9 RPS26 NTC; lanes 10, 11 and 12 RPS7, lane 13 RPS7
NTC, lanes 14, 15 and 18PR19, lane 17 RPL19 NTC and lane 17 SYBR witlOhhegative control.

3.4.4 Expression analysis ofAn. funestus ss. CTL4 transcript 24 hours postP.
falciparum infected blood meal
Several @ype lectins have been implicated in innate immune responses in vertebrate and
invertebrates. In invertebrates, it has been reported that there is a change in gene expression
following ingestion ofPlasmodiumparasites B. berghe) infected bloodmeal (Ostaet al,
2004).
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In order to investigate the impact that falciparum has onAn. funestus s. CTL4 gene
expression, gPCR was used to measure the CTL4 transcript abundance which was normalized
by RPS26, RPS7 and RPL19 reference gé@esaluesAppendix Section B, Figure B1The

An. funestus s. CTL4 transcript inP. falciparum infected blood meal is not significantly
differentially expressedp(= 0.256) in comparison to uninfected controls, implying that the
expression profile is similar tdv¢ uninfected controls 24 hours posected (PI) blood meal

(Figure 3.24).
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Figure 3.24: Effect of P. falciparum on the transcript level of An. funestus ss. CTL4.
Transcript level was determined in mosquitoes immune challenged with blood meal infect®d with
falciparum (red) and controls (blue) 24 hours post blood meal. Ordinate depicts relative expression
between cohorts where means were calculated from threpandent biological replicates. Error bars
represent + standard error mean of relative quantity. Statistical significance was determined using the
St ud e-tedt @itk a = 0.256).

3.5 Toxicity of CQ
Vector control at larval or adult stage of tAeophelesmosquito plays a major role in the
reduction of malaria transmission (WHO, 2016). Thus, continual testing of insecticides and
novel compounds is essential in identifying efficient and ineffective compounds, as well as
those compound that have lost thefeefiveness. In this study, the potency of DDT and CQ

were determined on larval and adult stage&rofunestus s. female mosquitoes.
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3.5.1 Larvicidal toxicity
The larvicidal activity of CQ againgtn. funestus s. larvae showed that 0.5uM CQ did not
possess any larvicidal activity (0% mortality) in comparison to 0.5uM DDT that was able to

induce a total85%, 92% and 100% mortalty at 24, 48 and 72 hours post incubation,
respectively (Figur 3.25).

Additionally, morphological effects of 0.5uM CQ on third instar larva were investigated at 24
hours post incubation. The progression of the larvae to pupal stage was obsereuaop4s
post incubation and from larvae to adult stage, 72 hassipcubation in CQreated larvae.
Chloroquinetreated larvae retained their physical and mobility characteristics, whereas DDT

treated larvae showed impairment of the physical and mobility characteristics (TAble 3.

100+
E= Control

== DDT
E= Chloroquine

50+

Larvae Survivial %

> N AV

Time (hours)

Figure 3.25: Averagesurvival percentage rate 2472 hours post incubation with test

compounds at 0.5uM Graph representation of the average survival ratenofunestus s. larvae
from five independant biological replicates. Error bars show the mean + SD. p*,0(0001) and
** (p=0.0064).

3.5.2 Adulticidal assay
In order to determine the concentration of CQ to add in the blood meal, a pilot adulticidal
assay was conducted. Mosquitoes given CQ (5mg/mL) hathavely high feeding rate of
65% in comparison to #éother treatments (10, 25 and 50mb) (Figure 3.26).

89



Additionally, mosquitoes that received a 50mg/treatment had the second highest feeding
rate (Figure 3.26). This may have been due to varaci®rs, including the fitness of the
mosquito, the blood meal itself and its scent; however this observation warrants further
investigation.Subsequently, adult females that recieved a blood meal containing CQ were
knocked down during the time of f#ieg i.e. mosquitoes that died or those that were alive,
but were unable to fly 2@5 minutes postreated blood meal. Knockdown was increased with
high concentrations of CQ in the blood meal, in comparisotheéano knockdown effect
observed in the adrols. Knockdown persisted and the mortality was recorded 24 hours post
CQtreated (25 and 50nmL) blood meal in adults. Adults that were knocked down when
10mgmL and 5mgmhL of CQ was added in the blood meal recovered 24 hours post blood

meal and the mortality increased with increased CQ concentrafibable 38).

90



Table 3.7 Morphological changes inAn. funestus ss. | arvae 24 hours post incubation

with 0.5uM of CQ a t

100X magnification, @& I

ndi cates

(C) Anal brush is visible.

(D) Prominent lateral an
caudal hair (abdoming
segment Hill).

Treat- Morphological changes Stage An. funestus ss. larvae
ment progressio
n
No @& i n si zqNopupae
(A) Antennae hair is developed
visible.
Control (B) Integrity of abdomer
is retained.
(C) Anal brush is visible.
(D) Prominent lateral an
caudal hair (abdoming
segment Hill).
No @& i n si zegNopupae
(A) Antennae hair loss an developed.
ot \t/;/]%?gsnmg of head frorn Growth was
' inhibited.
(B) Abdominal segmen
(1) increased in size.
(C) Anal brush is no
visible/ weakening.
(D) Loss of lateral anc
caudal hair (abdoming
segment Hill).
(E) Loss of abdoming
integrity.
No & i n si ze¢gPupae
(A) Antennae hair is developed.
c visible. Progressed
Q (B) Integrity of abdomern to adult
is retained. stage.
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Figure 3.26: Feeding success of CQreated blood meal. Graphical representation of the mean
of the fully, partially and not fedn. funestuss. adul t % (p=00a0l)e s, &

Table 38 Susceptibility of adult An. funestus ss. females in response to CQ uptake in
blood meal.

CQ treatment Sample size Knockdown % Mortality
(mg/mL) 10-15 minutes post 24 hours
treatment post treatment

Control 100 0 0

PBS 100 0 0

5 100 8 0

10 100 29 0

25 100 75 50

50 100 73 73

3.5.3 Anopheles funestus.s treatment with CQ
From the adulticidal pilot assay (Section 2.6.3 and Section 3.5.2),nimgli CQ was
identified as the most suitable concentration to be used in this, $taskyd on that it did not
result in the mortality of the mosquitoes and that it relatively produced a higer feeding rate

(Table 3.8).The impact that ingested Cigeatedblood has onAn. funestus s. CTL4
transcript was investigated by qPCR.
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3.5.3.1RNA quality assessment

The purity of the RNA was determined by measuring the absorbance of the total extracted
RNA, absorbancéAsq280) Values were within the accepted rangeld-2.0 (Table )

(Taylor et al, 2010). The concentrations of all samples were closer to the desired
concentration as described in Section 2.4.3 (Talle 3.

Table 39 Summary of readings showing optical density ratios from extracted RNAfo

An. funestus ss. provided with CQ-treated blood meal.

Sample ID Nucleic Acid A260/A280
(ng/pL)
CQA 1,027.50 1.96
CQOB 956.80 1.96
CQcC 798.60 1.99
Control A 822.20 1.93
Control B 657.70 1.91
Control C 704.30 2.00

Additionally, the integrity of the RNA samples was assessed by a denaturing agarose gel
electrophoresis as described in Section 3.3.1, The remaining electrophoresed RNA samples
can be found in Appendix Section B; Figure B3.

6000 bp
2000 bp
500 bp
200 bp

Figure 3.27: Total extracted rRNA migration patterns in CQ-treated An. funestus ss.

rRNA fragments were visualized on a 1% (w/v) denaturing agarose gel. Sizes were estimated by
comparison to a 1kb RNA ladder (MWM). Sample RNA was loaded as follows: land & MWM,

lanes 2, and 4 C@eated (CQA and B) mosquitoes and lanes 3, and 5 untreated control (A and B)

mosquitoes.
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3.5.3.2cDNA quality assessment

The quality of the synthesized cDNA from @f@ated and untreated mosquitoes was assesed

using PCR and agarose gel electrophoresis (Figure 3.28). Figure 3.18 (Section 3.3.2) shows

primer binding sites in introf region. All samplesCQ-treated and untread did not amplify

the 403bp introfl region in comparison to the gDNA positive control that resulted in a 403bp

band (Figure 3.283nd only primer dimers were observed

500 bp
400 bp

100 bp

Figure 3.28: Nucleic acid assessment i
CQ-treated An. funestus ss. Amplification
of intronl (403bp) cNA fragments were
visualized on a 2% (w/v) nedenaturing
agarose (gel, sizes were estimated
comparison to a 100bp DNA ladder (MWM
PCR product was loaded as follows: lanes 1i
10 MWM, lanes 2, 3 and 4 are products frc
CQ-treated mosquitoes, lanes &,and 7 are
products from untreated mosquitoes, lane 8
the no template negative control, whereas lar
is the gDNA positive control.

3.5.3.3Expression analysis ofAn. funestus ss. CTL4 transcript post CQ treatment

The effect of CQ onAn. funestus s. CTL4 transcript was then investigated. Unfortunately,

guantification of theAn. funestus s. CTL4 transcript could not be achieved despite

optimization. The primer pairs (Table 2.3) that were used have previously begn &ho

work efficiently in P. falciparum infected and uninfected control (Figure 3.22; 3.23).
Furthermore, comparison of the efficiency of the primers used (Section 3.4) is summarized
(Figure 3.29). Results show that all target samples lie within at leastpbints of the
standard curve and’Ralue greater than 0.995 i.e. 0.999 and 0.998 for RPS26 reference gene
used forAn. funestus s. CTL4 quantification (Section 3.4) and @fgatment, respectively.
However the efficiency of the C@reated and uneiated samples was below 90% (Figure
3.29A).

In addition, reactions resulted in good exponential curves and single amplification in the melt
peak and curve were achieved, further showing that primer pairs and cycling conditions were

working efficiently (Fgure 3.29B; C, respectively).
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These results also applied to target and other candidate reference genes, where single
amplification in melt curve and peak were achieved (Figure #)3®? values were between
0.9950.999, all target samples were withinleast five points of the standard curve with a
slope of -3.62, -4.16, -4.02 and-3.76 for CTL4, RPS7, RPL19 and NDrespectively
(Appendix, Section B, Figure B4R). The efficiency of each gene was however lower than

that required with the highest efiégnicy being 88.6% (Tayloet al, 2010). Thus, reference

gene selection and quantification of the. funestus s. CTL4 transcript could not be
achieved.
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Figure 3.29: Amplification plots for CQ -treated An. funestus ss. CTL4 quantification.
Graphical representation of RPSPA,(i-ii)] standard curve where tagert samples lie within the curve,
[B (iii-iv)] amplification curve showing exponential growth ang @lues,[C (v-vi)] dissociation
peaks resulting in amplification of single qPCR praidu The red asterisk star represeRts

falciparumreactions, whereas the blue asterisk star representse@@d reaction.
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Figure 3.30: Quantification plots of An. funestus ss. after treatment with CQ. Graphical
representation of combined genes dissociation (i) curve and (ii) peak showing single peaks indicating
amplification of a single gPCR product. NTC are shown by the blue line at the bottom of the curves.
Gene identifications are as follows: CTLAasvn in pink, RPS26 shown in blue, RPS7 shown in

green, RPL19 shown in red and N&hown in dark blue. The NTC and SYBR +QHare shown in
light blue at the bottom of the curves.

Additionally, agarose gel electrophoresis and sequencing for thee@@dAn. funestus s.

was performed to assess whether the correct gene(s) of interest were being amplified and to
rule out incorrect amplification, contamination, template degradation or primer inefficacy as
the cause of the low gPCR efficiency.
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The electrophesed qPCR products show cDNA profiling with expected single amplicon
sizes of 226, 134, 160, 223 and 122bp long for CTL4, RPS7, RPS26, RPL19 and ND
respectively (Figure 3.31).

A BLASTnN search in Vectorbase resulted in 100% coverage of the edijeenses from the
chromatogram (Sanger sequencing) that where aligned with those in the database resulted
with a negative E values between™10 10°* and a sequence similarity identity score
between 97.800%.
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Figure 3.31: Amplification of qPCR products in CQ-treated An. funestus ss. cDNA
fragments of gPCR products were visualized in a 2.5% (w/\jdeoraturing agarose gel, sizes were
estimated by comparison to a 100bp DNA ladder (MWM). gPCR products were loaded as follows:
lanes 1 MWM; lanes 2, 3 and 4 CTL4, lane 5 CTL4 NTC; lanésahd 8 RPS7, lane 9 RPS7 NTC;

lanes 10, 11 and 12 RPS26, lane 13 RPS26 NTC, lanes 14, 15 and 16 RPL19, lane 17 RPL19 NTC,
lanes 18 and 19 Nfand lane 20 NDPNTC.
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