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ABSTRACT

The discovery of antibodies against the Reticulocyte binding-protein homologue (Rh) 5
interacting protein (Ripr) and Cysteine-rich protective antigen (CyRPA), which are crucial in
the invasion process across all parasite strains has brought new hope to the vaccine
development field. Determining whether the Ripr and CyRPA genes in P. falciparum isolates
from malaria-endemic population in Kilifi-Kenya are polymorphic provide data that is
important in vaccine development targeting the two antigens. These results aid in preventing
the development of a malaria blood-stage vaccine that would not proceed beyond the clinical
trial stages due to the presence of multiple antigen variants. The genomic DNA of P.
falciparum extracted from blood samples collected in 2013 and 2014 from 162 children aged
below 8 years were used in the study. These children suffered from uncomplicated malaria
and had been admitted to Kilifi County Hospital. From the extracted genomic DNA, Exon 1
and Exon 2 of CyRPA gene were separately amplified by different primer sets whereas Ripr
gene was amplified using two different primer sets. Good quality amplicons were sequenced
and analysed using CLC Genomics Workbench 7, MEGA 6.0 and DnaSP 5.10.01 software.
Sequence assembly was done using CLC bio and subsequent analysis conducted using DnaSp
software and MEGA 6.0. A total of three mutations were detected in sequences of exon 2 of
CyRPA gene at positions 193, 1005 and 1086. SNPs at position 193 and 1005 resulted in
non-synonymous mutations, whereas position 1086 was a synonymous mutation. The
identified SNPs were under purifying selection, suggesting a possible stabilization of the
CyRPA gene. The parasites tend to ensure that mutations that may interfere with the CyRPA
antigen functionality are eliminated. Such a result reaffirms CyRPA antigen as a possible
candidate in developing a blood-stage malaria vaccine in the future. Similar to Exonl of
CyRPA gene, the Ripr gene lacked polymorphisms. The result was obtained from analysis of
39 samples which accounted for 24.1% of the total samples analysed. The lack of
polymorphism in Ripr, Exonl of CyRPA sequences and polymorphisms in Exon 2 of CyRPA
show that both these genes appear to be highly conserved with hardly any polymorphisms
making them good vaccine candidates with no possible limitation of allele-specific immunity

xii



CHAPTER ONE

1.1 INTRODUCTION

Plasmodium falciparum is the most virulent malaria parasite among the five human
Plasmodium species. Each year, it accounts for millions of deaths globally with a high
mortality in children below 5 years and pregnant women (Elliott and Beeson, 2008). 85-90%
of the fatalities have been reported in sub-Saharan Africa especially in Kenya (Geels et al.,
2011). By 2015, over 200 million new malaria cases had been recorded in more than 90
countries globally (World Health Organization, 2015). Eighty percent of death as a result of
malaria is concentrated in 15 countries which are mainly within Africa. Among the most
susceptible individuals are children under the age of 5 years out of whom, 292,000 have been
estimated to have succumbed to malaria infection in 2015 within Africa (WHO, 2015). In
Kenya, over 20 million individuals are estimated to be at risk of malaria infection while
approximately 6 million new clinical cases were noticed each year (Halliday et al., 2014).
High transmission rates are recorded in endemic regions such as the western part of Kenya
and Kilifi (Mogeni et al., 2016).

Despite the existence of various vector control measures such as the use of insecticide sprays,
repellents and Insecticide-treated bednets (ITNs), malaria prevalence has gradually increased
across Africa. A similar observation is noted in Kilifi region (von Seidlein and Knudsen,
2016). The recent increase in P. falciparum transmission rates may be attributed to parasite
strains that are resistant to antimalarials such as quinine and artemisinin-based combination
therapies (Fairhurst and Dondorp, 2016). The clinical manifestation of malaria occurs due to
the subsequent invasion of host erythrocytes by invasive P. falciparum merozoites (Miller et
al., 2002). The persistence of the malaria infection in the host is maintained through the

invasion of fresh erythrocytes every 48 hours (Chen et al., 2000).

Invasion of host erythrocytes by P. falciparum merozoites is a complex process involving the
expression of various antigenic proteins (Gilson and Crabb, 2009). Key P. falciparum
antigens that ensure invasion process is successful are those aiding the formation of the tight
junction which initiates the process of invagination. Cysteine-rich protective antigen
(CyRPA) and Reticulate homolog 5 interacting protein (Ripr) are among the proteins that

form a complex with other antigens facilitating invagination of erythrocyte by merozites.



Based on the crucial role displayed by CyRPA and Ripr, the two antigens are under
consideration as potential candidates for a target in the development of malaria bloodstage

vaccines.
1.2 Problem statement and Justification

The extensive polymorphisms in immunodominant P. falciparum antigens present challenges
in the development of effective blood-stage malaria vaccines (Takala and Plowe, 2009;
Dzikowski and Deitsch, 2009). The Ripr and CyRPA antigens have been found capable of
inducing growth inhibition assay (GIA)-active antibodies singly and in combination with the
Rh5 antigen (Chen et al., 2011; Reddy et al., 2015). This qualifies them as potential blood
stage malaria vaccines; however extensive polymorphisms may have a significant negative
effect on the efficacy of the vaccines. No study has been conducted so far to determine if
there are polymorphisms in Ripr and CyRPA genes obtained from P. falciparum isolates

from a malaria endemic population in Kilifi, Kenya.

This research aimed to inform if a blood stage malarial vaccine based on the Ripr and CyRPA
antigens are under selection pressure or may be rendered ineffective due to the
polymorphisms. The data supports the research effort towards developing a P. falciparum

malaria vaccine.
1.3 RESEARCH QUESTION

Are there polymorphisms in Ripr and CyRPA genes obtained from P. falciparum isolates

from a malaria endemic population in Kilifi, Kenya?

1.4 HYPOTHESIS

There are no polymorphisms in the P. falciparum Ripr and CyRPA genes.
1.5 Objectives

1.5.1 Main Objective

To determine polymorphisms in Ripr and CyRPA genes in P. falciparum isolates obtained in
a malaria endemic population in Kilifi, Kenya.

1.5.2 Specific Objectives

1. To genotype the P. falciparum Ripr and CyRPA genes.

2



2. To determine if polymorphisms are present in these genes.

3. To identify evidence of selection on Ripr and CyRPA genes if polymorphisms

are present.



CHAPTER TWO

LITERATURE REVIEW

2.1 The life cycle of P. falciparum

P. falciparum undergoes both sexual and asexual stage in its life cycle. The sexual phase
occurs in the mosquito (vector), while the asexual phase that is responsible for the clinical
manifestations of the disease occurs in humans, the definitive host (Miller et al., 2002). The
complex parasite life cycle begins when the P. falciparum sporozoites are injected into the
human peripheral circulation, through a blood meal by the female Anopheles mosquito as
illustrated in Fig 1. The injected sporozoites then migrate through the blood stream to the
liver and invade hepatocytes, where they undergo hepatic schizogony and differentiate into
thousands of schizonts (Fig 1). After 7 days, the schizonts rupture releasing merozoites that
egress from the liver and enter the blood stream. Within the blood stream, they invade
erythrocytes and reside in a parasitophorous vacuole (PV) as ring stage parasites (Das et al.,
2015). The ring stage parasites in the PV transform into early trophozoites then to mature
trophozoites, before undergoing erythrocytic schizogony that results in multinucleated

schizonts (Beeson et al., 2016).

These multinucleated schizonts develop into late schizonts whose PV membrane rapture and
releases merozoites into the erythrocyte cytosol. A few seconds following the release of
merozoites, the erythrocyte membrane raptures releasing new merozoites into the
bloodstream which invade other uninfected erythrocytes (Josling and Llinds, 2015). Some
intra-erythrocytic stage merozoites leave the cycle and develop into the sexual stages. They
differentiate into male and female gametes that are taken up by mosquitoes during a blood
meal and marking the end of asexual life cycle (Fig 1). On reaching the mosquito midgut, the
sexual life cycle begins with the male gametes fertilizing the female gametes, resulting in
diploid zygotes that develop into infective elongated motile ookinetes. The ookinetes migrate
via the wall of the mosquito midgut and develop into extracellular oocysts. The developed
oocyst releases sporozoites into the salivary glands of the vector. These released sporozoites
are ready for transmission to the next host during a mosquito bloodmeal (Josling and Llinas,
2015). For a successful asexual cycle, P. falciparum has developed a structure that facilitates
a series of molecular interactions that result in the infection of erythrocytes.
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Figure 1: The Plasmodium falciparum life cycle. The figure shows both the asexual and sexual
lifecycle of P. falciparum in the human host and mosquito respectively. Adapted from Josling and
Llins, (2015).

2.2 The structure of the merozoite

Erythrocyte invasion by P. falciparum merozoites initiates the asexual blood stage process
which is crucial for parasite development. The P. falciparum merozoites have undergone
evolution and developed organelles needed for rapid and efficient invasion (Wright et al.,
2014; Garcia et al., 2008). The merozoite cell is ovoid with a length of ~1.2um and has a
polarised structural morphology containing both an apical prominence and a posterior end
(Wright et al., 2014). The cell surface is covered by a 15 nm thick adhesive coat, which has
bristles (Fig 2) that initiate contact with the erythrocyte during invasion. The plasma
membrane and the underlying inner membrane complex (IMC) forms a merozoite pellicle

that covers the entire cell surface except for the apical end.
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Figure 2: The cellular structure of P. falciparum merozoite cell. The figure shows major organelles
and cellular structures of the Plasmodium falciparum merozoite. Adapted from Cowman and Crabb,
(2006).

The IMC also anchors the actomyosin motor through proteins; the motor has a role in
junction formation during invasion (Wright et al., 2014). Microtubules target the apical
organelles during the assembly of merozoites and also provide mechanical support (Garcia et
al., 2008). The merozoite cytoskeleton has three polar rings (Fig 2) that provide additional
mechanical support to the rhoptry and the micronemes. The nuclear, mitochondria and plastid
(apicoplast) are located at the posterior end of the merozoite cell where they control genetic
and metabolic processes. Other organelles such as the Golgi complex and endoplasmic
reticulum are either residual or absent in a mature merozoite cell (Fig 2). The microneme
vesicles are densely stained and elongated as seen in Fig 2; they sequentially release different

proteins at distinct phases of invasion (Garcia et al., 2008).

The apical half of the merozoite cell contains scattered dense granule vesicles (Fig 2), which
discharge their contents that decorate the PV membrane. The mononeme and exoneme which
are not indicated in Fig 2 are thought to contain proteases that are crucial for invasion (Riglar
et al., 2011; Garcia et al., 2008). The merozoite prominence centre contains two pear-shaped
rhoptries, which are subdivided into head and bulb functional domains and extracellularly
secrete distinct proteins at different times of invasion (Zuccala et al., 2012; Hanssen et al.,
2013).



2.3 Erythrocyte invasion

The invasion of erythrocytes by P. falciparum merozoites involves a series of complex
molecular interactions that takes an average time of less than two minutes to be completed
(Gilson and Crabb, 2009).
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Figure 3: The P. falciparum merozoite invasion process. The model illustrates the initial stage of
merozoite attachment on erythrocyte surface, deformation of erythrocyte surface, reorientation,
anchorage, the formation of a tight junction, invasion and internalization of the merozoite into the
erythrocytes. Merozoite and host proteins are involved. Adapted from Weiss et al. (2015).

The merozoite initiates invasion through the exoneme released calcium-dependent redox
switch subtilisin protease (SUB1), which produces the active cysteine protease forms from
the processing of the serine repeat antigen 6 (SERA6) and other SERA family proteins
(Withers-Martinez et al., 2014; Beeson et al., 2016). It also processes merozoite surface
protein 1 (MSP1), MSP6, and MSP7 leading to their maturation and gain of invasive
functions (Das et al., 2015; Child et al., 2010). The different forms of protease and processed
MSP1 that interact with spectrin are thought to mediate the egress of merozoites from
schizonts in the PV and the erythrocyte cytosol (Chen et al., 2000; Ruecker et al., 2012;
Favuzza et al., 2016). The free merozoite in the blood establishes an initial contact with the
erythrocyte through their MSPs, SERA4, SERAS and the 42 kilo Dalton of MSP1 ( MSP1,y),
binding to the surface receptor band 3, glycophorin A and possibly heparin-like molecules on
the erythrocyte surface (Boyle et al., 2010; Wright et al., 2014; Baldwin et al., 2015; Weiss et
al., 2015).

Merozoite surface protein 1 (MSP1) aggregates and causes a weak deformation on the

erythrocyte through its membrane fluid movement activity (Weiss et al., 2015). This is




followed by a strong erythrocyte surface deformation that is likely caused by the interaction
between the Erythrocyte binding antigen (EBA) family including EBA175, the P. falciparum
Reticulocyte binding-protein homologue (PfRh) family (Rh4) and the action of the acto-
myosin motor (Fig 3). The Rh1 contained in the rhoptry duct interacts with the erythrocyte
surface and triggers intracellular calcium ion (Ca®") signaling that results in the release of
EBA175 by the micronemes (Gao et al., 2013; Wright et al., 2014; Weiss et al., 2015). The
release of EBAs, Rhs and their interactions with the acto-myosin motor causes the
reorientation of the merozoite (Weiss et al., 2015).

The reoriented merozoite through mediation by the microneme secreted apical membrane
antigen 1 (AMAL), Rh1, Rh2a, Rh2b, Rh5, Rhoptry-associated, leucine zipper-like protein-1
(RALP1) and the rhoptry neck proteins (RON2) forms a tight junction (Haase et al., 2008;
Riglar et al., 2011; Riglar et al., 2016).The junction is hypothesised to act as a point of
traction for leveraging action of the acto-myosin motor (Riglar et al., 2016; Angrisano et al.,
2012), which propels the merozoite into the erythrocyte and causes the tight junction to move
from the apical end to the posterior end of the merozoite (Fig 3). The microneme released
SUB?2 cleaves the surface antigens such as Thrombospondin-related apical membrane protein
(PTRAMP), MSP1, 33 kilo Dalton of MSP1( MSP133), MSP3, MSP7 and SERA4 and sheds
them off (Fig 3) together with the tight junction before complete internalization (Boyle et al.,
2010; Riglar et al., 2011; Withers-Martinez et al., 2012; Boyle et al 2014). The MSP4 and
MSP1,9 which is processed from the MSP1,, by the SUB2 are left on the merozoites surface
and are echinocytosed (Boyle et al., 2014).

The Rhomboid proteases ROM1 and ROM4, cleave and shed off the EBA family proteins
(such as EBA175), Rhs, and AMAL and facilitate the resealing of the erythrocyte membrane
at the entrance point (Santos et al., 2012). Upon completion of internalisation, MSP2 which
was internalised while on the merozoite surface is degraded within 10 minutes while the 19
kilo Dalton of MSP1 (MSP1;5) and MSP4 are retained (Boyle et al., 2014). The retained
MSP1,4 is hypothesized to help in food vacuole formation during the post invasion process
(Moss et al., 2012). Among the most important proteins during the invasion process, are the
Reticulocyte-binding protein homologue 5 (Rh5), Rh5-interacting protein (Ripr), Cysteine-
rich protective antigen (CyRPA), and surface protein (P113) which forms a complex that is

indispensable during the invasion process.



2.4 Rh5/Ripr/CyRPA/P113 complex is indispensable in all P. falciparum merozoite

invasion process

Reticulocyte-binding protein homologue 5 (Rh5) undergoes processing which results in
fragments that interact directly with P113 and CyRPA to form Rh5/ CyRPA /P113/Basigin
multiprotein complex, which mediates junction formation (Chen et al., 2011; Reddy et al.,
2015). The recruitment of Ripr to the complex following binding of CyRPA to Rh5 is
believed to result in the termination or cleavage of CyRPA/Rh5/Ripr complex from the initial
Rh5/ CyRPA / P113/Basigin complex (Galaway et al., 2017). Within the complex, the Rh5 N
terminus (Rh5NTt) interacts with P113 providing anchorage on the merozoite surface whereas
the C-terminus binds to the erythrocyte surface protein basigin or CD147 in the final stages
of invasion in all strains (Wright et al., 2014; Galaway et al., 2017). Rh5 is refractory to
genetic deletion and it is smaller (~ 60 kDa) protein compared to other Rhs (Hayton et al.,
2013; Baum et al., 2009). Only 12 non-synonymous single nucleotide polymorphisms (SNPs)
have been found so far in the Rh5 sequence of 227 field isolates (Wright et al., 2014).

The monoclonal and polyclonal antibodies generated against Rh5 have been found to prevent
merozoite development in all strains by blocking the interaction of Rh5 with its host receptor
basigin in vitro (Douglas et al., 2011; Bustamante et al., 2013; Douglas et al., 2014; Reddy et
al., 2014; Wright et al., 2014; Galaway et al., 2017). These anti-Rh5 antibodies have been
found in relatively low prevalence in humans and are associated with a role in host protection
from malaria episodes in Mali (Patel et al., 2013; Tran et al., 2014). Rh5 has therefore been
considered as a next generation blood-stage malaria vaccine candidate even though it has

been reported to have low immunogenicity.

Key among the proteins that interacts with Rh5 is P113, which is
glycosylphosphatidylinositol (GPI)-linked (Galaway et al., 2017). The P113 interacts with
the N-terminus of unprocessed Rh5 (comprising of linear sequence of 19 amino acids) hence
providing the mechanism upon which the Rh5 complex is tethered on the merozoite surface.
The complex formed as a result of interaction between Rh5/P113/Basigin is believed to
trigger the secretion of parasitic ligands such as AMAL/RON complex leading to the
formation of moving junction. The P113 is expressed in early and late schizont stages and has
also been detected in the gametocyte as well as sporozoite stages within the life cycle of P.
falciparum (Silvestrini et al., 2010). The inability of selection of merozoites that are deficient
of P113 has confirmed its indispensability in merozoite growth (Galaway et al., 2017).



Antibodies against P113 in African and Papua New Guinea population have largely been

associated with offering protection against malaria (Osier et al., 2014; Richards et al., 2013).

Cysteine-rich protective antigen (CyRPA) is released by the micronemes and is usually
expressed as a ~35 kDa protein and plays a role in recruiting Ripr to the complex (Galaway et
al., 2017; Reddy et al., 2015; Favuzza et al., 2016). The CyRPA binds to Rh5 in the
Rh5/P113/Basigin complex prior to recruitment of Rh5-interacting protein (Ripr) to the
complex. The Cyrpa gene (PF3D7_0423800) cannot be knocked out and it is located in the
subtelomeric region of chromosome 4 (Baum et al., 2009; Richards et al., 2013; Douglas et
al., 2014). Six P. falciparum field isolates from Tanzania did not have any polymorphisms in
the CyRPA gene, however a nonsynonymous SNP has been detected at 1116bp across the K1
(Thailand), FCR3 (Gambia), ITG2F6 (Brazil), and FVO (Vietnam) strains (Dreyer et al.,
2012). Antibodies that target full-length CyRPA have been reported to abrogate its
interaction with the Rh5/Ripr complex and blocked the multiprotein complex formation
leading to inhibition of invasion (Reddy et al., 2015). It has been suggested that CyRPA is
not a major target of naturally acquired immunity since its natural immunogenicity is very
low (Dreyer et al., 2012).

The microneme released Ripr has a molecular weight of 123 kDa (Chen et al., 2011). It lacks
a transmembrane domain and is found localised at the apical end of the merozoite, where it
peripherally interacts with the merozoite surface and Rh5. Prior to the invasion, Ripr
undergoes processing into two 65 kDa fragments which are almost similar and are purported
to act as a scaffold anchoring Rh5 on Rh5/Ripr/CyRPA multiprotein complex (Volz et al.,
2016; Chen et al., 2011). The polyclonal antibodies that have been developed against the Ripr
antigen inhibit erythrocyte invasion and the gene encoding it is considered refractory to
genetic disruption (Chen et al., 2011). Surface protein (P113), Rh5, Ripr and CyRPA have

therefore been considered as the next generation blood stage malaria vaccine candidates.
2.5 Blood stage malaria vaccine development and challenges

The malaria blood stage vaccines based on MSP1, MSP2, MSP3, EBA175, glutamate rich P.
falciparum antigen (GLURP) and SERAS have undergone human vaccine clinical trials and
the presence of multiple antigen variants have proven to be one of the greatest challenges, as
most of these vaccines are allele specific (Sirima et al., 2011; Ogwang et al., 2013;
Tamminga et al., 2013). Vaccines such as the MSP1,4,-3D7 (FMP1/AS02) and the AMAL-
3D7 (FMP2.1/ASO2A) had no significant effect on clinical malaria and were allele-specific
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during the phase Il clinical trial in Kenyan and Mali children (Ogutu et al., 2009; Thera et al.,
2011). The vaccines were based on alleles from the 3D7 laboratory generated isolates and
thus, the vaccines protected children in the trial with P. falciparum alleles expressing the 3D7
target antigen.

Focus has shifted to the Rh5/Ripr/CyRPA/P113 complex that is important in P. falciparum
merozoite invasion. However, Reddy et al (2015) showed that antibodies raised against
CyRPA partial constructs had poor invasion inhibitory activity and they could not
immunoprecipitate the P. falciparum Rh5/Ripr/CyRPA complex. Extensive polymorphisms
in the CyRPA and Ripr genes could make a vaccine based on these antigens to be allele

specific, reducing their efficacy.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Study site and population

One hundred and sixty two blood samples from children below 8 years with uncomplicated
malaria admitted to Kilifi County Hospital were used. The blood sample were collected in the
year 2013 and 2014. The children had variable parasitemia with a median of 190,000
parasites/pl. The study was carried out at the University of Nairobi's Centre for

Biotechnology and Bioinformatics (CEBIB) molecular laboratories.

3.2 DNA extraction

The DNA from 162 blood samples were previously extracted using the QlAamp DNA
extraction Blood mini kit (QIAGEN, Inc.). The kit allows the generation of DNA that is
ready for use following a series of steps where 20ul of proteinase K was added into a
microcentrifuge tube before the addition of 200ul of the anticoagulated blood sample. It was
followed by the addition of 200ul of buffer AL; the sample was vortexed to mix. Incubation
of the mixture was done at 56°C for 10 minutes and 200ul of ethanol added before vortexing.
It was then transferred to a Mini spin column and centrifuged at 6000 x g for 1 minute, the
flow-through and collection tube was discarded. The spin column was then placed in a new
2ml collection tube before addition of 500ul of buffer AW1 and centrifuged for 1 minute at
6000 x g. The flow-through and collection tube were discarded before placing the spin
column in another 2ml collection tube. Five hundred (500ul) of buffer AW2 was added and
the mixture centrifuged for 3 minutes at 20,000 x g to dry the membrane. The flow-through
together with the collection tubes were discarded and the spin column placed in a clean 2ml
microcentrifuge tube. Two hundred (200ul) of buffer AE was then pipetted directly onto the
membrane followed by incubation at room temperature for 1 minute before centrifuging for 1
minute at 6000 x g to elute. This step was repeated to obtain a maximum DNA vyield. The

eluted DNA was stored in a freezer at -20°C after making a 1:10 dilution.
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3.3 Primer design and Re-suspension

Designed primers were used in the optimization process to select the right PCR conditions
(Table 1).

Table 1: List of designed primers.

Oligo name Sequence

Ripr_F1 ATGTTCAGAATTTTTTTTACCCTTC
Ripr_F2 ACAATTGTAAATTCGATTTTG

Ripr_F3 ATGTGCTTATGGAAATACA

Ripr_F4 ACATGCTATGGGAACAG

Ripr_F5 ACAAGGTCATGTAGCTGTCA

Ripr_F6 ACAAATACGTTTATACTATATTAAATCGT
Ripr_F7 AAAAATGTTTGTGAAGAAAATTATAGATGTAC
Ripr_R1 CTAATTCTGATTACTATAATAAAATAC
Ripr_R2 TAGCACATATACACACACCATTCT
Ripr_R3 TGATGGTATATTAGAATGA

Ripr_R4 TGCATGTTGCTTTATGTGTATCA
CyprA_F1 TGAAAATAACATTATGATTATCCCT
CyprA_F2 CAGTGAGATAACTATAAGT

CyprA_F3 TGAGTGTACCCATGAAAAGGA

CyprA_R1 TCCTTGCAGTAACCCCTTTTGTCTAC
CyprA_R2 TGTCATCCTTCTTATTGTCATCCT

Before optimization, the designed Ripr and CyRPA primers were re-suspended by addition of
PCR water on each primer to make 100uM of stock solutions as per oligonucleotide synthesis
report (Eurofins Genomics). Each primer was vortexed for 30 sec and then centrifuged at
14000 rpm for 20 sec. The re-suspended primers were left overnight in the freezer (-20°C)

before 10l of each were transferred to a sterile, labeled Eppendorf and 90ul of PCR water
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were added to make a final volume of 100ul working solution. The primers were stored in the

freezer (-20°C) before PCR optimization.
3.4 Primer mapping PCR optimization

Each primer sequence was mapped onto the respective CyRPA (1188 bp) and Ripr (3260 bp)
reference sequence (3D7). It was done to predetermine the length of expected PCR products.
Both the elongation temperature and time to be used in the PCR process are shown in Table
3. Optimization of both Ripr and CyRPA primers pairs (Table 2) were performed starting
with specific forward primers (F) and reverse primers (R). 0.5ul of 3D7 DNA was added to
a mix containing; 0.2ul of ANTP mix (10mM), 0.3ul of the forward primers (10x), 0.3ul of
the reverse primers (10x), 1l of Expand High Fidelity Buffer (10x) with 15mM Magnesium
chloride (MgCly), 1ul of 1 x MgCl; (1.5mM), 0.14pul of Expand ™ High Fidelity enzyme mix
(Roche) and 6.56pul of double distilled water in a final volume of 10ul. The Veriti™ Thermal
Cycler (Applied Biosystems™) was used in the optimization process, in which 6 different
annealing temperatures were tested in all the cycles by a gradient PCR method. The
technique allows for the determination of the optimum PCR condition using a minimum
number of steps possible. Through gradient PCR, the optimum condition is obtainable in a
single step since its gradient function allows for testing six different annealing temperatures

at once. Optimization was done as per the conditions in Table 3.
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Table 2: List of primer pairs, predetermined target length and their respective elongation

temperature that were tested during the optimization process.

Forward Reverse Base pairs Elongation Elongation
primer primer temperature (C) time
CyRPA_F1 CyRPA R1 1180 72 1 min
CyRPA_F1 CyRPA R2 586 72 45 sec
CyRPA_F2 CyRPAR1 750 72 45 sec
CyRPA_F2 CyRPA R2 154 72 45 sec
CyRPA _F3 CyRPA R1 313 72 45 sec
Ripr_F1 Ripr_R1 3261 68 2 min
Ripr_F1 Ripr_R2 2266 72 1 min
Ripr_F1 Ripr_R3 1485 72 1 min
Ripr_F1 Ripr_R4 805 72 1 min
Ripr_F2 Ripr_R1 2617 72 1 min
Ripr_F2 Ripr_R2 1622 72 1 min
Ripr_F2 Ripr_R3 841 72 1 min
Ripr_F2 Ripr_R4 161 72 1 min
Ripr_F3 Ripr_R1 1935 72 45 sec
Ripr_F3 Ripr_R2 940 72 1 min
Ripr_F3 Ripr_R3 159 72 45 sec
Ripr_F4 Ripr_R1 1316 72 1 min
Ripr_F4 Ripr_R2 321 72 45 sec
Ripr_F5 Ripr_R1 603 72 45 sec
Ripr_F6 Ripr_R1 3064 68 2 min
Ripr_F6 Ripr_R2 2069 72 1 min
Ripr_F6 Ripr_R3 1288 72 1 min
Ripr_F6 Ripr_R4 608 72 45 sec
Ripr_F7 Ripr_R1 2426 72 1 min
Ripr_F7 Ripr_R2 1431 72 1 min
Ripr_F7 Ripr_R3 650 72 45 min
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Table 3: PCR conditions for optimization process.

Temperature (C) Time Cycle
Initial Denaturation 94C 2 min 1x
Denaturation 94°C 15 sec
Annealing 42C-59C 30 sec 10x
Elongation 68 Cor72C 45 sec, 1 min or 2min
Denaturation 94C 15 sec
Annealing 42C-59C 30 sec
Elongation 68Cor72C 45 sec, 1 min or 2min + 5 sec
cycle elongation for each 25%

successive cycle

Final Elongation 72°C 7 min 1x
Cooling 4C 4 Min

3.5 Amplification of the CyRPA gene

Among the CyRPA primer sets, only the CyRPA F1, CyRPA R2 and CyRPA_F3 and
CyRPA_R1 pairs were optimized successfully yielding the expected PCR products. The PCR
conditions for CyRPA F1/R2 that generated the first CyRPA gene fragments (586 bp) were as
described in Table 4.

Table 4: PCR conditions for amplification of CyRPA F1/R2 fragment.

Temperature (C) Time Cycle

Initial Denaturation 94C 2 min 1x
Denaturation 94°C 15 sec
Annealing 44°C 30 sec 10x
Elongation 72°C 45 sec
Denaturation 94C 15 sec
Annealing 44°C 30 sec
Elongation 72°C 45 sec + 5 sec cycle elongation

for each successive cycle 25%
Final Elongation 72°C 7 min 1x
Cooling 4C 4 min

The PCR conditions for CyRPA F3/ R1 that yielded the second fragment of the CyRPA gene
(313 bp) were as described in Table 5.
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Table 5: PCR conditions for amplification of CyRPA F3/R1 fragment.

Temperature (C) Time Cycle

Initial Denaturation 94C 2 min 1x
Denaturation 94°C 15 sec
Annealing 51C 30 sec 10x
Elongation 72°C 45 sec
Denaturation 947C 15 sec
Annealing 51C 30 sec
Elongation 72°C 45 sec + 5 sec cycle elongation

for each successive cycle 25%
Final Elongation 72°C 7 min 1x
Cooling 4C 4  Min

3.6 Amplification of the Ripr gene

Among the Ripr primer sets, only the Ripr F3/R1 and Ripr F6/R1 sets were optimized
successfully yielding the expected PCR products. The obtained fragments did not cover the
entire length of the gene as expected. The PCR conditions for Ripr F6/R1 that generated the
first Ripr gene fragments (3064 bp) were as described in Table 6.

Table 6: PCR conditions for amplification of Ripr F6/R1 fragment.

Temperature (C) Time Cycle

Initial Denaturation 94C 2 min 1x
Denaturation 94°C 15 sec
Annealing 49C 30 sec 10x
Elongation 68°C 2 min
Denaturation 94°C 15 sec
Annealing 49C 30 sec
Elongation 68°C 2 min + 5 sec cycle elongation

for each successive cycle 25%
Final Elongation 72°C 7 min 1x
Cooling 4C 4 min

The PCR conditions for Ripr F3/R1 that yielded the second fragment of the Ripr gene (1935

bp) were set as in Table 7 below.
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Table 7: PCR conditions for amplification of Ripr F3/R1 fragment.

Temperature (C) Time Cycle

Initial Denaturation 94C 2 min 1x
Denaturation 94°C 15 sec
Annealing 55C 30 sec 10x
Elongation 72°C 2 min
Denaturation 947C 15 sec
Annealing 55C 30 sec
Elongation 72C 2 min + 5 sec cycle elongation

for each successive cycle 25x
Final Elongation 72°C 7 min 1x
Cooling 4C 2 Min

3.7 PCR product detection by Agarose gel electrophoresis

After PCR, the amplicons were assessed to determine their quality through detection of
specific bands upon electrophoresis in 1% w/v agarose gel. The gel used was prepared from
previously made 1X Tris-Borate (TBE-Ethylenediaminetetraacetic acid (EDTA)) buffer at
pH 8.0. The 10X TBE buffer was reconstituted as follows, 108g of Tris base, 55g of Boric
acid and 75g of EDTA was dissolved in 800ml of double distilled water. It was topped up
with distilled water to make 1L of 10X TBE buffer that was sterilized and stored at room
temperature. 1X TBE buffer solution was regularly prepared by dissolving 50ml of 10X TBE
buffer in 450 ml of double distilled water.

Half a gram (0.5g) of agar was dissolved in 50ml of 1X TBE buffer to make 1% w/v gel
solution; this was boiled, cooled and 1pl of Ethidium bromide added before dispensing in the
gel tank. The gel comb was placed in the gel tank to form the loading wells. It was then
allowed to set for 25 minutes before addition of 1pl of loading dye 2ul of amplicons on the
wells. 1ul of loading dye was added to 1ul of negative control (PCR water) before loading to
the last well. A similar amount of loading dye was added to an equal amount of positive
control which had the expected band length. Electrophoresis was done at a constant voltage
of 80V for 40 minutes. The amplicons were then visualized under a UV transilluminator
(BIORAD). Samples with specific, clear bands of required length as the positive control were
considered positive while those with faint bands, non-specific bands, smears or no bands

were deemed to be negative. The amplification process for negative samples was repeated by
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increasing the sample DNA volume from 0.5ul to 0.7ul. In cases where negative results were

obtained after repeats, the sample was declared negative.
3.8 Amplicon purification

All positive PCR products were purified using Exonuclease 1-Shrimp Alkaline Phosphatase
(ExoSAP) clean-up before sequencing. 1pl of ExoSAP was loaded into each of the 96 well
plate before addition of 8ul of the amplicons. The ExoSAP conditions were set as indicated
in Table 8.

Table 8: ExoSAP conditions for cleaning the amplicons.

Temperature (C) Time Cycle
37C 15 sec 1x
80C 15 sec

3.9 Sequencing

Sequencing was done using amplification with PCR and internal primers (Table 1) and the
3700/3730 BigDye® Terminator v3.1 Sequencing Standard kit (ABI PRISM® 3700 DNA
Analyzer). Briefly, 4ul of purified PCR product was mixed with 0.3ul BigDye Terminator
v3.1, 1.75ul 5X sequencing buffer, 0.32ul of each primer and 3.63ul of nuclease-free water.
The sequencing reactions were performed in a thermal cycler under the following conditions;
one cycle of polymerase activation at 96°C for 60 sec, 25 cycles of denaturation at 96°C for
30 sec, annealing at 50°C for 15 sec, extension at 60°C for 4 minutes and a final holding
temperature of 15°C for 10 minutes. It was followed by ethanol and Sodium Acetate
precipitation of 10ul sequencing reactions in 96-well reaction plates where 90ul of the
ethanol and Sodium premix was added to each well. The plates were then sealed with micro-
seals and incubated at -20°C for 30 minutes after which they were spun at 3000 x g for 30
minutes at 4°C on a centrifuge (5810R bench centrifuge, Eppendorf). Seals were removed
and the plates overlaid with absorbent paper towels and gently inverted to drain them. Fresh
paper towels were placed on the inverted plates and spun at 50 x g for 1 minute at 4°C,
followed by addition of 150ul of ice cold (-20°C) 70% ethanol in each well before the plates
were sealed and spun at 3000 x g for 10 minutes at 4°C. The plates were inverted again over
paper towels, and excess fluid drained gently before being overlaid with clean paper towels,

inverted and spun at 50 x g for 1 minute at 4°C. They were covered with fresh paper towels
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and left on the bench to air dry. The samples were re-suspended in Hi-Di for denaturation
(96°C for 1 minutes) reaction following the addition of 10ul of Hi-Di™ Formamide into each

well and electrophoresis by ABI 3730 x| capillary sequencer (Applied Biosystems, UK).

3.10 Sequence editing, assembling, alignment, allele frequency calculations and
estimation of genetic diversity

Sequences were assembled, edited and aligned using CLC Genomics Workbench 7 (CLC
bio). The cleaned Ripr and CyRPA sequence were aligned separately to a reference sequence
PF3D7_0323400 for Ripr and PF3D7_0423800 for CyRPA using the CLC Genomics
Workbench 7 (CLC bio). Mega 6.0 and DnaSP v5.0 softwares were used to analyse the DNA
polymorphisms, the number of synonymous and nonsynonymous substitutions computing
nucleotide diversity and the Tajima’s D statistic to determine if the detected polymorphisms

were under selection.
3.11 Ethical clearance

Ethical clearance for the samples used in this study was obtained from the KEMRI Scientific
and Ethics Review Unit (SERU protocol 3149).
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CHAPTER FOUR

RESULTS

4.1 CyRPA amplification

Out of 162 isolated DNA samples, CyRPA_F1/R2 primer set was successfully used in
amplifying 124 samples. From the same samples (162 samples), CyRPA_F3/R1 primer set
amplified 132. The samples which failed to be amplified even after adjustments such as an
increase in template DNA volume were made, were assumed to have degraded. The inability
of the designed primer combinations (CyRPA_F1/R1, CyRPA_F1/R2, CyRPA_F2/R1,
CyRPA_F2/R2, CyRPA_F3/R1, and CyRPA F3/R2) to cover the entire length of targeted
CyRPA gene (1180 bp) resulted in amplification of two fragments. CyRPA F1/R2 primer
combination amplified a fragment of 586 bp whereas CyRPA F3/R1 primer combinations
amplified 313 bp. The fragment sizes were determined using a 100 bp DNA ladder (Bioline,
London, UK) as seen in Figure 4.1 and Figure 4.2. For quality assurance, the negative control
had no band.

Ladder +ve 110 111 112 113 114 115 116 117 118 119 120 12;1 122 -ve

. . .

B00Dp =5 == e

100 bp

Figure 4: Gel image of CyRPA fragment (586 bp) amplified using CyRPA F1/R2 primer set. Bands
in lane 110-122 represent amplified CyRPA F1/R2 fragments from different samples. The first lane
represents 100 kb ladder, the second lane marked +ve represented positive control and contained
fragment amplified from 3D7 DNA. The last lane (-ve) represents negative control (PCR water).
Samples in lane 113, 117,120 and 121 had no bands and did not amplify thus regarded as negative.
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Ladder +ve 48 49 50 51 52 53 54

Figure 5: Gel image of CyRPA fragment (313 bp) amplified using CyRPA F3/R1 primer set. Bands
in lane 48, 50, 51, 53, 54, 55, 56, 57, 58 and 60 represents amplified CyRPA fragments from different
samples. The first lane represents 100 kb ladder, the second lane marked +ve represented positive
control and contained fragment amplified from 3D7 DNA. The last lane (-ve) represents negative
control (PCR water). Samples in lane 49, 52 and 59 had no bands and did not amplify thus regarded as
negative.

The amplification left a section consisting of 280bp of the CyRPA gene not amplified as

indicated in the figure below.

Exon 1 626bp 726bp Exon 2 1188bp
=4 |

CyRPA F1 CyRPA R2 CyRPA F3 CyRPA R1

I
1bp 586 bp 867 bp 1188 bp

Figure 6: Schematic representation of the full length of CyRPA gene (A) and fragments that were
successfully amplified by two different primers sets (B). The blue line represents the exons of 626bp
and 463bp, respectively, whereas the green section represents the intron composed of 99bp. The
description of 281 bp not amplified in all samples by the two primers set is in the form of the purple
line. Most of the bp not amplified lies within the intron of the CyRPA gene and only 181bp (40bp
from upstream exon and 141bp from downstream exon) from exon was not amplified. The red color
represents CyRPA F1/R2 and CyRPA F3/R1 base pairs that were successfully amplified.

4.2 Ripr amplification

Out of 162 DNA samples, only 64 samples were successfully amplified using Ripr F3/R1
primer set and 84 samples using Ripr F6/R1 primer set. The remaining samples were not

amplified even though adjustments such as an increase in template volume were made. The
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inability of designed primers combinations to cover the entire length of the targeted Ripr gene
(3261 bp) resulted in amplification of two fragments. Ripr F6/R1 primer set amplified a
fragment of 3064 bp whereas Ripr F3/R1 primer set amplified 1935 bp. The fragments were
within the 1000 bp hyper ladder (Bioline, London, UK) distribution as seen in Figure 4.4 and

Figure 4.6. For quality assurance, the negative control had no band.

Ladder +ve 110 111 112 113 114 115 116117 118 119 -ve

3000 bp

Figure 7: Gel image of Ripr fragment (3064 bp) amplified using Ripr F6/R1 primer set. Bands in lane
112, 113, 114, 115, 118 and 119 represent amplified Ripr fragments from different samples. The first
lane represents 1 kb hyper ladder, the second lane marked +ve represented positive control and
contained fragment amplified from 3D7 DNA. The last lane (-ve) represents negative control (PCR
water). Samples in lane 110, 111, 116 and 117 had no bands and did not amplify thus regarded as
negative.

Ladder +ve 14 15 16 17 18 19 20 21 22 23 24 25 26 -ve

Figure 8: Gel image of Ripr fragment (1935 bp) amplified using Ripr F3/R1 primer set. Bands in lane
14, 15, 21, 23, 24 and 25 represent amplified Ripr fragments from different samples. The first lane
represents 1 kb hyper ladder, the second lane marked +ve represented positive control and contained
fragment amplified from 3D7 DNA. The last lane (-ve) represents negative control (PCR water).
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Samples in lane 16, 17, 19, 20, 22 and 26 had no bands and did not amplify thus regarded as negative.
The fainted bands below the target bands are amplified multiple bands with no impact on the target
band upon sequencing.

The amplified fragment of Ripr gene was short of 196 bp upstream as shown in Figure 4.6

below.
Ripr F6 Ripr F3 Ripr R1
|
197 bp 1326 bp 3261 bp

Figure 9: Schematic representation of the section of Ripr gene (F6R1 and F3R1 fragment) that was
successfully amplified by the four different primer sets. The description of 196 bp that were not
amplified in all samples by the four primer sets is in the form of the purple line. The red color
represents the base pairs that were successfully amplified. The amplified F3/R1 fragment lies within
the amplified length of F6/R1.

4.3 Sequencing results

Out of 132 CyRPA F3/R1 samples sequenced, a total of 107 samples had read lengths of
around 313 bp after assembly against the reference sequence (PF3D7_0423800). 25 samples
did not assemble due to short reads. Notably, of the 124 CyRPA F1/R2 amplicons only 52
samples had read lengths of around 586 bp after assembly against reference sequence
PF3D7_0423800. Sixty nine samples failed to assemble due to poor peaks and short reads.
From the 64 amplified Ripr F3/R1 fragments, only 22 had read lengths of around 1935 bp
that correctly assembled against the reference sequence (PF3D7_0323400). Out of 82 F6/R1
amplicons sequenced, only 17 samples had read lengths of around 3064 bp that correctly
assembled against the reference sequence (PF3D7_0323400). The samples that failed to

assemble against the reference were excluded from the rest of the study.
4.4 CyRPA polymorphism analysis

DnaSP software (Librado and Rozas, 2009) was used to identify the segregating sites within
the 107 CyRPA F3/R1 sequences. The sites that were segregating differed from the reference
sequence and included sites with 3 mutations. A single synonymous change at position 1086
and two non-synonymous changes at position 973 and 1005 in samples 14729, 14343 and
14603 were identified, respectively. The nucleotide base Guanosine was substituted by
Thymine in sample 14343, Guanosine was substituted by Cytosine in sample 14603 and
Adenine by Thymine in sample 14729. There were no segregating sites within CyRPA F1/R2

sequences.
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4.5 Genetic diversity of CyRPA polymorphisms

Genetic diversity of CyRPA F3/R1 fragments in the 107 parasites isolated from children with
uncomplicated malaria in 2013 to 2014 season was defined by nucleotide diversity and
analysis (Librado and Rozas, 2009). Nucleotide diversity (w) which is the average number of
nucleotide differences in the 107 analysed sequences was 0.00038. Table 9 shows the
respective codons within CyRPA (F3/R1 sequences) gene that bears both synonymous and
non-synonymous mutations. Also displayed is the amino acid codes, which result from

nucleotide base substitution.

Table 9: CyRPA codon differences.

Position Ref. Ref. Amino Acid Variant Varia_nt Amino
Codon Code Codon Acid Code
1005 GAG E GAC D
973 GTT V TTT F
1086 GGA G GGT G

Statistical test of neutrality were conducted on the 107 CyRPA F3/R1 sequences to determine
if they were under selection using the Tajim’s D, Fu and Li D and F indices. The calculated
value of Tajima’s D was -1.5990 less than the P-value (0.05) (Table 9.1).

Table 9.1: Genetic diversity of CyRPA F3/R1.

CyRPA genetic diversity

No of n S Tajima’s Fuand Li Fu and Li
sequences D D F
107 0.00038 3 -1.5990* -3.44560*  -3.35861*

Neutrality test was also computed for the targeted region of CyRPA F3/R1 using a sliding
window analysis with a length of 25 sites long and step size of 25 bases as presented in figure

4.7. The result from the output generated the DnaSP graph.
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Figure 10: Tajima’s D graph displayed from sliding window. The X-axis represents shows the
nucleotide position whereas the Tajima’s D value is represented on the Y-axis. From the graph, the
Tajima’s value for the segregating sites S; (973), S, (1005) and S; (1086) were not significant
(p<0.01). The graph was constructed using a sliding window 25 sites long and a step size of 25 sites.

4.6 Ripr polymorphism analysis

DnaSP software was used to identify presence of segregating sites within the Ripr F6/R1 and
Ripr F3/R1 sequences. There was no site that was segregating within the sequences or
differed from the 3D7 laboratory reference sequence.
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CHAPTER FIVE

DISCUSSION

Malaria pathogenicity is largely dependent on the success of merozoites invading the
erythrocytes. The merozoites have therefore evolved multiple pathways, using various
antigenic proteins which aid in the invasion process. Among the merozoite’s invasive
proteins are CyRPA and Ripr, which mediate the tight junction formation during invasion of
erythrocytes. The discovery of the two antigens has revamped hope in the search for an
effective malaria blood-stage vaccine (Favuzza et al., 2016). Initially, research on malaria
blood-stage vaccine focused on polymorphic, immune-dominant antigens, which are involved
in the early stages of erythrocyte invasion such as merozoite surface protein (MSP) 1 (Ogutu
et al., 2009; Moss et al., 2012). Despite all the efforts, some vaccines based on the
polymorphic merozoite antigens have not only failed to elicit clinical protection but have also
demonstrated limited efficacy during clinical trials (Halbroth and Draper, 2015). Recent
research on the CyRPA gene identified only a single polymorphism (Dreyer et al., 2012).
With no substantial polymorphisms in the CyRPA and Ripr genes, the antigens have become
potential targets or candidates for developing an effective malaria blood stage vaccine. The
present study was undertaken with the aim of establishing whether there were SNPs in both
CyRPA and Ripr genes in P. falciparum that were circulating in blood samples of children

under 8 years in Kilifi county, a malaria endemic area in Kenya.

The study entailed direct capillary sequencing of both Ripr and CyRPA amplicons generated
via gradient PCR from DNA samples obtained in 2013 and 2014. Some of the key advantages
of using direct sequencing are that it is fast and reliable, since it can generate the entire
sequence length. In order to obtain good quality and clean sequence data during sequencing,
only PCR products with single strong bands on agarose gel visualization were used.
However, in some instances, strong bands were selected over weak bands especially where
there was the presence of multiple bands. The amplification process of both CyRPA and Ripr
gene was divided into two fragments. The division was due to the inability of the selected
primers to amplify the entire length of both genes. The CyRPA sequences that were obtained
fell within the exonic region. The CyRPA gene has two exons, the first exon ranges from 1
bp to 626 bp whereas the second exon ranged from 726 bp to 1188bp. The two exons are

separated by an intronic region comprising of 100 bp. Only 40 bp from an upstream exon,
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141 bp from downstream exon and intronic region (100 bp) was not sequenced. The two
regions of exons that were not amplified accounts for 181 bp. The regions (181 bp) not
covered in this study may not contain a large number of polymorphic sites, since the majority
of the analysed sequences in exon 1 had no SNPs and only three SNPs were identified in
exon 2. In exon 2, three segregating sites at base pair position 973, 1005 and 1086 were
identified and they were singletons. Two of the mutations were non-synonymous and one was
synonymous. In previous findings by Dreyer et al. (2012), a single non-synonymous SNP
was discovered after sequence analysis of 12 standard P. falciparum strains and 6 isolates
from Tanzania. The standard strains in the study included 3D7, K1, MAD20, FC27, FCRS,
RFCR3, W2met, HB3, RO-33, 7G8, ITG2F6, and FVO while the Tanzania Isolates were
IFA4, IFAG6, IFAL0, IFA12, IFA18, and IFA19. From Dreyer et al. (2012) findings, all the
Tanzania isolates lacked SNPs within their sequences, the discovered SNP was present in
four of the standard strains K1 (Thailand), FCR3 (Gambia), ITG2F6 (Brazil), and FVO
(Vietnam) at base pair position 1116 (Dreyer et al., 2012). Contrary, to these findings where
the SNP was at position 1116 of the four standard strains sequences, the non-synonymous
SNPs in Kilifi samples were located at position 973 and 1005.

Non-synonymous SNPs resulted in changes in amino acids. Within protein sequence, the
SNP at position 1005 resulted in a Glutamate/Aspartate change at amino acid position 335
out of total position 396. Nucleotide position 1086 translates to position 325 in the protein
sequence, Valine was substituted by Phenylalanine. The positions at which these amino acid
changes occurred are in close proximity to position (339) where Dreyer et al. (2012)
observed the SNP which resulted in Arginine/Serine dimorphism. The low number of SNPs is
an indication that CyRPA is not likely to be under immune pressure or a key target of an
adaptive immune response. The SNPs are probably not located within the four epitope of
growth inhibitory monoclonal antibodies targeting CyRPA antigen (which is made of
polypeptide chains from position 26 to 127) (Favuzza et al., 2016). Such suggestions are
supported by other research which showed that generated full-length CyRPA antibodies are
capable of blocking multiple strains of P. falciparum merozoites from invading erythrocytes
(Reddy et al., 2014; Favuzza et al., 2016).

The identified SNPs are singletons which are usually rare in populations and extend to
include the nucleotide substitution at a position at 1086 that resulted in a silent mutation. The
results implies that CyRPA gene does not harbour many mutations more so due to
preservation of its antigen function of recruiting Ripr antigen into the Rh5/CyRPA/
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P113/Basigin complex during erythrocyte invasion (Galaway et al., 2017). Since this study
to our knowledge examined the cyrpa gene in a malaria endemic population, it therefore
appears to be a potentially good vaccine candidate given its important role in invasion. The
presence of the rare variants in the population confirms the reasons behind a marginal number
of sequence polymorphisms and reasons as to why the antigen (CyRPA) has limited natural

immunogenicity (Favuzza et al., 2016).

Through comparison of the differences between an average number of pairwise differences
and number of segregating sites, Tajima’s D aided in testing the neutral theory of molecular
evolution in exon 2 of CyRPA gene. The neutral theory suggests that the vast majority of
differences noted at the molecular level arose through spontaneous mutations which do not
influence individual fitness (Tajima, 1989; Kimura 1983). This implies that the process of
genetic drift is a key player in the evolution of genomes. Given a population that is constant
in size and experiencing genetic drift, the average number of pairwise difference and
segregating sites are usually equal. A deviation from the equal value is a key indicator that
the sequences under analysis are acted on by different forms of selection. Positive Tajima’s D
value is an indication of a balancing selection. A negative value confirms the presence of
purifying selection and is expected to reveal a high number of singletons. Statistical analysis
showed that exon 2 of the CyRPA gene in the Kilifi population is under purifying selection
with an excess of rare variants as evidenced by the negative value (-1.5990) of Tajima’s D
(p<0.01) and the Fu and Li’s D and F statistics. The result implies that the gene has important

function and does not acquire mutation so as to preserve its function.

There were no polymorphisms in the 52 analyzed sequences in Exon 1 of CyRPA (F1R2)
circulating in population within Kilifi County. Exon 1 of CyRPA is more conserved when
compared to Exon 2. Similar results were obtained in the analysis of the Ripr gene which
was fragmented into two sections based on the primer set used in the generation of the
amplicons. Out of 64 Ripr F3/R1 amplicons with 1935 bp, only 22 mapped correctly on to the
Ripr reference sequence (3D7) and accounted for 13.58% of the amplified samples. Ripr
F6/R1 fragment only accounted for 10.49% of the total sample population with sequences
covering up to 3064 bp. The low number of amplicons attributes to the failure of the primer
sets (F3/R1 and F6/R1) to amplify more samples, probability of some sample DNA being
degraded and some of the amplified samples having poor reads upon sequencing. The few
sequences of the two fragments, Ripr F3/R1 and Ripr F6/R1 lacked mutations. These results
complement the findings by Chen et al., (2011), which showed the Ripr gene as highly
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conserved within the P. falciparum. The gene usually undergoes cleavage into two fragments
of the approximate length of 65kDa each (Chen et al., 2011). Reticulocyte-binding protein
homologue 5 (Ripr) F6R1 fragment covered amino acid at position 79 to 1072 (nucleotide
position 235 to 3216). Therefore, the fragment analysed covered all the 10 epidermal growth
factor (EGF) like domains. Two of the domains are located between amino acid in position
238 to 368 which designates the N-terminal of the Ripr antigen. The other 8 domains covered
were between amino acids 791 to 900 designating the C-terminal region (Chen et al., 2011).
These domains are rich in cysteine residues and are relatively conserved (Savage et al.,
1973). Chen et al. (2011) established that prior to Ripr recruitment to the Rh5/CyRPA/P113
complex it undergoes processing which occurs at a position between the second and third
domains. Based on the findings by Chen et al., (2011), all sequences of both Ripr fragments
generated in this study covered the key domain of Ripr antigen.

The results imply that anti-Ripr antibodies generated by Chen and co-workers to block the
growth of P. falciparum would successfully block growth in all the analysed samples.
Initially, research had established that anti-Riprl and anti-Ripr2 antibodies inhibited parasite
growth in P. falciparum strains W2mef, FCR3, CSL2, T994, E8B, 7G8, HB3, MCAMP,
D10, and 3D7 (Chen et al., 2011). These findings provide a strong basis for the argument that
a vaccine based on P. falciparum Ripr or CyRPA antigens will successfully elicit immune
protection against P. falciparum circulating among the population of Kenyans residing in

Kilifi County since they have no mutations.
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CONCLUSION

Exon 1 of CyRPA genes in P. falciparum circulating within the population of Kilifi County
in Kenya lacks polymorphisms. However, in exon 2, there are three polymorphic sites that
were singletons. The three SNPs were identified at positions 973, 1005 and 1086. Among
these SNPs, two were non-synonymous and one was synonymous. The statistical analysis
shows that in the population, exon 2 of CyRPA is under purifying selection. The limited
number of mutations in the Cyrpa gene demonstrates the importance of the gene in the
merozoites invasion of the erythrocytes (Favuzza et al., 2016). The limited number of SNPs
in exon 2 and lack of SNPs in Exon 1 of CyRPA gene presents CyRPA as a potential malaria

vaccine candidate that will not exhibit allele-specific immunity.

The research complements a similar study conducted on samples obtained from Tanzania
within Africa (Dreyer et al., 2012). The CyRPA SNPs identified in this study are the first to
be reported on field samples from Africa. The obtained data on CyRPA supports the idea that
vaccines which are based on this antigen will work in Kenya if developed. Based on the
results from this research, P. falciparum Ripr gene circulating within the Kilifi populations
lacks polymorphism. The results suggest that previous antibodies generated against the Ripr
antigen are likely to work if tested against the parasites in Kilifi, since there is no variation in

this gene.
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RECOMMENDATIONS

In as much as the results obtained from analysis of CyRPA gene are in support of previous
research work, the focus should be shifted towards confirming that the non-synonymous
SNPs within exon 2 may not result in conformational changes that hinder the development of
a strong vaccine. Also, the results on CyRPA exon 1 covered only 34% of the total samples,
implying that the study may have underestimate the number of SNPs. Future studies should
increase the number of samples and include the region between the exons that was not
amplified in this study. For more diverse study within Kenya, the research should extend to
cover other malaria endemic regions such as the Western part of the country. Data from other
malaria endemic regions of the country will inform malaria vaccine strategies. Additionally,
an increase in the sample size to confirm the Ripr data in this study and include the regions
not sequenced in this study will provide more data to inform its potential as a malaria vaccine

candidate.
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APPENDICES

Appendix 1. Nucleotide alignment for CyRPA Exon 1 (F1R2)

Y a0 BD 8D 100 120
| | | | 1 I

PF3D7_0423800
14273
14276
14300
14349
14307
14410
14413
14418
14817
14830
14651
14655
14866
14704
14751
14764
14786
14783
15365
15368
15417
15424
15429
15438
15456
15500
15508
15520
15521
15589
15631
15648
15686
15680
15724
15737
15741
15787
15810
15948
16300
16508
16653
16675
16650
16706
16709
16757 i e e e
L e e e e e e e e e e e e e
T I ittt
TETBE L.l i e e i
17303 ... e e e i
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Appendix 2. Nucleotide alignment for CyRPA Exon 1 (F1R2)

0 150 150 200 E 240
1 1 1 I i 1
PFIDT_0423800 TTCATAAAGA ATAATGTTCC TTGTATTCGT GATATGTTTT TTATATATAA GAGGGAATTG TATAATATAT GTTTAGATGA TTTAAAAGGC GAAGAAGATG AAACCCATAT ATATGTTCAA
R e e e e
T R e e T il e eI
300 ...l L. il
LT T i
M3GT L e e e il
M40 L e e e e e e e e e e e e e
L il
MAE L il
MEIT L L. il
4830 ... Ll
14651 ----------
14655
14666
WA L
14751 — = o - -
14764 ... L
14788
14783
15365 ... ... ...
15369 - ---------
1547 .o
15424
15429
15438 ...
15456 - - - oo -
15500 - ... ..ol
15508
15520
15521
15588 - . -
16631 - -- o em oo
15648 - -~ - - - - .-
15686
ABBG0 Lo
15724 - e e e ee o -
BTIT L. . il
157841 ... ... il
15787 ... ... ... i
ASBI0 - e e e il
15848 L.l Lo e e e e e e e e e e e e e
6300 L. L il
18508 ... ... ... ... il
18653 .. .. ... ... ........ i
BETS ... e e e il
2
16706 - == - == - -- -
WT08 L L -
16787 ... ... i
LT e e e e e e e e e e e e e e e e e e
ME7ES - oo L e e e e e e e e e e e e e e e e e e
1678 ... Lo e e e e
17303 ... Lo e e e e
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Appendix 3. Nucleotide alignment for CyRPA Exon 1 (F1R2)

lTn allao !!?o :!'fo :!70 380
PF3D7_0423800 AAGAAGGTAA AAGATTCTTG GATAACTTTA AATGATTTGT TTAAAGAAAC TGATTTAACA GGCCGTCCTC ATATTTTTGC ATATGTAGAT GTGGAAGAAA TAATTATATT ACTTTGTGAG
L e e e e e e e e e e e e e e e e e e e e e e
T4ZTE - - - - L e e e e e e e e e e e e e
14300 . . e e e e e e e e e e e e
L e e e e e e e e e
L e e e e e e e e e
T4410 . L L L e e e e e e e e e e e e
14493 . L e e e e e e e e e e e
T441B . L e e e e e e e e e e
TABIT L e e e e e e e e e e
TABI0 L L L e e e e e
1 . e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
T4BET L L e e e e e e e e e e e e e e e e e e e e e e e e e e e e
TABBE . . . . . ... e e e e e e e e e e e
L e e e e e e e e e
- e e e e e e e e e
L e e e e e e e e e
TATHE . .. L e e e e e e e e e e e e e
L e e e e e e e e e
IBIBES . e e e e e e e e e e e
8369 . e e e e e
15817 . e e e e e e e e e e e
18424 L L e e e e e e e e e e e e e e e e e e e e e e e e e e e e
15429 . L e e e e e e e e e e e e e e
= e e e e e e e e e
15456 - --------- ---------- e e e e e e e e e e e
== e e e e e e e e e
1508 . . o e e e e e e e e e e e e e e
1B820 . . . L e e e e e e e e e e e
L= e e e e e e e e e
TESBO L L e e e e
T8B3T . e e e e e e e e e e e
T8B4B . . L L e e e e e e e e e e e
TEBBE . . . . e e e e e e e e e e e e
TEEO0 . . e e e e e e e e e e e e e e
T e e e e e e e e e
18737 e e e e e e e e e e e e e e
LT e e e e e e e e e
1BT8T . e e e e e e e e e e e
TEBI0 . oL . e e e e
TEO40 L L e e e e e
TEI0D . . e e e e e e e e e e e
16508 . . . . . e e e e e e e e e e
L2 e e e e e e e e e e e e e e e e e e e e e e
TEETS . . L e e e e e e e e e e e e
- e e e e e e e e e
L B e e ] e e e e e e e e
L e e e e e e e e e
TETET . o e e e e e e e e e e e e e e
- e e e e e e e e e
- e e e e e e e e e
TETBE . . e e e e e e e e e e e
L e e e e e e e e e
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Appendix 4. Nucleotide alignment for CyRPA Exon 1 (F1R2)

380 400 420 440 480 480
I ' ] 1 1

PF3D7_0423800 GATGAAGAAT TTTCAAATAG AAAGAAGGAT ATGACTTGTC ATCGTTTTTA TAGTAATGAT GGAAAAGAAT ATAATAACAG TGAGATAACT ATAAGTGATT ATATATTAAA AGATAAGCTT
14273 ... e e e e e e e e e e
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Appendix 5. Nucleotide alignment for CyRPA Exon 1 (F1R2)

500 520 540 560 580 600
| ! | | 1 1

PF3D7_0423800 TTATCATCTT ATGTTTCTTT GCCTTTAAAA ATTGAAAATC GTGAGTACTT TCTAATATGT GGTGTAAGTC CTTATAAATT TAAGGATGAC AATAAGAAGG ATGACATTTT ATGTATGGCA
14273 ... ... I
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Appendix 6. Nucleotide alignment for CyRPA Exon 1 (F1R2)

i 1_\‘00 |.|‘ZU 'I_:IU 1. :W 1, I‘W
PF3D7_0423800 TATGGAGGAA CGTTTGTAAA AATAGATGAG AACAGAACGT TATTTATTTA TTCTTCTTCT CAAGGGATAT ATAATATTCA TACTATATAC TATGCTAACT ATGAGTAG 1188
14273 e e
14276
14300
14349
14397
14410
14413
14418
14617
14630
14651
14655
14666
14704
14751
14764
14786
14793
15365
15369
15417
15424
15429
15438
15456
15500
15508
15520
15521
15589
15631
15648
15686
15690
16724
15737
15741
15787
15810
15949
16300
16508
16653
16675
16690
16706
16709
16757
16773
16785
16785
17303
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Appendix 7. Nucleotide alignment for CyRPA Exon 2 (F3R1)

az0 840 BEO 880 900

| | | | |

PF3D7_0423800 TCATTTCATT TTTATGTAGG TGATAATATA AATAATGTAA AGAATGTTAA TTTTATTGAG TGTACCCATG AAAAGGATTT AGAATTTGTC
142B8 - - - - - s m s s s s e e s s ss mm e esemms mmmemmmemm memmmmmmoem= === . ...




Appendix 8. Nucleotide alignment for CyRPA Exon 2 (F3R1)

920 940 960 980
| 1 1 |
PF3D7_0423800 TGTAGTAATA GGGATTTTTT AAAAGATAAT AAAGTACTTC AAGATGTTTC TACATTAAAT GATGAATATA TTGTTAGTTA TGGAAATGAT

TA2B8 . . L e e e e e e e e e e e e e e e e e e e e e e




Appendix 9. Nucleotide alignment for CyRPA Exon 2 (F3R1)

1.c|)nn 1,020 1,040 1.?50 1,080
| | |

PF3D7_0423800 AATAATTTCG CTGAGTGTTA TATTTTTTTT AACAATGAAA ATTCTATATT AATAAAACCA GAAAAATATG GTAATACAAC TGCAGGTTGT
-

2

TA28B L L L e e e e e e e e e e

- L



Appendix 10. Nucleotide alignment for CyRPA Exon 2 (F3R1)

' 2,400 1,930 1,940 1,080
i 1 1 i
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Appendix 11. Nucleotide alignment for CyRPA Exon 2 (F3R1)

1,180
|

PF3D7_0423800 TATGCTAACT ATGAGTAG 1188

14268 ... ... ... ... 323
14273 209
14208 . --nocaon cm-eaan 307
14299 . ... . 323
14300 ... . 323
14326 ... ... ... 278
14333 .. 323
14334 L 207
14363 ... . 323
14349 . ... ... 323
14375 ... .. 323
14380 . ... 323
14397 L 323
14408 . ... - 272
14410 == cmememan e 292
14412 . 323
14432 - o - e e e aoaaoan 142
14436 . 323
V47T 323
14535 . ... ... 323
14564 . ... ... ... 323
14565 . ... 300
14565 - === --c--- co--oon 235
8574 L 323
14502 . ... ... 323
14602 ... ... . 323
14603 . ..o 323
4616 . . 323
@B17 . 323
14622 . ... 323
14630 . .. ... . 323
14646 . ... 323
14650 . ... 323
14651 .. 323
14655 . .. ... ... ... 323
14666 - === == ---n ------ 279
4672 L 323
4673 L 323
14687 . ... 323
14704 . o 323
14707 oo 323
1710 .. - 233
14729 L 323
TS L 323
14764 . ... ... 323
4770 . o 323
4TT1 o 323
14789 ... 323
14793 L 323
15323 == --esenon semeeeane 236
15350 . ... 261
16365 . ... . 323
15369 . ... 323
5371 e 323
15387 . o 323
157 e 292
18424 . ... ... ..., 323
15425 L 276
15429 - - - oo oo 161
15430 ... 323
15437 .o 323
15438 . ... 323
15452 = - mmmmeoe ameeaan 236
15453 L 265
15456 ... 261
15484 . ... 323
15500 . .o 323
15508 ... ... 323
15509 . .. 279
15520 . ... 323
15521 . o 278
15525 . .. 323
15584 . ... ... --- 255
15589 . ... . 246
15631 = wmmmmemme cmeaaan 277
15648 === scener soeoeoo- 235
15686 . .. ... ... 323
15724 L 301
5737 e 257
5741 L 266
15787 o 323
15810 . .. 323

15812 . ... . 323 48



Appendix 12. Nucleotide alignment for Ripr (F3R1)

b an ED BD 00 120
| | | | | 1

Ripr_Refl Seq
6706
16773
16757
16584
17303
14333
15452
16148
14418
16363
15741
16429
16653
15438
15631
16535
14268
16424
16508
14276
14380
15418

Ripr_Ref_Seq
16706
16773
16757
15584
T303
14333
15452
16148
14418
16363
15741
15429
16653
15448
15631
16535
14268
15424
16506
14276
14280
15418
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Appendix 13. Nucleotide alignment for Ripr (F3R1)

3 2,500 2,580 2,340 2,950 2,950 3,000
| | | | | I
Ripr_Ref Seq AGTAAAATTA ATTGTACATG TAAAGAAAAT TATAAAAATA AAGATGATTC TTGTGTACCT AATACAAATG AGTATGATGA AAGTTTTACA TTCCAATATA ATGACGATGC ATCTATTATT
TETO6 . . . ol e e e e e
TETTSE . L o e e e e

16706 ... .. ... .. . e e e .
18773 .o . R

18757 .o . R

15584 . ... ... ... . e e

17308 . ... L. - e e

4333 ... . e

15452 .. ... ... .. . .

16148 ... ... . e

14418 ... . e

16365 o . :

15741 L. . .

15420 .. ... ... .. . .

16663 . ... ... . .

15488 . ... ... R R

15631 ... . .

18535 . ... ... .. . e

14268 .. ... ... .. . .

15424 ... . o R
16506 . ... ... - e e e i e e
4276 . . .

W3IB0 . . o . [
1B41B . . o . [
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Appendix 14. Nucleotide alignment for Ripr (F3R1)

] 3,140 3,180 318 3,200 3,220 3,240
| | | | | 1
Ripr_Ref_Seq GTTCAAATTA AAAATGAAAT ATTTCACACT ATTATATATT TGAAAAAAAA AATAGGCAAT AGTGTTATCT ATGATGATTT CCAAGTAGAT CATCAAACAT GTATATATGA AAATGTATTT
16706 . .. ... L. .

Ripr_Ref_Seq - 3261
16706 - 1841
16773 - 1830
16757 - 1848
15584 - 1844
17303 - 1838
14333 - 1806
15452 - 1849
16148 - 1818
14418 - 1852
16363 - 988
15741 - 999
15429 - 1105
16653 - 1073
15485 - 957
15631 - 950
16535 - 950
14268 - 883
15424 - 748
16508 - T
14276 - 658
14380 - 573
15418 - 372
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