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Abstract

Plasmodium falciparum population genetics in Northern Ghana
Lucas .N. Amenga-Etego

Degree of Doctor of Philosophy

Wolfson College

Trinity term, 2012

The main thrust of this thesis was to characterize P. falciparum genetic diversity
in northern Ghana. To do this, I used simple techniques to purify P. falciparum
DNA from clinical samples across a rural setting for whole-genome sequencing.
The goal was to provide a framework for exploring host-parasite genetic inter-
actions. Utilizing Illumina deep sequencing data for 277 isolates I analyzed P.
falciparum genetic diversity and described within-host diversity across this area.
I observed random mating (ie no population structure) in the local parasite pop-
ulation, and a high genetic diversity indicative of high out-crossing. Moreover,
when T aggregated my data with similar published data from Burkina Faso and
Mali (sites ~ 500km apart), no population structure was evident. In contrast,
sites sampled in Cambodia and Thailand (=~ 800km apart) were found to have
greater population structure and high potential for inbreeding. This may be
driven by differences in transmission intensity between the sites sampled in West
Africa and Southeast Asia.

To demonstrate the utility of deep sequencing data, I focused on the genomic re-
gions of pfdhfr, pfdhps and pfert, known to be under antimalarial drug selection.
I surveyed the full diversity of point mutations already characterized in these
genes and discovered previously unknown variants. However, in order to provide
a means to follow up on new variants or interesting candidate regions in large clin-
ical samples with limited parasite DNA, I assessed the Sequenom iPLEX platform
for high-throughput genotyping of P. falciparum polymorphisms. This necessi-
tated developing a method appropriate for assigning genotypes in haploid genome
mixtures common in natural infections. Finally, I used this method to type host
and parasite markers in a case-control sample set from this region for exploring
host-parasite genetic interactions. I found that children who have the sickle-cell
trait and carry parasites that have pfdhfr resistant alleles lose their protection
against severe malaria as compared to children who have normal haemoglobin
and are infected with parasites with these resistant alleles.
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Chapter 1

Introduction

This introductory chapter describes the general epidemiology of malaria and sets
out the background for this thesis by discussing the key malaria control inter-
vention efforts to date, and the challenges. In addition, the chapter reviews
the relevant literature, highlighting the recent revolutionary advances in high
throughput genetics, and the opportunity it offers for a deeper understanding of
parasite biology and the potential to enhance the global fight against malaria.
Lastly, I outline the fundamental questions that stimulate the work presented in

the rest of this thesis.

1.1 Malaria epidemiology

Plasmodium falciparum is the most important eukaryotic pathogen®-19. Despite

huge investment in malaria control, falciparum malaria continuous to impose a
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huge morbidity and mortality burden on endemic population?!?. Malaria results
from infection with Plasmodium parasites, members of the apicomplexans fam-
ily that includes parasites responsible for other important human diseases such

as toxoplasmosis, babesiosis and cryptosporidiosis?*®.

Human malaria parasites
include Plasmodium falciparum, Plasmodium vivaz, Plasmodium ovale and Plas-
modium malariae. Plasmodium knowlesi, a species that naturally infects mon-
keys, is known to cause incidental infections in humans?°®. In addition, there
is strong evidence suggesting the occurrence of two nonrecombining sympatric
forms of Plasmodium ovale, known as Plasmodium ovale curtisi and Plasmodium

ovale wallikeri 160219,

Of these parasites, P. falciparum and P. vivaxr cause the most disease worldwide,

80.81 ' TIn malaria endemic pop-

and P. falciparum is responsible for most mortality
ulations, the majority of individuals are infected at any given time, but a relatively
small proportion show clinical symptoms that warrant treatment with antimalar-

16,127 A further even smaller proportion (~ 1%) present with severe

ial drugs
life-threatening disease, mostly children under the age of five?'2. Despite the
low prevalence of severe life-threatening malaria, there were an estimated 655,000
malaria deaths in 2010, of which 91% were in Sub-Saharan Africa (SSA) alone?!2.
Severe malaria mortality primarily occurs among children under 5 years?41:242:250,
Though, P. falciparum severe disease phenotypes vary in different endemic pop-
ulations, two commonly studied complications include severe malarial anaemia
(SMA), defined as a haemoglobin concentration < 5g/dL and cerebral malaria
(CM), which may be defined as an extreme deep unrousable coma. The SMA

phenotype tends to occur in areas of intense malaria transmission whilst CM is
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more prevalent in areas of moderate to low malaria transmission 26:157,

The greatest burden of SMA is carried by young children and pregnant women !4,

The prevalence of SMA in SSA vary between 31% and 90% in children '**'¥* and
134

between 60% and 80% in pregnant women'**. Malaria in pregnancy contributes

substantially to the number of maternal deaths and infant deaths resulting from

t42

low birth weight**. In SSA, strong evidence support an age dependent pattern

of severe malaria disease, with SMA being more common in infants and young

children under three years and CM in older children " !34211,

1.1.1  Plasmodium falciparum Life Cycle

Human malaria parasites have a complex, multistage life cycle involving female
members of the mosquito species complex Anopheles and vertebrate hosts?'® (Fig-
ure 1). Human malaria is transmitted by the female Anopheles mosquito. When
a female mosquito takes a blood meal from an infected individual, gametocytes,
the sexual stages of the parasite could be ingested in the process?®. The gameto-
cytes give rise to male and female gametes that fertilize in the mosquito mid-gut
to produce diploid zygotes, which develop into motile ookinetes that lodge be-

192

neath the mid-gut wall as oocysts'”*. Exponential growth and division of each

oocyst produces thousands of the infective haploid forms known as sporozoites?S.

The sporozoites break out of the mid-gut wall after about 8-15 days of devel-

opment, and invade the salivary gland lobes of the mosquito where they remain

192

within salivary ducts During subsequent blood feeding, the malaria sporo-

zoites are injected along with saliva into the human host, and are carried via
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blood circulation into the liver where they invade liver cells (hepatocytes)'?2.

The parasites feed, grow and divide asexually within hepatocytes and mature
over 5-16 days into schizonts, containing tens of thousands of haploid forms called
merozoites?®. On maturity, the hepatocytes rupture and release these liver-stage
parasites- the merozoites, into the blood stream. Parasite multiplication then
ensues in the red blood cells (RBCs) from repetitive rounds of invasion, growth
and division in a two-day period'*". Typically, P. falciparum develops over 48

hours producing several billions of parasitized RBCs in the bloodstream?'.

Clinical disease is exclusively due to the cyclical multiplication of these asexual
parasites in RBCs'?". The febrile paroxysms of malaria occur during this period

of merozoite release from infected RBCs®!.

A small proportion of the merozoites leave the rounds of asexual multiplication
and switch to develop over a period of about 2 weeks into mature male and female

gametocytes %2

. How such an important switch is biologically achieved is unclear,
but, what is certain is that these sexual forms are in readiness to complete the
parasite life cycle when these gametocytes are taken up during a blood meal by

another mosquito, thereby sustaining the cycle of malaria transmission?®.
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Figure 1.1: Plasmodium falciparum Life Cycle. Adopted from?®. Also shown
are various parasite and human host factors either implicated in invasion (i.e
EBA-175 or 140, Duffy, and glycophorin band 3) or associated with parasite
multiplication (haemoglobin, G6PD, pyruvate kinase), sequestration (ICAM-1,
CR1) or severe malaria disease (TNF«, HLA type).

1.1.2 Complexity of natural infections

It can be deduced from the Plasmodium life cycle presented above that the
mosquito’s ability to successfully transmit the parasite may be as a result of
several biting (or probing) attempts by the same or different mosquitoes. Thus,
due to the temporary nature of this, it is possible for an individual to receive
more than one infective bite, each with a genetically distinct parasite genome.

Such a phenomenon is known as super-infection and is believed to be the main
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factor generating multi-genome infections in areas of high malaria transmission '5.

It has also been shown that a single infective inoculation may also carry a diverse
population of parasites’, presumably as a result of feeding on an individual with
a complex infection. Therefore, in areas of high malaria transmission, a child with
typically 1% malaria infected red blood cells, an equivalent of 50,000 trophozoites
ul (or &~ 1250 trophozoites/200 WBCs)*?®, may have tens of billions of parasites,

which could be of diverse genetic type??’.

The number of parasite types (genomes) co-infecting a single host is traditionally
known as multiplicity of infection (MOI) %%, Conventionally, MOT is estimated by
genotyping a relatively small number of polymorphic markers (eg MSP-1, MSP2
and GLURP) %1% The MOI can be a useful indicator of the level of transmission
and/or the immune status of the host1*227. Therefore, estimates of MOI tend
to differ from one epidemiological setting to another, usually between 1 and 6
P. falciparum clones at any one time'?'%?. Increase in entomological inoculation
rates (EIRs), that is, the number of infective bites that an individual is estimated
to get in a year, is used to gauge levels of transmission and is generally postulated
to correlate with the genetic complexity of infection'®. Increased EIR estimates
(ie intense transmission) is reported to be associated with a progressive rise in

the average number of malaria parasite clones per host %3,

In areas of very high malaria transmission, MOI is age-dependent, with highest

19,99,210

values reached in young children However studies from areas with low

to moderate endemicity either reported little or no influence of age on infection

17,145,254

complexity . Multiplicity of infection also affects both the prevalence of

parasite genetic markers such as those involved in antimalarial drug resistance?°?,
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and risk of clinical malaria'®?.

Hence, the elusiveness of P. falciparum to control interventions and the devas-
tating human and economic cost it exacts in endemic populations has many di-
mensions?!'3. Tts success can be attributed to its inherent evolutionary adeptness,
the complexity of its life cycle shared between an invertebrate and a vertebrate
host 2. In addition, among ecological factors that promote its natural success, P.
falciparum has over 5,000 genes with specialized proteins that enable it to survive
in both intra- and extracellular environments, invade and grow in multiple cell

types and evade host immune responses®.

Subsection 1.1.1, alluded to the fact that malaria is a multi-genome disease in-
volving the dynamic interaction of the human, parasite and mosquito genomes.
Despite the important insight gained about each of these genomes over the years,
several tiles remain missing in our understanding of how these genomes inter-
act to ensure their evolutionary success. In the past, these genomes have been
mostly studied independently, obviously because of the vast differences in the skill
set required. However, the recent advances in high-throughput genetics, coupled
with the success in building international research collaborations (or networks)
across different specialities offer an opportunity to integrate research on all three
genomes ?L. Tt is early days yet, but, the main thrust of my thesis is to explore the
human genome and parasite genome and their interactions in this context. Con-
ventionally, malaria control has focused on either knocking down populations of
mosquitoes with chemicals or killing parasites in vivo in clinical cases with drugs,

whilst exploring ways to exploit the genome interactions for vaccine development.
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1.2 Malaria Control Interventions

Historically, global malaria control and elimination strategies have centered on
two broad approaches: Interrupting malaria transmission via the control of vector
mosquitoes using insecticides, and malaria case management with antimalarial

drugs.

1.2.1 Interrupting malaria Transmission

Early attempts on a global scale by World Health Organization (WHO) to erad-
icate malaria in the late 1950s and early 1960s was through the use of dichloro-
diphenyl-trichloroethane (DDT) in mass spraying exercises to kill mosquitoes en
masse or radical cure through mass drug administration??®. This initiative had
some notable success though, it was largely unsuccessful in subtropical and trop-
ical endemic regions as a result of a number of unforeseen obstacles that included
weak national control programmes, emergence of resistance to DDT and socio-

81,132,220 This notwithstanding, second generation insecticides

cultural factors
such as pyrethroids (eg permethrin) have remained central in the global strategy
to control malaria transmission. Various pyrethroid formulations including Insec-

ticide treated-Nets (ITNs) are a key component of national programme strategies

aimed at interrupting malaria transmission®!.

The effectiveness of ITNs was first demonstrated in four standardized large scale
mortality trials in Kenya?’!, Ghana?*, Burkina Faso®® and The Gambia®, all

malaria endemic countries with different transmission intensities. These stud-
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ies showed consistent evidence that I'TNs could reduce child mortality between
17% and 33%°62459201 " Owing to this evidence, ITNs have taken centre stage
in national malaria control programmes worldwide. They are advocated for and
are now widely available through social marketing or free distribution to vul-
nerable groups such as pregnant women and children under five years by non-

governmental organizations, notably UNICEF.

More recently, long-lasting I'TNs, and indoor residual spraying coupled with
artemisinin combination treatments (ACTs) have become pivotal in a renewed
hope of malaria elimination in some SSA countries. A case in focus is the re-

cent success of IRS in interrupting transmission in the Kwazulu-Natal province

in South Africa??.

1.2.2 Control of clinical malaria

The control of malaria disease has mainly been through the use of antimalarial
drugs to manage clinical cases or prophylaxis to prevent disease. At the moment,

no licensed antimalarial vaccine is available.

1.2.2.1 Antimalarial drugs

At the level of individual case management with antimalarial drugs, historically,
chloroquine (CQ) was characterized by rapid efficacy and was widely used as
an affordable first-line treatment for malaria in SSA™. The antifolate drug

pyrimethamine and later a sulfadoxine-pyrimethamine (SP) combination, mar-
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keted as a single dose therapy with almost no side effects, became a popular
alternative to CQ for treatment of mild malaria in the early 1980s3!%. SP is
also the current WHO recommended drug for Intermittent preventive treatment

of malaria in pregnancy (IPTp)?'.

The global spread of resistance in P. falciparum against these previously effective
and cheap first-line drugs, culminated in their withdrawal as first-line treatments
for malaria in endemic countries®'. Drug pressure was identified as a key factor in
the emergence’® and global spread of resistance3*%3237 Of note, however was an
observed increased prevalence of CQ resistant alleles more rapidly in East Africa
compared to West Africa“’. This observation was supported by studies reporting
CQ resistance levels of 70% in Kisumu, Kenya?® and up to 44% clinical failure

146~ Meanwhile, around the same period,

in at least one sentinel site in Uganda
studies from West Africa reported comparatively lower levels of resistance to CQ,
with CQ failure rates of under 20% from Burkina Faso???, 23.2% in Ghana5%:!02
and 14% in Mali**. Variation in drug pressure alone between these setting could
not account for the observed differences. Hastings and D’Alessandro (2000)%,

suggested a role for transmission intensity, population immunity or people move-

ment in attenuating the spread of CQ resistance in West Africa.

By the year 2000, CQ resistance had reached peak levels and the burden of
malaria was spiraling, compelling the WHO to recommend the replacement of
CQ and SP with artemisinin-combination therapy (ACT), where artemisinin or
its derivatives were to be combined with appropriate partner compounds for the
treatment of mild malaria in endemic countries?**?*?. The artemisinins are cur-

rently the world’s most rapid and effective antimalarials, therefore, the ACTs
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concept was aimed at protecting the artemisinins and their derivatives by mak-
ing it more difficult for resistance to arise?*"24® In this regard, recent compelling
evidence of evolution of artemisinin resistance (slow parasite clearance) in Cam-
bodia is a looming disaster‘”'?!. Heritability studies support a genetic basis for
the resistance phenotype conferred by this ongoing selection event®. Indeed, the
introduction of this existing phenotype to Western Thailand was recently con-
firmed3?. Other resistance foci have also been reported and are being actively

evaluated 78,

There is eminent need to fully characterize the molecular basis
for artemisinin resistance, and contain its spread in order to avert a momentous

global disaster for malaria control®?.

1.3 Human genetics and malaria

Malaria has been responsible for the selection and maintenance of a number of hu-
man alleles in malaria endemic populations, with observed inter-ethnic differences

38.92,108 — Over the last decade, the list of susceptibility

in malaria susceptibility
alleles has rapidly expanded but reproducibility of results in replication studies
remain a major draw back, particularly in African populations. The most eval-
uated candidates include the haemoglobinopathies, notably the sickle-cell trait
and the thalassemias®’?'*, the ABO blood groups'® and other red blood cell
mutations as well as polymorphisms in major histocompatibility complex class I

133 "and intercellular adhesion molecule

genes®® tumour necrosis factor (TNF-)
1 (ICAM-1)%. On the other hand, consensus evidence from multiple immuno-

genetic studies show the important role of cytokines in the pathogenesis and
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clinical manifestation of malaria (reviewed in®7). In this regard, higher base-
line interleukin (IL)-10 plasma levels were found to correlate with higher para-

8 and severe malaria phenotypes in Mali''*. Khor et

site densities in Tanzania
al.,(2010) showed that variants of the cytokine-inducible SRC homology 2 (SH
2) domain protein (CISH) gene are associated with susceptibility to diverse in-
fectious diseases including malaria®®. The molecular mechanisms that underpin
these observations and genetic control, however, remain poorly understood. Over-
all, the haemoglobinopathies will be the main focus of this section as these are

well evaluated and the sickle trait in particular is the most reproducible candidate

polymorphism across many endemic populations.

Defects in haemoglobin synthesis that result in haemoglobinopathies; inherited
disorders of haemoglobin structure and production were the first monogenic dis-
eases in man to be linked to malaria protection??*?**. The clinical effects of
the haemoglobinopathies are variable. In their heterozygous state (carrier forms)

all are benign conditions?**.

In their homozygous state, however, some, such
as haemoglobin SS (HbSS) and S-thalassemia cause severe health problems and
a reduced life-expectancy "% others, exemplified by haemoglobin CC (HbCC)
and haemoglobin EE (HbEE) are associated with mild clinical effects, notably
haemolysis and splenomegaly, whilst homozygous a™ -thalassemia, is clinically

asymptomatic7244,

Although there are hundreds of structural variants of haemoglobins, some are
widely known than others, for example HbS, HbC and HbE, with carrier fre-
quencies reaching 15-20% in some parts of sub-Saharan Africa?*>. Normal adult

hemoglobin is composed of two pairs of distinct globin chains (agfs; called
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hemoglobin A or HbA). All of HbS, HbC and HbE affect the S-globin chain. In

HbS, codon 6 of the S-globin chain has a single base change such that glutamine

6Glu—Val
o )

is substituted by valine ( , and in the HbC variant, an alternate muta-

tion occurs that replaces glutamine with lysine (5°¢"“~¥%) also affecting codon 6,

whilst the HbE mutation results in a change of glutamine to lysine (326¢!u—Lvs)

at codon 26 of the S-globin chain?°,

The majority of case-control studies consistently support a protective advantage

7,244

of HbS, over any other polymorphism®™?*, with over 90% protection of heterozy-

gotes (HbAS) against severe life-threatening malaria and 60% protection against

46

clinical malaria®*®, and 60% protection against mortality in infants*. However,

244,246 414

these individuals are not protected from asymptomatic parasitaemia
the mechanism of protection remains a lively debate among proponents in the
literature. The various positions include, the premature removal of infected red
blood cells through some kind of innate immune mechanism ', the involvement
of a non-specific immune component as evidenced by an age-dependent increase

in protection?®, and an accelerated acquisition of antibody responses to P. falci-

parum erythrocyte membrane antigen 1 (PfEMP1) by heterozgous individuals®!.

Population studies in Mali®, Burkina Faso'*' and Ghana'!®, all in West Africa,

where the population frequency of HbC is high, found strong evidence of a malaria

3,140,141

association . In Burkina Faso a 29% reduction in clinical malaria for het-

erozygous (HbAC) individuals and over 90% reduction in homozygotes (HbCC)
was evidenced'*!. Among the Dogon of Bandiagara, Mali, about 80% risk re-
duction for developing severe malaria was demonstrated for subjects carrying

the HbC allele. The data suggest that the protection conferred by HbC may be
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greater than that of HIbS among the Dogon people of Mali®.

Curiously, recent studies in Burkina Faso showed evidence implicating HbSS or
HbCC with two-fold in vivo and four-fold er vivo increased transmission of P.
falciparum from the human host to the mosquito vector™. These findings have
potential implication (e.g such as targeted strategies) for malaria control but have

not been validated in other malaria endemic population.

1.4 P. falciparum population genetics

The majority of studies that have investigated the population structure of Plas-
modium have done so from the perspective of capturing its global diversity and
demographic history. Most of the early studies used microsatellite (MS) markers
for their uniform distribution across the genome and their relative stability to

t7836  The need for throughput and increased resolution led to the

gain insigh
complementation of MS analyses with limited Sanger capillary?*? and short-gun
sequencing®, of a few tens to hundreds of culture adapted isolates!'*3?32. These
early studies also produced genetic diversity maps that were rapidly translated

into SNP tiling arrays that brought a further boost to the genome-wide resolution

of these analyses*?.

Overall, these studies provided evidence supporting geographical differentiation
of Plasmodium at continental levels, with parasites sampled from Asia (Thai-
land, Cambodia and Papua New Guinea), Sub-Saharan Africa, and the Americas,

showing extreme fixation in inter-population F}, estimates?8:36:93:232,
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The global patterns of Plasmodium genetic diversity appeared to correlate with
levels of transmission intensity, with highest diversity observed in African popula-
tions, intermediate in southeast Asia and lowest in South America”?*?. Globally,
P. falciparum allelic diversity, multiplicity of infection (MOI), out-crossing and
gene flow are observed to be generally high in Africa, low in South America

7,36,121

and intermediate in southeast Asia . This is consistent with a geographical

gradient of endemicity and transmission intensity "'!.

Though the evidence was consistent across many studies, the small sample sizes
made extrapolation to natural Plasmodium populations difficult. An additional
source of skepticism was the fact that most of these early studies used culture-
adapted parasites, that could have undergone in situ mutations during prolonged
culture. There was eminent need to sample natural populations of Plasmodium

and investigate this question at a high resolution and sample throughput.

To this end, the malariaGEN successfully used Illumina next generation sequenc-
ing technology?>»'%*, to sequence natural populations of P. falciparum from West
Africa (Burkina Faso, Mali), East Africa (Kenya), and Asia (Cambodia, Thailand
and Papua New Guinea). These were parasites extracted directly from patient
blood without a culture step or in a few cases a minimal overnight culture'?!.
The group developed informatics tools for mapping Illumina short reads against

the 3D7 reference genome to call SNP variants 19120,

Data from this initiative revealed further interesting parasite biology and con-
solidated not only the evidence of extreme continental differentiation previously

observed, but also showed intra-regional variation in population structure and
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Plasmodium genetic diversity in some endemic regions but not others'?!,

1.5 Parasite genetic determinants of malaria

1.5.1 Antigenic variation and virulence

The erythrocytic stage of the parasite life-cycle is characterized by variant surface
antigens (VSAs) that are variably expressed on the surface of infected erythro-
cytes (IEs) 99153 The VSAs are targets of antibody-mediated immune responses,
resulting in clearance of the recognized parasites®’3%126. The most characterized
VSA was first identified by Leech et al.,(1984) to be a family of polymorphic
proteins termed P. falciparum Erythrocyte Membrane Protein-1 (PfEMP-1) en-
coded by war genes!'!'. Any one parasite contains about 60 members of the var
gene family. At any one time only one is expressed on the parasite surface (or
surface of intact IE). It is the shuffling of expression of these genes that enable a
subpopulation of parasites to evade the mounting immune response to previous

variants?’.

Consolidated evidence demonstrate that one member of PFEMP-1 mediates ad-
hesion of TE to variety of host ligands. It also contributes significantly to malaria

pathology particularly, adhesion to microvascular endothelial cells and sequestra-
tion of IE within vital organs such as the brain may lead to cerebral malaria %9153,
Besides mediating sequestration, another member of PfEMP-1 is known to medi-

96

ate rosette formation'*®. Rosetting is a severe malaria phenotype resulting from P
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falciparum- TEs binding to uninfected erythrocytes to form rosette-like clumps of
cells associated with malaria severity in African children'®®. The parasite ligand
for rosetting has been shown to be certain members of PFEMP-1'¢. Indepen-
dent studies in many parts of Sub-Saharan Africa have consistently associated

rosetting with severe malaria'%2172:193,195,198

Other forms of the variant surface antigen PfTEMP1, have been demonstrated to
bind to chondroitin-4-sulfate A (CSA)?'. CSA is present in placental intervil-
lous spaces and is associated with pregnancy-associated malaria'®!. Two related
forms of varCSA are known to be expressed by placental isolates®?, that could
mediate the sequestration of IEs in the placenta, and result in life-threatening
maternal malaria, especially first-time mothers in endemic countries®”%8. At the
moment, the mechanism behind the natural switching of var gene expression be-
tween members is not fully understood, but, the body of evidence support host

immunity as a strong component of the factors that trigger var gene reshuffling?’.

1.5.2 Antimalarial drug resistance

Genetic diversity among contemporary P. falciparum parasite populations is an-
other important virulence factor, particularly diversity at genes responsible for
antimalarial drug resistance *3??°. Genetically, resistance may develop when para-
sites undergo single nucleotide mutations or gene amplification events that confer
a fitness advantage?. The best known of these genetic polymorphisms is encoded
by the P. falciparum chloroquine-resistance transporter-gene (pfert) on chromo-

some 7236, The SNPs in this gene are known to confer resistance to the popular
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quinoline-based drugs, such as chloroquine (CQ), mefloquine (MFQ), and qui-
nine (QN)?%%. Notably, an amino acid substitution at codon 76 (K76T) is known
to confer chloroquine resistance (CQR)*#2%226_ Eight SNPs have so far been
identified in this gene (M741, N75E, K76T, A220S, Q271E, N326S, 1356T, and
R3711 ), the haplotype combinations of which distinguishes resistant and sensitive

parasites®!.

Another gene that is important in resistance to the quinoline class of antimalari-
als is the P. falciparum multidrug resistance gene (pfmdr-1)54*7, The SNPs that
have so far been characterized in this gene include the N86Y, Y184F, S1034C,
N1042D, and D1246Y%. Epidemiological evaluations of these mutations, how-
ever, generated conflicting results; with the N86Y basal mutation associating

20,44

with high-levels of CQR in some African parasites whilst ironically correlat-

185,186

ing with increased sensitivity to MFQ in Thailan . The other mutations

appear to confer either susceptibility to MFQ or resistance to QN in different

Settings 62,147,179 .

Amplification of the pfmdri gene has also been associated with lumefantrine and
MFQ resistance in southeast Asia187. Pickard et al., (2003)'™ observed that
increased gene copy number (greater or equal 3) was associated with decreased
susceptibility to MFQ and artemisinin compounds. Further evidence of pfmdri
gene amplification and MFQ resistance, and reduced sensitivity to artesunate was
provided by Price et al., (2004) in a large study of parasite isolates from endemic

communities in the Western Thailand borders 86,

The next most evaluated genes are the dhfr (dihydrofolate reductase) and dhps
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(dihydropteroate synthase) that mediate P. falciparum resistance to the antifolate
drugs pyrimethamine (P), cyloguanil (CY) and the combination drug sulfadoxine-
pyrimethamine (SP). This category of antimalarials have well defined targets in
the folate biosynthesis pathway. The DHFR and DHPS enzymes together with

other enzymes catalyze the de novo synthesis and salvage of folate cofactors?23*,

In Plasmodium species, DHFR exist as a bifunctional enzyme that includes
thymidylate synthase (TS). This enzyme is sensitive to inhibition by P, CY and
other derivatives of these compounds that bind strongly to the active site of the
malarial enzyme®?. In P. falciparum DHFR SNPs resulting in decreased affini-
ties of drug binding to the enzyme were demonstrated to be the main cause of

65 Mutations have been found at various positions in the enzymes,

resistance
including those at codons specifying amino acid residues 16, 50, 51, 59, 108 and

164 177,182'

The evolution of these mutations are postulated to be stepwise, beginning with
the serine to asparagine mutation at codon 108 (S108N), which is known to result

207,208 Sybsequent

in moderate resistance (decreased inhibitor binding affinity)
mutations at other positions, namely, an asparagine to isoleucine at codon 51
(N51I), a cysteine to arginine at codon 50 or 59 (C50R;C59R ), and an isoleucine to

leucine at codon 164 (I164L) leads to progressively higher levels of resistance®2.

Resistance to combinations of DHFR and DHPS inhibitors such SP is observed
to occur when the parasite has multiple mutations in the dhfr gene, exacer-
bated by additional mutations in dhps 2?24, In close similarity with dhfr, muta-

tions in dhps may occur sequentially beginning with an alanine to glycine change
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at codon 437 (A437G), and followed by a variety of other mutations including
mutations at codons 436 (S436A;S436F), 540 (K540E), 581 (A581G), and 613
(A613T;A613S)%?*4. However, it is believed that the alanine to glycine (A437G)
and lysine to glutamic acid (K540E) mutations are the primary and most critical

mutations for SP resistance?.

As noted earlier, the deployment of ACTs was aimed at prolonging the effective
life of the artemisinins. However, evidence of the emergence of an artemisinin re-
sistance phenotype has been identified and confirmed in Cambodia?”. In addition,
a recent study confirmed the spread of this phenotype to Western Thailand?3.
Though this trait has been demonstrated to be heritable?, its genetic basis is not

known, and the factors driving its spread are poorly understood.

It is anticipated that the recent achievement of next-generation sequencing of
parasites from clinical samples, and the opportunity it provides for integrating
deep sequencing data with epidemiological data from different settings will yield
a deeper understanding of parasite genetic diversity and boost the search for the

mutation responsible for the artemisinin resistance phenotype.

1.6 Advances in high-throughput genetics

Recent advances in high throughput genetic technologies have afforded whole

genome sequencing of hundreds of samples with revolutionary impact on popu-

2

lation genetics'??>. These next-generation sequencing (NGS) methods, have fa-

cilitated variant discovery, through whole genome sequencing and targeted re-
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sequencing of biologically interesting genomic regions!®S.

It is an exciting era
for comparative genomics, and genomic epidemiology of leading disease such as
malaria, with much anticipated expansion in the basic biology of medically im-

portant pathogens'23.

1.6.1 Next-generation DNA sequencing

Automated Sanger sequencing chemistry was the primary source of sequence data
until 2004 when massively parallel next-generation DNA sequencing technologies

122 The three platforms that gained prominence

became commercially available
include, the Illumina/Solexa Genome Analyzer, the Roche/454 FLX Pyrose-
quencer, and the Applied Biosystems SOLiD®Sequencer'®'??. Two others, the

Helicos Heliscope®and Pacific Biosciences SMRT technologies were later intro-

duced!'?2. Therefore, there is a variety of NGS features, and multiple platforms.

The backbone of these second generation technologies is a reliance on a combina-
tion of strategies that include template preparation, sequencing and imaging, and
data analysis '3¢. The NGS techniques offer enormous volume of sequence data rel-
atively cheaply, in some cases in excess of one billion short reads per instrument
run %136 The unique combination of specific protocols distinquish one technology

from another and determines the type of data generated from each platform!3¢.
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1.6.1.1 Template preparation

In general template preparation involves randomly breaking up genomic DNA into
smaller sizes, from which either fragment templates??, or mate-pair templates 6
are created. A common feature among NGS platforms is that the template is
attached to a solid surface, which allows several thousands to billions of sequenc-
ing reactions to be done on the immobilized spatially separated sites'?%. Current
NGS methods either use clonally amplified templates or single DNA molecule

templates for NGS reactions.

Clonally amplified templates: Clonal amplification of templates is achieved
by one of two methods; emulsion PCR*® or solid-phase amplification®®. A library
of fragments or mate-pair targets is created, and adaptors containing universal
priming sites are ligated to the target ends, allowing genomes of different com-
plexity to be amplified with common PCR primers'?$2%4.  After ligation, the
DNA is separated into single strands and captured onto beads under conditions
favourable for one DNA molecule per bead (Figure 1.2 a)**%. After the successful
amplification and enrichment of emulsion PCR beads, millions can be immobilized
in a variety of ways including deposition into individual Pico TitrePlate wells in
which NGS reaction can be performed as pertains in the Roche /454 platform 0.
In the case of Illumina/Solexa platform, solid-phase amplification (Figure 1.2 b)
is used to produce 100-200 million spatially separated template clusters, provid-
ing free ends to which a sequencing primer can be hybridized to initiate the NGS

reaction 23136

Single-molecule template: One caveat of clonal amplification is the large
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amount (3-20 pg) of genomic DNA material required '*¢. However, single molecule
templates are PCR free and require < 1 pg of genome DNA as starting mate-

rial 1%,

Prior to initiating the NGS reaction, single molecule templates are usually im-
mobilized on solid surface using one of three different approaches?*. In the first,
spatially distributed individual primer molecules are covalently attached to the

solid surface®?.

The template which is prepared by randomly fragmenting ge-
nomic starting material into sizes of ~ 200 — 300bp, and adding adaptors to the
ends, is then hybridized to the immobilized primer (Figure 1.2 ¢)?3%. In the
second approach, spatially distributed single molecule templates are covalently
attached to the solid surface by priming and extending single-stranded, single-
molecule templates from immobilized primers (Figure 1.2 ¢)'*®. A common primer
is then hybridized to the template (Figure 1.2 d)!%¢. In either approach DNA
polymorase can then bind to the immobilized primed template to initiate NGS
reaction®. Both of these approaches are used by Helicos BioSciences. In a third

approach, spatially distributed single polymerase molecules are attached to the

solid support to which a primed template molecule is bound (Figure 1.2 ¢)°°.

1.6.1.2 Sequencing and imaging

Sequencing and imaging clonally amplified and single-molecule templates are fun-
damentally different, each with its unique challenges'3®. Sequencing by synthesis
is by far the most popular and uses cyclic reversible termination (CRT) that in-

volves nucleotide incorporation, fluoresence imaging and cleavage 35136, Firstly,
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DNA polymerase bound to the primed template adds just one fluorescently mod-
ified nucleotide, which represent the complement of the template base'??2. The
termination of synthesis after this step is the hallmark of this approach!*®. The re-
maining unincorporated nucleotides are washed away. Imaging is then performed
to determine the identity of the incorporated nucleotide?3. This is followed by a
cleavage step, which removes the terminating group and the fluorescent dye (Fig-
ure 1.3 a). Additional washing is done before initiating the nucleotide next in-
corporation step '#%1%6. The Illumina/Solexa NGS platform utilizes this approach
with a four-colour sequencing by synthesis cycle (Figure 1.3 a), and Helicos Bio-

Sciences uses a one-colour (Figure 1.3 ¢) sequencing by synthesis cycle!3®.

Currently the Illumina/Solexa variety of platforms dominate the NGS market '35.

It uses the clonally amplified template method illustrated in Figure 1.2 b, coupled
with the four-colour CRT imaging method depicted in Figure 1.3 a. The four
colours are detected and imaged using lasers techniques, the output of which is
shown in Figure 1.3 b. The Illumina platform has an eight channel flow cell which

allows independent samples to be run simultaneously.
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Figure 1.2: NGS workflow: library construction ligates platform specific
adapters to DNA fragments for immobilized amplification via a variety
of approaches. Adapted from?!'3¢

In emulsion PCR (a), a reaction mixture consisting of an oil-aqueous emulsion
is created to encapsulate bead-DNA complexes into single aqueous droplets.
PCR amplification is done within these droplets so that beads containing sev-
eral thousand copies of the same template sequence are produced. Solid-phase
amplification (b) involves two steps: initial priming and extending of the single-
stranded, single molecule template, and bridge amplification of the immobilized
template with immediately adjacent primers to form clusters. (c¢) immobilization
of template; and (d) immobilization of a polymerase. (e) 2’-deoxyribonucleoside
triphosphate (ANTPs) incorporation.
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Figure 1.3: NGS Imaging: Four- and one-colour cyclic reversible termi-
nation methods. Adapted from?!36

(a); the four-colour cyclic sequencing by synthesis method utilizes Illu-
mina/Solexa reversible terminator chemistry, using solid-phase amplified clusters.
(b); The four-colour images highlight the sequencing data for two clonally am-
plified templates. (c); For Helicos Biosciences, terminators are labeled with the
same dye and dispensed individually in a predetermined order. (c); The one
colour-images highlight the sequencing data from two single-molecule templates.



1.6 Advances in high-throughput genetics 27

1.6.2 Sequenom massARRAY iPLEX platform

Briefly, the Sequenom massARRAY platform (Sequenom®; San Diego, USA) is
one other high-throughput technique, which has evolved from an expert-user-
technology, to a routine genotyping method® . The Sequenom massARRAY
iPLEX platform™ is a validation and not a discovery technique that was origi-
nally designed for analyzing human SNPs%. Tt involves a step-wise achievement of
throughput that may begin with genome-wide amplification of the target DNA.
A highly multiplexed (up to 40 reactions per well) locus-specific PCR is then
used to amplify the region of interest (Figure 1.4(a)), followed by single-base ex-
tension using mass-modified dideoxynucleotide terminators of an oligonucleotide

primer .

The primer anneals immediately upstream of the polymorphic site and under-
goes a single base extension (Figure 1.4 (c))™. Using Matrix-assisted laser des-
orption /ionization time-of-flight (MALDI-TOF) mass spectrometry, the distinct
mass of the extended primer identifies the SNP allele®®. Genotypes are assayed
real-time using the spectroTyper software®. The MASSarray iPLEX platform
enables simultaneous processing of 384 samples, at a current cost of about 0.035
USD per SNP™. Thus, typically several thousands of samples for a few hundreds

of SNPs can be assayed in a couple of weeks.
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1.7 Motivation for work

Recent work on P. falciparum population genetics has focused mostly on global
and regional level analyses and has demonstrated immense variability and the im-
portance of historical events such as long-distance migration in the global spread

9.121,232  Recently high resolution Illumina sequencing data from

of the parasite
clinical isolates consolidated the evidence on continental differentiation in P. falci-
parum populations'?!. What is fundamentally lacking is any deep understanding
of the role of contemporary factors or environmental heterogeneity in structuring

P. falciparum genetic diversity, and shaping transmission patterns at local levels

in endemic communities.

Understanding how this parasite diversity is structured across populations is crit-
ical to unearthing the dynamics of parasite gene flow and is particularly informa-
tive in tracking phenotypes of interest such as novel antigenic variants, vaccine
escape mutants or drug resistance emergence 2%, Antimalarial drug resistance
remains the single most important threat to malaria control and elimination 347"
The capacity to survey quickly, archived and/or new filter paper blood blots to
confirm the prevalence of existing or new mutants in endemic populations is crit-
ical, but, currently lacking. High-throughput genotyping technologies such as
the Sequenom iPLEX platform hold promise to this end. In addition, a com-
plementary use of Sequenom iPLEX technology with the massively parallel NGS

technologies will assure effective surveillance where new variants are identified

and tracked in endemic populations.

The growing evidence of diverse genetic adaptations to malaria that have arisen
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in different human populations3*197 attest to the life history trade-offs in the

5 Hence, it is possible that certain strains of parasites

host-parasite arms race
may be better adapted to some host polymorphisms'™. In the light of this, there
is enormous interest in host-parasite genetic interactions with the hope of de-
riving signatures that may be vital in malaria control and elimination 83:200:229,
The major roadblock, however, is the lack of a sampling framework that will
permit population-specific testing of hypotheses involving parasite genetics, hu-
man genetics and their interactions. Previously, my work as a malariaGEN data
Fellow, helped to set up a sampling framework for collecting clinical samples to
study human genetics of severe malaria in the KNDs of northern Ghana???. Ow-
ing to my experience, when malariaGEN was embarking on Ilumina NGS of P.
falciparum directly from clinical samples, it was opportune for me to focus my
thesis on sampling and purifying P. falciparum DNA across our rural popula-
tion for deep sequencing. Along with this project came new challenges including
but not limited to engaging rural communities for pathogen genomics, obtaining
consent for integrating the previous collections with this new one, and practical
challenges of separating human white blood cells from infected red blood cells to
reduce human DNA contamination. My thesis therefore, sought to purify P. fal-
ciparum DNA from clinical samples across rural communities in northern Ghana
for whole-genome sequencing, and to provide a platform to integrate our previ-

ous case-control data with the parasite data for exploring parasite genetics, host

genetics and their interactions in this well-characterized population.
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1.7.1 General aims

1. To establish a sampling framework for purifying P. falciparum DNA at
community health centres across the KNDs of northern Ghana for deep

sequencing.

2. Analysis and use of deep sequencing data to characterize P. falciparum

genetic diversity in the KNDs, Ghana.

3. Use of deep sequencing data to investigate the prevalence of SNP variation

in genes known to be under antimalarial drug selection.

4. To assess the utility of the Sequenom iPLEX high-throughput genotyping

platform to measure (type) P. falciparum polymorphims in field samples.

5. To explore the association of parasite genetic factors and host phenotypes

and host-parasite genetic interactions in the KNDs.

Each aim forms the focus of each of my results Chapters. Within each chapter,
I provide a brief introduction to the topic as well as a give more details of the

specific objectives.



Chapter 2

Materials and Methods

2.1 The study site

The study was conducted in the Kassena-Nankana east and west districts (KNDs)
(Figure 2.1, top panel), two adjoining districts of the Upper East region of North-
ern Ghana. The districts together cover an area of about 1675km? and lie between
latitude 10.30" and 11.10" North and longitude 1.1" West close to the Ghana-
Burkina Faso border. The area is characterized by a short rainy season span-
ning July through October and a long dry season, giving an average rainfall of
~1300mm and a Guinea Savannah vegetation. The KNDs population is esti-
mated at about 153,000 inhabitants with population density of 91.5km? that is
under continuous demographic surveillance by the Navrongo health and demo-
graphic surveillance system (HDSS)!'°®. The major ethnic groups in the area are
the Kassem and the Nankani with a minority Buli'®’. One of the main features

of the area is a large reservoir in the district, which provides water for irriga-

32
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tion throughout the year. There is one hospital, the Navrongo War Memorial
Hospital (NWMH) that serves as a referral hospital for the population. There
are also four Health centres strategically located across the districts to support
the NWMH. Malaria epidemiology has been extensively characterized in this

21,100,101,157,168,170 © N[a]aria transmission is intense, with

area of Northern Ghana
seasonal fluctuation giving an overall entomological inoculation rate of 418 infec-
tive bites/person-year in 2003'? (relevant to the 2002-2004 case-control studies
discussed in Chapter 7). More recently, however, malaria transmission in sub-

164 Recent unpublished data from

Saharan Africa has been on the general decline
the KNDs show an annual EIR of 140 bites per person-years, with seasonal vari-
ation of up to 170 in the rainy season and 77 in the dry season (Asoala et al.,

2013 manuscript in preparation).
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Figure 2.1: Location of Ghana in Africa, the upper east region in Ghana and the Kassena-Nankana
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2.1.1 Study design and population

I used a prospective longitudinal study design. For wholly practical reasons, I set
out to implement on a broader scale field methods and protocols for removing
leukocytes from whole blood and enriching parasite infected red blood cells for
extracting DNA suitable for parasite sequencing. Since at the time, these meth-
ods were largely untested at a community-scale, the practicalities of sampling
individuals within endemic communities was an important component of the ex-
perimental design. Therefore, in order to maximize success, I used a design that
targeted malaria positive individuals presenting at community clinics. Therefore,
potential participants were individuals who had uncomplicated malaria and chil-
dren 0-5 years who were admitted to the NWMH paediatric ward and diagnosed

with severe malaria.

2.1.2 Participant Recruitment

I collected P. falciparum parasites from all-age patients attending clinic in five
locations in the KNDs from August 2009 to November 2011. These included,
Chiana, Paga, The Kassena-Nankana East (KNE), and Kologo clinics and the
out-patient department of NWMH. I screened patients reporting to clinic in these
locations who had fever with Paracheck-Pf (Orchid Biomedical Systems, India), a
rapid malaria diagnoses test (RDT) kit, which is based on P. falciparum specific
Histidine-Rich Protein 2 antigen detection in peripheral blood'®®. The RDT pos-
itive individuals were then selected for further evaluation and possible inclusion

into the study.
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I used standard microscopy to assess parasite densities. A lancet stick of the
finger was used to prepare thin and thick blood films. Thin films were fixed
in methanol, and both thin and thick films were stained with 10% Giemsa for
malaria parasites detection and quantification. Parasite density was scored as
number of parasites per 200 white blood cells (WBCs) on a thick film. 200 high
power fields of the thick films were examined at 1000x magnification to assign a
negative result. Out-patients with parasitaemias > 50 parasites per 200 WBCs

(about 2000 parasites pl=! of blood) were preferentially enroled.

Additionally, young children who were admitted to The NWMH with a diagnosis
of severe malaria were included in the study. Criteria for diagnosis of severe
malaria were those included in the standard WHO definition: (1) cerebral malaria
(CM) defined as unrousable coma or Blantyre Coma Score of 3 or less; coma
persists for more than 30 minutes after fits have ceased and normal CSF findings,
(2) repeated or prolonged generalized convulsions, generalized convulsions lasting
more than 30 minutes, or more than 2 convulsions in 24 hours despite cooling,
(3) severe malarial anemia (SMA) defined as a hemoglobin concentration < 5
g/dl,

(4) respiratory distress- presence of alar flaring, intercostal or subcostal chest
recession, use of accessory muscles of respiration, or abnormally deep respiration,
(5) hypoglycemia; blood glucose < 2.2 mM /L and

(6) circulatory collapse- systolic blood pressure < 50 mm Hg (7) renal failure. In
order to learn the impact of seasonal variation on parasite population dynamics,

sampling was done across the high and low transmission seasons.



2.2 Materials and Methods 37

2.1.3 Ethical considerations

This study was reviewed and approved by the Navrongo Ethical Review Board
(IRB) and Oxford Tropical Research Ethics Committee (OXTREC). In all pa-
tient categories blood samples were taken only after obtaining written informed
consent. Individual consent was obtained for patients above 18 years (the legal
age of adulthood in Ghana), both parental or legal guardian’s consent and assent
for children 12-17 years and parental or legal guardian’s consent for minors (0-11
vears). All consent forms were translated into the two major languages in the

KNDs and administered alongside the FEnglish versions.

2.2 Materials and Methods

All materials that were used in the studies discussed in this thesis are list in

appendix A.

2.2.1 Processing of whole blood

Plasmodium falciparum DNA was extracted directly from patient blood. Whole
blood (2-3ml) was obtained from malaria patients via venipuncture in EDTA-
containing Vacutainer tubes (Becton Dickinson). The blood was then processed
as soon as possible with either CF11 filters or Plasmodipur® filters to remove

white blood cells (mononuclear cells) prior to parasite DNA extraction.

The commercially available Plasmodipur® filters (Euro-diagnostica) were pur-
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chased whilst the CF11 cellulose powder (Whatman®) was purchased and used
to construct the CF11-based filter on site?". Plasmodipur® filters are designed
to trap human nucleated cells and platelets while allowing parasite infected red
blood cells (IRBCs) to be collected. They are relatively more expensive, and

most studies tend to use more than one filter per sample.

CF11 powder on the one hand, is a fibrous, medium cellulose powder for general
column chromatography that is readily available. It is relatively cheap and easy
to use in assembling columns as filters for processing infected whole blood. Once
assembled CF'11 filters are portable and remarkably easy to use in filtering malaria

infected blood under field conditions.

2.2.1.1 CF11 column construction

A 10ml centered outlet syringe (with the plunger removed) was tipped with either
a 1.0cm? piece of Grade 105 lens cleaning tissue (Whatman) or a thin layer of
cotton wool. The tissue or disc of cotton wool was carefully placed in the syringe
so as to cover the outlet lumen. CF11 cellulose powder was then loosely added
to the syringe up to the 10 ml mark and then packed down to about 5.5ml of
packed cellulose using the plunger. When ready to use, 5 pl of isotonic phosphate

buffered saline (PBS) solution (pH 7.3) was first run down the column to wet it.

2.2.2 Lymphoprep density-gradient centrifugation

One blood volume of Lymphoprep (Axis-shield) was added to a 15ml centrifuge

tube. Whole blood samples were diluted with an equal volume of isotonic phos-
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phate buffered saline (PBS) solution [pH 7.3] (Sigma) and carefully layered over
the Lymphoprep, taking absolute care to layer and not mix. A maximum of 5ml
diluted blood over 2.5ml Lymphoprep was used per tube and few larger blood
volumes split accordingly. The samples were then centrifuged at 800g for 20 min
at 20-22°C. The mononuclear cells, which form an obvious band at the sam-
ple/PBS medium interface were aspirated and discarded. The RBC pellet was
re-suspended in 10ml PBS to wash and centrifuged at 800g for 5 min. The su-
pernatant was aspirated and discarded and the RBC pellet was used for further

processing by Plasmodipur filters.

2.2.3 Plasmodipur filtration

Plasmodipur filters (Euro-diagnostica) were pre-wet with 5ml PBS. The RBC
pellets obtained from Lymphoprep density-gradient centrifugation were diluted
in 3 volumes of PBS and drawn into a 5ml syringe before mounting onto a Plas-
modipur filter. The syringe and Plasmodipur unit was then propped over a 50ml
falcon tube. Gentle pressure was applied to the syringe and the diluted blood
was gently and carefully passed through the Plasmodipur filter and collected into
the falcon tube. An additional 10-20ml of PBS was used to wash through any
RBCs remaining in the filter. The filtered blood was centrifuged at 800g for 10
min at 20-22°C. The supernatant was discarded and RBC pellet stored at -20°C

until DNA extraction.
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2.2.4 CF11 column filtration

Whole blood samples were diluted 1 volume of PBS, and the post-Lymphoprep
RBC pellets were resuspended in 3 volumes of PBS and carefully added to CF11
columns that were pre-wetted with 5ml of PBS, and propped over 50ml falcon
tube. The blood was then allowed to filter gradually by gravity. The filtered blood
was centrifuged at 800g for 10 minutes at 20-22°C and the plasma supernatant

was discarded and RBC pellet stored at -20°C until DNA extraction..

2.2.4.1 DNA extraction and Quantification

DNA extraction was done using the QTAamp DNA Blood Midi/Maxi kit (Qiagen)
as per manufacturer’s protocol. Qiagen protease (proteinase K) [120pl] (for <
1.0ml of whole blood) or 220l (for 1-2ml of whole blood) was added to a 15ml
centrifuge tube. The RBC pellets were equilibrated to room temperature (15-
25°C) and diluted with PBS to 1 or 2ml and added to the Qiagen protease.
Buffer AL (1.2ml) or 2.4ml was further added and mixed thoroughly by inverting
at least 15 times, followed by additional vigorous shaking for 1 min to ensure
adequate lysis. The tube was incubated at 70°C for 10 min. One millilitre or 2ml
ethanol (96-100%) was added to the sample and mixed thoroughly by inverting for
10 min, followed by additional vigorous shaking to ensure efficient binding with
the DNA. All or one-half of the solution was carefully transferred onto a QIAamp
Midi column placed into a 15ml centrifuge tube, taking care not moisten the rim.
The solution was centrifuge at 3000rpm for 3 min. The filtrate was discarded

and the column placed back into the 15ml centrifuge tube. Buffer AW1 (2ml)
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was carefully added to the column, taking care not to moisten the rim. The
solution was centrifuged at 4000 rpm for 2 min. Buffer AW2 (2ml) was carefully
added to the column, again taking care not to moisten the rim. The solution was
centrifuged at 4000 rpm for 15 min. The column was incubated at 70°C for 10
min to evaporate residual ethanol. The column was placed in a new 15ml tube
whilst the collection tube was discarded together with the filtrate. Buffer AE
(200nl1) or 300pl was pipetted directly onto the QIAamp Midi column, incubated
at room temperature for 5 min, and centrifuged at 4000 rpm for 4 min. For
maximum DNA yield, a fresh 200pul or 300pl of buffer AE was pipetted onto the
QIAamp Midi column membrane; further incubated at room temperature for 5
min, and centrifuged at 4000 rpm for 4 min.

Note: QIAamp Maxi columns were used for whole blood volumes greater than

2.0ml.

DNA was quantified using the Quant-iT?" PicoGreen dsDNA Assay kit (Molec-

ular probes-invitrogen) and stored at —20°C.

2.2.4.2 Quantitative Real-time PCR

Quantitative Real-time PCR (QRT-PCR) was used to quantify the amount of hu-
man DNA remaining after WBC-depletion and the parasite DNA yielded. QRT-
PCR was undertaken on 2-5ng of each DNA sample using the Applied Biosys-
tems StepOne PCR System with human primers and Plasmodium-specific primer
sets as shown in Table 2.1. Human and P. falciparum DNA negative controls
were added in the respective reactions to confirm primer species-specificity. Fach

primer set was unique within the respective genomes. Pure human and pure P.
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falciparum standards were prepared to range 0.1-100ng/ul concentrations. Test
samples were then diluted as required to fit this range, and all samples and stan-

dards were tested in duplicate.

One pl DNA was added to a 24ul PCR solution containing 8.5ul water, 12.5ul PCR
Sybergreen Master Mix and 1.5ul of each primer (Stock at 2uM). The mixture
was amplified for 5 cycles of 94°C for 45 seconds, 56°C for 45 seconds, 72°C for 45
seconds, followed by 30 cycles of 94°C for 45 seconds, 65°C for 45 seconds (data
collection point), and 72°C for 45 seconds. The data obtained was analysed using

the Applied Biosystems StepOne version 2.0 software.

Target Gene Primer pairs (5'-3')
Human TLR-9 (F) ACGTTGGATGCAAAGGGCTGGCTGTTGTAG
TLR-9 (R) ACGTTGGATGTCTACCACGAGCACTCATTC
Parasite EBA-175 (F) ACGTTGGATGCACCAGTGAAGAAACTACAG
EBA-175 (R) ACGTTGGATGCTTCATATTCCTTAGTAAGCG

Table 2.1: Primers for QRT-PCR. The first 10 bases for each primer are the same
because these are sequenom first round primers known to work together very well
that I used for this exercise.
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2.2.5 Sequenom iPLEX Genotyping

The MassARRAY iPLEX platform (Sequenom, San Diego, USA) was used for
assessing the P. falciparum SNPs discussed in chapters 4 and 5 (section 6.7), and
the human SNPs discussed in chapters 7. This platform, however, was originally
designed for genotyping human polymorphisms. MassARRAY SNP genotyping
combines the benefits of accurate primer extension chemistry with the detection
of extension products by Matrix Assisted Laser Desorption/Tonization-Time of
Flight(MALDI-TOF) Mass Spectrometry (MS). Multiplex design for the iPLEX
methodology was achieved using the MassARRAY Assay Design Software (version

3.1), which has a design capacity of up to 40 SNPs per reaction.

2.2.5.1 Primer Extension Pre-amplification

Prior to genotyping whole genome amplification of all DNA samples was done us-
ing the Primer Extension Pre-amplification (PEP) method?®®. The PEP method
utilizes 15 base random sequence primers (N15) to amplify the entire genome.

Typically, PEP products are usually of the order of 600 - 800bp in length.

Five nanograms of gDNA was amplified in 96-well PCR plates in a final reac-
tion volume of either 25 pl or 50 pl. The PEP reaction mix of 50l contained
0.04nmol/pl of each oligonucleotide primer (Genetix, Cambridge, United King-
dom), 1x buffer (Bioline, Cambridge, United Kingdom), 2.5 mM MgCl, (Bioline),
0.2 mM each of dNTPs (Bioline), and 2.5 units of Taq polymerase (Bioline). Ex-
tracted DNA (1ng/pl) was used as template for the amplification reaction. The

reaction mix was thoroughly mixed by vortexing, followed by centrifugation at
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1500 rpm for 1 minute (min). The temperature profile for the reactions were
94°C for 3 min, followed by 50 cycles of 94°C for 1 min, 37°C for 2 min, and then
slowly increasing the cycling temperature by 0.1°C each cycle to 55°C, and held

for 4 min and then a final extension step of 72°C for 5 min.

2.2.5.2 Primer extension and detection by MALDI-TOF MS

Sequenom’s iPLEX MassEXTEND is a SNP genotyping procedure that is based
on two levels of specificity. First, a locus-specific ’first round * iPLEX PCR reac-
tion is done to amplify the region of DNA flanking the SNP of interest to produce
unique targets (typically 100 base pairs in length) in sufficient concentrations to
enable SNP capture.

Second, a locus-specific primer extension reaction in which an extension primer
hybridizes immediately upstream (3’) of the polymorphic site and is extended
based on one of four complementary mass-modified terminator molecules that
is specific to the sequence of the variant site. For example: genotyping a G/T
SNP with the termination mix ddTTP/ddATP/ddCTP/ddGTP, a G change
will result in a single base extension C, and a T change will result in a single base
extension A. In like manner it is feasible to genotype tri-allelic variations in SNP.
The mass differences of the extended primer can be determined by MALDI-TOF
mass spectrometry °. Thus, allowing for the differentiation of alleles at any given

SNP site in DNA, and homozygous and heterozygous samples in diploids.

The sequences and other essential design data for the first round PCR primers and
the extension primers are listed in Table 2.2. All PCR primers were initially tested

to ensure that a clean single band product of the required length is achieved. The
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iPLEX PCR reaction mix per samples was 0.45nl primers, 0.49pl of 25mM MgCl,,
0.15ul of 25mM dNTPs, 0.94ul of 10x PCR buffer (Bioline), 0.3ul of Sunits/ul
Taq DNA polymerase (Bioline), 2.18pnl of milliQ) water, and 3pl of 1ng/ul DNA.
The final reaction volume was 7.5ul. The cycling conditions were 94°C for 15
minutes, 94°C for 20 seconds, 56°C for 30 seconds, 72°C for 1 minute, then 44
cycles of 94°C for 20 seconds, 72°C for 3 minutes, 15°C for 15 minutes. All PCR
reactions were carried out in 384 well plates and all thermal cycling was on MJ
Tetrad (Bio-Rad) and the heated sealed lid option was used to avoid evaporation.

All PCR products were resolved on a 3% agarose gel.

The iPLEX PCR reaction products were further processed to remove all excess
dNTPs using iPLEX shrimp alkaline phosphatase (SAP). A multimek robot at
the Core Genomics Group, Wellcome Trust Centre for Human Genetics, Oxford,
was used to transfer 2pl of SAP mix into each well of the 384 well plate (containing
5ul of PCR product) such that each sample contained 1.53pnl of SAP 10x buffer
(Bioline), 0.17 milliQ water, 0.30ul of 1.7units/pl of SAP. The SAP mix was
incubated at 37°C for 40 minutes (Digestion), followed by SAP inactivation at

87°C for 5 minutes, and 15°C for 15 minutes.

AT this stage, the PCR products are now ready for primer extension and termi-
nation reaction that incorporates one of four ddN'TPs. Single primer extension
over the SNP was carried out in a final concentration of between 0.625pM and
1.5pM of each extension primer, depending on the mass of the probe, iPLEX
termination mix (Sequenom) and 1.35 units of iPLEX enzyme (Sequenom) and
cycled using a two-step 200 short cycles program; 94°C for 30 seconds, 94°C for

5 seconds, 52°C for 5 seconds, 80°C for 5 seconds, followed by 4 cycles of 52°C
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for 5 seconds, 39 cycles of 94°C for 5 seconds, and then 72°C for 3 minutes, and

15°C for 15 minutes.

The reaction was then desalted (removes Mg*", ddNTPs and dNTPs) by ad-
dition of 6mg cation exchange resin (SpectroCLEAN resin, Sequenom) followed
by mixing and centrifugation to settle the contents of the tube. The extension
product was then spotted onto a 384 well spectroCHIP before being subjected to
the MALDI-TOF mass spectrometry for genotype calling in real time. The Se-
quenom SpectroTYPER software was used for visualization of the genotype calls
and making an initial assessment of the homozygous and heterozygous resolutions
for the human SNPs . The genotype data was then exported as a Microsoft Excel

file for further processing and joining with meta data for analyses.
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Assay Description Sequence (5-3')
DHFRA16V First-round ACGTTGGATGAACAAGTCTGCGACGTTTTC
ACGTTGGATGGATTCATTCACATATGTTG
Extension TCGATATTTATGCCATATGTGC
DHFRC59R First-round ACGTTGGATGAACAAGTCTGCGACGTTTTC
ACGTTGGATGGATTCATTCACATATGTTG
Extension GATTCATTCACATATGTTGTAACTGCACA
DHFRI164L First-round ACGTTGGATGTCTTGATAAACAACGGAAC
ACGTTGGATGGATCTAATAGTTTTACTTGGG
Extension TAAACAACGGAACCTCCTAA
DHFRN51I First-round ACGTTGGATGAACAAGTCTGCGACGTTTTC
ACGTTGGATGGATTCATTCACATATGTTG
Extension GAGTATTACCATGGAAATGTAA
DHFRS108NT First-round ACGTTGGATGAGGTTCTAGACAATATAAC
ACGTTGGATGCAAAATGTTGTAGTTATGGG
Extension TGGAATGCTTTCCCAGC
DHPSA581G First-round ACGTTGGATGGTGGATACTCATCATATAC
ACGTTGGATGGGATACTATTTGATATTGG
Extension TTAATAGATTGATCATGTTTCTTCC
rs45243608 First-round | ACGTTGGATGTGAAGGTGCTAGTGTTATAG
ACGTTGGATGGGTACTACTAAATCTCTTTC
Extension GATATAGGTGGAGAATCCTC
rs45319633 First-round ACGTTGGATGGTAGCTAGTATAATATTTATC

Continued on next page
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Table 2.2 — continued from previous page

Assay Description Sequence (5'-3')
ACGTTGGATGGAAAATTATTTATTAGAATG
Extension TAAATTATTTTTCATTATTTCGTCATTC
rs45239511 First-round ACGTTGGATGCTAAATCACTTGTATCTAC
ACGTTGGATGCATATTGGATGAGGAAGAAG
Extension gg AATCACTTGTATCTACTGTATCA
PfertK76T First-round ACGTTGGATGAACATAATCATACAAATAAAGT
ACGTTGGATGTCGACCTTAACAGATGGCTCAC
Extension GTTTAAAGTTCTTTTAGCAAAAATTG
rs45241656 First-round ACGTTGGATGAAACCTTCGCATTGTTTTCC
ACGTTGGATGTCCTCTTGTATGTATCAACG
Extension CTTCGCATTGTTTTCCTTCTTTA
rs45241660 First-round ACGTTGGATGCTTTTTAATTTTATAGGGTG
ACGTTGGATGTCACACTTACCAAAGTTACG
Extension AATTTTATAGGGTGATGTTGTAAG
rs45244585 First-round ACGTTGGATGGAAGGATCCAAACCAATAGG
ACGTTGGATGTGTAAATGCAGCTTTATGG
Extension AATAATTGAGCGCTTTGACA
rs45254309 First-round | ACGTTGGATGCTCCTGAATCTTCTTGTTGG

Extension

ACGTTGGATGCAACGAACATAGGGAACATC

TCTTCTTGTTGGTATGTATGTTC

PfAMAI1-R512K

First-round

ACGTTGGATGGGAATATCTGCATATTCATC

Continued on next page
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Table 2.2 — continued from previous page

Assay Description Sequence (5'-3')
ACGTTGGATGTTTCTTTGTATGTAAATGTG
Extension ATGTTACTTCTGCCCTTC
rs45296956 First-round ACGTTGGATGCAGCAAACAATGATGGTGAA
ACGTTGGATGTATTGTACTTTACTTTTTGG
ACGTTGGATGGAAACACGTCCACATGGTAG
Extension AAAAAGGATATTTTGTGATTTAAAAAA
rs45318952 First-round ACGTTGGATGAGCATCAGTTTCAGGTCTTG
ACGTTGGATGAGGACCAAAAGGAAATGAA
Extension TTACTCAAACTATCGTCATCACGTTC
PfEBA175G1100D | First-round ACGTTGGATGCTTCATATTCCTTAGTAAGCG
ACGTTGGATGCACCAGTGAAGAAACTACAG
Extension TTAGTAAGCGTTCTCTCAC
PfEBA175P390S First-round ACGTTGGATGCTTTAGCATCATTCTTGTT
ACGTTGGATGGGCATACGTTATCGAAAGAA
Extension TTTCCGCATTTTCCTTTGA
rs45323313 First-round ACGTTGGATGGTCAAACACAAATACATGTTC
ACGTTGGATGTGTCTTCAGAACATGTTTC
Extension TGTCAATATATGGAAAGAAATAAGA
TGTCAATATATGGAAAGAAATAAGT
rs45323318 First-round ACGTTGGATGCAATATCCTTACACTCAGAAC

ACGTTGGATGCGATATACTATATTTAGGAG

Continued on next page
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Table 2.2 — continued from previous page

Assay Description Sequence (5'-3')
Extension AAATCCAAAGCATTATCAGGG
rs45326723 First-round ACGTTGGATGTATTCCTCTTAGCACCACTC
ACGTTGGATGCTAGTGATAGTAAGAAAATG
Extension gTAGCACCACTCCTACTAC
rs45328613 First-round ACGTTGGATGCCTGGCTCTGCTAATAAACC
ACGTTGGATGCGACATTAAACACACTGGAAC
Extension acTAAACCTAAAGACGAATTAGATTATGC
rs45333817 First-round ACGTTGGATGCCATTTTTTCCTATTTTCCGC
ACGTTGGATGGACATGGAAGGACTTGGTAG
Extension TTTCCTATTTTCCGCAGATTTCTC
rs45333829 First-round ACGTTGGATGCGGGTCGCTTGAAAGTGATA
ACGTTGGATGGGATACTTTAATGTATTAGCG
Extension AGATGATATAAGTAATATAGAAGGAGA
PIMSP1T1667K First-round ACGTTGGATGTAATGGTGGATGTGATGCAG
ACGTTGGATGTCAGGTTTAGTACATTCAC
Extension ATGTGATGCAGATGCCAC
PfTRAPH488Y First-round ACGTTGGATGTGGCTTTTCATGTTCTTCCC
ACGTTGGATGGAAACACGTCCACATGGTAG
Extension ATGTTCTTCCCTTTCAGGATA
PITRAPL2771 First-round ACGTTGGATGGAAATCTTACACGAAGGATG

ACGTTGGATGTGGAACATCTAATGGTTCCC

Continued on next page
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Table 2.2 — continued from previous page

Assay Description Sequence (5'-3')

Extension CGAAGGATGTACAAGTGAAA

PfTRAPV437I First-round ACGTTGGATGGGGTCACTTTGTTTCCTTTC
ACGTTGGATGCCAAATGATAAAAGTGATAG

Extension TTGTTTCCTTTCATTATCCAAAAC

Table 2.2: Primers for P. falciparum Sequenom

Genotyping

2.2.6 Data Analysis

89 was used for all the statistical analyses

The open source R statistical software!
undertaken in this thesis. I implemented a variety of statistical test in R, including
Chi-square and Fisher’s exact tests to assess deviations from the null-hypotheses.

In all cases, a two-tail 95% confidence interval was used to ascertain the level of

statistical significance.



Chapter 3

Establishing a framework for

purifying parasite DNA

3.1 Introduction

Recent advances in high-throughput genotyping technologies such as NGS present
a unique opportunity to examine questions in host and parasite genetics'??. Par-
ticularly, the ability to use these methods to sequence parasite DNA extracted
directly from patient blood will pave the way for a better understanding of 'nat-
ural’ parasite genetic diversity and parasite factors responsible for disease out-

121 The potential exists to correlate such deep-sequencing data with

comes
human host genetic diversity data to gain understanding of host-parasite genetic
interactions. What is required, however, is an appropriate community-based sam-
pling framework that could set the stage for addressing relevant epidemiological
questions. Following on from my experience with setting up a framework for sam-

pling clinical cases to study human genetic association with severe malaria???, I

52
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set-up a similar framework for purifying P. falciparum DNA from clinical samples
for deep sequencing. This chapter details the activities I undertook to achieve
this in endemic communities in Kassena-Nankana district of northern Ghana.
Notwithstanding the common challenges of ethics and the practicality of taking
blood from a rural setting, the need to reduce human DNA contamination by us-
ing simple methods in separating human white blood cells (WBCs) from parasite

infected red blood cells (iIRBCs) was critical.

3.2 Objectives

1. To purify P. falciparum DNA from clinical samples across rural communi-

ties in the KNDs for deep sequencing,

2. To assess key malariological parameters in this rural population with high

malaria endemicity

3. To compare the efficacy of WBC/iRBC separation protocols employing ei-

ther Plasmodipur® or CF11-based filters.

3.3 Materials and Methods

3.3.1 Patient recruitment

I set up five recruitment centres in the KNDs; four peripheral outpatient clinics
and the Navrongo War Memorial Hospital (NWMH). Patients reporting to these

clinics with fever, were screened with P. falciparum specific rapid-diagnostic test
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(RDT) kit to confirm malaria infection. The RDT positive patients were then
evaluated by standard microscopy for their inclusion into the study. Patient

recruitment is described in detail in chapter 2 (section 2.1.2).

3.3.2 Processing of whole blood

Whole blood taken from patients was initially separated by lymphoprep density
gradient centrifugation (see chapter 2 section 2.2.2). This initial step drasti-
cally reduced the number of peripheral blood mononuclear cells. Subsequently
the blood was then either further processed with Plasmodipur® filters (Euro-
diagnostica) or CF11-based filters constructed on site. Details of CF11 filter
construction are described in chapter 2 (section 2.2.1.1). Processing of whole
blood by these methods was described in detail in chapter 2, (see section 2.2.3

for Plasmodipur® filteration and section 2.2.4 for CF11-based filteration).

3.3.3 DNA extraction and quantification

DNA extraction was undertaken using the QIAamp DNA Blood Midi/Maxi kit
(Qiagen) according to the manufacturer’s protocol. I used the QIAamp Maxi
columns to process red blood cell pellets of greater than 2.0 ml, while low blood
volumes were processed with the Midi columns. Details of the DNA extraction
protocol was described in chapter 2 (section 2.2.4.1). DNA was quantified using
the Quant-iT? PicoGreen dsDNA Assay kit (Molecular probes-invitrogen), and
the amount of human DNA contamination was assessed using real-time PCR

(Chapter 2 section 2.2.4.2).
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3.4 Results

A total of 551 participants met the study inclusion criteria (briefly, a positive
malaria by RDT and > 50 trophozoites/200WBCs) and were enrolled into the
study. The proportion of samples collected by clinic and relevant malariometric

indices are shown in Figure 3.1.

3.4.1 Baseline characteristics of participants

3.4.1.1 Demographic Characteristics

The demographic characteristics of participants was reflective of the general de-
mography of the KNDs. Of the 493 participants who had mild malaria (MM), the
majority Kasem ethno-linguistic group formed 66.4%, followed by the Nankam
who represented 42.6%, and 1.4% were from the minority Buli ethno-linguistic
group. The demographic and ethno-linguistic distribution of severe malaria (SM)
patients followed a similar pattern, with 67.2% being Kasem and 29.3% Nankam.
In terms of gender, 54.4% of SM cases and 47.3% of the MM cases were males.

Further details may be reviewed in Table 3.1.

3.4.1.2 Clinical Characteristics

Of the 551 patients recruited, 493 (89.5%) were mild malaria (MM) patients and
58 (10.5%) were children 0-5 years admitted to the NWMH with severe malaria

(SM). The mean haemoglobin concentration for MM cases was 10.0 gdl™! (range:

8.7-18.3) and that for SM cases was 8.7¢ dl™! (range: 0.9-11.7). The mean age was
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8.0 and 3.2 years for MM and SM patients respectively. By and large, gender was
equally split in both disease categories, but, females were proportionately higher
in MM and the reverse was true for SM. A 25.4% of severe malaria cases had
severe malarial anaemia (i.e haemoglobin concentrations below 5g/dL) and were
given blood transfusion. The peak prevalence of parasitaemia followed a unimodal
distribution that coincided with the months of peak malaria transmission (rainy
season). Though, I observed a wide variation in parasite densities through each
month, the peak of mean parasite densities occurred in the months of August

through October (Figure 3.2).

In terms of location-specific parasite densities, the lowest mean parasite density
of 35100 (range:1360-166600) was observed among patients attending the Paga
clinic in the north close to the border with Burkina Faso (Figure 3.1). This
level of parasitaemia was closely mirrored by the parasite density in communities
in the rocky highlands situated west of the KNDs (mean: 36810; [range: 1600-
169500]), where patients were sampled from the Chiana clinic. Areas with high
parasite densities were the communities in the south sampled from the Kologo
clinic (mean: 61860;range:|3260-290600|), and the NWMH in the central district
(mean: 59520; [range:4360-204600]). Patients sampled from communities situated
in lowland Savannah areas in the east, and attending the Kassena-Nankana east

clinic had intermediate parasite densities (mean: 50090; [range:1600-22630]).

Since WBCs counts were not measured in this study, the conventional approach
that assumes a WBC count of 8000 per microlitre of blood was used to convert
parasite counts per 200 WBCs to counts per microlitre of blood. Overall, the

mean parasite density was 49191.7 parasites pl=! of blood (range:1360-290560)
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for MM cases and 111315.9 parasites ul~! of blood (range:17120-337880) for SM
cases. In general, hyperparasitaemia, defined as, parasitaemia > 100,000 parasites
ul~! of blood or 2% parasitaemia (shown as a horizontal dark red dotted line in

Figure 3.2), is a common (=~ 10% of cases) manifestation in the KNDs.

Further details of the clinical features of participants is presented in Table 3.1.

Characteristic Mild malaria Severe malaria
(N = 493) (N = 58)
Ethnic group:
Kasem 270 (54.8) 39 (67.2)
Nankam 210 (42.6) 17 (29.3)
Buli 7 (1.4) 1.0(1.7)
Fulani 5 (1.0) -
Other 1(0.2) 1.0 (1.7)
Age (yrs) 8.0 [0-80] 3.2 |0-5]
Gender:
Male 933 (47.3) 31 (53.4)
Female 260 (52.7) 27 (46.6)
Clinical:
Fever (°C) 37.7 [36.9-40.3] 38.0 [38.3-40.5]
Fever duration (days) 2.6 [1.0-8.0] 2.5 [1.0-11.7]
Haemoglobin (gdl™) 10.0[8.7-18.3] 8.7 [0.9-11.7]
Parasite density (nl™!) 49191 [1360-290560| 111315 [17120-337880]
GM parasite density 30012.4 84543.3

GM-Geometric mean, n (%), Mean[range]

Table 3.1: Baseline characteristics of participants
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Figure 3.1: Map of KNDs showing the location specific distribution of
samples collected.

MM cases (blue) were recruited from outpatient clinics; CHC-Chiana Health
Centre serves the Western rocky highland communities, PHC-Paga Health Cen-
tre serves communities north of the district along the Ghana Burkina Faso border,
KNE-Kassena-Nankana East Health Centre serves communities in the far East
of the district, KHC-Kologo Health Centre serves communities in the South,
NWMH-The Navrongo War Memmorial Hospital outpatient department serves
the Navrongo town and surrounding communities and all SM cases (red) are
referred to the NWMH paediatric ward
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Figure 3.2: A scatter plot of the monthly distribution of parasite den-
sities. Data presented spans August 2009 to November 2011. Points
are colour coded according to the clinic from which patients were sampled. The
dark red dotted line indicates the 2% parasitaemia mark, whilst the solid dark
line shows the pattern of monthly mean parasite densities
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3.5 Total DNA recovered

In general there was wide variation in the total DNA recovered. Overall the mean
total DNA (human plus parasite DNA) yield was 5.85pgml™! of blood taken
(range:0.00-51.94). As shown in table 3.2, the quantity and quality of DNA yield
varied considerably between the five sampling sites. The average blood draw was
3.3ml (range:1.0-5.5), and 75% of samples had <50% human DNA contamination.
I observed that overall, there was a positive correlation (r=45%) between blood
draw and total DNA yield (Figure 3.3), however, the linearity of the relationship
could potentially be affected by other parameters, notably parasite density, batch-
effect in the processing of samples, and variation in the separation method used.
There was significant difference (p=0.0001) between the variances of total DNA
recovered at blood draws ( <4ml) and higher blood draws (>3ml). Therefore, the
Wilcoxon ranked sum test (a non-parametric test) was to compare total DNA in
the two categories, which was observed to be statistically significant (Wilcoxon
test statistic, W = 6594.5, p = 0.0004). Human DNA contamination was similarly
distributed across all sites. I did not find evidence of a systematic site-specific
influence on the total DNA extracted. Overall, the majority of samples (62.3%)

had a human DNA contamination under 10% (Table 3.2).

3.6 Analysis of leukocytes depletion methods

Plasmodipur® filters and CF11-based filters were used interchangeably, based on

availability, to deplete whole blood of leukocytes prior to parasite DNA extrac-
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tion. Overall, 171 samples were processed with Plasmodipur® filters and 115
samples with CF11-based filters in the same malaria season, and were used for
this analysis. It is therefore, important to note that the comparisons discussed

were global and not a head-to-head comparison of the two methods.

3.6.1 DNA yield by Plasmodipur® and CF11 filters

There may be several parameters that influence WBC separation by Plasmodipur®
and CF11-based filters, including volume of blood draw, ratio of parasitized RBCs

and haemoglobin levels. Notwithstanding these, I found the following:

First, the median blood draw for samples processed with Plasmodipur® filters
was 4.0 ml (range: 1.5-5.5) and that for the CF11-based filters was 2.5 ml (range:
1.0-4.5). Therefore, correcting for volume, the median DNA yielded for sam-
ples processed by Plasmodipur® filters was 0.6pgml~! of blood drawn (mean:
1.5, range: 0.0-13.1), and that for samples processed by CF11-based filters was

12.3pgml™! of blood drawn (mean: 16.6, range: 0.1-62.6).

Second, as shown in Figure 3.4, in general for both methods, there is a linear
relationship between total DNA recovered with blood volume. However, as ex-
pected parasite density (size of circles in Figure 3.4) was an important variable in
the relationship between total DNA recovered and volume of blood draw. This
influence may be dependent on other factors, such as haemoglobin status and

may not be linear.

I used a generalized linear model to examine these relationships, taking blood

draw and parasitaemia as the two main effects on total DNA recovered. Par-
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asitaemia was found to be highly significant for both methods (p = 0.0007 for
CF11-based filters and p = 0.006 for Plasmodipur filters). Blood volume was
significant for both filters as well (p = 0.02 for CF11-based filters and p = 0.03

for Plasmodipur filters).

Finally, It was worth establishing whether there was any evidence of non-linearity
in the response of total DNA yield to blood volume with parasite density as co-
variate. By fitting a quadratic term for parasitaemia, it became evident that the
relationship was significantly non-linear (p = 0.006 for CF11-based filters and p
= (.03 for Plasmodipur filters). I fitted generalized additive model (GAM) to the
response variable total DNA yield with smooth terms for volume of blood draw
and parasite density (trophozoites/200WBCs) to further investigate these non-
linear relationships using all the data. The GAMs are non-parametric smoothers,
excellent at showing the humped relationship between variables when there are
covariates that are continuous (ie parasite density), and could highlight the pos-
sibility for a threshold parasitaemia at which the rather complicated relationship

between total DNA and blood volume becomes non-linear.

The tight 95% confidence intervals (95% CI) show that volume of blood draw is
a good predictor of total DNA yield (Figure 3.5 top panel). Also apparent is the
fairly constant effect between 2-4ml of blood draws, which suggests that within
this range the levels of parasitaemia may be the overriding factor in the amount
of DNA recovered. Interestingly, below 2ml and above 4ml of blood draw there is
an increase in total DNA yield. Increased total DNA yield at higher blood draw
is to be expected, however, the apparent increase at lower blood draws could

be due to many factors, including extreme care in processing merely because
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of the small volume obtained, more effective action by the lysis buffer during
DNA extraction, higher parasite densities, and the like. On the other hand,
the relationship between parasitaemia and total DNA recovered is completely
linear (Figure 3.5 bottom panel), but, as parasitaemias increases this linearity
becomes less and less predictive of total DNA yield as depicted by the widening
95% CI. Also apparent is a possible cut-off for minimum parasitaemia at about
2000 trophozoites pl=! of blood (50 trophozoites/200 WBCs), as depicted by the
extremely tight 95% CIL.

3.6.1.1 Human DNA contamination

To further examine the influence of parasitaemia on the quality of the total DNA
recovered, ten equally sized bins of parasite density were created and the mean
percentage of human DNA contamination was calculated for each bin. As shown
in Figure 3.6, mean human DNA contamination for both methods was generally
higher up to parasite densities of about 3000 pl=! of blood (75 trophozoites/200
WBCs) for CF11-based filters and Plasmodipur filters respectively. In general
beyond a threshold of 75 trophozoites/200 WBCs, the mean human DNA con-
tamination dropped, but, more rapidly with CF11-based filters than Plasmodipur
filters. This further suggests the relatively better efficacy of the CF11-based filters

to rapidly deplete WBCs as compared to Plasmodipur filters
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Figure 3.3: Influence of blood draw on total DNA recovered. Boxplots of
DNA yield (normalized for blood draw) per two categories of blood draw. Boxes
show inter-quartile range (black line in boxes are medians); whiskers extend to
data extremes
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Sampling locations

Parameter CHC PHC KNE NWMH KHC Overall
Number 72 74 43 304 57 551
Mean blood draw (ml) +3.5 +3.0 +2.5 +3.0 +3.2 +3.3
Mean parasite

density pl™! 36810 35100 50090 59520 61860 54400
Mean DNA

(pngml~' blood drawn) 4.61 5.24 3.92 5.89 4.92 5.85
Range 0.0-26.6 0.0-32.3 2.2-44.3 2.3-51.9 0.0-26.6 0.0-51.9
huDNAS, 64 (88.9) 34 (45.9) 19(44.2) 223(73.4) 19 (33.3) 412 (74.8)

¢ number (%) of samples having <50% human DNA contamination.

Table 3.2: Summary of location specific parameters and total DNA yield

Method Plasmodipur CF11-based P-value!
filters filters

Total DNA yield (ng)  15.0 (0.0-173)* 12,7 (0.1-164)  0.035

Parasite DNA yield (%)  65.9 (0.0-100) 94.7 (45.9-100) <2.2¢-16
2 Mean (range);' Wilcox ranked sum test with continuity correction

Table 3.3: Total DNA and percent parasite recovered
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Figure 3.4: Relationship between blood draw and total DNA yield. The influence
of parasitaemia is also shown (size of circle). Note that the Figures have

different axis.



3.6 Analysis of leukocytes depletion methods 67

All data

3 —

=2}

S o

< 8

4 n

[a)

T o -

°

1 2 3 4 5

Volume.ml
All data

s

=)

S o

< 38

zZ wn

a

8 o

e

Figure 3.5: Estimated functions for volume of blood ml™! (top panel)
and parasite density pl=! of blood (bottom panel). The region between
the two broken lines represent the 95% confidence intervals of estimated function
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Figure 3.6: Relationship between parasite density and mean percentage
human DNA contamination. The x-axis shows 10 bins for parasite density

nl=! of blood.
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3.6.2 Depletion of Leukocytes and retention of IRBCs

The relative effectiveness of each method in depleting malaria-infected blood of
WBCs and concentrating IRBCs should lead to differences in the percentage of
human DNA contamination. This should be dependent on the initial WBC count
as high counts may lead to early saturation of the filters. However, since the goal
was to purify parasite DNA at front-line community health centres, WBC counts
were not determined for logistic reasons. Also, because the end-point for the WBC
separation protocols was the proportion of human DNA depleted (expressed as a
percentage of total DNA recovered), removing the leukocytes sooner than later to
avoid lysis and release of human DNA was critical. These comparisons are there-
fore, in the light of the relative strengths of these methods in removing WBCs
and enriching infected RBCs for DNA extraction. Thus, I next assessed the fre-
quency distribution of human DNA contamination by each method. As evidenced
in Figure 3.7 both filters were adequate in trapping the WBCs as the majority
of the samples (62%) had low amount of human DNA contamination (<10%).
The mean human DNA contamination for samples processed with Plasmodipur®
filters was 35.7% (range:0.0-100) and the median was 17.5%. On the other hand,
samples processed with CF11-based filters had a mean contamination of 7.7%

(range:0.0-54.1) and the median was 0.46%.

To shed more light on how human DNA affected the variation in total DNA by
each method, I further assessed the distribution of total DNA among three cat-
egories (<30%, 30 to 60% and >60%) of human DNA contamination. As shown
in Figure 3.8, a similar distribution of variance in Total DNA yield was obtained

at low (<30%) and intermediate (30-60%) human DNA contamination for both
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methods. The CF11-based filter distribution did not change with increasing per-
centage of human DNA, suggesting a more consistent process and somewhat early
saturation of these filters. The Plasmodipur® filters at similar levels of human
DNA contamination yielded much less total DNA, but, tended to have many
outliers. However, beyond 60% contamination the total yield for Plasmodipur®
filters was found to improve, but largely human DNA. A detailed examination
of these highly contaminated Plasmodipur separated samples revealed that 98%
of them were taken from peripheral clinics and transported to the laboratory
for depletion. This was necessitated because the local clinic had run out of Plas-
modipur filters. The possibility of cell lysis (haemolysis) prior to WBC separation
therefore could not be ruled out, emphasizing the need for immediate separation

of WBCs rather than later.
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Figure 3.7: Frequency of human DNA contamination by method. Percentage of
human DNA contamination is comparatively lower with CF11-filters (majority of
samples had less 50% contamination) showing the efficacy of CF11-based filters
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3.7 Discussion

The goal of the work presented in this chapter was to purify P. falciparum DNA
from clinical samples for deep sequencing and collect clinical and demographic
data for assessing relevant malariological parameters. To this end, I employed
simple field techniques to separate WBCs (containing human DNA) from whole
blood taken directly from patients whilst purifying parasite IRBCs for DNA ex-
traction. In this regard, the sampling locations were purposely selected to capture
the socio-demographic and ecological variation in this areas of perennial but, sea-
sonal malaria transmission. This discussion will therefore, entail the demographic
characteristics and malariological patterns observed and the relative successes of

the methods used.

To start with, the majority (55%) of samples were collected from the central
district, which has a comparatively wider catchment area and least (8%) from
the Kassena-Nankana east clinic. Samples were similarly distributed in the other
three locations. Of the patients sampled 55% were of the majority Kasem ethno-
linguistic group, and 43% of the Nankam group. The minority Buli ethno-
linguistic group represented about 2% of cases recruited. Interestingly, 1% of

Fulani, a nomadic ethnic group in scattered all over West Africa.

Overall, gender was equally split within each disease category, with slightly more
females (53%) in the mild malaria group and slightly more males (53%) in the
severe malaria group. The mean age of 3 years for children enroled with severe
malaria reflects the general high burden of life-threatening malaria among in-

fants in areas of high malaria transmission'%®. A 25.4% of severe malaria cases
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had haemoglobin concentrations below 5g/dL requiring blood transfusion, further
evidence that severe malarial anaemia is an important manifestation of severe

malaria in the KNDs!%7,

In general, the monthly distribution of parasitaemia (Figure 3.2) was consistent
with the pattern of malaria transmission reported in the KNDs'2. Peak para-
sitaemia levels coincided with the peak of the rainy season from August through
October, when malaria transmission is highest. These data are consistent with
previous reports from clinical studies that found peak hospital admissions among
children to occur during the months of August through October, mostly with
severe malaria'®”. The location-specific prevalence of parasitaemia was high but
variable with mean parasite densities ranging from 35100 parasite pl~* of blood
in the north to 61860 mean parasites ul~! of blood in the south. Notwithstanding
the sensitivity of the mean to outliers and variations in sample sizes at the differ-
ent locations, these data suggests that malaria transmission across the KNDs is
intense. However, malaria control interventions such as insecticide treated bed-
nets aimed at interrupting transmission and the prevalence of the main vector
mosquitoes (eg Anopheles gambiae and An. funestus) may not be uniform across
the district. Indeed, a study by Appawu et al., 2004, reported micro-ecological

differences in malaria transmission in the KNDs!2.

Also evidenced was prevalence of uncomplicated hyperparasitaemia (> 2% para-
sitaemia), which seems to be a common outcome of malaria infection in the KNDs
during the peak transmission period. Hyperparasitaemia is associated generally
with higher treatment failure rates, and of particular concern is the fact that

antimalarial drug resistance is likely to arise in children with heavy parasite bur-



3.7 Discussion 75

dens but with little or no immunity?**. The current recommended treatment for
mild malaria in Ghana is a combination of artesunate (a short half-life drug) and
amodiaquine (a long half-life drug). It is anticipated that artesunate will achieve
substantial and rapid parasite killing that will reduce the parasite biomass con-
siderably, to allow the long acting amodiaquine to kill off the remaining para-

sites 209,238 .

However, in view of the prevalence of hyperparasitaemia observed
here, if therapeutic levels of amodiaquine are not achieved, inasmuch as patient
compliance to the treatment regimen remains a problem, such a situation may

encourage the evolution of resistance to amodiaquine in the long term.

In terms of DNA recovery, simple field-based techniques were used to purify P.
falciparum DNA from whole blood across communities in this rural setting. Of
the 551 P. falciparum clinical isolates obtained, the overall mean total DNA
recovered was 5.85 pgml™! (range: 0.0-59.1). Such a wide variation in total
DNA recovered may reflect the enormous variation in WBC counts observed in
clinical samples, particularly among sick children. Of the isolates obtained, 75%
(412/551) of samples had high quality parasite DNA with <50% human DNA
contamination (Table 3.2). In general, all the samples obtained could potentially
be used for molecular studies involving P. falciparum DNA, and majority of these
samples met the current criteria of at least 5 pg of DNA and <60% human DNA

contamination that is required for Illumina next-generation sequencing.

Regarding the relative performance of Plasmodipur® filters versus CF11-based
filters in depleting the patient blood of WBCs in order to reduce human DNA
contamination, the volume of blood draw and parasitaemia were found to be

critical in the total DNA yielded regardless of the method used. I observed a
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linear relationship between total DNA and volume of blood draw (Figure 3.4)
for each method. As one would expect, parasite density was found to have a
linear relationship with Total DNA recovered by both methods. Indeed, the non-
parametric generalized additive models (GAMs) with smooth terms were useful
in providing clarity on the influence of parasitaemia, the 95% confidence intervals
showed a minimum threshold parasitaemia at about 2000 trophozoites ul=! of
blood (50 trophozoites/200 WBCs) [Figure 3.5]. The GAM procedure described
also showed that smaller blood draws (in the range of 1 to 2 ml) could recover
a useful amount of DNA, which supports the current effort by MalariaGEN to
use miniature CF11-based columns to process small blood draws from a lancet
stick of the finger instead of veni-puncture. The mean percent parasite DNA
obtained was significantly higher with CF11-based filters than the Plasmodipur®
filters (p = 0.001)[Table 3.3]. These findings are evidence of the fact that with
the current protocols, higher parasite density alone does not guarantee a higher
parasite DNA yield. Other factors such as haemoglobin (or haematocrit) levels

and stage of the infection may and will influence DNA quality.

As observed in other studies'®?", Plasmodipur® filters performed poorly rela-
tive to the CF11-based filters in trapping WBCs for removal and concentrating
parasite infected RBCs for parasite DNA extraction. Though the used of two
Plasmodipur® filters per sample may have some added benefit, the high cost (~
12 USD) of these filters make such an option not sustainable, especially when

sample sizes increase.

The level of parasitaemia at which human DNA contamination begun to drop

was about 3000 pl=! of blood for both methods. The data shows that a mini-
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mum blood draw of 1.0ml (average 3.0ml) and minimum parasitaemia of 2000
trophozoites pl=! of blood is adequate for recovering good quality parasite DNA

suitable for sequencing.

In summary, I sampled P. falciparum isolates from rural community clinics in the
KNDs of northern Ghana. As evidenced from the data presented, sampling was
reflective of ethno-linguistic distribution of the KNDs population, and malaria
related parameters discussed also closely mirrored those reported by previous
studies 190195157 - Therefore, these epidemiological evidences show that the para-
site samples obtained from this endeavour are representative of the general epi-
demiological background in this setting. In addition, I tested out WBCs/iRBCs
separation protocols and methods, which show that CF11-based filters are ef-
fective in separating WBCs from whole blood taken from malaria patients and
concentrating iRBCs for extracting parasite DNA suitable for sequencing. The
cellulose powder and syringes used to make CF11-based filters are cheap and the
columns are very easy to prepare and set-up, therefore, they are suitable for col-
lecting parasites from rural settings. In addition, the length of the columns are
not fixed and in principle could be prepared at different lengths for processing
different volumes of blood. Indeed, miniature CF11-based filters are currently
being tried by malariaGEN for processing smaller blood volumes in the order of
what is typically a filter paper blood blot. The data also shows that if money
and blood volume are not an issue, Plasmodipur® filters are an acceptable al-
ternative to CF11-based filters for separating WBCs in the field. These filters
are pre-designed and convenient to use and as evidenced in this work, samples

processed by Plasmodipur® filters are more likely to have human DNA present
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in them, offering a better opportunity than CF11-based filters for both human

and parasite genotyping.

3.8 Summary

e This chapter describes a sampling framework that was established to purify

P. falciparum DNA from clinical samples in the KNDs, Ghana.

e Parasite densities in these clinical samples from the KNDs was observed
to be high, with overall mean parasite density of 54400.0 parasites pl=! of
blood.

e Mean parasite densities tended to be high in the south (61860 parasites
nl~1) and central district (59520 parasites pl~!) but lower in the west (36810

parasites nl=') and north (35100 parasites pl™').

e Communities in the east of the districts had intermediate parasite preva-

lence with a mean density of 50090 parasites pl=*.

e This study also shows that uncomplicated hyperparasitaemia, a phenomenon
known to have a high risk of progress to severe disease, is relatively common

during peak transmission.

e Overall, of the isolates obtained, 75% (412/551) had high quality parasite

DNA with <50% human DNA contamination.

e A minimum blood draw of 1.0 ml (average of 3.0 ml), and parasitaemia of
2000 trophozoites pl=! of blood (50 trophozoites/200 WBCs) is adequate

for obtaining quality DNA suitable for sequencing.
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e A comparative analysis showed that CF11-based filters were more effective
in depleting whole blood of leukocytes and drastically reducing the amount

of human DNA contamination in the total DNA recovered.

e Plasmodipur® filters were found to be inferior to CF11-based filters in de-
pleting leukocytes and concentrating parasite infected red blood cells for

extraction.

e The additional downside is that Plasmodipur® filters are very expensive
(= 50-55 USD per filter). Therefore, CF11-based filters will make for a
cheaper (=~ 1 USD per filter), simple and suitable method for use in the field
over Plasmodipur® filters in sampling of Plasmodium DNA from clinical

samples.

3.9 Conclusion

The sampling framework detailed in this chapter has provided an update of the
epidemiological background of the KNDs, the reference population for this thesis,
and highlighted key malaria and demographic parameters that are representative

of the KNDs population.

e CF11-based filters are more effective than Plasmodipur® filters for purifying

parasite DNA in rural settings that is suitable for sequencing.

e The data suggests an average blood draw of 3.0ml, and minimum para-
sitaemia of 50 trophozoites/200 WBCs is adequate for obtaining good qual-

ity parasite DNA for next-generation sequencing.



Chapter 4

P. falciparum population genetics

4.1 Introduction

In chapter 3, I described the implementation of a community-based sampling
framework for purifying P. falciparum DNA from clinical samples for charac-
terizing parasite diversity in northern Ghana. Genetic characterization of P.
falciparum populations will unravel the natural history and population diversity

of this important pathogen?®.

To this end, previous studies based on limited
microsatellite (MS) data’, and later capillary sequencing of a few hundreds of
cultured isolates provided some insight?*2. More recent evidence was revealed
by over 86,000 SNPs derived from Illumina next-generation sequencing of field
isolates sampled from West Africa, East Africa, southeast Asia, and Oceania'?!.
Consensus evidence from all these studies support population structure at con-

7,36,121,232

tinental and regional levels, and a high genetic diversity . Much less is

known about the genetic diversity and gene flow at local scales in malaria endemic

80



4.2 Objectives 81

communities. Recent evidence emerging from studies of the ongoing artemisinin
selection events in western Cambodia and western Thailand corroborate the need
for an in-depth understanding of P. falciparum genetic diversity and gene flow
at local levels in endemic populations®®. In this chapter, I used a subset of the
P. falciparum field isolates described in chapter 3, to characterize the parasite

population in the Kassena-Nankana Districts (KNDs) of Northern Ghana.

4.2 Objectives

To use Illumina deep sequencing genotype data to:

1. characterize the structure of parasite population in the KNDs,
2. characterize within-host diversity using the genome-wide Fyg metric.

3. explore the epidemiologic profile of the Fy ¢ metric in this area of intense

malaria transmission.

4.3 Materials and Methods

4.3.1 Study site

The study was conducted in the Kassena-Nankana Districts (KNDs). As detailed
in chapter 2, the KNDs are administrative areas in northern Ghana that cover
a unified geographic area, of 1.675km? with a population density of 91.5 persons

per km?!%8. The estimated 153,000 residence of the KNDs are under continuous
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demographic surveillance by the Navrongo health and demographic surveillance

% This area holds the Tono irrigation dam, a large irrigation scheme

system !
that supports both subsistence and commercial farming activities, and is the
main source of continous breeding of vector mosquitoes. The predominant vec-
tor is Anopheles gambiae (86%), followed by Anopheles funestus (14%)'2. The
average annual entomological inoculation rate (EIR) was estimated at 418 infec-
tive bites/person-years, with micro-ecological variations in EIRs over the entire
area'?. However, there is evidence of a changing trend in the burden of malaria
across sub-Saharan Africa'®t. Indeed, recent unpublished data from the KNDs
estimated an annual EIR of 140 infective bites/person-years (Asoala et al 2013,
manuscript in preparation). Overall, malaria epidemiology is sufficiently charac-

terized in this region2!,100,101,157,168,170,

4.3.2 Patient recruitment

I used a prospective longitudinal study design to sample field isolates among
all-age groups reporting sick at the Navrongo War Memorial Hospital (NWMH),
and four other health centres. I sampled parasites to reflect the ecological varia-
tion and spatial distribution of local villages in the KNDs (Figure 4.1), and the
reported micro-ecological variation in transmission intensity'?. T first screened
patients for malaria with Paracheck-Pf® (Orchid Biomedical Systems, India),
a rapid diagnoses test (RDT) kit'®® which is P. falciparum specific, reliable,
and easy to use. Patients with parasitaemias > 50 parasites per 200 WBCs (=~
2000 parasites ul=! of blood) were preferentially recruited. Further details are

described in Chapter 2 (section 2.1.2).
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4.3.3 Field laboratory activities

Patients who met my inclusion criteria were bled by venupuncture to obtain
2-5 ml of whole blood for parasite DNA extraction. Plasmodipur® filters and
CF11-based filters were used to deplete whole blood of human leukocytes (to min-
imize human DNA contamination) and to concentrate parasite-infected red blood
cells for parasite DNA extraction. T extracted parasite DNA using the QIAamp
DNA Blood Midi/Maxi kit (Qiagen) according to manufacturer’s instructions as
detailed in chapter 2 (see section 2.2.1). Total DNA was quantified using the
Quant-iTT™ PicoGreen® dsDNA Assay kit (Molecular probes-invitrogen) and
stored at —20°C until ready for shipment to the Kwiatkowski laboratory for fur-

ther processing.

4.3.4 Quantifying human DNA contamination

I used Quantitative Real-Time PCR (QRT-PCR) to assess the amount of human
DNA contamination in the total DNA extracted. I used 2-5ng aliquots of each
sample for QRT-PCR, using the Applied Biosystems StepOne PCR System with
sets of human primers and primers specific to Plasmodium spp. Details of primer

sequences and reaction profile is described in chaper 2 (section 2.2.4.2)

4.3.5 Illumina DNA sequencing

Mumina DNA sequencing was undertaken within the framework of a large multi-

centre P. falciparum genome variation project to facilitate variant discovery
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and population genetic characterization!2!.

I submitted samples in batches to
the sequencing facility at the Wellcome Trust Sanger Institute, Hinxton, Cam-
bridgeshire. Samples were either sequenced using the Illumina Genome Ana-
lyzer IT or the Tllumina HiSeq2000 machines. Sequencing preference was given
to parasite DNA samples with less than 60% human DNA contamination. The
sequencing team prepared standard sequencing libraries according to manufac-
turer’s protocol, except that genomic DNA was fragmented to =~ 300 bps using
Covaris device (Covaris Inc., Woburn, MA) rather than nebulisation?®. Within

the course of this project, sequencing read lengths increased from 37 to 105 bp

paired-end reads.

4.3.6 Detection of polymorphisms

Genome-wide SNP discovery was undertaken as part of an established pipeline
for the MalariaGEN community project on P. falciparum genome variation (PGV
project) [Figure 4.2]. The P. falciparum genome has a high AT content (81%),
particularly in non-coding regions (87%), which makes it comparatively more dif-
ficult to sequence™. Such low complexity sequence makes it especially challenging
for accurate alignment of short sequence reads to the reference genome. Further
compounding issues were the occurrence of genome regions with multiple poly-
morphisms, and the fact that multiple parasite genomes could be found within

15,121 Numerous steps were, therefore, integrated into the PGV

a single sample
variant discovery pipeline in order to mitigate these challenges and obtain high
confidence SNPs. As illustrated in Figure 4.2, it is a complex workflow that uses

a couple of sequence mapping tools to align short sequence reads against the P.
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falciparum 3D7 reference sequence (version 2.1.4)"? to detect variable positions.
A series of multi-layered quality filters were then used to assess the validity of
each position across all samples (from different studies) in the pipeline at a given
time. Thus, genotype calls are released by MalariaGEN to contributing investi-

gators in a version controlled fashion. Details of PGV pipeline is described in'2!.
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4.4 Statistical analysis and results

Notation Definition

N Total number of samples

M Total of SNPs

D Non-reference allele frequency

hi SNP heterozygosity

HS, Observed within-sample heterozygosity
HE Expected population level heterozygosity

Table 4.1: Notations used to describe the parasite population

Ghana  Samples MalariaGEN Samples
Central 91 Burkina Faso 47
East 27 Mali 51
North 38 Kenya 26
South 50 Papua New Guinea 21
West 43 Cambodia 35
Thailand 46
Total 249 Total 226

Total sites genotyped 400,000
Number variable in Ghana 363,330

Table 4.2: Geographical distribution and counts of samples. The local
distribution of my samples is shown as well as malariaGEN open access data

Overall, T submitted 550 parasite DNA samples with between 80-500ng total
DNA and a mean human DNA contamination of 15% (range: 0-96%) for Illumina
next-generation sequencing. Of these 550 samples, genotype data for 277 parasite
isolates were obtained as part of MalariaGEN release 2.0, and were used for this
analysis. Genotypes were called at 400,000 high confidence SNP positions, and
91% (363,330/400,000) of these were variable in the KNDs population (Table
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4.2). Of the 277 samples sequenced, 28 samples (8.8%)) were removed from
this analysis because of poor mapping quality. Table 4.2 above summarizes the

geographic distribution of samples used for this analysis.

4.4.1 Determination of allele frequencies

To determine allele frequencies at variable positions I first estimated the non-
reference allele frequency (NRAF) as the proportion of non-reference sequence
read counts at the j position within each sample (Equation 4.2). Let n;; and
r;; denote, respectively, the number of non-reference and reference read counts in
sample ¢ at position j. If p;; denotes the true NRAF, then for a given SNP j, the

NRAF p;; is given by:
T

Nij + Tij

hij = (4.1)

I then compute the minor allele frequency (MAF) as:
i if p;; <0.5
MAr={ " b
1 — pij otherwise
I then calculated the population-level NRAF at a given SNP j by averaging across

all samples:
N
A l Zi:l TL” (4 2)
pj = N NN : :
> im1 Mij + T

As evidenced in Figure 4.3 the P. falciparum population in the KNDs is char-
acterized by low frequency (<0.5) variants. In particular, rare variant (<5%)

predominate the allele frequency spectrum in this highly malarious population.
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Figure 4.3: Allele frequency distributions in the KNDs

4.4.2 Calculation of heterozygosity

note: For the rest of this section, I will index samples by i, and SNPs by j.

The 400K high-quality SNPs obtained from our genotyping pipeline enabled me
to carry out a genome-wide assessment of within-host diversity. For a given
malaria infection, there is a possibility of occurrence of mixed infections (multi-
ple genotypes). However one can not directly observe these using next-generation
sequencing of clinical isolates. What can be observed is the occurrence of multiple
alleles at given loci, which we refer to as heterozygosity. To garner an understand-
ing of this process, [ estimated the heterozygosity at each biallelic SNP 7 where
there was sufficient read coverage for genotyping (> 5 reads). Assuming that

each allele has an equal chance of infecting a given host, mating is random, there
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are no mutations or natural selection occurring, and no significant migration (ie
the Hardy-Weinberg equilibrium holds), then the expected heterozygosity within

a sample should be simply the fraction of variants expected to be®°:

H’j = 2p;(1 — pj) . (4.3)

However it is possible to estimate within-sample observations. For a given SNP

J, within sample 4, [ estimate observed heterozygosity by,

ﬁg = 255 (1 — pij) - (4.4)

By averaging the observed heterozygosity at each SNP (ﬁg) across all SNPs for

each sample, I derive the observed within-sample heterozygosity (I:[V?,), that is,

HQ ===L"9 (4.5)

Similarly the expected population-level heterozygosity was estimated as:

M oE
]:IE _ 22‘:1 Hij

S i (4.6)

Natural P. falciparum infections usually contain several thousands of parasites
that could be of different genetic type. Therefore, I estimated the proportion of
SNPs that carried different alleles (ie heterozygous) in each sample, and found
that 66% of patients were heterozygous (Figure 4.4). As shown in Figure 4.4, a

minority of infections were essentially monoclonal with no variable loci genome-
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4.4.3 Calculation of Fy g

At this stage I would like to transform these SNP-level calculations into a metric
for the degree of mixed infections within a sample and risk of out-crossing (or
inbreeding). In this regard, I utilized the Fjys metric, which was introduced by
Manske et al., (2012). Details of calculations used to derive this metric may be
reviewed in'?!. The Fyy g metric is a linear approximation of the heterozygosity
in the individual sample against that expected from the overall local population
of parasites. That is, the Fyg metric uncovers the fraction of heterozygosity
observed that is explained by the expected levels of heterozygosity across all
samples. If we represent the observed within-sample heterozygosity as Hy, and
the expected within-population heterozygosity as Hg, then it implies that; Hy, =
]f[v?/ and Hg = H L.

From'?!, Fyg can be writen as

Hw
Fyg=1——. 4.7
s =1 " (4.7

Hence the estimate of Fjyg from this data is given by:

. HO
Fyg=1--"% (4.8)
Hg

As noted earlier, at the population level, the allele frequencies at the SNP were
estimated as the mean of the allele frequencies, taken across all samples. The
frequency of the least common allele at a given SNP across all samples was re-

garded as the population level MAF. As shown in figure 4.5 panel 1-4, there was
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a considerable scatter in the ratio Z—VSV observed for different SNPs within a given
sample, but, T observed the close linear correlation between Hy, and Hg (purple
dot) reported in'?!. However, as evidenced in the four different samples depicted

HW)

in Figure 4.5, although each sample shows this linear relationship, the slope (H—S

of the line varies between samples.

Since heterozygosity depends on allele frequencies each of the SNPs was assigned
to one of ten equally-sized MAF bins ([0.0-0.05],[0.05-0.1]...[0.45-0.5]). Estimates
of Hy and Hg were computed for each MAF interval as the means of Hy, and
Hg across all SNPs in that interval. For each sample, Hy estimates were plotted
against the corresponding Hg estimates for all MAF interval (Figure 4.6). The
actual variation of the estimates of Hy and Hg for each minor allele frequency
(MAF) bin for each sample is plotted as red dots in Figure 4.5. The Fyg metric
for each sample was derived from the slope of the resulting straight-line plots for

each sample as a computation of the ratio AALHV; (Figure 4.6).
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Figure 4.5: Variation between samples in the correlation of within-
host heterozygosity within-population heterozygosity (Hy, Hs). The
four panels each represent a different sample. Notice the changing gradient of
the regression line, beginning in subfigure 4.5(a) with a much steeper gradient,
and deep mixing of genomes. Subfigure 4.5(b) depicts an infection with moderate
levels of genome mixing whilst in Subfigure 4.5(c) the allele frequency banding
suggests the mixing of essentially two genomes (MOI of 2) in this infection. The
bottom right (Subfigure 4.5(d)) shows an infection that was of very low genetic
diversity (but not monoclonal).
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Figure 4.6: Correlation of within-individual heterozygosity with
population-level heterozygosity. Each line represents a different sample.
Thus, each different /3 value for the gradient (the ratio AAI;{‘;’) is technically equiva-
lent to Fyy g, which ranges from 0 to 1. The colour coding illustrates the variability
of samples within this range (red meaning highly diverse and yellow clonal). An
Fys of 0 means that the diversity in that sample is equivalent to the population-
level diversity giving a high risk of out-crossing. Apparent is the high risk of

out-crossing in this parasite population (spectrum of red colour coded samples).
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4.4.4 Parasite population structure

The genetic relatedness between samples was investigated first, by principal com-
ponent analysis (PCA)!. The PCA is a multivariate technique that analyzes a
data table in which observations are described by several inter-correlated quanti-
tative variables. The aim of PCA is to reduce data dimensionality into a smaller
number of uncorrelated variables (components) that enables the extraction of
those components that account for most variability in the data. All possible cor-
related variables (ie all variable positions between samples) are transformed into
a smaller number of predominantly uncorrelated variables- the principal compo-
nents. The first PCA accounts for as much of the variability in the data as possi-
ble, with each successive component accounting for a proportion of the remaining
variability. The pattern of similarity of the observations and of the variables can

then be displayed as points in maps.

The variable SNPs (363,330) were used to derived a pairwise distance matrix for
249 samples based on pairwise -complete genotypes. Where one or both samples
could not be genotyped, I discarded such SNPs. I calculated the pairwise distance
as the proportion of SNPs at which the two samples were genotyped with different
alleles. This distance was computed for all sample pairs, creating an N x N

symmetric matrix.

Second, the same pairwise distance matrix was used to assess genetic relatedness
using the neighbour-joining tree method in the R ape package'™. The neighbour-
joining tree method is a cluster analysis technique, which does not require that

all lineages have diverged by the same amounts. This method is particularly suit-
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able for datasets comprising lineages with varying rates of evolution (eg different

branch lengths).

The PCA (subfigure 4.7(a)) did not reveal any substantial population structure
among parasites sampled from the different micro-ecological regions of the KNDs.
Additionally, as shown in subfigure 4.7(b) a neighbour-joining tree analysis did not
show any distinctive clustering of parasites; both approaches suggest the absence
of population structure (i.e random mating ) in the KNDs parasite population.
There is however a high level of diversity (branch length) that is uniform across
the districts and indicative of a monophyletic parasite population likely to have

originated from a common ancestor.

In order to assess the regional parasite population structure, I re-analyzed my
data together with MalariaGEN published data from Burkina Faso and Mali.
These are MalariaGEN open access data associated with the community project
on P. falciparum population genomics'?!. Details of the individual studies may
be reviewed at (www.malariagen.net). In brief, the Burkina Faso field isolates
were collected from all age patients attending three clinics located in Colsamma,
Ouezzin-ville and Sakaby, all in the urban area of Bobo-Dioulasso. This study
was conducted by John Bosco Ouedraogo and colleagues to investigate parasite
diversity and local population structure. The samples from Mali on the one hand,
are from similar clinical studies conducted by Abdoulaye Djimde and colleagues.
Parasite isolates were collected from clinics situated in Kolle and Faladje, two
rural communities. As shown in Figure 4.8, no substantial population structure
was still evident from this regional analysis. Parasites from all three countries in

West Africa remained strongly intermixed. However, there were a few obvious


www.malariagen.net

4.4 Statistical analysis and results 99

outlier parasites that appeared to be uniquely different from the bulk of the West

African populations.

Finally, to assess global patterns previously reported, I extended my analysis
to include further MalariaGEN published data from Kenya, Cambodia, Thailand
and Papua New Guinea. The samples from Kenya were collected as part of clinical
studies conducted in the Kilifi district. These isolates were adapted to laboratory
culture for drug sensitivity testing by Allex Nzila and colleagues in the Kenyan
Medical Research Institute, Kilifi. On the other hand, the Cambodian sample
set was contributed by Xin Zhuan Su and Rick Fairhurst to the MalariaGEN
from clinical studies conducted at a field site in Pursat province, Cambodia. The
isolates from Thailand were collected from clinical studies as part of ongoing
studies by Tim Anderson and Francois Nosten at a field site situated on the

Thai-Burmese border.

I observed a marked contrast between the parasite population structure in south-

east Asia and West Africa (Figure 4.9). As previously observed 2!

, a greater pop-
ulation structure was observed between sites in Cambodia and Thailand, whilst
the West African populations (Ghana, Burkina Faso and Mali) still remained

intermixed (Figure 4.9).
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Figure 4.7: Genetic relatedness of parasites in Ghana. In the top panel,
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4.7(b) shows a neighbour-joining tree analysis for population structure in Ghana.
PCA points and Leaf braches in neighbour-joing tree are colour coded according

to geographical area.
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Figure 4.9: Regional and global genetic relatedness of parasites. PCA
and neighbour-joining tree analysis revealed greater distinction between sites in
southeast Asia but West Africa remains intermixed. PCA points and Leaf braches
in neighbour-joing tree are colour coded according to country.
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4.4.5 Epidemiological correlates of the FWS metric

This study was set up to sample P. falciparum from communities located in differ-
ent parts of the KNDs to reflect the socio-demographic and ecological variation in
this region as important determinants of parasite genetic diversity. This section
explores the FWS metric as a measure of within-host diversity and the risk of out-
crossing (or inbreeding) in relation to time and space, patterns of transmission

intensity, clinical malaria and age at infection.

4.4.5.1 Time and space variation of FWS

As indicated earlier, Fyyg estimates vary between 0 and 1, higher estimates imply
low diversity (little or no population-level variability), which implies a high risk
of inbreeding, and lower estimates are indicative of high within-host diversity
(that is shared at the population-level) and thus high risk of out-crossing. As
illustrated in Figure 4.6, the genetic complexity of malaria infections in the KNDs
was enormous, and the risk of out-crossing high. But how is diversity distributed
over time and location in this Savannah landscape with a short rainy season but
a large irrigation dam and enough scatter of water bodies to maintain perennial

transmission?

First, there was huge variability of Flys scores within each month, with extreme
(outliers) values (infections with very low diversity) occurring in January and
June/July (the onset of the dry season and brink of the rainy season respectively)
|Figure 4.10]. This period delimits the low transmission season, and suggests a

shift towards low genetic diversity at low transmission, but, monoclonality is not
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achieved because of the return of high transmission (leading to break down of
the incipient low diversity). This pattern is supported by the observed occur-
rence of the two extremes of diversity (lower and high diversity) in the months
of August through October (rainy season and peak of high transmission). These
observations suggest a role for malaria transmission intensity in the structuring of
within-host diversity and overall risk of out-crossing or breeding. The predomi-
nance of low FWS estimates over time also underscore a potential for the rampant
high diversity to mask useful information in the aggregated data, and suggests

categorization of the data to yield useful interpretation.

In the light of this, I next assessed the geographical distribution (or ecological
variation) of Flys estimates using two approaches; (1) utilizing all the data, and
(2) focusing on samples with low genetic diversity using a cut-off of Fyg > 0.5.
As illustrated in Figure 4.11 (left panel), there was large variation in Fyyg esti-
mates across the different micro-ecological locations in the KNDs, with the lowest
and highest median scores occurring in the east and north respectively. The west
however, showed the most extreme (whiskers) of Fyy g scores. On the other hand,
by focusing on samples with high Fyy g scores (right panel), a pattern of occurrence
of low genetic diversity (higher median scores) became apparent in the central,
north and west that is suggestive of a relative potential for inbreeding. Con-
versely, infections with high genetic diversity were found in the East and South,
that suggests an overall high risk of out-crossing in these subareas. Admittedly,
there is a complex interplay of several variable epidemiological factors that could
underscore the spatial distribution of malaria infection complexity. Unpacking

the individual effects of these potential confounding variables to derive informa-
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tion that could be of public health benefit remains an important challenge.
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Figure 4.10: Monthly distribution of Flyg scores. Monthly data presented
are cummulative from August 2009 to November 2011. Boxplot of Fiys by month
sample was taken. Black line shows the distribution of monthly means (diamond
shaped point). Boxes show the inter-quartile range and whiskers data extremes.
April and May are the peak low transmission periods, the reason for fewer samples
in these months.
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4.4.5.2 Fyg and transmission intensity

There are reported micro-ecological variations in EIR estimates in the KNDs with
lower estimates in the rocky highland communities in the west!'?. The difficulty,
however, lies in accurately delineating windows of transmission that would suffi-
ciently reflect natural transmission patterns in the area. I relied on the monthly
pattern of mean parasitaemias observed in this work (Chapter 3, ¢f: Figure 3.2)
coupled with the malaria transmission literature '2241% from the KNDs to deter-
mine monthly cut-offs and define windows of High, Moderate and Low malaria
transmission seasons. I however, observed a sampling bias that led to significant
differences between the number of samples obtained at these transmission seasons
between geographical locations (y? = 55.54, p = 3.5e-09). Therefore, such a bias
needed to be accounted for in the analysis of the effects of transmission seasons

as defined.

In general, an analysis of variance (ANOVA) of the aggregate data did not reveal
significant ( F = 0.43, p = 0.51) differences between levels of infection diversity
(or out-crossing potential) between high, moderate and low malaria transmission
seasons in the KNDs (Figure 4.12, Subfigure 4.12(a)). The extent of genetic di-
versity in patient samples was more or less stochastic, as both low and high level
diversity was observed across all transmission seasons. What could be interesting
though, was the distribution of the randomly occurring low diversity infections
in such a region with perennial intense malaria transmission. To this end, when
I limited the analysis to Fiyg > 0.5, a pattern of distribution of estimates across

these transmission windows, which is consistent with previous studies ™21, be-

gun to emerge (Figure 4.12; Subfigure 4.12(b)). An ANOVA showed that low
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diversity infection and high risk of inbreeding was significantly more prevalent
during low transmission compared with moderate to high transmission ( F =
5.69, p = 0.006). After adjusting for the effect of geographical location, this dif-
ference remained statistically significant (F = 5.13, p = 0.01). The observed Fvg
scores were however, highly heterogeneous, with considerable variability during
moderate transmission. A period that is difficult to accurately define, owing to
the fact that the transition between high and moderate transmission is rather

gradual and dependent on when the last rainfall of the season occurred.
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Figure 4.12: Within-host diversity and transmission season in the
KNDs. In the top panel (subfigure 4.12(a)), within-host diversity and risk of
out-crossing as measured by FWS is shown across three transmission windows
(High, moderate and low). Subfigure 4.12(b) is a boxplot of Fiy g estimates per
transmission season. Boxes show inter-quartile range (black line in boxes are me-
dians); whiskers extend to data extremes (outliers beyond whiskers). The points
show the actual data (High= 23, Moderate = 17, Low = 11) per boxplot and
colour coded by sampling location.
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4.4.5.3 Relationship between Fiys and clinical malaria

Three categories of ng estimates were used to correlate different levels of genetic
diversity with clinical malaria (Table 4.3). I classified estimates < 0.25 as extreme
genetic diversity, and estimates in the range 0.25 < Fyg < 0.5 as high genetic
diversity, whilst Flys estimates > 0.5 were denoted as low genetic diversity at

several thousands of loci.

Again, I observed heterogeneity in Fiyg scores among severe and mild malaria
patients (Figure 4.13). The Fisher exact test, however, did not show statistically
significant association of Flyg estimates and clinical malaria (OR:1.59,CT:0.34-
10.45, p = 0.73). Severe malaria infections had a mean Fyyg scores of 0.31 and
mild malarias 0.25 but the difference was not statistically significant by the Wilcox
rank sum test (p = 0.99). Overall, 80% of mild malaria infections and 76% of
severe malarias exhibited high genetic diversity (ie Fyyg estimates <0.5)[Table

43).

4.4.5.4 Relationship between Fws and Age

I observed a negative correlation between age at infection and the genetic diversity
of the infection (Figure 4.14). This is supported by other studies, which suggest a
decreasing multiplicity of infection with age in areas of intense malaria transmis-
sion?%170 By categorizing age to reflect the relative risk of severe malaria disease
(or conversely semi-immunity), I observed a distribution of Fivs estimates, which
showed high diversity in children under 5 years and low diversity in older patients

(Figure 4.14).
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Mild malaria Severe malaria
N=224 N=25
Diversity Fygs values n  Mean  Range n Mean Range
Low > 0.5 45 0.64 0.51-08 | 6 0.61 0.52-0.69
High 0.25-0.5 52 039 0.25-049 | 8 040 0.25-0.49
Extreme <0.25 127 0.05 0.00-0.24 | 11  0.06  0.00-020

2 =0.75,P = 0.68

Table 4.3: Variation of Iy, with disease phenotypes.
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4.5 Discussion

The allelic architecture of P. falciparum populations in Northern Ghana is char-
acterized by low frequency variants and is primarily dominated by rare variants
(<5%) (Figure 4.3). The genome-wide over representation of low frequency vari-
ants in the KNDs parasite population is further support for a general low fre-
quency allelic spectrum in areas of high malaria transmission, as observed in
previous studies in other West African countries (Burkina-Faso and Mali) known

to have perennial high malaria endemicity 2!

The lack of significant population structure either at local levels in Ghana or the
West African (sites in Burkina Faso and Mali, are ~ 500km apart and ~ 800km
between Ghana and Mali) sub-region by PCA and neighbour-joining tree analysis
(Figure 4.8) is further evidence of a genetically intermixed and closely related
parasite population across this whole region. Particularly among parasites in the
respective local populations. This study confirms that these observations are not
due to small sample size or culture issues but are a real biological effect. Also
apparent was a group of outliers that show some level of diversification from the
bulk of the population in Ghana (subfigure 4.8(a)). This small group of parasites
may be diversifying from the local population as it were or experiencing some kind
of population bottleneck, but, at this stage, I am unable to characterize these any
further because of the rather small number of samples involved. However, this
definitely requires farther investigation. The parasite population dynamics in
West Africa is in sharp contrast to sites sampled in Cambodia and Thailand (=~

800km apart) by malariaGEN, where a greater population structure and high
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potential for inbreeding was observed!'?!. This may be driven by transmission
intensity, which is relatively high but variable across West Africa. Estimates range
between 10-25 infective bites per person per month during the rainy season at the
sites sampled in Mali®, and about 17.0 bites per person per night in the KNDs,
Ghana (Asoala et al.,2013, manuscript in preparation), and under 5 infective
bites/person-years in the sites in Cambodia and Thailand'?'. These findings
are consistent with previous evidence of panmixia in parasite populations under
intense transmission'*!™. Also relevant in this regard, may be the demography
and settlement patterns in the West African countries sampled (Ghana, Burkina
Faso and Mali), where a scater of large clusters of villages in a Sahel Savannah

grassland provides conducive conditions for superinfection and random mating,.

This study observed a high level of multi-genome infections, defined here as the
genome-wide fraction of heterozygous SNPs (loci with both reference and non-
reference genotypes) per infection |[Figure 4.4]. This suggests a high genetic
complexity of infections that will be extremely challenging to capture by the
traditional method of assessing multiplicity of infection (MOI). Conventionally,
the MOI of clinical samples is estimated using PCR to assess the number of
repeat length variants observed at a few highly diverse genes, most frequently
variable number tandem repeats in the genes encoding the merozoite surface
protein 1 (MSP1) and 2 (MSP2) and the P.falciparum Glutamate rich protein

(GLURP)!5:170:211,231,

Manske et al., (2012)'2', introduced the Fyg metric for assessing within-host
diversity and relating it to the population-level diversity using genome-wide SNP

data. This metric captures not only the overall genetic diversity within an in-
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dividual but also the level of similarity between the parasites at the population-

115121 Thus, it provides a basis to gauge the risk of out-crossing (or in-

leve
breeding) in a given population. In this chapter, I explored this metric in a
specific epidemiological setting in northern Ghana with perennial intense malaria
transmission, and provided some relevant clarity about this metric that was not
apparent in the original publication. I then used the metric to estimate the ge-

netic diversity of infections at several thousands of loci in over 200 samples to

provide population specific evaluation of this new statistic.

First, the Flyg estimates were indicative of an overall high within-host diversity
and risk of out-crossing in this population (Figure 4.6). The data showed a high
likelihood of out-crossing during sexual recombination in the mosquito mid-gut
to provide new recombinant progeny. The variability of Fiys estimates over a
time-scale in months (Figure 4.10) appeared to mimic the general pattern of the
malaria case burden in this region, with extreme variability coinciding with the
rainy months of August through October during which hospital admissions are
reported to peak'®”. Recent transmission studies estimate 17.0 infective bites per
person per night during the rainy season and 8.0 during the dry season (Asoala et
al.,2013, Manuscript in preparation). Of note in the time course of Fis variation,
however was the spike of low genetic diversity (high Fis estimates) observed in
January, which marks the onset of low malaria transmission and in June/July
which mark the onset of rains and beginning of high transmission. This period
delimits the low transmission season and suggests a cyclical wave of genetic di-
versity, where during low transmission prevalence of infections with low genetic

diversity begins to increase, but it is not long enough before the onset of rains and
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high transmission. Thus, interrupting the incipient selection of parasites with low
genetic diversity and breaking up whatever haplotypes were under selection via
recombination (during high transmission). This seasonal cycle of genetic diver-
sity suggests a propensity for mutations that confer a fitness advantage (eg drug
resistance mutations) to rapidly spread, but, may struggle to reach fixation (or
high frequencies). This model is supported by the evidence from pfert, when the
76T mutation associated with chloroquine resistance had risen to high frequencies

in East Africa and Asia, but, remained under 50% frequency for a long time in

West Africa 459,

Second, In terms of spatial distribution, there was high variability in the location
specific Fis estimates, with estimates from communities in the north and south
showing a higher median score of Fyyg (ie low genetic diversity) (Figure 4.11). The
distribution of samples with low genetic diversity revealed interesting findings that
were previously masked by the aggregated data; that communities in the central
district (both urban and peri-urban to rural) that enjoys unfettered access to
health interventions, similar to communities in the North may have a higher
prevalence of low genetic diversity (high risk of inbreeding). Also in this group
are the isolated communities in the rocky highland subareas west of the KNDs,
where EIRs are reported to be comparatively lower'2. Conversely, communities
in the east and south tended to have high genetic diversity (low median Fivs

scores), suggestive of an overall high risk of out-crossing in these suburbs.

Third, to define transmission intensities (high, moderate and low) for assessing
the effects of varying transmission on Flyg scores, one challenge worth highlighting

was the difficulty in accurately delineating a season for moderate transmission.



4.5 Discussion 117

This season is heavily dependent on when the last couple of rains during high
transmission occurred to allow for a gradual onset of a rather short moderate
transmission season. Hence, the huge variability of Flyg scores observed at this
season underscores this difficulty. Consistent with studies that have assessed
within-host diversity in areas of moderate to low malaria transmission ™™ I
observed significant over representation of infections with low genetic diversity
during the low transmission (adjusted P = 0.01)|Figure 4.12|. This is consistent
with a recent study, which had global P. falciparum representation found low

genetic diversity in countries sampled from Southeast Asia were transmission is

generally low 2%,

Fourth, in terms of the relationship between Fiys estimates and clinical malaria
in the KNDs, overall, estimates of Flyg were heterogeneous with a wide range of
variability within severe and mild malaria infections. There was no significant
difference in the distribution of FWS estimates between the two. Some previous
studies have shown an inverse association between MOI (estimated by conven-

5,69,145

tional methods) and clinical malaria attacks , whilst others have shown a

positive correlation between MOI and clinical malaria?®131:159

. In general, con-
sistent with a negative correlation, a high proportion of samples exhibited low
Fiys estimates in both disease categories, 80% of severe malaria and 76% of mild

malaria (Table 4.3).

Finally, T observed a negative correlation of the distribution of Flys estimates by
age at infection (Figure 4.14). This finding is supported by other studies that
assessed the relationship between age and malaria infection complexity in areas

of high malaria endemicity *%170,
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Taken together, the mean Fyyg score was 0.25 (range: 0.00-0.86) for the KNDs
parasite population (Table 4.3). A high proportion, 88% (218,/249) of infections
had Fiyg scores < 0.6, and 51% were of extremely high genetic diversity (FWS
scores < 0.25), showing over representation of high genetic diversity in this pop-
ulation. Conversely, no samples exhibited extreme low genetic diversity (FWS
scores >0.95) indicative of monoclonal infections. The mean Fws estimate in
the northern Ghana is much lower than that observed in Mali (ie 0.81; FWS 29%
>0.95) and Burkina-Faso (ie 0.69; Fyyg 30% >0.95)'5121 reflecting a higher P.
falciparum population diversity and risk of out-crossing in this setting compared
to the areas sampled in Burkina Faso and Mali. The absence of population struc-
ture by PCA and phylogenetic analysis are key evidence of a large degree of ran-
dom mating in this parasite population. Evidence that is consistent with a lack

of population differentiation in parasite populations sampled in West Africa'?!.

4.6 Summary

e The analysis undertaken in this chapter has shown that the allelic spectrum
of P. falciparum population in the KNDs of Northern Ghana is dominated

by low frequency variants.

e The evidence supports random mating and a close genetic relatedness in the
parasite population both in Ghana and West Africa as a whole; notwith-

standing, a few outlier populations in Ghana.

e A high degree of genome-wide within-host diversity and risk of out-crossing

estimated by the Fiyvs metric was observed, but, with occasional risk of
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inbreeding (particularly within communities in the west of KNDs).

e An overall mean Fy g score of 0.25 was observed, and a high proportion,
88% of infections had FWS scores < 0.6, and 51% were of extremely high
genetic diversity (Fjyg scores < 0.25), showing over representation of high

genetic diversity in this population.

e There was high variability of Flyg estimates between different geographical

location sampled in the KNDs.

e Samples with low genetic diversity were significantly more prevalent in the

low transmission season

e No correlation of Fws estimates with mild or severe malaria was observed,
though low estimates (high genetic diversity) were more prevalent in both

disease phenotypes, suggesting a correlation with clinical malaria.

e A negative correlation was observed between Eys estimates and age at
infection and higher prevalence of infections with low genetic diversity was

found in older children and adults.



Chapter 5

Molecular Assessment of

Antimalarial drug selection

5.1 Introduction

Sulfadoxine-pyrimethamine (SP) was introduced in Ghana in the 1980s first, as

194 but, quickly became a

a rescue drug for chloroquine (CQ) treatment failures
preferred first-line treatment for its single dose and absence of side effects. By
2004 as a consequence of a worsening burden of malaria due to wide-spread CQ
and SP resistance®??»13%148 " ACT was introduced in Ghana, with Artesunate-
amodiaquine becoming the front-line treatment for uncomplicated malaria .

However, to date, SP remains the sole drug for intermittent preventive treatment

of malaria in pregnancy (iPTP) in Ghana™.

The genetic basis of resistance to sulfadoxine and pyrimethamine has been shown

to be point mutations in the genes encoding their target enzymes-dihydropteroate

120
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synthase (DHPS) and dihydrofolate reductase (DHFR) respectively 5175194 The
basal mutation known to confer CQ resistance (CQR) is the K76 T mutation in

44,61,139. Resis-

the P. falciparum chloroquine resistance transporter gene (pfert)
tance to SP is caused by the point mutations that accumulate at several sites in
the pfdhfr and pfdhps genes'"?33. In both genes, sequential acquisition of muta-
tions incrementally increases the parasite’s tolerance to the drug in wvitro 94224,
Recent unpublished data from a multi-centre phase IV study in the KNDs, re-
vealed continued use of CQ via the private health sector, and common use of
artemisinin derivatives such as artesunate and dihydroartemisinin as monothera-
pies (Atuguba et al., personal communication). More importantly the confirmed
reports of evolution of a heritable trait that confers resistance to artemisinin
(prolonged clearance of parasitaemia) in Cambodia®’, and its rapid spread to

western Thailand??, advocates monitoring of drug resistance profiles in endemic

communities where ACTs have been deployed.

The goal of this chapter is to use deep sequencing data to characterize known
loci under antimalarial drug selection. In particular, to ascertain the prevalence
of pfert, pfdhfr and pfdhps resistant alleles, and assess the pattern of variation
of CQ resistance alleles (pfert76T) six years after withdrawal of CQ as first-line

treatment for malaria in Ghana.

5.2 Objectives

e To assess the population prevalence pfdhfr, pfdhps and pfert mutations in
the KNDs.
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e To ascertain the prevalence of inferred resistance-associated haplotypes in

this population.

e To assess the geographic variation in the prevalence of resistant alleles in

these genes.

5.3 Materials and Methods

5.3.1 Samples

I used the full set of 277 P. falciparum field isolates that were sequenced by Illu-
mina and discussed in chapter 4. These samples were collected from five clinics
across the KNDs (see chapter 3). Plasmodium falciparum DNA was extracted
directly from patient blood using the QIAamp DNA Blood Midi/Maxi kit (Qia-
gen) as per manufacturer’s protocol, after removing WBCs. Further details may

be reviewed in Chapter 2 section 2.2.1.

5.3.2 SNP Genotyping

This chapter focuses on SNPs present in pfdhfr, pfdhps and pfert, and specifically,
five point mutations encoding five amino acid changes in the pfdhfr gene (A16I,
N511, C59R, S108N, and 1164L), the pfdhps gene (E189Q), S436A, A437G, L540E,
and A581G) and six point mutations encoding amino acid changes in the pfert
gene (M741, N75D, K76T,Q271E and I326T) [Table 5.1|. These SNPs were de-

tected as part of an established pipeline for the malariaGEN community project
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on P. falciparum genome variation, which is described in chapter 4 (see section

1.3.6).

5.3.3 Analysis

I used the open source statistical programme R to analyze the data'®?

. I per-
formed simple cross tabulations to assess the frequencies of resistant alleles, and
used the Fisher’s exact and chi-square test to assess statistical significance in all

comparisons. All confidence levels were set at 95%.

Polymorphism Gene Chr position REF allele NREF allele NRAF
DHFR-TSA16V ~ PFD0830w 755115 A T 1.00
DHFR-TSNbG1T PFD0830w 755220 A T 0.47
DHFR-TSC59R ~ PFD0830w 755243 T C 0.65
DHFR-TSS108N  PEFDO0830w 755391 C A 0.35
DHFR-TSI164L  PFD0830w 755558 A T 0.01
DHPSE189Q) PF08 0095 550061 G C 0.76
DHPSS436A PF08 0095 550802 T G 0.62
DHPSG437A PF08 0095 550806 G C 0.15
DHPSK540E PF08 0095 551114 A G 0.01
DHPSA581G PF08 0095 551238 C G 0.01
PfertM741 MAL7P1.27 458998 G T 0.24
PfcrtN75D MAL7P1.27 458999 A G 0.23
PfertK76T MAL7P1.27 459003 A C 0.24
PfertQ271E MAL7P1.27 460214 C G 0.27
Pfertl326T MAL7P1.27 460978 T C 0.02

Table 5.1: Drug resistance loci that had sufficient read coverage for
genotyping. All are previously identified point mutations except Glu-Gln sub-
stitution in DHPS codon 189 which is novel in this population. Also shown are
the reference (REF) and non-reference (NREF) alleles and non-reference allele
frequencies (NRAF).
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5.4 Results

Owing to poor mapping coverage sufficient for calling genotypes in some samples,
11, 15 and 37 samples out of the 277 sequenced were dropped from this analysis for
pfdhfr, pfdhps and pfert respectively. As described in chapter 4, the presence of an

allele required a minimum threshold of 5 read counts as evidence for genotyping.

The overall frequency of drug resistant alleles was 82% (219/266) for pfdhfr, 77%
(202/262) for pfdhps, and 34% (81/240) for pfert (Tables 5.3 and 5.4). The
proportion of infections that were fully sensitive (ie no known mutations at any
loci) was 18% (47/266) for pfdhfr, 22% (57/262) for pfdhps and 66% (159,/240)
for pfert. 1 observed 26 samples (10%) that had sensitive alleles across all three
loci (Table 5.2).

As shown in Table 5.2, the prevalence of drug resistant genotypes (homozygous
at any one or more drug resistance mutations) was 15% for pfdhfr, 46% for pfdhps
and 20% for pfert. Many loci were heterozygous for both sensitive and resistant
alleles at any one or more drug resistant SNPs. Thus, populations of different
combinations of SNPs (haplotypes) were present in any given sample (Table 5.3).
The prevalence of these heterozygous alleles across all the polymorphic positions
studied in all three genes is shown in Figure 5.2. As a result of such multi-genome
infections (Table 5.2), it is difficult to accurately determine the true nature of drug
resistant haplotypes. However, by genotyping each sample with the allele with
majority read counts, I was able to infer combinations of alleles for the three loci

that confer different levels of drug resistance.
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For pfdhfr, T observed 3% and 22% of samples with a single mutation at codons
51 (N51I) or 59 (C59R) respectively, and 67% of samples had double mutations
(C59R+ S108N). Two triple resistant alleles were found; 14% of samples had the
triple resistant alleles (N511 + C59R + S108N) and 0.4% triple resistant at codons
51, 59 and 164 ( N51I + C59R + I164L (Table 5.5). The pfdhfr triple resistant
allele (N51T + C59R + S108N) is known to confer higher levels of pyrimethamine
resistance and is strongly correlated with SP treatment failure'*®. This triple

resistant was observed across the geographical areas sampled within the KNDs.

I observed single resistant alleles for pfdhps at three SNPs (S436A, G437A and
K540E). The K540E substitution is comparatively very rare and was found only
the Central district. I did not find the pfdhps double resistant allele (G437A +
K540E) but the pfdhps double resistant allele ( S436A + G437A) was found at
23% prevalence (Table 5.5). Also evidenced was a new variant not previously
described (E189Q)), which was highly prevalent in the KNDs and was observed
in the background of the either S436A or G437A resistant alleles (Table 5.5).

The prevalence of pfert mutations were 0.4% double mutations (M75D + K767T),
29% quadruple mutations (M741 -+ M75D + K76T + Q271E) and 4% with quin-
tuple resistant allele [M741 + M75D + K761 + Q271E+ 1326T]| (Table 5.6). All
inferred haplotypes in pfert involved the 76T primary mutation known to confer
chloroquine resistance. The prevalence of the pfert 76T resistant allele alone was

23%, a 50% reduction from pre-ACT prevalence estimates.

One advantage of this dataset is to be able to determine the presence of mutations

in any or all of the three loci. This is important as it is known that multiple
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mutations in pfdhfr plus additional mutations in pfdhps in the same sample results
in higher levels of SP resistance #2224, As shown in Table 5.7, I observed parasites
with multiple mutations in both pfdhfr and pfdhps. The most prevalent haplotype
was a triplet resistant (511 + 59R / 437A) found in 89 (34%) samples. Also fairly
common was a quadruplet resistant allele (511 + 59R -+ 108N / 437A) which was
found in 26 samples, and a much less common quadruplet resistant allele (511
+ 59R / 436A+437A), which was slightly more prevalence in the communities

south of the KNDs and absent in the east and west.

Allele type pfdhfr pfdhps pfert  Any
Sensitive 47 57 159 26
Heterozygous 179 85 33 34
Resistant 40 120 48 164
Discarded samples 11 15 37 53
Total count 277 277 277 277

Table 5.2: Counts of three groups of parasite genotypes. Sensitive refers
to homozygous for sensitive SNP positions (fully sensitive), Heterozygous refers
to the presence of sensitive alleles and one or more drug resistance SNPs, and
Resistant refers to homozygous for any one or more drug resistance SNPs.
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Figure 5.1: Frequency distribution of samples with any mutation in all
three loci pfdhfr, pfdhps and pfcrt

SNP combinations
Gene 1 2 3 4 Count

pfdhfr 40 (15%) 142 (53%) 36 (14%) 1 (0.4%) 219

pfdhps 146 (54%) 60 (23%) 3 (1.1%) - 206

Table 5.3: Proportion of infections with different numbers of drug re-
sistance SNPs for pfdhfr and pfdhps loci. The table does not include
homozygous sensitive that are fully sensitive (0 loci)
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SNP combinations
Gene 1 4 5) Count

pfert 1 (0.4%) 70 (29%) 10 (4%) 81

Table 5.4: Proportion of infections with different combinations of drug
resistance SNPs for pfert. The table does not include homozygous sensitive
that are fully sensitive (0 loci)

* Fully sensitive « Fully sensitive
Mixed alleles Mixed alleles

Frequency
Frequency

Al6V N51I C59R S108N 1164L E189Q S436A G437A K540E A581G

pfdhfr SNPs pfdhps SNPs

* Fully sensitive
Mixed alleles

Frequency

M741 M75D K76T Q271E 1326T

pfcrt SNPs

Figure 5.2: Frequency of mixed alleles and homozygous sensitive alleles at five
codon positions in pfdhfr, pfdhps and pfert
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pfdhfr (N=266)

Type 16 51 59 108 164 1 (%)

Nucleotide change A—T A—-T T—C C—A A>T

Sensitive A A T C A 47 (18)
Resistant A T C C A 160 (60)
Resistant A A C A A 18 (6.8)
Resistant A T C A A 36 (14)
Resistant A T C C T 1(0.4)
Codon change A—-V N—=I C—R S—N I-L

pfdhps (N=262)

Type 180 436 437 540 581  n (%)

Nucleotide change G—C T—-G G—-C A-G C—G

Sensitive G T G A C 57 (22)
Resistant C G G A C 61 (23)
Resistant C T C A C 81 (31)
Resistant C G C A C 59 (23)
Resistant G T G G C 4 (1.9)

Codon change E—-Q S—A G—A K—=E A-G

Table 5.5: Frequency of inferred haplotypes for pfdhfr and pfdhps. Amino
acid residue positions are shown along the top and the resulting amino acid
substitutions are shown underneath. Substitutions that confer resistance are
shown in bold.
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pfert (N=240)

Type
Nucleotide change

74

75
G—>T A—-G A—-C C—G T-=C

76 271 326 n (%)

Sensitive
Resistant
Resistant
Resistant

Codon change

M—I

G

T

T

G

Q Q @

A C T 159 (66)
C G T 70 (29)
C G C 10 (4.2)
C C T  1(04)

N—=D K-—T Q—E I->T

Table 5.6: Frequency of inferred haplotypes for pfert. Amino acid residues
positions are shown along the top and the resulting amino acid substitutions are
shown underneath. Substitutions that confer resistance are shown in bold.

Geographic location

Resistant Central East North West South  Total
allele (100) (28) (38) (44) (52) 262
pfdhfr / pfdhps

None 57 11 21 29 14 132
511+59R/437A 32 12 12 13 20 89

511+59R+108N /437A 7 5 4 2 8 26

511+59R /436 A+437A 4 0 1 0 10 15

Total count 43 (43%) 17 (61%) 17 (45%) 15 (34%) 38 (73) 262

Table 5.7: Geographic distribution of parasites with multiple point mutations in

both pfdhfr and pfdhps.
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5.5 Discussion

From deep sequencing of 277 Ghanaian field isolates, I identified from the KNDs
a subset of the world-wide well-characterized polymorphisms in pfdhfr, pfdhps

117,148,149,194 A high level of heterozygosity

and pfert known to occur in Africa
(a mixture of sensitive and drug resistant alleles) was observed and these mutli-
genome infections can be problematic when inferring haplotypes. However, by
assigning one genotype per infection using the allele with majority read counts,
and discounting the minority alleles (<5 reads), I was able to infer haplotypes for

all three loci. In general, common combinations of SNPs did not exceed three in

pfdhfr and pfdhps (Table 5.3).

The observed prevalence of sensitive alleles for pfdhfr was 18%, which suggest a
predominance of drug resistant alleles in the KND population. For pyrimethamine
(Pyr) resistance, the basal mutation is a Ser-to-Asn substitution at codon 108 of
DHFR, which has been demonstrated to result in a 100-fold decrease in sensi-

175,251

tivity . In the KNDs no single resistants at codon 108 were found. This

mutation occurred in a background of other polymorphisms, consistent with the
observation that resistant pfdhfr alleles are varied and code for a range of tol-
erance to Pyr from intermediate to high depending on the number of mutations

{149,251

presen . For pfdhfr single resistant alleles were observed for codons 51 and

59. The predominant pfdhfr resistant haplotype (60%) was a double resistant at
codon 51 and 59 (511/59R) with a lower proportion (7%) of parasites having the
alternative double resistant pfdhfr alleles (59R/108N) known to confer interme-

194

diate Pyr-resistance ”*. Whereas the more highly resistant pfdhfr triple resistant
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allele (51I/59R/108N), known to be a significant contributor to SP treatment
failure'”, was observed at 14% prevalence. Also evidenced was a rare pfdhfr
triple resistant allele (511/59R/164L), however, there is lack of in vitro data on

resistance perspective of this haplotype.

Parasites with pfdhps sensitive alleles had a prevalence of 22%. I found single
pfdhps resistant alleles at codons 436, 437 and 540 but did not observe the pres-
ence of the pfdhps double resistant allele (A437G + K540E), which confers higher
sulfadoxine resistance. The K540E mutation occurred as a single mutation in a
minority of samples (0.4%). However, I found the pfdhps double resistant allele
(S436A + G437A) to occur at a prevalence of 23% in the KNDs population.
Also evidenced was extremely high frequencies (>70%) of the 189Q polymor-
phisms across the KNDs. This locus has not been previously associated with any
resistance phenotype (Figure 5.2). However, it underscores the utility of deep
sequencing data for validating as well as discovering new variants that may be
population specific and could contribute to the overall sensitivity of the DHPS

enzyme.

A high prevalence of drug resistant SNPs in pfdhfr and pfdhps is indicative of SP
resistance at the population-level. Sulfadoxine-pyrimethamine targets the DHPS
and DHFR enzymes in the folate biosynthesis pathway of P. falciparum , acting in
synergy to disrupt folate synthesis and kill the parasite %4224 It has also been
demonstrated that, resistance to SP is exacerbated when parasites have multiple
mutations in the dhfr gene, and additional mutations in dhps'8%?24. Therefore
the observed multiple mutations in both genes involving the pfdhfr triple re-

sistant (511/59R/108N) known to correlate with SP treatment failure'*’, and
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G437A basal mutation in the pfdhps locus, is a strong indication of established

SP resistance.

These data have direct implications for the continuous use of SP for intermittent
preventive treatment of malaria in pregnancy (IPTP) in this populations. The
high prevalence of heterozygous genotypes in pfdhfr and pfdhps, brings into focus
the clinical implications of these mixed alleles. Pregnant women who currently
receive SP as part of the IPTP programme may be at risk of clinical malaria
due to selection of resistant genotypes by SP given as a prophylactic. This data
suggests a re-evaluation of the programme in Ghana and Sub-Saharan Africa in

general.

On the other hand, the observed high prevalence of pfert sensitive alleles (quino-
line drug sensitive parasites) across the KNDs suggests that prevalence of the
pfert K76'T primary mutation that is associated with CQ resistance may be on
the decline. Prior to the introduction of ACTs in 2004, SP and CQ were the
two commonly used antimalarial drugs in this area. However six years after the
withdrawal of CQ as a first-line treatment, overall prevalence of the pfert 76T re-
sistant alleles was found to be 23%, which is about 50% reduction from the 46%
estimates prior to the introduction of ACTs in this populations®®*%139  These
findings are supported by other studies, which showed that withdrawal of CQ
could lead to the re-emergence of CQ) sensitive parasites and reduction in the
prevalence of the K76T mutation 4138159 However, the current 23% prevalence
of the pfert 76T basal mutation associated with CQ-resistance is still high and
may underscore the continuous elicit use of C(Q or suggest selection of this poly-

morphism by amodiaquine (the partner drug for artesunate) for the treatment of
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uncomplicated malaria in this population. T observed longer pfcrt haplotypes as
compared to the other two loci, with the majority haplotype being a quadruplet
resistant allele (741/75D /76K /271E). These long haplotypes may underscore the
overall high mutation rate around this drug-transporter locus and may signal

ongoing selection.

Taken together, The evidence of haplotype diversity in all three genes, reflects

44,182 Gipce the incidence

the known sequential acquisition of these mutations
of malaria may not be uniform across the KNDs!'0%!57 the observed variations
in the frequencies of basal mutations, and inferred haplotypes in all three genes
may reflect varying drug pressure on parasites across the KNDs. The observed
multiple mutations in pfdhfr and pfdhps, especially the appearance of the K540E
resistant in the KNDs, suggest established antifolate resistance. Also the exten-
sive mixtures of both sensitive and resistant allele across most loci in all three

genes, highlights the advantage of deep sequencing in identifying minor clones in

mixed genome infections.

Above all, this population-level analysis brings into perspective, studies that have
demonstrated that human host immunity may play a role in the clearance of re-

45 Therefore, such age-dependent host-parasite

sistant P. falciparum infections
interactions, could affect the prevalence of these mutations and their combinations
in a given population. Also, hepatic drug metabolism is crucial for the elimina-
tion of many drugs including antimalarials. Polymorphism in cytochrome P450
(P450), a drug-metabolizing enzyme is reported to affect the rate at which indi-

viduals metabolize a given drug”'. Thus, parasites in different patients could be

exposed to different drug concentrations with different contact times depending
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on the individual diversity at the P450 locus'?®. Undoubtedly, being a multi-
genome disease, drug resistance in malaria needs to be examined in the context

of host-parasite interactions- the main thrust of this thesis.

5.6 Conclusion

In this chapter, I used deep sequencing data to described the prevalence of mu-
tations in pfdhfr, pfdhps, and pfert, and identified patterns of inferred haplotypes
imposed by the sequential acquisition of resistant alleles in these genes. This pro-
vides baseline data for examining changes in drug resistance mutation frequencies

in this region. The observations support;

e the re-emergence of chloroquine sensitive parasites (50% reduction) and low

prevalence of the pfert 76T mutation.

e a high prevalence of pfdhfr (ie pyrimethamine resistance) and pfdhps (ie sul-

fadoxine resistance) mutations within the parasite population in the KNDs.

e established SP resistance across all geographical locations in the KNDs as
evidenced by the presence of parasites with multiple mutations in pfdhfr

and additional mutations in pfdhps.



Chapter 6

Sequenom 1PLEX haploid
genotyping

6.1 Introduction

In chapters 4 and 5, I used Illumina whole-genome sequencing data to describe P.
falciparum genetic diversity across thousands of loci and at specific genomic re-
gions respectively. Thus, demonstrating the value of deep sequencing for variant
discovery and for population-level characterization of loci of interest. However,
current sequencing cost is high, in the order of $150.00 USD per sample and the
quality of parasite DNA required is not always attainable. Therefore, though
cost is expected to rapidly decline, these technologies may not be appropriate for
follow-up studies of new variants or specific variants of interest in large sample
sets with limited parasite DNA. Hence the need to explore alternative genotyping
platforms that offer significant sample and SNP throughput for SNP validation

at an affordable cost. One such platform is the Sequenom iPLEX platform (up

136



6.1 Introduction 137

to 40 reactions per well), which has been extensively used for genotyping human
polymorphisms. This platform enables the simultaneous processing of up to 384
samples at a cost of $0.04USD per SNP, allowing for tens of thousands of sam-
ples to be processed within a week. The major challenge in using this platform
to genotype P. falciparum field samples, however, is the occurrence of mixed
infection (heterozygosity) that is a continuum of allele ratios at a given SNP
(subfigure 6.1(b)). Thus making the existing platform software redundant as it
was not designed for this type of allelic distribution, but, an equal representation

of alleles as in diploids (subfigure 6.1(a)).

Work undertaken in the Kwiatkowski (DK) laboratory to garner understanding
of Sequenom haploid genotyping, which I contributed to, in parallel with my own
work, reported a genotype concordance rate between Illumina and Sequenom
of 99.9% for homozygous SNPs!?!. The challenge that remained was accurate
genotyping of allelic ratios in heterozygous samples (mixed infections), which I
sought to address using the samples discussed in Chapter 4 that were observed
to contain high levels of heterozygosity. This Chapter therefore, sets out my
direct contribution to work in progress aimed at a full understanding of the issues
surrounding the use of Sequenom to accurately and reliably genotype clinical

samples with mixed population of parasites.
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Figure 6.1: Examples of how typical high throughput genotyping soft-
wares resolve genotypes
Sub-figures 6.1(a) shows the resolution of diploid genotypes into three clusters
because the alternate alleles are in equal proportion, and 6.1(b) depicts a contin-
uum of alleles that reflect the composition of haploids in clinical samples, which

typically contain billions of genomes in a single infection.
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6.2 Objectives

1. To assess the utility of the Sequenom iPLEX high-throughput genotyping
platform to measure (or type) P. falciparum polymorphisms in field sam-

ples,
2. To develop a genotype-calling algorithm for haploid genome mixtures, and

3. To assess the quality of genotype-calls obtained.

6.3 Materials and Methods

6.3.1 SNP Selection

Of particular interest were SNPs in antimalarial drug resistance genes, genes
involved in parasite invasion and genes implicated in metabolite (or drug) trans-
port. Published literature sources and online Plasmodium genomics resources,
notably PlasmoDB.org release (version 6.0) were used to assemble SNPs. In
general, only bi-allelic SNPs were selected and SNPs that were informative (ie
had different alleles for the reference clones 3D7 and Dd2) were preferentially
chosen. For testing purposes, 3 polymorphisms were deliberately monomorphic
(same alleles) for 3D7 and Dd2. Except for multidrug resistance loci such as the
pfdhfr and pfmdr-1 genes, SNPs for assay design were selected on the basis of no
proximal potential SNPs within 80 bases of the target SNP, either upstream or
downstream. 58 SNPs in total met these selection criteria and were grouped into

three priority categories (High, Medium and Low) for assay design, details are as
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shown in Table 6.1.

Priority No. of SNPs Description

High 39 Antimalarial drug resistance SNPs plus
SNPs in candidate vaccine antigens

Medium 11 SNPs in genes expressing surface proteins
implicated in parasite invasion

Low 8 SNPs in putative metabolite or drug transporters

Table 6.1: SNP Categorization by design priority

6.3.2 Multiplex Design

I used the MassARRAY Assay Design Software (version 3.1) to achieve multiplex
design for the iPLEX methodology with the 58 selected SNP. An internally ranked
file of a list of the high priority SNPs was first fed to the design software so that a
multiplex of the top priority SNPs was obtained. Ranked lists of the medium and
low priority SNPs were then sequentially added to the software whilst replexing
on the initial multiplex of top priority SNPs. This ensured that the multiplex
was designed around the high priority SNPs. A single multiplex containing a
total of 35 assays, comprising 19 antimalarial drug resistance SNPs, 11 SNPs in
candidate vaccine antigens and 5 SNPs in putative metabolite/drug transporters

was obtained.
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6.3.3 Sequenom Optimization for haploid genotyping

A series of simple experiments were designed around generating data for under-
standing the underlisted questions among others, and developing a simple algo-
rithm for resolving Plasmodium genotypes using raw mass spectrometry data in

the form of peak height intensities.

1. What were the limits of detection of alleles at a given SNP?
2. Can ratios of alleles in samples with mixed infections be determined?

3. How many control clusters are adequate for genotyping?

6.3.3.1 Sample preparation

Control samples used on all genotying plates included water and pooled human
DNA (HapMap CEPH reference panel) as negative controls. Parasite DNA was
diluted in water to a stock concentration of 20ngpl™t. The DNA from parasite
strains were diluted in pooled human DNA at a ratio of 1:31 by mass, approx-
imately equal to 1% parasitaemia (see Appendix C for calculations) in order to
mimic the state of the field samples. Parasite mixtures were prepared to be able
to confirm the detection of homozygous samples in clones and heterozygous sam-
ples in 50:50 mixtures as well as other mixture ratios as shown in Tables 6.3, 6.4,

6.5.

All DNA samples were amplified using Primer-Extension Pre-amplification (PEP) 253,

In brief, 5pl of gDNA from field isolates or parasite mixtures was amplified in 96-
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well PCR plate in a final volume of 25ul or 50pl respectively using N15 primers.

The PEP material was then stored at -20°C until ready for genotyping.

6.3.3.2 Multiplex Testing

After assay design, the multiplex was tested on a set of six clonal laboratory
strains (Table 6.2). Assays showing abnormal behaviour including; poor signals,
elevated background noise, positive signals in pooled human DNA and/or water,
complete failure with no apparent reasons, were removed from the multiplex
before testing. Of the initial 35 assays in the multiplex, 6 assays were removed
and 29 assays taken forward. Based on this initial screen, 3D7 and Dd2 were

then selected from the six strains for further testing.

Strain  Origin

3D7 Parent strain (NF54) isolated from an individual

living near Schipol Airport, Amsterdam, The Netherlands
Dd2 Indochina:Derived from W2
HB3 Honduras: Cloned line derived from microscopic

selection from the isolate Hondo-1
ITA4 Mozambique:Clone derived from ITO4
T996 Thailand
ITA4 2 Same as ITA4

Table 6.2: List of laboratory strains screened as positive controls

6.3.3.3 MALDI-TOF MS sensitivity

In order to determine the sensitivity of the MALDI-TOF assay for the 29 working

SNPs, a 10-fold serial dilution of neat PEP DNA of 3D7 was prepared. The se-
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quential concentrations were (1.0,107,1072,1073,10~% and 107°) PEP stock/pl,

which was genotyped alongside other samples.

6.3.3.4 Genotyping

All genotyping procedures were carried out as per Sequenom protocol described
in detail in Chapter 2 (section 2.2.5). However, PEP DNA was used instead
of genomic DNA. Primer sequences are listed in chapter 2 (Table 2.2). All
primer (Metabion, Martinsried, Germany) were hydraded to 100 pmol and pools
of primers (100 nmol each) were prepared for the multiplex. A master PCR
mixture was made for the multiplex prior to first-round PCR containing: 0.68
nl primer mixture, 0.65p1 MgCly (50mM), 0.2 pl ANTPs (25mM pooled), 1.25
nl Taq buffer (10x), 2.82 pl MilliQ water, 0.4ul HotStar Taq (5U/pl)(Qiagen).
4.5pl of PCR master mixture was plated per well in a 384-well PCR plate format
(Thermo Fisher Scientific) and 3pl of 1:10 diluted PEP DNA was added per well.
All prepared PCR plates were then sealed with Microseal A’ lids (Bio-Rad) and
cycled on an MJ Tetrad using the following cycling conditions: 94°C for 15 min,
44 cycles of (94°C for 20 sec, 56°C for 30 sec, 72°C for 1 min), and 72°C for 3

min.

Two microlitre of sample from each well of a row (preferrably containing both
samples and controls) was run on a 2% agarose gel to confirm the first-round
PCR had worked before further processing. Unincorporated dNTPs were removed
by adding 2ul of iPLEX shrimp-alkaline phosphatase mixture to 5nl of first-
round PCR reaction product and incubated at 37°C for 40min, followed by a

denaturation step at 85°C for 5 min and then cooling to 15°C for 15 min.
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iPLEX primer extension was done using an extension reaction containing 0.2yl
iPLEX termination mixture, 0.041pl extension Taq, 0.2pl extension buffer, 0.5331ul
primer mixture and 1.03pl water per well. The final concentration of the ex-
tension primers was determined by their individual masses (<3000Da 0.625pM;
3000-5800Da 0.84pM; 5800-7000Da 1.041nM; 7000-10,000Da 1.25nM; >10,000Da
L.5pM).

Extension cycling was undertaken on an MJ Tetrad using the following cycling
conditions: 94°C for 30 sec, 40 cycles of (94°C for 5 sec, 5 cycles of (52°C for 5 sec,
80°C for 5 sec)), then 72°C for 3 min abd 15°C for 15 min. Plates were treated
with 6mg ion-exchange resin (Sequenom) per well and 16pl MilliQ) water. Plates
were rotated for 30 min and then centrifuged to pellet the resin before spotting

samples onto the SpectroCHIPS and running on the mass-spectrometer.

In order to ensure adequate positive control cluster formation for confirming
ratios in mixed samples, 32 replicates of each mixture of 3D7 and Dd2 were
genotyped. In the first experiment 9 control clusters (0%, 10%, 25%, 40%, 50%,
60%, 75%, 90%, 100%) 3D7:Dd2 (Table 6.3) were used and these mixtures were
done in reversed in order to ascertain any amplification bias that might occur. I
next, genotyped 7 control clusters (5%, 10%, 15%, 20%, 30%, 40%, 50%, 100%)
3D7:Dd2 [Table 6.4] alongside field isolates and finally 5 control clusters (0%,
25%, 50%, 75%, 100%) 3D7:Dd2 |[Table 6.5].
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Strain mixtures ratio (%)
Diluted in pooled Human DNA

3D7 100 90 75 60 50 40 25 10 O

Dd2 0 10 25 40 50 60 75 90 100
Diluted in water

3D7 100 90 75 60 50 40 25 10 O

Dd2 0 10 25 40 50 60 75 90 100

Table 6.3: Experiment 1: Nine artificial mixtures of parasite lines prepared using
pooled human DNA and water.

Strain mixture ratio (%)
Diluted in pooled Human DNA

3D7 100 75 60 50 40 25 O

Dd2 0 25 40 50 60 75 100
Diluted in water

3D7 100 75 60 50 40 25 O

Dd2 0 25 40 50 60 75 100

Table 6.4: Experiment 2: Seven artificial mixtures of parasite lines prepared using
pooled human DNA and water.

Strain  Mixture ratio (%)
Diluted in water

3D7 100 75 50 25 O

Dd2 0 25 50 75 100

Table 6.5: Experiment 3: Five artificial mixtures of parasite lines prepared in
double distilled water.
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6.3.3.5 Data Analysis

The Sequenom Typer Software version 4.03 was used for initial assessment of
assay quality and overall multiplex performance. The mass spectrometry data
in the form of peak heights for the two alleles at each SNP was exported as a
Microsoft Excel file (¢sv format) for further analysis in the open source statistical

software R 189,

6.4 Results

A total of 550 P. falciparum clinical isolates were genotyped in batches alongside
artificial mixtures (Tables 6.3,6.4,6.5) of parasite lines with known bi-allelic SNP
variations, which were used as positive controls. Despite the inherent problems of
P. falciparum genome resulting from its high AT content, in this study both wild-
type sequences and allelic variants for the SNPs investigated could readily and
reproducibly be detected by MALDI-TOF MS, in a single multiplex according
to differences in their time of flight, given by the mass to charge ratio (m/z) of
the analyte ion. However, two SNPs; dhfrA'%V and Pfert T consistently failed
possibly as a result of lack of hybridization of the extension primer due to lack of
specificity of the underlining sequence. Overall, the experiments worked very well
with the rest of the 27 SNPs returning a good amount of data. Of 'well-behaved’

SNPs, 12 SNPs (44%) were outstanding with between 0% to 5% missing data.

In terms of MALDI-TOF sensitivity, the detection thresholds varied depending on

the polymorphism. Notwithstanding the possibility of amplification bias between
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alleles, at 1073 and 1075 dilutions of PEP stock/pl, both wild-type and mutant
alleles for 3D7 were still being detected for 98% of the assays. Therefore, given an

initial 1% parasitaemia, the sensitivity of assays was about 0.004% parasitaemia.

6.4.1 Assessment of peak height intensities

Can homozygous samples be genotyped? As illustrated in Figure 6.2, the as-
signment of genotypes for homozygous samples (single clone infections) is not a
problem. The Sequenom software by design is able to accurately work out the
linear transformation of these clusters and assign genotype calls as such a dis-
tribution of alleles is similar to the allelic distribution of homozygous genotype
clusters in diploids. The problem arises when the allele distribution is a con-
tinuum and the software has to partition the plotting space for each cluster of
allele ratios and if a linear relationship exist, evaluate the angle between clusters
to assign a genotype. Therefore, it was important that the artificial mixtures
of parasites clones, which I used as positive controls to help partition the space

formed distinct none overlaping clusters.

6.4.1.1 Positive control clusters of parasite mixtures

Did the artificial mixtures produce distinct clusters? Figure 6.3 shows four proto-
typical SNPs for 3D7:Dd2 mixtures that were prepared at nine different ratios to
assure a low ratio for the secondary clone (minor allele) to assess cluster bound-
aries. As illustrated in the figure, three scenarios could be obtained; the top

panel shows good cluster separation amongst the different ratios. Figure 6.3(a)
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shows nearly ideal clusters that could potentially be used to accurately genotype
parasites of mixed genetic types as often found in natural infections. In figure
6.3(b) however, though the control clusters are good, there occurs a significant
lift in the low mass cluster along the x-axis. On the other hand, the bottom panel
shows different ways in which the outcome can fail to provide adequate clustering
to be used for genotyping field isolates. Figure 6.3(c) is a typical case of a poorly
designed SNP due to inadequate annotation of the parasite genome, resulting in
SNP interference or some other technical reason inherent in the technique that is
not apparent. Despite several optimization experiments, some SNPs consistently
performed poorly. Of the 27 SNPs I found 12 to consistently provide the level of

separation in figure 6.3(a) when using nine control clusters.

Next, I reduced the number of control cluster to five to explore if this will make
the control clusters more dense with clear cut boundaries. As shown in figure
6.4, the cluster formation for five control mixture levels for different SNPs was
in general more separated as compared to eight or nine mixture levels. All three
panels, show adequate cluster formation with clear boundaries sufficient for defin-
ing parameters to develop an algorithm for genotyping field isolates. However,
as shown in figure 6.4(b) there still occurs a lift in the clusters for the high mass
ratio. Thus, some amount of rescaling has to be done to correct for the lift (the
triangular area marked by the blue line in subfigure 6.4(b)), which underscores
the challenge in accurately genotyping polymorphisms in certain regions of the

P. falciparum genome.

The data presented shows that the artificial mixture ratios of parasite line could

potentially be used to genotype mixed infections in clinical samples, but, is there a
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linear transformation between clusters that could form the basis for an algorithm
for assigning genotypes? In order to ascertain this, a polar transformation of the
clusters was undertaken. As illustrated in Figure 6.5, a polar transformation of
the data was sufficient to achieve a linear translation of the signal intensities and
angle 0 between clusters to a valid genotype in many instances. However, because
of the compounding problem of the lift, such a simple translation between angle
and genotype would be incorrect for certain SNPs clusters. The more reason why
a simple algorithm that could rescale the plotting area and provide some level of

adjustment for the lift was necessary.
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Figure 6.3: Example plots of peak height intensities at two alleles for
9 mixtures of 4 different SNPs. Water and pooled human DNA as
negative controls.

Sub-figure 6.3(a) shows a SNP (rs45333817) in the PFD1155w gene. 6.3(b) shows
a SNP (rs45328613) in the PFC0210c gene. 6.3(c) shows a SNP (PfTRAP-V437I)
in PF13_ 0201 gene. 6.3(d) shows a SNP (rs45254309) in PF11_ 0344 gene.
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Figure 6.4: Example plots of peak height intensities at two alleles for

In the top panel and bottom
right, sub-figures 6.4(a), and 6.4(b) show SNPs in the dihydrofolate reductase

5 mixtures at 2 malaria relevant SNPs.

(PFDO0830w) gene.
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Figure 6.5: Polar transformation of (X, Y) intensity data for a single
SNP. Light blow lines show where cluster means would occur if linear approx-
imation were correct and there was no lift. Theta values approximate to allele
ratio and r values equates to signal intensity. Theta values approximating <
0.3 and > 1.3 for homozygous genotype calls, and a range of theta values from
0.3 < 6 < 1.3 for heterozygous genotype calls

6.4.2 Algorithm for resolving haploid genotypes

The data generated by genotyping clonal mixtures was used to explore ways of

converting the cluster plots of these intensities (Figures 6.3, 6.4 and 6.5) into

accurate genotypes. It was easy to identify the clusters, however, the challenge
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was how to effectively deal with within-SNP (or assay) sensitivity in order to
make accurate assessments. As shown in the 100% mixture in subfigure 6.4(a)
(top panel) of Figure 6.4, the clusters do not always lie flush on an axis, and the
pattern was somewhat random. The angle between such a cluster and the nearby
axis, I refer to as the lift. Due to the presence of the lift for many SNPs, a simple

translation between angle and genotype was not reasonable.

We developed a simple algorithm that exploits the observation that the angle
between the mean of two adjacent control clusters was approximately linear in
their proportions, as evidenced in Figure 6.5, where theta values equate to allele
ratio and r values to signal intensity. A diagram of the key quantities used in
resolving Plasmodium haploid genotypes is as shown in Figure 6.6. Suppose we
have two positive control clusters C, and C', with known genotypes, P, and P,
and angle separating their means as 6. For a cluster C; with unknown genotype
falling between C, and C (ie with angle p < @), the linear approximation implies

that the genotype for C; is given by

P~ g.(Pl—PO)JrPO (6.1)

This procedure can be generalized to the case where there are n known clusters.
Here, we first must find the pair of known genotypes whose angles from the x-axis
bookend the unknown one. Of note, therefore, is that this requires that two of
the clusters correspond to the homozygous genotypes, that is, two different alleles
for two different reference clones at 100% mixture for each clone. Going by the
linear approximation, the genotypes value must lie anywhere between these two

clusters, and so we have reduced to the case with just two known genotypes.
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To assess variation within the genotype estimates, I noted that the within-cluster
variance of the known samples strongly correlated with the within-cluster varia-
tion of unknown samples (likely due to experimental design). This implied that I
could not independently assess my observational error within a sample. In order
to avoid this, a bootstrap repeated sampling technique was used to calculate the

sample variance®!
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Figure 6.6: Diagram of relationship between the quantities used in the haploid
call algorithm
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6.4.3 Plots of Peak height intensities for field isolates

In order to test my genotyping-calling algorithm, field isolates were genotyped in
batches alongside the artificial mixtures of parasite clones, pooled human DNA
and water as negative controls. As evidenced in Figures 6.7, majority of these
infections were of diverse genetic types, no obvious clustering of intensities was
observed. Implying that any proportion of alleles was potentially a valid geno-
type, and this is where the Sequenom Typer v4.03 Software designed for diploid
genotyping becomes redundant and fails, as it was not designed for resolving such
a distribution of alleles. The Software was, therefore, useful for initial assessment
of assay quality and overall multiplex performance, but, could only be of lim-
ited use in accurately resolving haploid genotypes as the manual option could
be used to assign genotypes to homozygous samples (Figure 6.2). The algorithm
discussed in section 6.4.2 was therefore, used to assign genotype calls for all the

field samples.
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Figure 6.7: Example plots of peak height intensities at two alleles for
field isolates showing 4 SNPs. Sub-figures 6.7(a), and 6.7(b) respectively
depict a scatter of peak height intensities that show a moderately mixed infection
and a highly mixed infection at SNPs in dihydrofolate reductase (pfdhfr) and
thrombospondin-related anonymous protein (TRAP) genes, whilst Sub-figures
6.7(c) and 6.7(d) respectively illustrate a much less heterozygous samples and a
nearly homozygous samples at SNPs in pfdhfr and dihydropteroate synthetase

(pfdhps) genes.

6.4.4 Assessing the genotyping quality

To assess the quality of genotype calls made by my haploid genotyping algorithm,

I inferred the genotype (that is mixture ratio) for four of my known parasite

mixture values (or ratios): (10%, 40%, 60% and 90%) where the 3D7 reference

genome was the primary component and Dd2 the secondary or minor one. Three
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different sets of control clusters were examined;

(1) using two control clusters that bookend the homozygous positions (ie 100%
3D7, 100% Dd2),

(2) using three control clusters that marked the 50:50 ratio (as in diploid) position
and the homozygous positions (ie 100% 3D7, 50% 3D7, 100% Dd2), and

(3) using five control clusters that marked the homozygous, heterozygous 50:50
and the three-quarter and one-quarter positions (ie 100% 3D7, 25% Dd2, 50%
3D7, 75% 3D7, 100% Dd2). These clusters were investigated using informative
SNPs that had different alleles for the two reference genomes (ie the primary and
secondary clones). I measured the unnormalized bias, that is, the inferred value
(or proportion) minus the known value for each of the three clusters and used
the bootstrap method to determine the spread of these estimates. Figure 6.8
shows the results for two representative SNPs. As evidenced in Figure 6.8 three
control clusters exhibited the least bias, although only fractionally better than
two control clusters. Five control clusters performed poorly, likely as a result of

overlap among control and test (unknown) clusters.
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6.5 Discussion

This study was designed to use bi-allelic SNPs to optimize the Sequenom iPLEX
platform and establish MALDI-TOF MS based assays for high throughput deter-
mination of Plasmodium variants from DNA isolated from clinical samples. The
study sought to determine the occurrence of the SNPs in Plasmodium infections,
and to estimate the relative proportion of clones that carry these particular SNPs,

as natural infections usually contain billions of parasites of different genetic types.

In general, because the Plasmodium genome has over 80% AT content, particu-

72 assays in these regions of the genome were difficult

larly in non-coding regions
to design (lack of unique primer sequences due to low complexity), however, the
Sequenom iPLEX platform proved feasible for genotyping mixed infections in
clinical samples. Both the wild-type and mutant alleles were easily detected for
successfully designed assays. Of the 29 SNPs in the multiplex, useful data could
be derived for 93% (27/29) of assays. These results attest not only to the feasibil-
ity of using the Sequenom iPLEX platform for genotyping field samples, but also
show that the genotyping approach used was good. In my protocol, an important
modification to the manufacturer’s (Sequenom®) instruction, which included use
of whole genome PEP amplified DNA instead of genomic DNA was made. 1
did not observe an apparent indication of amplification bias as a result of PEP.

On the contrary, I believe the use of PEP could have increased copy numbers of

fragments for minority alleles in these highly mixed field samples for detection.

I observed differences in sensitivity for detecting the wild-type variants or the mu-

tant variants for certain SNPs. Several reasons could account for these differences,
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including but not limited to the genomic location of the SNP, initial parasitaemia
and instrument background noise associated with certain SNPs. These findings
are however, supported by a previous study that performed limited MALDI-TOF
MS genotyping of the dihydrofolate reductase (DHFR) variants'?®. T attribute
this observation to low parasitaemias of different P. falciparum clones occurring in
these natural infections. In fact, the use of PEP DNA in our protocol might have
mitigated this problem. Notwithstanding these issues, sensitivity of Sequenom
was down to 0.004% of parasitaemia, which is within the range of sensitivity
for clinical microscopy. Thus, it is reassuring to note that patient samples that
reach detectable levels by microscopy in the field are not likely to fail Sequenom
genotyping. Overall, there was little interference of human DNA with P. falci-
parum probes. A couple of assays tended to give random positive signals with
pooled human DNA controls, a phenomenon that is known to bedeviled most

high throughput techniques and merits its own investigation.

The artificial parasite mixes that were genotyped in replicates to serve as pos-
itive control clusters (Figures 6.3 and 6.4) proved adequate for making haploid
genotype calls. Two approaches to genotyping Plasmodium field isolates are po-
tentially useful for malaria control. The first approach is to resolve the genotypes
of field isolates at two levels; homozygous samples (for allele a or b) and het-
erozygous or mized samples (alleles a/b). The second, is to determine homozy-
gous samples and estimate the proportion of clones carrying particular SNPs in
heterozygous samples. Fach of these approaches have their clinical and epidemi-
ological benefits but, the former may seem more critical to the clinician who is

interested in knowing whether a patient has a wild-type, mutant variant or both
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alleles for a locus of interest (eg drug resistance gene).

Despite that the control cluster plots for some SNPs did not lie flush on the
nearby axis, a polar transformation of the data as evidenced in Figure 6.5 was
sufficient to define theta values approximating < 0.3 and > 1.3 as homozygous
calls, and a range of theta values approximating 0.3 < 6 < 1.3 as heterozygous

calls.

The simple haploid genotyping algorithm (Figure 6.6) proved adequate for reliable
estimation of proportions of clones in mixed infections that carry particular SNPs.
By using the fact that angle 6 between the mean of two adjacent control clusters
was linear in their proportions, it was possible to accurately assign genotype ratios
to heterozygous SNPs (eg 40% A and 60% T). It is worth noting that the data
quality did not necessary correlate with increasing number of mixture ratios for
controls. The data showed that as the number of control clusters increased, the
quality of genotype calls for sample clusters with under 20% allele ratios tended to
merge with the homozygous clusters at the flanks. There was an apparent grey
area, where minority clone ratios may inevitably be detected as homozygotes.
Thus, there was no added quality benefit in increasing the number of control
clusters beyond five, rather it increased the chance for overlap of clusters and
reduced fidelity of heterozygous genotype calls (Figure 6.8). Among the artificial
ratios tested, the two homozygous clusters (ie 100% 3D7 and 100% Dd2) or the
three clusters where both the homozygous positions and the 50% ratio (ie 100%
3D7, 50% 3D7 and 100% Dd2) were partitioned proved sufficient for minimizing
within-cluster variability and translating the angle between the means of adjacent

clusters into reliable genotype proportions. However, three control clusters were
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found to be optimal as this adequately bookend the homozygous positions and

marked the position of the heterozygote for assigning genotype calls.

This study was limited by the lack of sufficient internal controls, resulting in the
possibility that a clone of low parasitaemia may not have been detected, and the
fact that currently only known bi-allelic variants could be detected. However, the
evidence discussed above strongly indicate that the Sequenom iPLEX platform
is a sensitive method for typing polymorphisms in P. falciparum , and as part of
a broader ongoing effort to fully understand the issues that are key to accurate
and reliable genotyping of P. falciparum field isolates some progress has been
made. As work in progress in the DK laboratory, there remains technical issues
to resolve concerning the random occurrence of the lift, and how to effectively
implement the algorithm on a larger scale. Obviously more data needs to be
generated to shed more light on the problem, but, one solution may be to further
develop the algorithm to enable user determined rescaling of the plotting space

to account for the lift when necessary.

6.6 Summary

e This Chapter lays out my contribution to ongoing work aimed at validat-
ing the Sequenom iPLEX platform for genotyping P. falciparum clinical

samples.

e [ designed a multiplex of 29 SNPs for interrogating the platform to generate
mass spectrometry peak height intensity data for analysis. Of these SNPs,
93% (27/29) worked and produced quality data.
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I employed a strategy of genotyping artificial mixes of parasite lines in
replicates and plotting these to obtain control clusters that were mapped

to test samples for genotyping.

The angle between the mean of two adjacent control clusters was approxi-
mately linear to their mixture ratio and provided the basis for developing

an algorithm for assigning genotypes.

A lift in the control clusters for homozygotes occurred in certain SNPs and
added a layer of complication to the linear transformation of clusters for

assigning genotypes.

Three control ratios that marked the 50:50 mixture ratio and also book-
end the homozygous positions (ie 100% 3D7, 50% 3D7, 100% Dd2) were
found optimal for accurate assignment of genotype ratios for heterozygous

samples.

Despite the major drawback of demand for internal controls to accurately
identify all alleles in a given field sample, and inadequate understanding of
the basis for a lift in certain SNPs but not others, this experimental ap-
proach proved sufficient for assigning mixture ratios for heterozygous sam-

ples.
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6.7 Concordance between Sequenom and Illumina

genotyping
6.7.1 Motivation

Thus far, a subset of the 550 P. falciparum clinical isolates that were sampled
in Chapter 3 have been genotyped by two high-throughput genotyping methods;
[lumina short-read alignment (RA) and Sequenom iPLEX genotyping. As stated
earlier previous concordance rate between these two methods was 99.9% for ho-

)21, It was therefore, of interest to assess

mozygous genotypes (manually called
the concordance rate between the two approaches for the genotype calls made
with my algorithm for a set of SNPs and samples that were genotyped by both

methods.

6.7.2 Scope of samples

Concordance rates of genotype calls based on the Sequenom assays and genotype
calls based on Illumina sequencing was calculated for 9 SNPs in 147 samples. It
should be noted, however, that these 9 SNPs were non-typable and were removed
from our typable SNP list because of the stringent quality filtering procedures

that were implemented.
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6.7.3 Results

Figure 6.9 shows the distribution of genotype concordance between the two ap-
proaches. Also presented in Figure 6.10 are genotype concordance distributions
for all sites from MS and RA (left), as well as that for just sites that were identi-
fied as heterozygous by RA (right). In both cases, the results indicate an unbiased
average agreement between the methods. Further, as shown on Table (6.6), where
Sequenom gave a valid call, heterozygous call based on >5 reads, the concordance

rate was 76.8%.
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Mass spectrometry Read alignment

Samples

Pfcrtk76T_D

DHFRN51I_C
PfcrtK76T_D
DHFRN511_C

Pf_rs45328613

DHFRS108NT_A
Pf_rs45318952
Pf_rs45243608

PfMSP1_T1667K_A
PfTRAP_H488Y_B
Pf_rs45296956
Pf_rs45328613

DHFRS108NT_A
Pf_rs45318952
Pf_rs45243608

PfMSP1_T1667K_A
PfTRAP_H488Y_B
Pf_rs45296956

Figure 6.9: Genotype calls by mass spectrometry (left) and read-alignment (right)
for 9 SNPs and 147 samples. White indicates reference, black indicates non-
reference and shades of gray indicate heterozygous (mixed) samples
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All sites RA heterozygous sites
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Figure 6.10: Difference between genotype calls between read-alignment (RA) and
mass spectrometry (MS), for all sites (left) and for sites called as heterozygous
by RA (right)
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Concordance based on 9 SNPs
Rate (%) Number of genotypes

Hoomozygotes

Reference allele 80.5 330
Reference read count 33051

Non-reference allele 96.8 694
Non-reference read count 51438

Both alleles 90.9 1024
Heterozygotes

Reference allele 74.7 59

Reference read count 13060

Non-reference allele 78.9 60

Non-reference read count 8673

Both alleles 76.8 119
Overall 89.1 1143

Table 6.6: Concordance between Sequenom and Illumina sequencing

6.7.4 Conclusion

e The genotype concordance rate for homozygous calls was 90.9% overall and

96.8% when Illumina sequencing showed the non-reference allele.

e Where Sequenom gave a valid call, heterozygous call based on >5 reads,

the concordance rate was about 90%.
e Concordance for all sites (homozygotes and heterozygotes) was 89.1%.

e The Sequenom iPLEX platform is therefore, sensitive for genotying bi-allelic
SNPs in Plasmodium species, however, accurate and reliable genotyping of
heterozygous sites in clinical samples with mixed infections remain a major

challenge.
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e This notwithstanding, the ability to provide some sense of allele ratios in
samples from mixed infections hold important benefits for public health in-
terventions in areas of high malaria endemicity such as the KNDs of North-

ern Ghana.



Chapter 7

Host-parasite genetic interactions

7.1 Introduction

197,205 and para-

In malaria, it has long been recognized that both host factors
site factors can influence disease outcome'!?. Indeed, several studies on human
malaria have shown classic evidence of host factors associated with resistance (or
susceptibility), including the sickle-cell trait?*> and specific Major histocompati-
bility complex (MHC) alleles?3. Likewise, parasite encoded phenotypes such as
cytoadherence and rosette formation are recognized to contribute to the severity

53,197,205 Tt is not known if polymorphisms in specific para-

of malaria disease
site genes could enhance their survival against host protective mechanisms such
as oxidative stress resulting from sickle-cell or Glucose-6-Phosphate dehydroge-
nase deficiency gene polymorphisms. Antimalarial drug resistant parasites are

known to have a fitness advantage under drug pressure, but, may be less fit and

vulnerable to host immune attacks in the absence of drug pressure?*®. Indeed,

171
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age-dependent clearance of antimalarial drug resistant parasites was observed in

Mali*®, but, these host-parasite interactions are poorly understood.

To begin to explore such host-parasite interactions, in this Chapter, T utilize a
well-characterized malariaGEN case-control sample resource previously collected
in the KNDs. A case-control analysis of a subset of this data (including the
severe malaria cases and half of the healthy controls) was previously undertaken
by Anita Ghansah ™™ . Before exploring host-parasite genetic interactions in this
population, I seek to describe the full dataset that includes severe malaria cases,

mild malaria controls, and healthy asymptomatic controls.

7.2 Specific objectives

1. To investigate human polymorphisms associated with malaria resistance
(or susceptibility) in this population to identify host factors for testing

interactions with parasite factors.

2. To assess the association of drug resistance SNPs in pfdhfr and pfdhps with

malaria disease.

3. To assess the interaction between pfdhfr resistant alleles and specific human

polymorphisms associated with malaria-protection in the KNDs population.
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7.3 Material and Methods

The samples discussed in this study are from a frequency-matched case-control
study conducted in the KNDs from August 2002 to January 2004. These are a
set of about 4000 well-characterized MalariaGEN archived samples comprising
human DNA for 700 severe malaria cases, 1642 mild malaria cases and 1674

healthy controls.

7.3.1 Participant Recruitment

Cases consisted of children 6-60 months of age who presented to the NWMH with
severe malaria within the study period. Criteria for diagnoses of cases were per

standard WHO definitions of severe malaria2.

Two categories of control sub-
jects were recruited, and two sets of children from each category were frequency-
matched to cases based on age category (6-24 months and 25-60 months), sex

and location.

Mild (uncomplicated) malaria controls were identified at four satellite outpatient
clinics in the KNDs using axillary temperature >37.5°C and the OptiMAL Rapid
Malaria Test (DiaMed, FLOW Inc. Portland, Oregon). Microscopy was then used
to assess parasite densities and patients with parasitaemias > 2500 parasites jl
of blood (and no other obvious cause of fever) were recruited. Further details of

subject recruitment for this study may be reviewed in Osafo-Addo et al., 20086

and in'°7.
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7.3.2 Ethical considerations

This study was reviewed by the scientific and ethical review board of the Noguchi
Memorial Institute for Medical Research, the Navrongo Health Research Center
IRB, the Ghanaian Ministry of Health Ethical review committee, and the review
board of U.S. Naval Medical Research Unit 3. Written informed consent was
obtained from adults and the parent or legal guardians of all children that were
enrolled in this study. All consent forms were translated into the two major

languages in the KNDs and administered alongside the English versions.

7.3.3 DNA extraction

Whole blood was collected on Whatman no 1 filter paper (Whatman®, England),
air dried and stored at room temperature in air-tight bags containing silica gel.
Genomic DNA was extracted from the filter paper blood blots as described in?.
The dried blood blots were cut out with a sterile scissors and suspended in 150
nl of 10% Saponin (Sigma, St. Louis, MO) in 1X PBS (pH 7.2). Samples were
incubated for 2 hours or overnight, vortexed and centrifuged. The pellets were
washed in PBS and the supernatant discarded. 150 pl of sterile double distilled
water and 50 pl of 20% (wt/vol) solution of Chelex® 100 (Sigma, St. Louis,
MO) were added. The samples were boiled at 95°C for 10 min, vortexing every 2
minutes. After centrifugation, the supernatant containing the DNA was collected

and stored at -80°C until ready for use.
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7.3.4 SNP selection

The human SNPs were selected from a database of SNPs assembled by the
Kwiatkowski laboratory for undertaking quality control genotyping of samples
contributed by partner sites to the MalariaGEN consortium. SNPs were chosen
that had a minor allele frequency (MAF) of > 1% in African populations, in-
cluding polymorphisms previously reported to be associated with severe malaria
disease. A total of 65 human SNPs were genotyped. To this, I added 5 SNPs in
the pfdhfr, and 3 SNPs in pfdhps, all associated with antifolate drug resistance,
and which were found to be highly prevalent in the KNDs (Chapter 5). These
were selected from the multiplex of 29 P. falciparum SNPs that was used to

optimize the Sequenom iPLEX platform for haploid genotyping (Chapter 6).

7.3.5 SNP genotyping

Genotyping of the selected SNPs was undertaken using the Sequenom MassAR-
RAY iPLEX platform according a protocol established in the Kwiatkowski lab-
oratory. Details of Sequenom genotyping was described in Chapter 2 (section
2.2.5). In brief, PEP DNA was used for amplification of each polymorphic region
in a first-round PCR, subsequent primer extension and detection was by MALDI-
TOF Mass Spectrometry. Genotypes for human SNPs were assigned using the
Sequenom Typer software while parasite genotypes were assigned using my ’P.

falciparum genotype calling algorithm’ (Chapter 6).
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7.3.6 Statistical Analysis

An initial quality check (QC) was performed on both the genotype and clinical
data. The extent of missing genotypes and samples (clinical data) was first as-
sessed by plotting the data. Based on this QC, a threshold of > 10% missing data
was applied for all SNPs and samples. Association of case and control genotypes
with clinical phenotypes was carried out using either Chi-square (x?) or Fisher
exact test. In addition, multiple logistic regression analysis was used to look for
the direction of significant effects using four conventional models (Additive, ho-
mozygous dominant, homozygous recessive and heterozygous models). Disease
association was assessed at two broad phenotypic levels - severe malaria and mild
malaria, and genotype data were coded with respect to the derived allele in all
model comparisons. Here, I tested three levels of disease status; infection, clinical
disease, and severe disease as inter-dependent phenotypic manifestations. This
was important in order to derive potential candidates for virulence resistance, as
these will be useful for the subsequent host-parasite genetic interaction analysis.
The 52 SNPs used for this analysis are clustered in 27 candidate genes. There-
fore, given the five genetic models and eight phenotypes tested, there was 40
independent comparisons for each SNP, about one thousand comparisons in total
for all SNPs. However, some SNPs are not independent of one another because
of linkage disequilibrium, which varies between ethnic groups. Also, the genetic
models and phenotypes tested are not truely independent. Moreover, given that
these are candidate genes with a priori high chance of a positive result, a full
Bonferroni correction (107°) may be conservative. Therefore, to minimize the

chance of false positive results due to multiple testing and lower the risk of gen-
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erating false negatives, I used a threshold for statistical significance at p < 1073

(i.e a/50) [see Appendix D for details].

I next investigated the main effects of parasite genotype (three levels: wild-type,
resistant, mixed) using either Chi-square (x?) or Fisher exact test on severe

malaria and mild malaria, with host phenotypes as proxy virulence phenotypes.

Finally, T used a generalized linear model fitted to the host genetic, parasite

genetic and host phenotype data to look for significant interaction effects.

7.4 Results

7.4.1 Host disease association

Of the 65 host SNPs genotyped, 19% (12/65) were removed from this analysis
because of a high rate of missingness (>10%). One additional SNP, rs33950507 (
Haemoglobin E ) in the HBB gene was found to be monomorphic in this popula-
tion and was removed from further analyses. No severe violations of the Hardy-
Weinberg Equilibrium was observed among controls in the remaining 52 SNPs.
Overall, 670 cases of severe malaria (SM), 1400 cases of mild malaria (MM) and
1374 cases of population controls passed the QC threshold of < 10% missing data.
The minor allele frequencies (MAF) for SM cases and population controls, and
SM cases versus mild malaria (MM) controls are shown in subfigures 7.1(a) and

7.1(b) respectively.

Previous case-control analysis of a subset of this data reported the known sickle-
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cell trait (HbAS) protection from fatal malaria in this population™. This finding
was replicated in this analysis (see below). Indeed, it was the strongest signal
of protection from both severe malaria and mild malaria. Other less evaluated
polymorphisms were also found to be associated with severe malaria, mild malaria

and malaria infection in this population.

7.4.1.1 Severe malaria association

The protective effect of the sickle-cell trait (marker rs334) was observed in all
levels of comparison [Table 7.1 and Figure 7.2|. The strength of the association
signal varied depending on the infection status of population controls. SM cases
versus all controls (OR 0.42, 95% CI 0.27-0.67,P=0.0003). But, 40% of these pop-
ulation controls were asymptomatic with a positive blood smear by microscopy.
SM cases versus uninfected controls (OR 0.33, 95% CI 0.20-0.55,P=0.00002). SM
versus asymptomatic controls (OR 0.49, 95% CI 0.29-0.81,P=0.005).

I also found statistical evidence of protection for rs2243250 |an IL4-589 promoter
polymorphism| (OR 0.55, 95% CI 0.37-0.83, p = 0.004) and IL-22 (rs2227491)
polymorphisms (OR 0.59, 95% CI 0.41-0.85, p — 0.004) against SM (Table 7.1).
Whereas, an IL-17 receptor C polymorphism was associated with a risk of SM in

a homozygous recessive model (OR 1.44, 95% CI 1.14-1.82, p = 0.002).

7.4.1.2 Mild malaria association

I found a non-significant trend for sickle-cell trait protection when mild malaria

cases were compared with asymptomatic controls (OR 0.77, 95% CI 0.54-1.09)| Table
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7.2]. However, when I compared mild malaria cases with the uninfected controls,
there was a significant protection (OR. 0.48,95% CI 0.33-0.77, p = 0.0002)[Table
7.2|. In addition, the rs3092945 (CD40LG) was associated with increased risk of
mild malaria (OR:1.50, 95% CI: 1.11-2.04, P = 0.008).

Also, in this analysis, I found another IL-22 variant (rs1012356) to be significantly
associated with protection from clinical malaria in a homozygous recessive model
(OR 0.70, 95% CI 0.58-0.85, p = 0.0003) Table 7.2|. In addition, a polymorphism
in IL-17 receptor C was associated with an increased risk of clinical malaria (OR

1.44, 95% CI 1.14-1.82, p — 0.0022)[Table 7.2].

7.4.1.3 Comparison of severe and mild malaria cases

To assess genetic factors that may play an important role in disease progression,
genotype comparisons were carried out between severe and mild malaria cases.
A polymorphism in IL-10 gene (rs3024500), an anti-inflammatory cytokine gene,
was associated with risk of severe disease (OR 1.38, 95% CI 1.14-1.69, p = 0.0012)
(Table 7.3).

7.4.1.4 Association with malaria infection

When I compared uninfected controls with asymptomatic controls, IL-17 recep-
tor C was found to be associated with an increased risk of malaria infection
(OR 1.41,95% CI 1.11-1.78, p = 0.004)[Table 7.4]. In this analysis, I observed
a marginal significant association of the sickle-cell trait with protection against

malaria infection (OR: 0.65, 95% CI: 0.43-0.90, p = 0.03).
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In most of the disease associations undertaken above, the results show that the
sickle-cell trait is generally protective against malaria. There was evidence of pro-
tection against infection (uninfected vs asymptomatic), however, the protection
is more pronounced as infected individuals become febrile and progress to severe
malaria (Table 7.5). The signal for the sickle-cell trait protection was affected
by the infection status of controls, with the best signal of protection (3-fold) ob-
tained when SM cases were compared with uninfected population controls. A
lower signal of sickle cell protection (2-fold) was observed when SM cases were
compared with asymptomatic controls and an intermediate signal of protection
(2.4-fold) when SM cases were compared with a mixture of both asymptomatic
and uninfected population controls (Table 7.5). This observed dampening of the
sickle-cell protective signal by infection status of controls highlight the importance
of control ascertainment for case-control analysis, especially for malaria disease
association-the need for control subjects to not be infected. Also, the general
protection of the sickle-cell trait against malaria disease underscores the need to
adjust positive signals obtained in disease association studies of severe malaria

for the sickle-cell effect.

7.4.1.5 Remaining SNPs

No other significant associations were found for the rest of the SNPs. The data
for these comparisons are shown are shown in Figures 7.2 and 7.3. Also, details

of all 52 SNPs including MAF is shown in appendix E.
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(a) Minor allele frequency for SM cases and healthy controls
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(b) Minor allele frequency for SM and MM controls

Figure 7.1: Minor allele frequencies for SM cases and controls. In subfigure 7.1(a)
shows the frequencies of severe malaria cases and population controls and that

the combined group whilst subfigure 7.1(b) shows that for mild malaria and the

As indicated by the red dotted line majority SNPs were about

same controls.
10% frequency.



7.4 Results

* Severe v Healthy, nonpara

e Severe v Healthy

e Severe v Healthy, para

(d)t6o| -

o h\ Il “. I HI NN ‘. ” 1nr h i \H M . ‘I i !‘I “| | ” “ il ||‘ nr

GEGOCTTS!
S76260¢€S.
6T/9/18S)
91/9/18s!
16.9861S/
06.9861S1
O6EVTO 9
8E6TTCES)
0¢8G.0¢s!
6CCOVTLTS
G99¢vees)
299€60¢s!
GCST9€ES)
629008Ts!
79666.TS4
€G2606S4
¥0.6€¢Cs)
8675SSTS!
€E0TO8TS!
0Gcevees)
¥8€90.¢s)
19580/S4
G6608.9S/
780.8TS!
98€8s!
VEIEVTTSI
T9G.TS!
Sr9T9vSI
€eseLes)
8617GS/
0r€8.08s!
66.2826S)
Z¢817008TS4
815.6¢¢S)
TT9GEGCS)
67€5LL0TS
6€.,0€¢cs)
GT0S08TS!
8.L¥/.cces)
G8¥/.cces)
Tev.Lcces)
9G€ECTOTS!
L0S/¢ees!
8662175S4
veES)
L0S0S6€E€S
¢E9E08TS)
T99.¥0LTS
099.¥0.TS
068008Ts!
968008Ts!
00Stcoges!

Figure 7.2: SNP association for SM cases versus population controls. Fisher exact P-values for the best
genetic model in a regression analysis is shown. The red dotted line shows the cut-off for statistical significance
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Figure 7.3: SNP association for mild malaria cases versus population controls. The best genetic model in

a logistic regression analysis is shown. The red dotted line shows the cut-off for statistical significance
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Cases vs healthy controls with/without parasitaemia

MAF
SNP Gene Cases  Controls Model OR 95% CI P-value
(n=670) (n=1374)
rs3092945 CD40LG 0.34 0.40 TC/TT vs CC  0.86 0.77-0.96 0.0066
rs334 HBB 0.02 0.04 AT vs TT/AA 042 0.27-0.67 0.0003
rs2243250 1L4 0.23 0.25 TT/CT vs CC 0.55 0.37-0.83 0.0040
rs2227491 1L22 0.27 0.29 CC/CT vs TT 0.59 0.41-0.85 0.0043
Cases vs healthy controls without parasitaemia
MAF
SNP Gene Cases Controls Model OR 95% CI P-value
(n=670) (n=524)
rs708567  IL17TRC 0.46 0.45 GG/GA vs AA 144 1.14-1.82 0.0022
rs334 HBB 0.02 0.02 AT vs TT/AA 0.33 0.20-0.55 0.00002
rs2243250 1L4 0.23 0.25 TT/CT vsCC 0.46 0.29-0.74 0.0014
rs2227491 1L22 0.27 0.28 CC/CT vsTT 0.59 0.41-0.85 0.0043
Cases vs healthy controls with parasitaemia
MAF
SNP Gene Cases Controls Model OR 95% CI P-value
(n=670)  (n=850)
rs708567  IL17TRC 0.46 0.47 GA/GG vs TT 1.44 1.14-1.82 0.0022
rs334 HBB 0.02 0.03 AT vs TT/AA 049 0.29-0.81 0.0054
rs2243250 1L4 0.23 0.24 TT/CT vsCC 0.61 0.40-0.94 0.0240
rs2227491 1IL22 0.28 0.26 CC/CT vsTT 0.60 0.41-0.88 0.0089
rs3092945 CD40LG 0.38 0.37 CT/CC vsTT 1.50 1.11-2.04 0.0082
rs8176719 ABO 0.37 0.38 II/DIvs DD  0.70 0.07-0.60 0.0080

Table 7.1: Genotype based test of association with severe malaria. Results for the best fitted model is
shown. The ancestral is shown in bold and is taken from dbSNP build 137 and where the ancestral allele is not
identified a reference allele was assigned based on the variant in the human reference sequence in Ensembl build 56.
The odds ratios are with respect to the derived allele and case subjects.
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Mild vs healthy controls with/without parasitaemia

MAF
SNP Gene Mild Controls Model OR 95% CI P-value
(n=1600) (n=1374)
rs334 HBB 0.03 0.03 AT vs TT/AA 0.42 0.27-0.67 0.0046
rs1012356 1L22 0.44 0.43 TT/AT vs AA  0.75 0.63-0.89 0.0013
Mild vs healthy controls without parasitaemia
MAF
SNP Gene Mild Controls Model OR 95% CI P-value
(n=1600) (n=b524)
rs708567  IL17RE 0.47 0.48 GA/GG vs AA 1.44 1.14-1.82 0.0022
rs334 HBB 0.03 0.03 AT vsAA/TT 0.48 0.33-0.71 0.0002
rs2243250 IL4 0.24 0.25 TT vs CC 0.79 0.68-0.93 0.0048
rs2239704 LTA 0.33 0.33 GG/GT vs TT 0.66 0.49-0.90 0.0087
Mald vs healthy controls with parasitaemia
MAF
SNP Gene Mild Controls Model OR 95% CI P-value
(n=1600)  (n=850)
rs334 HBB 0.03 0.03 AT vsAA/TT  0.77 0.54-1.09 0.1440
rs1012356 1L22 0.45 0.43 TT/TA vsAA  0.70 0.58-0.85 0.0003
rs2227491 1L22 0.27 0.28 CC/CT vsTT  0.60 0.41-0.88 0.0089
rs3092945 CD40LG 0.40 0.41 CT/CCvsTT  1.50 1.11-1.04 0.0082
rs8176719 ABO 0.36 0.36 DI/II vs DD 0.70 0.07-0.60 0.0080

Table 7.2: Genotype based test of association with mild malaria. Results for the best fitted model is shown.
The ancestral is shown in bold and is taken from dbSNP build 137 and where the ancestral allele is not identified a
reference allele was assigned based on the variant in the human reference sequence in Ensembl build 56. The odds
ratios are with respect to the derived allele and case subjects.
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MAF
SNP Gene Cases Mild Model OR 95% CI P-value
(m—670) (n—1600)
rs334 HBB 0.02 0.02 AT vs AA/TT 0.65 0.40-1.06 0.0863
rs3024500 IL10 0.42 0.45 GG/AG vs AA 1.38 1.14-1.69 0.0012
- - 0.42 0.45 AG/GG vs AA  1.29 1.08-1.55 0.0054
rs3092945 CD40LG 0.34 0.38 TT/CT vs TT 0.65 0.44-0.96 0.0323

Table 7.3: Genotype based test of association of severe vs mild malaria. Results for the best fitted model
is shown. The ancestral is shown in bold and is taken from dbSNP build 137 and where the ancestral allele is not
identified a reference allele was assigned based on the variant in the human reference sequence in Ensembl build 56.
The odds ratios are with respect to the derived allele and case subjects.
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MAF
SNP Gene INF UNF Model OR 95% CI P-value
(1-850) (n—524)
rs334 HBB 0.03 0.04 AT vs AA/TT 0.65 0.43-0.96 0.03
rs708567 IL17RE 0.47 0.55 GA/TTvs GG 141 1.11-1.78 0.004

Table 7.4: Genotype based association of uninfected vs infected controls. INF- asymptomatic population
controls and UNF refers to uninfected population controls. The ancestral is shown in bold and is taken from dbSNP
build 137 and where the ancestral allele is not identified a reference allele was assigned based on the variant in the
human reference sequence in Ensembl build 56. The odds ratios are with respect to the derived allele and case
subjects.

synsey 2

LST



7.4 Results 188

Uninfected Mixed Asymptomatic
Comparison Marker OR (effect) OR (effect) OR (effect)

Severe malaria rs334 0.33 (3.03) 0.42 (2.38) 0.49 (2.04)
Mild malaria 18334 0.48 (2.08)  0.42 (2.38) 0.77 (1.30)
Asymptomatic 1s334 0.65 (1.54) - -

Table 7.5: Summary of the protective effect of sickle (rs334) for three malaria
phenotypes (rows) with different infection statuses for controls (columns) [data
taken from Table 7.1 to 7.4|.
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7.4.2 Host-parasite interactions

7.4.2.1 Drug resistant parasites and host disease phenotypes

Over the last few decades parasites have evolved resistance against a range of
popular antimalarial drugs. Several of the parasite genes involved and the base
changes and subsequent amino acid substitutions that confer drug resistance have
been characterized. This section examined the association of drug resistant mu-
tations in the pfdhfr and pfdhps genes in relation to malaria disease phenotypes.
Here, I assessed two related questions; Is a child who has parasites with known
resistance alleles more likely to develop mild or severe malaria? Moreover given
that several drug resistant alleles may occur in a single gene, does having para-
sites with multiple alleles change the risk for developing more severe disease? To
test these questions, I begun by carrying out single SNP assessment of drug resis-
tant alleles in pfdhfr and pfdhps genes in a set of 657 severe malaria cases, 1600
mild malaria cases and 1079 asymptomatic population controls. The frequencies
of the resistant alleles (non-reference) are shown in Table 7.6. For the sake of
comparison, I included public access allele frequency data from malariaGEN. In
general allele frequencies in my disease categories were lower that those observed

in the malariaGEN Africa-wide data.

Table 7.7 shows the breakdown of the SNP data into counts of individuals by
three genotypes (i.e sensitive (homozygous reference alleles), mixed (both refer-
ence and non-reference alleles) and resistant (homozygous non-reference alleles))
and three disease categories analyzed. In order to aid clear interpretation of the

data, in my analysis, however, I considered individuals who were either homozy-
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gous sensitive or resistant and ignored infections with mixed alleles (heterozygous
samples). Notwithstanding the obvious loss of data, T used this approach because
individual infections may differ fundamentally in the proportions of alleles. For
example, some samples have a low proportion of resistant alleles at a given locus
(ie more sensitive) and others have a high proportion of resistant alleles (ie more
resistant) and a concomitant range of intermediate proportions. Thus, the current
challenge with this type of analysis is how to adequately code such data to permit
an accurate partitioning of individuals for analysis. As discussed in Chapter 6
such allele ratios are currently difficult to accurately genotype, particularly when
an allele frequency is below 10% in a sample. However, I did undertake analysis
of the heterozygous samples by adopting a rather simplistic approach, where I
coded mixed infections as equal to explore the data and highlight the issues (re-
sults may be reviewed in Appendix F). In some instances, others have genotyped
heterozygous samples with the majority allele (Miotto et al., submitted), but in
the specific case of drug resistance, this may result in the over representation of

sensitive (ie reference) alleles.

I used the Fisher exact test to assess the risk of disease association with resistant
alleles. No significant association of parasite single SNPs was observed when
severe malaria cases were compared with mild cases (Tables 7.8) or asymptomatic
population controls (Table 7.9). Likewise when mild malaria cases were compared
with asymptomatic controls, no significant associations were found, except for the
unexpected significant association of the pfdhfr codons 51 with increased risk of
mild malaria (OR: 1.41, 95% CI: 1.11-1.80, P = 0.004) [Table 7.10]. Thus, in

general there was no clear pattern of association of drug resistant alleles with
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malaria disease phenotypes at the single locus level.

Further, I did not observe any significant difference in the overall distribution of
homozygous resistant alleles (i.e for 1, 2, or 3 alleles per infection at any locus)
and that of fully sensitive alleles between disease phenotypes (Table 7.11). Given
the low frequency of pfdhps A581G in my data, the two pfdhps SNPs were not

included in this analysis and was removed from further analysis.

Meanwhile, it is known that sequential accumulation of point mutations in the
pfdhfr gene by parasites may significantly increase the individual risk of treatment
failure. This propensity of parasites to accumulate these mutations may therefore,
make it difficult to appropriately partition individuals based on single loci. It may,
therefore, be more appropriate to examine combinations of alleles (haplotypes)
at these loci. Therefore, I next used the Cochrane-Armitage test to assessed
whether there was a linear trend in pfdhfr SNP combinations and the risk of

malaria disease.

As evidenced in Table 7.12, there was a significant difference in the distribution
of the frequencies of resistant alleles ranging from 1, any single resistant allele
to 3- samples with three pfdhfr resistant alleles (511 + 59R, + 108N) for mild or
severe versus asymptomatic controls but not with severe versus mild or severe
versus asymptomatic controls. The Cochran-Armitage test for a linear trend
in the proportions of these resistant alleles showed a significant trend for the
accumulation of these alleles during the progress from asymptomatic malaria to
mild febrile disease (x7..,4 = 5.38, P = 0.020). The significant difference (p

= 9.33e-05) between the standard x? test and the trend test (x7.,;) suggests,
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however that the linear trend alone does not explain all the relationship between

mild malaria and asymptomatic malaria (Table 7.12).

To investigate this further, the association of resistant allele haplotypes (known
to be functional) with disease phenotypes was assessed. The frequency of oc-
currence of these among disease categories are shown in Table 7.13. A linear
regression model was fitted to the data using these functional combinations of
point mutations as covariates. The presence of the pfdhfr double resistant allele
(59R +108N) was observed to be associated with 85% increased risk of severe
malaria (OR:1.85; 95%CI:1.19-2.87; p = 0.0058) when severe cases were analysed
with asymptomatic controls and the triple resistant allele (511 +59R + 108N)
was associated 44% increased risk of mild malaria (OR:1.44; 95%CT1:1.07-1.93; p
= 0.015) when mild malaria cases were analysed with asymptomatic controls (Ta-
ble 7.14). These pfdhfr double and triple resistant alleles have been shown in in
vitro studies to confer higher levels of sulfadoxine-pyrimethamine resistance. In
summary, this analysis did not show any differences in the distribution of single
SNPs between the disease phenotypes investigated. Analysis of combinations of
SNPs known to confer higher levels of drug resistance showed a significant trend

toward increased risk of clinical malaria but not disease severity.



SNPs NRAF NRAF NRAF NRAF Ghana NRAF Ghana NRAF Ghana Ghana REF NREF N
Africa  SEA  PNG SM MM Asym All  Allele Allele ?
dhfrN511 0.71 0.92 0.0 0.28 0.31 0.23 0.28 A T %
dhfrC59R 0.78 0.92 1.0 0.55 0.48 0.45 0.49 T C
dhfrS108N - - - 0.59 0.53 0.52 0.55 C A
dhpsG437A 0.5 0.0 0.86 0.22 0.23 0.21 0.22 T G
dhpsA581G  0.15 0.81 0.0 0.04 0.05 0.06 0.05 A G

Table 7.6: Non-Reference Allele frequency (NRAF) of parasite SNPs in different populations. Pop-
ulations include Southeast Asia (SEA), Papua New Giunea (PNG), and Africa-wide (MalariaGEN open access
data). NRAFs for my data (i.e Ghana) are shown by disease status (SM-severe malaria, MM-mild malaria, Asym-
Asymptomatic). Reference alleles are characterized as sensitive and non-reference alleles are resistant

e61
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SNP Genotype Severe Mild Asymptomatic
DHFR51 Sensitive 267 517 331
Mixed 118 242 179
resistant 148 338 153
Total count 533 1,097 663
DHFRA59 Sensitive 158 290 175
Mixed 92 273 189
resistant 308 526 300
Total count 558 1,089 664
DHFR108 Sensitive 142 248 136
Mixed 87 259 189
resistant 324 587 349
Total count 553 1,094 674
DHPSG437A  Sensitive 223 670 372
Mixed 48 41 42
resistant 12 41 28
Total count 283 752 442

Table 7.7: Counts of severe, mild malaria and asymptomatic population
controls by parasite genotypes. This gives a snapshot of the data presented.
sensitive - reference alleles at the given locus, mixed - occurrence of both reference
and resistant (non-reference) alleles and resistant - homozygous occurrence of
non-reference alleles.
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Severe vs Mild malaria

SNP Comparison Severe Mild OR 95%CI P-value
DHFR51  Sensitive 267 517 0.85 0.66-1.19 0.196
resistant 148 338
Total count 415 855
DHFR59  Sensitive 158 290 1.07 0.84-1.37 0.584
resistant 308 526
Total count 466 816
DHFR108 Sensitive 142 248  0.96 0.75-1.24 0.800
resistant 324 H&7
Total count 466 835
DHPS437 Sensitive 223 670
resistant 12 41 0.88 0.41-1.74 0.870
Total count 235 711

Table 7.8: Association of parasite genotypes with severity of malaria
disease. Severe cases are coded as 1 and mild malaria cases 0 and sensitive
alleles are coded 0 and resistant alleles 1.
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Severe vs Asymptomatic controls

SNP Test Severe Controls OR 95%CI P-value
DHFR51  Sensitive 267 331
resistant 148 153 1.21 0.91-1.61 0.202
Total count 415 484
DHFR59  Sensitive 158 175
resistant 308 300 1.14 0.86-1.51 0.341
Total count 466 475
DHFR108 Sensitive 142 136
resistant 324 349 0.89 0.67-1.19 0.433
Total count 466 485
DHPS437 Sensitive 223 372
resistant 12 28 0.71 0.32-1.48 0.399
Total count 235 400

Table 7.9: Association of parasite genotypes with severity of malaria
disease.Severe cases are coded as 1 and asymptomatic cases 0 and sensitive
alleles are coded 0 and resistant alleles 1.
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Mild malaria vs Asymptomatic controls

SNP Test Mild Controls OR 95%CI P-value
DHFR51  Sensitive 517 331
resistant 338 153 1.41 1.11-1.80 0.004
Total count 855 484
DHFR5H9  Sensitive 290 175
resistant 526 300 1.06 0.83-1.35 0.674
Total count 816 475
DHFRI108 Sensitive 248 136 0.92 0.71-1.18 0.922
resistant 587 349
Total count 835 485
DHPS437 Sensitive 670 372
resistant 4] 28 0.81 0.48-1.39 0.438
Total count 711 400

Table 7.10: Association of parasite genotypes with mild malaria disease.
Mild cases are coded as 1 and asymptomatic cases 0 and sensitive alleles are
coded 0 and resistant alleles 1.



Any fully resistant alleles vs fully sensitive alleles

Allele severe Mild severe Asym Mild Asym

type

Sensitive 118 203 118 89 203 89

Resistant 208 393 208 180 393 180
OR(95% CI) P-value | OR(95% CI) P-value | OR(95% CI) P-value

Fisher test 1.10 (0.81-1.47)  0.516 | 1.15 (0.81-1.64)  0.438 | 1.04 (0.76-1.44)  0.816

Table 7.11: Disease association analysis using the Fisher exact test. Fully sensitive - no non-reference alleles

across allele loci: any fully resistant - presence of any 1, 2 or 3 non-reference alleles in a given sample.

synsey 2
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A Test of homozygous resistant allele combinations
Allele severe Mild severe Asym Mild Asym
count
0 118 203 118 89 203 89
1 1 4 1 15 4 15
2 77 126 77 52 126 52
3 130 263 130 113 263 113
Total count 208 393 208 180 393 180
B
Linear trend Y?-value P-value | y*-value P-value | y’>-value P-value
X%y best 1.87 0.392 16.35 0.00028 20.65 3.28e-05
C-A X2 ond 0.84 0.360 1.70 0.1919 5.38 0.020
Xfﬁff 1.03 0.309 14.65 0.00013 15.26 9.33e-05

Table 7.12: Counts of multiple allele combinations per sample across pfd-
hfr and linear trend analysis. In Table A, Asym-Asymptomatic, 1-samples
with N511 or C59R or S108N resistant alleles, 2-samples with 511 + 108N or 59R,
+ 108N resistant alleles and 3- samples with N51I + C59R + S108N resistant
alleles. Table B shows the standard x? test (x%,;) and Cochrane-Armitage (C-A)
test for a linear trend. When the difference between the x?..,, and x%,, is not
significant then the linear trend explains all of the relationship.
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Haplotypes Severe Mild Asymptomatic
511 + H9R 0.00 0.00 0.00
511 + 108N 0.02 0.03 0.01
59R + 108N 0.15 0.09 0.06
51T + 59R + 108N 0.28 0.23 0.15

Table 7.13: Frequencies of known functional combinations of point mutations in

pfdhfr.

resistant alleles Comparison OR 95% CI P-value
59R + 108N Severe vs Mild 1.28 0.88-1.85  0.182
511 + 59R+108N  Severe vs Mild 0.95 0.71-1.27  0.733
59R + 108N Severe vs Asymptomatic 1.85 1.19-2.87  0.0058
511 + 59R+108N  Severe vs Asymptomatic 1.36 0.97-1.91 0.073
59R + 108N Mild vs Asymptomatic ~ 1.44 0.97-2.16  0.072
511 + 59R+108N  Mild vs Asymptomatic ~ 1.44 1.07-1.93  0.015

Table 7.14: Disease association analysis of known functional resistant
alleles. Disease groups on the left are coded as 1 and those on the right as 0.

Resistant alleles are coded as 1 and sensitive alleles as 0.
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7.4.2.2 Host-parasite genotype interactions

Thus far, I have established that sickle protects against malaria disease in gen-
eral but its effect is strongest with severe malaria. Also, clinical malaria cases
(either severe or mild) are more likely to have parasites that have drug resistant
alleles that confer higher levels of resistance (i.e a fitness advantage) compared
to population controls. However, despite the sickle trait protection, it is known
that some children with the trait still develop severe malaria. Therefore, it makes
sense to ask if the fitness advantage conferred by drug resistant alleles modifies

the protective effect of sickle.

I assessed this by examining whether the effect of sickle on disease status depends
on drug resistant alleles. In other words, I wanted to assess whether the protec-
tive effect of sickle (i.e either strength or direction) is modified by the type of
drug resistant allele the parasites carry. I tested the pfdhfr codon 108 Serine to
Asparagine substitution characterized as the basal mutation that initiates antifo-
late drug resistance and the double (511 + 108N or 59R + 108N) and triple (511
+ 59R + 108N) resistant alleles (haplotypes) that were found to significantly
increase the risk of clinical malaria (see section 7.4.2.1 Table 7.14). T fitted a
logistic regression model to my data for severe and mild malaria, using the pfdhfr
locus and the sickle locus (rs334 or HbS) as predictor variables (that capture
their main effects) and two-way sickle by resistant allele interaction effects (equa-
tion 7.2). The alleles for pfdhfr were coded as 0 for reference alleles (sensitive)
and 1 for presence of the resistant alleles (non-reference) and for the sickle locus,
normal haemoglobin type (AA) was coded as 1 and sickle trait (AT) as 0. The

interaction term for normal haemoglobin and drug sensitive alleles was omitted
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from the model, so that the odds ratios refer to this as baseline level. The full

model may be written as;

Y ~ Bernoulli(p;) (7.1)

Di

log (1 ) = b+ biH; + byG; + by H; X G (7.2)

Where Y is the disease status of individual 7 with probability p (severe malaria
coded as 1 and mild malaria as 0), b, is the intercept, by, by and b3 are the

regression coefficients. H; is the sickle locus, G; is the drug resistant allele.

I observed a significant interaction between the pfdhfr resistant alleles and the
sickle-cell trait (OR:0.16, 95% CI: 0.03-0.86, P = 0.032) [Table 7.16]. These
results signify departure from the simple multiplicative (or independent effects)
model. The negative coefficients indicate that the joint effects of these resistant
alleles and the sickle-cell trait is less than that obtained by simply multiplying
the odds. The effects of these interactions can be visualized from the interaction
plot (Figure 7.4). The plot shows four related findings;

(1) that there is no significant difference in the risk of severe malaria for children
with normal haemoglobin who are infected with parasites with pfdhfr sensitive
or resistant alleles,

(2) that children with the sickle-cell trait (HbAS) are protected against severe
malaria when infected with parasites with pfdhfr sensitive alleles as compared to
children who have normal haemoglobin (HbAA) and are infected with parasites
with pfdhfr sensitive alleles,

(3) that when children with the sickle cell trait are infected with parasites that
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carry these resistant alleles, the protective effect of the sickle trait is modified,
and

(4) that the sickle trait protective effect against severe malaria is modified to
the extent that the risk of severe malaria is not different between children with
normal haemoglobin and those with the sickle-cell trait who are infected with

parasite carrying dhfr resistant alleles.

Normal haemoglobin Sickle-cell trait

HbAA/ HbAA/ HbAS/ HbAS/
Phenotype Sen Res Sen Res
Severe malaria 11 197 2 116
Mild malaria 19 370 18 184

Table 7.15: Counts of pfdhfr sensitive (Sen) and resistant (Res) alleles among
individuals with sickle-cell trait (HbAS) and normal haemoglobin (HbAA).
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Host-by-parasite genotype interaction
Model terms Coeff Std.Err OR 95% CI P-value

DHFR 1.6507 0.8361 5.21 1.01-26.83  0.048
HbS 1.7359 0.7547  5.67 1.29-24.91 0.021

DHFR by HbS -1.8196  0.8490 0.16 0.03-0.86 0.032

Table 7.16: Model for severe malaria with interactions terms for the
sickle-cell locus (HbS) and pfdhfr resistant alleles (DHFR). Coeff- coef-
ficients of the terms; StErr - standard error of the terms.
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DHFR:HbS interaction plot
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Figure 7.4: Risk estimates for sickle and pfdhfr interactions. pfdhfr re-
sistant alleles included the single (108N), double (108N +51I or 59R ) and triple
(108N -+ 51I + 59R) resistant allele. The baseline is normal haemoglobin (HbAA)
+ sensitive parasites.
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7.5 Discussion

7.5.1 Host genetic factors

As proof-of-principle and consistent with previous case-control analysis under-
taken in this population™, the evidence for sickle-cell trait (HbAS) protection
against severe malaria was the strongest signal in this data (Table 7.1). The
sickle-cell locus (rs334) is located on chromosome 11 of the human [-globulin
(HBB) gene. Though the mutation is lethal, balancing selection has maintained
the recessive allele in malaria endemic populations in the heterozygous form for
the survival advantage it confers against death from severe malaria®?*¢. To date,
this polymorphism is the most reproducible in population studies across different
malaria endemic populations in Africa with different transmission intensities??246.
My data supports a general protection by the sickle-cell trait against malaria in-
fection, but there appears to be a gradient of increasing protection as febrile
symptoms progress from mild to severe disease. Indeed, the strength of the as-
sociation signal varied with the infection status of population controls, with the

strongest effect (3-fold protection) observed when severe cases were compared

with uninfected population controls (Table 7.5).

These observations, suggest strong disease protection for the sickle-cell carrier
state and marginal protection against symptomless parasitaemia in this popula-
tion. Findings that are consistent with previous studies in Kenya, that showed
that the sickle-cell carrier state had 50% protection against mild malaria, and
about 90% protection against severe or complicated malaria. However, no effect

was observed in the Kenyan study on prevalence of symptomless parasitaemia 4.
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Besides the sickle-cell locus, the evidence supporting other associations, mainly
in cytokine or cytokine related gene polymorphisms are not far fetched. Over the
last few decades, a body of literature has emerged that contend that the effects
of cytokines combine to make falciparum malaria primarily an inflammatory cy-

37,180,181

tokine driven disease . The balance between pro- and anti-inflammatory

cytokines being critical for the onset of systemic inflammation®!. An exces-

sive cytokine-mediated inflammatory response could result in severe malaria®”3".
Therefore, the association of IL-4 promoter polymorphism (IL-4-589C) with 55%
reduced risk of SM (Table 7.1), and IL-22 polymorphism with 59% reduced risk
of SM both underscore the role of cytokines in malaria pathology 13217230 Con-
versely, IL-17 receptor C polymorphism (rs708567) was associated with increased

risk of SM in this population.

The role of IL-10 in mediating malaria-induced inflammation is well established
(reviewed in3"). High TNFa« levels and low IL-10 levels have been linked to
severe malarial anaemia (SMA), with the ratio between these two opposing cy-
tokines being the most distinctive predictor of clinical presentation?!»46:106,166 T
did not find any association of TNFa polymorphisms with severe malaria. This
could be because the TNF SNPs genotyped in this study did not appropriately
tag the causal variant in this population. However, to date, the association of
TNF«a genetic polymorphisms with severe malaria has been difficult to replicate,
as analysis with larger sample sizes have failed to produce any signal of protec-
tion (Kirk Rockett, personal communication). I1-10 polymorphisms have been

assiciated with severe malaria in different populations!''®157:252 Therefore, the

observed association of IL-10 with increased risk of disease progression (Table
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7.3), in the KNDs population, where SMA is the most prevalent phenotype'>’,
may corroborate the role of IL-10 signaling in severe malarial anaemia in this
population. Overall, my analysis approach and the results obtained highlights
the importance of appropriate ascertainment of controls for case-control analysis
of disease susceptibility. This is evidenced by the dampening of the association

signal for sickle-cell trait protection when asymptomatic controls were used.

7.5.2 Parasite genetic factors

It is thought that the fitness conferred by antimalarial drug resistance may not
contribute to virulence per se, drug resistant parasites may be less fit in the
absence of drug pressure and much less able to multiply as compared to their

238 Going by this assertion, one would expect two

drug-sensitive counterparts
phenomena at the population level; first, since drug resistant alleles may only
contribute to virulence under drug pressure, in the absence of drug pressure, the
prevalence of resistant alleles among asymptomatic individuals should reflect the
population-level frequencies of alleles. Second, that variants that confer higher
levels of resistance should be more prevalent in clinical cases as compared to
asymptomatic infections. The evidence from my data support a general trend
towards high prevalence of multiple drug resistance alleles in the pfdhfr gene
among children with clinical malaria (mild and severe malaria) as compared to
asymptomatic infections (Table 7.14). The pfdhfr double resistant allele (59R
+ 108N), and the triple allele (511 + 59R + 108N) were over represented in

clinical cases as compared to asymptomatic controls. These alleles, however,

did not differ significantly between severe and mild malaria cases. This may
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highlight the importance of other factors (host genetic and/or environmental) in

the progression from mild febrile disease to severe life-threatening disease.

Though, it is not possible to establish the sequential acquisition of these resistant
alleles with this data, the results from looking at combinations of alleles per
sample are consistent with in vitro studies that show that sequential acquisition
of point mutations in these genes contribute to higher levels of resistance 9224,
The pfdhfr triple resistant allele (511 + 59R + 108N) is characterized to result
in 1600-fold increased tolerance of parasites to pyrimethamine (pyr), whereas

d 9%, Whilst parasites

the S108N single mutation increases pyr tolerance 100-fol
with the double resistant alleles (511 + 108N or 59R + 108N) have a similar
tolerance between the single and the triple resistant alleles'®'. The double and
the triple resistant alleles are known to predict sulfadoxine-pyrimethamine (SP)
treatment failure'*®. The wide deployment of SP in Ghana in the early 1980s
as first line treatment for uncomplicated malaria may account for the trends
observed, since these data were collected before the introduction of artemisinin
combination treatments in Ghana. In summary, these findings underscore the
fitness advantage conferred by acquisition of antimalarial drug resistant alleles,
but the lack of association at the single SNP level may highlight host clearance of

such drug resistant alleles that confer lower levels of resistance (i.e lower fitness)

as supported by one study in Mali*>.
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7.5.3 Host-parasite interactions

I explored host-parasite interactions using the sickle-cell and pfdhfr loci, two
genetic factors that have opposing effects on the risk of severe malaria. I observed
significant interactions between pfdhfr resistant alleles and the sickle cell trait
that signify that children who have the sickle-cell trait (HbAS) have about 3-fold
protection against severe malaria when infected with parasites that have pfdhfr
sensitive alleles as compared to children who have normal haemoglobin (HbAA)
and are infected with parasites that have pfdhfr sensitive alleles. This is consistent
with the effect of the sickle-cell trait observed in this population in subsection
7.4.1, Table 7.5. In addition, the interaction between these loci indicate that
when children who have the sickle cell trait are infected with parasites that carry
dhfr resistant alleles, the protective effect of the sickle trait is abrogated and the
risk of severe malaria is not different between children with normal haemoglobin
and those with the sickle-cell trait. Also, there was no significant difference in
the risk of severe malaria for children with normal haemoglobin who are infected

with parasites with pfdhfr sensitive or resistant alleles.

These findings raise the possibility that parasites that have alleles that confer
higher levels of drug resistance may be better adapted to the sickle condition
and could grow relatively better and increase the individual risk of severe dis-
ease. These results bring to the fore, an observation that was made several
decades ago, that certain strains of parasites may be better adapted to some host
polymorphisms'™.  Also, Williams et al., (2005), observed that the protection
afforded by the sickle-cell trait was not independent of malaria exposure as the

age-specific protection increased with age?'¢. This study estimated a 20% in-
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crease in protection by age 2 years. Thus, some children who have the sickle trait
may be less able to naturally clear certain parasites as compared to those with
normal haemoglobin due to difference in the frequency of exposure. Despite the
possibility that these findings could be due to chance or an underlining selection
bias, perhaps, this is the first evidence that drug resistance alleles may be better
adapted to the sickle condition. However, this assertion should be tempered by
the fact that the sickle frequency in this data is low, as reflected in the small

counts observed in Table 7.15.

Overall, this data are interesting, and to the best of my knowledge, this is the
first time that children who bear the brunt of malaria disease (< 5 years of age)
have been genotyped for both their own polymorphisms and polymorphisms in
the parasites that they carried for exploring host-parasite interactions. Though,
there is a paucity of literature to aid interpretation of such analysis, the results
suggest that drug resistant alleles apart from having a fitness advantage under
drug pressure, may also survive better under the oxidative stress and general
inflammatory conditions imposed by the sickle-cell trait. As evidenced, the sickle-
cell trait protects against severe life-threatening malaria in this population, but,
yet some children who have the sickle-cell trait still get severe malaria. Therefore,
it goes without saying that certain parasites will have evolved mechanisms to
survive and multiply in sickle red blood cells to cause severe disease. The question
is, could such parasites have drug resistance related fitness? The evidence from
this exploratory analysis is suggestive of that, but is it real? My plan is to
validate these findings by carrying out replication studies in other malariaGEN

sample sets from Sub-Saharan Africa, particularly in settings where the frequency
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of sickle is high. T also intend to further investigate the region of this gene by
using my parasite sequencing data to compare the genomes of fully sensitive and
fully resistant parasites in order to rule out the possibility of this finding being a

“bystander effect” (i.e a proxy for a functional variant not directly assayed).

7.6 Summary

e The sickle-cell trait (HbAS) was observed to confer protection against both
severe and mild malaria disease with marginal protection against infection

in the northern Ghana.

e An IL-4 promoter polymorphism (rs2243250), IL-22 (variant rs2227491) and

variant rs1012356 were associated with increased risk of severe malaria.

e A variant of IL-10 (rs3024500) was associated with increased risk of progres-
sion from mild to severe disease when mild cases were compared to severe

cases

e The IL-17 receptor C was also associated with increased risk of SM. The
derived-allele homozygous state (AA) of this gene was associated with 44%

increased the risk of SM.

e The Cochran-Armitage test for a linear trend in the proportions of pfd-
hfr resistant alleles between mild malaria cases and asymptomatic controls
showed a significant increased risk of mild malaria as the number of resistant

alleles per parasite increased from 1 to 3 (x? = 5.381, P = 0.020).
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e The pfdhfr functional double resistant alleles (59R + 108N ) known to
confer higher levels of sulfadoxine-pyrimethamine resistance was found to
generally confer an increased risk of clinical malaria (either severe or mild

malaria).

e An interaction between pfdhfr resistant alleles and the sickle-cell trait in-
dicates that the joint occurrence of these genetic factors may modify the
protection for sickle individuals who have pfdhfr resistant alleles and in-
crease their risk of severe malaria to about the same level as individuals

with normal haemoglobin who have these resistant alleles.

7.7 Conclusion

In this chapter, I undertook a host-parasite genetic interaction analysis of known
antimalarial drug resistance SNPs in the pfdhfr gene and the sickle-cell trait.
First, re-evaluating the evidence for malaria susceptibility in an expanded dataset
of human genetic polymorphism from Ghana. This analysis confirmed the asso-
ciation of the sickle-cell trait with a 3-fold protection against severe malaria in
Ghana and highlighted a role for cytokine genes in malaria susceptibility in this
region. Second, host-parasite interaction analysis between the sickle locus (rs334)
and the pfdhfr locus known to confer antifolate resistance revealed that children
with the sickle-cell trait (HbAS) are protected against severe malaria only when
infected with parasites with pfdhfr sensitive alleles as compared to children who
have normal haemoglobin (HbAA) and are infected with parasites with pfdhfr

sensitive alleles, but, when children with the sickle cell trait are infected with
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parasites that carry these resistant alleles, the protective effect of the sickle trait
is lost to dhfr resistant alleles. However, there was no significant difference in
the risk of severe malaria for children with normal haemoglobin who are infected
with parasites with pfdhfr sensitive or resistant alleles. The crucial point of this
exploratory analysis is the potential for useful insight to be gained, particularly in
this era of high-throughput genetics and whole genome sequencing. With rapid
decline in whole genome sequencing cost, host-parasite interactions can now be
conducted at several thousands of loci to look for trade-offs in the host-parasite

interaction that could hold potential benefit for malaria control.



Chapter 8

Discussion and Conclusion

8.1 General discussion

8.1.1 Setting up the framework

The introduction to this work highlights one important fact, that malaria is a
multi-genome disease involving the mosquito genome, the human genome and
the parasite genome. Each of these genomes have their unique levels of complex-
ity and challenges that they each pose to malaria researchers. In the past, it
proved difficult to integrate research across these three genomes, but, the advent
of high-throughput platforms, powerful computers, informatic tools and above
all, international collaborations in malaria research such as the MalariaGEN 3!,
has provided a platform for integrating host (both human and mosquito) and
parasite genetics. In this context, the focus of my thesis was to undertake sam-
pling and purification of P. falciparum DNA from rural communities in northern

Ghana for next-generation sequencing. The main motivation was to characterize

215
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P. falciparum genetic diversity and to extend existing case-control samples (col-
lected to investigate host genetics of resistance to severe malaria) for exploring
host-parasite genetic interactions. Therefore, the sampling sites were purposely
selected to represent the rural study population in its socio-cultural, demographic
and ecological diversity. This strategy and the field methods used proved ade-
quate in purifying high quality parasite DNA suitable for Illumina deep sequenc-
ing. Over 500 field isolates were obtained and to date, 300 of these have been
sequenced. There were, however, some limitations. My sampling framework
did not include asymptomatic individuals who form the majority of infections in
these communities. As stated in chapter 2 (section 2.1.1), the sampling strategy
adopted in this study was aimed at maximizing the chance for purifying parasite
DNA suitable for sequencing. This necessitated the sampling of individuals pre-
senting at community clinics with a malarial fever, though such clinical samples
may suffer from sampling bias due to health seeking behaviours that have tradi-
tional underpinnings and poor access to facilities. However, the use of front-line
community clinics with well defined catchment areas was to limit potential bias
in patient selection that may be due to access. Though sampling asymptomatic
individuals may have an added benefit, I was unable to obtain ethical approval to
sample such individuals. The field protocols I used required 2-5ml of whole blood
and there was no evidence at the time to justify blood draws from such apparently
healthy individuals. My sample set may therefore, be limited as a representative
population sample, since it does not include the asymptomatic sub-population of
parasites. However, as discussed in chapter 7, I successfully used the Sequenom
iPLEX platform to genotype parasite polymorphisms in our previous case-control

sample sets (2002/2004 collections) which provides an opportunity to validate any
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interesting polymorphisms among asymptomatic individuals in the control set. As
sequencing chemistry improves, significant reductions in the quantity of parasite
DNA required for sequencing should allow sampling of asymptomatic infections
in cross-sectional surveys in the future. However, even then a substantial propor-
tion of either low density or submicroscopic infections may be missed 2. Further,
sampling was not representative across all age groups. The majority of the data
was from young children under the age of 10 years; reflective of the general burden

of malaria disease among young children in areas of intense transmission.

Despite these shortcomings, I believe that the data generated are characteristic of
malaria epidemiology in this part of northern Ghana and are suitable for not only
addressing the aims of this work, but also particularly valuable for contributing to

the ongoing characterization of the natural diversity of P. falciparum worldwide.

8.1.2 P. falciparum genetic diversity

Plasmodium falciparum genetic diversity was first investigated using Illumina
NGS (Chapter 4). Currently, PCR-free DNA library preparation for Illumina
NGS requires > 5pg DNA and <60% human DNA contamination. Most of the
samples that had lower coverage had human DNA contamination of >50% and
tended to have a lower parasite density. These samples were among the initial
group of samples collected when I was still optimizing the WBC separation pro-
tocols. In general, these earlier collections were also sequenced at a time when
the Illumina PCR was undergoing optimization for the P. falciparum AT rich

71

genome ' "', This notwithstanding, a conservative genotyping of my samples to-
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gether with all other samples in the PGV pipeline yielded 400,000 ’typable’ (high
confidence) SNPs for 277 of my samples. The analysis of 363,330 of these SNPs,
which were variable in my Ghanaian population, showed a high prevalence of low
frequency variants in this region of northern Ghana. Analysis of genetic related-
ness between parasites using all the typed loci revealed no population structure in
the parasite population in this region of northern Ghana. When I integrated my
data with similar published data from Burkina Faso and Mali, I could still not see
any significant population structure between the sites sampled in Ghana, Burkina
Faso and Mali. Multiple lines of evidence suggest lack of population structure

TILI2L - Consistent

(or random mating) in areas of intense malaria transmission
with these previous evidences, recent overall annual EIR estimates in the KNDs
was 140 infective bites per person-years (Asoala et al., in preparation), and range
between 10-25 infective bites per month in the areas sampled in Mali (Djimde,

8. On the contrary parasite populations sampled in

personal communication)
Cambodia and Thailand, where EIRs are generally around 1 infective bites per
person-years were found to show greater population structure'?!. Therefore, the
extreme within-host diversity observed in the Ghanian samples and those of West
Africa in general may be attributed to a high prevalence of super-infection as a
direct consequences of intense transmission. However, demography and the pat-
tern of human migration may also play an important role in shaping the diversity

observed in West Africa as opposed to southeast Asiall!2!,

Our current understanding of the complexity of natural infections and epidemi-
ological factors which shape within-host diversity remain poor. Conventionally,

within-host diversity has been defined in terms of multiplicity of infection (MOT)
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scored by PCR-based genotyping of small numbers of loci (typically <10)'%.
Deep sequencing enables individual read counts to be derived from genome-wide
datasets and offers an opportunity for genome-wide description of within-host
diversity. One such genome-wide metric is Fyy g, a metric recently introduced by
Manske et al 2012'2!. The Fyyg metric characterizes within-host diversity and

15,121 Fgssentially, the g metric

its relationship to population-level diversity
provides an estimate of the risk of out-crossing between parasites within an indi-

vidual to generate new genotypes during recombination in the mosquito host '°.

Utilizing the Fy g metric, a high prevalence of within-host diversity and risk
of out-crossing was observed across the different ecological areas of the KNDs
(Chapter 4, cf: Figure 4.6). However, there were a small number of infections
with low genetic diversity. Consistent with previous reports of low genetic di-
versity (high risk of inbreeding) in malaria endemic populations with low stable

transmission 13:18,121,143

, all such infections with low genetic diversity (high risk
of inbreeding) occurred during the low transmission season and were predominant
in communities in the west of the KNDs, where the ecology is dry and rocky with
highlands (ranging 200-400M ) and the human settlements are comparatively

more isolated. Estimated EIRs were comparatively lower in communities in the

west compared to the rest of the KNDs'2, particularly during the dry season.

Further, T observed a significant (F = 5.13, adjusted p = 0.01) shift towards
infections with low genetic diversity during the dry season (low transmission).
This highlights how rapid (down to a couple weeks) natural falciparum popula-
tions change in response to environmental and other factors. The observed low

genetic diversity did not attain the levels of low genetic diversity observed in the
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Southeast Asia populations'?', mainly because the dry season is short (January
through April) and this does not allow for the expansion of that subpopulation
with low genetic diversity before the rainy season (high transmission) sets in. The
high transmission season is characterized by a high risk of out-crossing leading
to the break down of any incipient low genetic diversity. Such a perennial cycle
of population-level mixing of parasite genomes and gene flow has implications
for malaria control, as mutations that confer a fitness advantage such as drug
resistance may arise during low transmission, and then quickly spread through

the parasite population during high transmission.

In areas of very high malaria transmission, conventional MOI is reported to be
age-dependent, with highest values reached in young children !*99:210 - Conversely,
studies from areas with low to moderate endemicity either reported little or no

17,145,254 Within-host diversity as mea-

influence of age on infection complexity
sured by the Fy ¢ metric was found to be negatively correlated with age. Even
though I did not sample all age categories in this study, the evidence support a
higher prevalence of genetically diverse infections in young children as compared
to older semi-immune individuals, which is consistent with the age distribution

of conventional MOI in areas of intense malaria transmission 7,

In summary, deep sequencing of field isolates from the KNDs has provided useful
insight into the genetic diversity of parasite populations in this highly malarious
area. The Fyyg metric has been evaluated in a specific epidemiological setting for
the first time. By and large, from this data, the metric is a useful statistic for
estimating within-host diversity and the risk of out-crossing (or inbreeding) in

a given parasite population. The immense variability of the F} g scores in time
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and space and the predominance of low estimates (Fy g estimates < 0.6) either
reflects the genuine epidemiology of this statistic or may underscore a weakness
of it in areas of intense malaria transmission. The accuracy of the Fy g metric as
gauge for assessing within-host diversity in relation to population-level diversity
can only be established with more data from different epidemiological settings.
However, its accuracy is evident in this analysis as the Fy g metric was able
to spot the population flux in within-host diversity and risk of out-crossing (or

inbreeding) in the parasite population in Ghana.

Antimalarial drug resistance is an important challenge to national malaria control
programmes. The use of certain drugs either as prophylaxis to prevent malaria
infection or as treatment for clinical malaria for several decades has led to the
adaptation of the parasite to these drugs in what is known as antimalarial drug
resistance. One utility of deep sequencing data is variant discovery (Chapter 4)

and the opportunity it offers for describing the diversity of specific genes.

Using these data I have identified several known drug resistance mutations and
also one novel non-synonymous substitution (glutamate to glutamine) that results
in a change from a highly charged side chain to an uncharged one. This mutation
is very high in frequency in my data and it is possible that such a change in
polarity as a result of this mutation might affect enzyme activity, but to the best

of my knowledge this mutation has not been characterized.

I have shown in chapter 5 that antifolate drug resistance conferred by known
point mutations in the P. falciparum dihydrofolate reductase (pfdhfr) and dihy-

dropteroate synthase (pfdhps) genes is highly prevalent across the KNDs. Individ-
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ual samples with multiple mutations in pfdhfr and additional mutations in pfdhps
were observed, suggesting that sulfadoxine-pyrimethamine (SP) resistance is well
established in the general population. A recent phase IV study monitoring the
effectiveness and safety of ACTs in Ghana, reported 29% and 31.6% continuous
use of SP and chloroquine (CQ) respectively in the KNDs (Atuguba et al 2012
personal communication). Such illicit use of these drugs may account for the
population prevalence of the observed mutations. The results of this population
level analysis challenges the current use of SP for intermittent preventive treat-
ment of malaria in pregnancy (IPTP) in the KNDs, and suggest a re-evaluation

of the programme.

My analysis found a relatively low (50%) prevalence of pfert 76T mutation as-
sociated with C(Q) resistance, suggesting a re-emergence of C(Q) sensitive parasites
consistent with the discontinued use of CQ as first-line treatment for malaria in
Ghana. This reversal of resistance following the removal of drug pressure, partic-
ularly for the pfert locus has been observed in other endemic populations %4138,

but the 32% reported (Atuguba et al 2012) continuous illicit use of CQ in Ghana

and elsewhere is worrying.

8.1.3 Sequenom® genotyping of multi-genome infections

Though the value of Next-generation sequencing (NGS) can not be over empha-
sized, the current high cost of sequencing limits their use in a number of ways;
including a survey of new variants in large collections of clinical samples with lim-

ited parasite DNA. The Sequenom iPLEX MALDI-TOF mass spectrometry (MS)
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based genotyping platform offers throughput on the order of thousands of sam-
ples per week at a moderate cost, and is ideal for large-scale validation of variants
in samples with limited DNA. We previously demonstrated 99.9% concordance
rate between Illumina short-read genotyping and Sequenom for homozygous (sin-

121 However, one important drawback was

gle genome infections) haploid calls
that the Sequenom platform software could not be relied upon to make accurate
genotype calls for mixed infections of P. falciparum , which give a considerably
more complex pattern of allele distribution than human diploid genotypes for
which the standard software was designed. This problem was the main focus of
chapter 6, where I begun by preparing artificial mixture ratios of clonal 3D7 and
Dd2 laboratory strains with known variants and used these to characterize the
Sequenom platform. The MS peak height intensity data generated by genotyping
these mixtures was used to develop a genotype-calling algorithm for measuring
genotype ratios in multi-genome infections and typing single infections. T then

tested my algorithm by genotyping DNA from the sequenced samples (highly

mixed) and used my algorithm to measure the ratio of alleles for these samples.

This experiment was limited, firstly, by availability of internal controls (known
ratios of alleles) to genotype the field isolates, and secondly only known SNPs
could be designed for validation. This notwithstanding, genotype concordance
rates between Illumina short-read genotyping and Sequenom was 90% for het-
erozygous calls (ratio of alleles) when Sequenom gave a valid call. There remain
issues with expanding the positive controls set to account for most of the variation
in allele ratios in field isolates, and gaining an in-depth understanding of assay

specific behaviour that at this point remian poorly understood. Also, evidenced



8.1 General discussion 224

were borderline cases where my genotype-calling algorithm could not distinguish
homozygotes from heterozygotes, in which case heterozygous samples with mi-
nority alleles (< 10% ) were typed as homozygotes. It is within this small region

of ambiguity that Tlumina short-read genotyping is more sensitive than Sequenom

genotyping.

The Sequenom iPLEX platform therefore, was successful in typing parasites even
within clinical samples with limited DNA (chapter 7). The algorithm does work
and the validation was good, a full grasp of the remaining issues is an ongoing
process that will be resolved by the broader initiative on Plasmodium genotyping

in the DK laboratory.

8.1.4 Host-parasite genetic interactions

By using a study design approach to purify P. falciparum DNA from rural com-
munities in the KNDs, I was able to characterize P. falciparum genetic diversity
in this population and extend previous collections of clinical samples, which were

mainly for human genetics to begin to explore host-parasite genetic interactions.

A re-evaluation of the expanded human dataset replicated the protective effect
of the sickle-cell trait (OR:0.42, 95% CI: 0.27-0.67,P=0.0003). As reported in
other studies?*%, the sickle-cell trait was associated with disease protection and a
marginal protection from infection (OR:0.77, 95% CI: 0.54-1.09). Other polymor-
phisms, including I1.-4 (589C promoter polymorphism), 11.-22 (variant rs2227491
and rs1012356), and IL-17 receptor C (IL-17RC) were also associated with malaria

disease in this population. Curiously, IL-17RC was associated with increased risk
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of malaria infection in homozygous recessive model (OR:1.41, 95% CI: 1.11-1.78).
Kuestner et al., (2007) demonstrated that the proinflammatory cytokines IL-17A
and IL-17F implicated in the progression of inflammatory diseases both bind IL-
17RC with high affinity though IL-17RC is the primary receptor for IL-17F 0%,
Thus, polymorphisms in IL-17RC that lead to enhanced signaling in response to
these cytokines could result in severe disease. There is growing consensus that
malaria is an inflammatory cytokine driven disease, and excessive inflammatory

response could lead to severe pathology?%:18%:181

. Therefore, it is not surprising
that many cytokine genes and some cytokine receptor gene polymorphisms were
found as candidate genes in this analysis. However, to date, for most of the can-
didate genes studied, it has been difficult to ascertain genetic control, thus the
role of these gene polymorphisms in malaria resistance (or susceptibility) remain

an open debate. Even the mechanism of protection for classical polymorphisms

such as the sickle-cell trait is not yet fully understood.

With respect to associations of pfdhfr and pfdhps genetic polymorphisms with
malaria, no significant associations of single SNPs were observed for severe or mild
malaria comparisons with asymptomatic controls. The Cochram-Armitage test
of linear trend showed a significant increased risk of mild and severe malaria from
asymptomatic infection as children become infected with parasites that acquire
increasing numbers (1 to 3) of pfdhfr polymorphisms. The pfdhfr double (511
+ 108N or 59R + 108N) and triple (511 + 59R + 108N) resistant alleles were

associated with clinical malaria (both mild and severe) [7.14].

To explore host-by-parasite genotype interactions using these resistant alleles,

I used the sickle-cell locus (rs334), which was found to protect against severe
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malaria in this population. T found significant statistical interactions between
the pfdhfr resistant alleles and the sickle-cell trait (Table 7.16 and Figure 7.4).
The import of this interaction is that children who have the sickle-cell trait
(HbAS) have a 3-fold protection against severe malaria when infected with para-
sites that have pfdhfr sensitive alleles as compared to children who have normal
haemoglobin (HbAA) and are infected with parasites that carry pfdhfr sensitive
alleles. In addition, the interaction between these loci show that when children
who have the sickle cell trait are infected with parasites that carry dhfr resistant
alleles, the protective effect of the sickle trait becomes abrogated and the risk of
severe malaria no longer differ between children with normal haemoglobin and
those with the sickle-cell trait. The question is, are these findings merely due
chance? One could speculate that drug resistant forms of P. falciparum might
have a biological fitness profile that makes them better adapted to specific host
genotypes (i.e sickle trait) or more resistant to immune clearance by children who

have the sickle trait compared to their counterparts with normal haemoglobin.

The malariaGEN has well-characterized samples sets from different malaria en-
demic settings that will be used to validate these findings in replication studies,
the outcome of which will inform the design of in wvitro studies to investigate
the response of field isolates that carry pfdfhr alleles to varying oxidant stress
levels akin to the sickle condition. More important overall, however, is that this
limited exploratory host-parasite interaction analysis underscores what could be
achieved in the near future with host and parasite whole genome sequence data.
Barring the ethical issues involved, the increasing availability of deep sequencing

data, should provide the needed boost for host-parasite genetic interaction stud-
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ies; particularly in examining the interaction of rare human and parasite variants
in the epidemiology of severe malaria. The availability of large, international
collections of samples such as those of the MalariaGEN provides the platform for

such analysis to be undertaken.

8.2 Summary of findings

e In chapter 3 a community-based sampling framework for sampling P. fal-
ciparum over time and space in the Kassena-Nankana districts (reference
population for this thesis) of northern Ghana was established to provide

the basis for characterizing the parasite genetic diversity.

e The WBC separation protocol and the use of Plasmodipur® filters and
CF11-based filters was adequate for depleting whole blood of WBCs and

minimizing human DNA contamination.

e The cheaper CF11-based filters were however, more efficacious than the
Plasmodipur® filters in removing WBCs and concentrating iRBCs for par-

asite DNA extraction

e A minimum blood draw of 1.0 ml (average of 3.0 ml), and parasitaemia of
2000 trophozoites pl=! of blood (50 trophozoites/200 WBCs) is adequate

for obtaining quality DNA for suitable for sequencing.

o Plasmodium falciparum genetic diversity was described in chapter 4; the al-
lelic spectrum of P. falciparum population in the KNDs of Northern Ghana

was dominated by low frequency variants.
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No evidence of population structure was observed among parasites samples

from different locations in this area.

A high degree of genome-wide within-host diversity and risk of out-crossing
estimated by the Fiys metric was observed, but, with occasional risk of

inbreeding (particularly within communities in the west of KNDs).

An overall mean Fy g score of 0.25 was observed, and a high proportion,
88% of infections had FWS scores < 0.6, and 51% were of extremely high
genetic diversity (Fjyg scores < 0.25), showing over representation of high

genetic diversity in this population.

There was high variability of Fjy ¢ estimates between different geographical

location sampled in the KNDs.

Samples with low genetic diversity were significantly more prevalent in the

low transmission season

No correlation of Fws estimates with mild or severe malaria was observed,
though low estimates (high genetic diversity) was more prevalent in both

disease phenotypes, suggesting an inverse relationship with clinical malaria.

A negative correlation was observed between FWS estimates and age at
infection and higher prevalence of infections with low genetic diversity was

found in older children and adults.

In chapter 5, I profiled the prevalence of mutations in pfdhfr, pfdhps, and
pfert, and identified patterns of inferred haplotypes imposed by the sequen-

tial acquisition of resistant alleles in these genes.
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A high prevalence of pfdhfr (ie pyrimethamine resistance) and pfdhps (ie
sulfadoxine resistance) mutations within the parasite population was ob-

served.

Incipient, but, wide spread sulfadoxine-pyrimethamine resistance across all
geographical locations in the KNDs as evidenced by multiple mutations in

both genes

I observed 23% prevalence of the pfert 76T basal mutation associated with
CQ resistance, evidence that suggests the re-emergence of CQ sensitive par-
asites (50% reduction from pre-ACT estimates) five years after replacement

of CQ with ACTs as first-line treatment for uncomplicated malaria.

In chapter 6, the Sequenom iPLEX platform was utilized to measure (or

type ) P. falciparum polymorphisms in field isolates.

The strategy of preparing parasite mixes proved adequate for generating
mass spectrometry peak height intensities that were used to as positive

controls for determining P. falciparum genotypes.

A haploid genotype-calling algorithm was developed for using control cluster
plots from parasite mixes to assign P. falciparum genotypes and measure

ratios for heterozygous infections

The genotype concordance rate between Ilumina short-reads genotypes and

Sequenom was 90% for heterozygous call based on >5 reads.

Host-parasite genetic interactions was explored in chapter 7. The sickle-cell

trait (HbAS) was observed to confer protection against both severe and
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mild malaria disease in the northern Ghana.

e An IL-4 promoter polymorphism (rs2243250), 11.-10, I1.-22 (variant rs2227491)

and variant rs1012356 were associated with severe malaria and mild malaria.

e The TL-17 receptor C was also associated with increased risk of SM. The
derived-allele homozygous state (AA) of this gene was associated with 44%

increased the risk of SM.

e There was evidence of an increased risk of clinical malaria when patients

acquired the pfdhfr double and triple resistant alleles.

e The Cochran-Armitage test for a linear trend in the proportions of pfd-
hfr resistant alleles between mild malaria cases and asymptomatic controls
showed a significant increased risk of mild malaria as the number of resistant

alleles per parasite increased from 1 to 3 (x* = 5.381, P = 0.020).

e The pfdhfr functional double (59R + 108N ) and triple (511 + 59R + 108N )
resistant alleles known to confer higher levels of sulfadoxine-pyrimethamine
resistance was found to generally confer an increased risk of clinical malaria

(either severe or mild malaria).

e An interaction between pfdhfr resistant alleles and the sickle-cell locus in-

dicates

— that there is no significant difference in the risk of severe malaria for
children with normal haemoglobin who are infected with parasites with

pfdhfr sensitive or resistant alleles,
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— that children with the sickle-cell trait (HbAS) are protected against
severe malaria when infected with parasites with pfdhfr sensitive alleles
as compared to children who have normal haemoglobin (HbAA) and

are infected with parasites with pfdhfr sensitive alleles,

— that when children with the sickle cell trait are infected with parasites
that carry these resistant alleles, the protective effect of the sickle trait
is lost and the risk of severe malaria is no longer different between
children with normal haemoglobin and those with the sickle-cell trait

who are infected with parasite carrying dhfr resistant alleles.

8.3 Challenges

My research work had a range of challenges; foremost was the ethics, engag-
ing rural communities with the science of pathogen genomics in setting up the
community-based sampling framework. By drawing on my previous experience,
I put together a simplified message and working through the traditional leaders
who are gate-keepers in these communities, I was able to conveyed some un-
derstanding of malaria parasite genomics and the need to take whole blood for
DNA extraction. Further complicating issues was the conduct of my research
within the principles of open data access, which was challenging to convey to this
largely rural population with little knowledge of computers and a language that
lacks scientific vocabulary. However, owing to the goodwill and trust that the
Navrongo Health Research Centre, where my work was coordinated, had devel-

oped over the years with these communities, I was able to legitimize this project
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by bringing on board the community leadership of Chiefs and their Elders and
the District Health Management teams of the KNDs. Thus, paving the way for

the documentation of individual informed consent at enrollment.

Beyond the field data collection, working with mixed (multi-genome) infections,
a common feature of P. falciparum malaria in areas of high disease endemic-

129,130 " presented a formidable challenge to high-throughput genotyping. In

ity
particular, Sequenom® iPLEX genotyping, which was used for this work could
not detect the occurrence of low frequency allele in any given parasite sample (<
10%). In such cases, the frequency of the variant with the lower detection limit
tended to be overestimated. Hence it remains challenging to accurately measure
the relative proportions of bi-allelic SNP in multi-genome infections that bor-
der homozygosity. In addition, one fundamental challenge is obtaining parasite
clones with known alleles that adequately serve as internal controls that capture
the global allelic variation and could be used to estimate relative proportions

of clones in clinical samples (its like building a HapMap type of database for

Plasmodium ).

Direct sampling of P. falciparum from whole blood taken from infected patients
without a culture step for NGS has been achieved. The challenge, however,
is to reduce the current 2-5ml of blood required to about 1ml of blood either
conveniently spotted on filter paper or an alternative device that will make for

easy field application.

In terms of sequencing, the last couple of years have seen revolutionary achieve-

ments in the scale and efficiency of next-generation sequencing. In spite of this
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achievements, sequencing the extremely base biased genome of P. falciparum
poses a great challenge!™. The P. falciparum genome is AT-rich, coding regions
have a mean AT content of more than 57%, with up to 100% in intergenic and

. Consequently, there is uneven coverage of the genome,

non-coding regions
with coding regions currently sequenced at a greater read depth than the other
regions of the genome. Thus, restricting variant discovery and subsequent anal-

ysis to under 50% of the genome!?!.

Additionally, within coding regions of the
genome, highly polymorphic genes such as the war gene clusters, are currently
very challenging to accurately map to the reference genome and derive sequence

variation 2!,

These challenges severely limit the amount of genomic informa-
tion that could be gleaned to study patterns of gene flow at local scales between

villages in endemic communities.

In summary, despite these challenges, this work demonstrates the feasibility of
purifying parasite DNA from clinical samples for deep sequencing in rural en-
demic populations. The literature contains multiple-lines of evidence suggesting
high within-host diversity, random mating and increased out-crossing in areas

GILIZLI2I90 - Consistent with these studies, this

of high malaria transmission
work utilized deep sequencing data from natural infections to demonstrate high
within-host diversity of P. falciparum and a high risk of out-crossing in a well-
characterized area with intense malaria transmission. The lack of population
structure at local and regional levels reflects the general panmixis in parasite
populations in West Africa, which is in stack contrast with parasite populations

in areas of Cambodia and Thailand (traditional associated with emergence of

antimalarial drug resistance) that show a greater degree of mating isolation '*!
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(Olivo Miotto et al., 2012 manuscript submitted).

8.3.1 Future

There is emerging consensus on the global population structure of P. falciparum,
but, the fine-scale population structure and gene flow in endemic populations
requires further characterization. Current informatic and data analysis tools are
inadequate in addressing in this problem, particularly in areas of intense malaria
transmission where multi-genome infection is common and defining haplotypes for
tracking gene flow complicated and highly challenging. This study has highlighted
the occurrence of small group of parasites that appear to be under diversification
from the general population in northern Ghana. The question of the occurrence
of parasite subpopulation in the fringes of the general population needs further
investigation. Moreover, the ongoing artemisinin selection events in Cambodia
and Thailand warrants monitoring of parasite populations in endemic countries,
but, is real-time monitoring of these populations feasible at the moment? Yes,
but not with deep sequencing platforms as yet. High-throughput genotyping plat-
forms such as the Sequenom iPLEX platform may be more suitable in this regard
on a time-scale of a week. However, I believe the second generation sequencing
platforms will continue to play a leading role in variant discovery and the track-
ing of global parasite migration. Undoubtedly, a lot of insight has been gained
from the deep sequencing of global parasite populations, but, many questions
remain. How could deep sequencing data provide the much needed insight into
host-parasite genetic interactions?

Moreover, could it provide a deeper insight into the role of rare human and par-
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asite variants in the epidemiology of severe malaria?.

More eminent, though, is antimalarial drug resistance that remains a major threat
to malaria control and elimination worldwide. The current absence of a causal
molecular marker for the artemisinin resistance phenotype is of great concern.
What role could deep sequencing of contemporary parasite populations play in
identifying this causal variant?

These questions in my view will continue to stimulate malaria genomics in the
near future. By and large, there are positive signs that deep sequencing data
when combined with good phenotypic data could prove vital in identifying par-
asite subpopulations that harbour a fitness phenotype such as drug resistance.
Such data are beginning to impact positively on the tracking of the genetic trait
responsible for delayed artemisinin clearance in Cambodia and Thailand (Olivo

Miotto et al., 2012 manuscript submitted for publication).

How could the sequence data from field isolates support the evaluation of can-
didate vaccine trials? Recent reports of reduced efficacy of the leading malaria
vaccine candidate RTS,S/AS01 among infants after 12 months of follow up?*!,
reaffirms the need for population specific sequence data to inform vaccine evalu-
ation. Population specific sequence analysis of the diversity of candidate vaccine
epitopes, such as the CSP epitopes used to formulate RTS,S/AS01 could shed

some light on the potential reasons for vaccine failure or reduced protection.

In this thesis, I have considered both parasite and human genomes in a specific
epidemiological setting. However, with the ongoing sequencing of the mosquito
(Anopheles spp) genome high resolution studies involving all three genomes in

the near future are feasible. At present, the limiting factor is not the technol-
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ogy to generate the genome-wide data, particularly as sequencing costs decline.
The challenge resides in the development of new improved informatic tools and
computing power to handle the large volumes of data generated especially for
host-parasite genome interactions (human and/or mosquito hosts). Currently
when we purify parasitized RBCs we discard the leukocytes, and we are obliged
to discard /mask any human reads when analysing parasite DNA sequences. This
practice can be adapted for host-parasite interaction studies by always isolat-
ing leukocytes, to allow human DNA recovery, before purifying the RBCs for
parasite DNA. This will require work to overcome current ethical challenges to
include human sequence data, in order to maximize sample and data utilization
for deepening our understanding of the malaria problem. Similarly improving
DNA recovery from mosquitoes will also allow us to survey parasite populations
in this host. The future therefore is really promising for studying genomic inter-

actions between the parasite, human and the mosquito.



Appendix A

Reagents and Equipment

This appendix contains the reagents and equipment used for the thesis. Tables

A.1 and A.2 list the reagents and equipment respectively.

Reagent Product code Manufacturer
QIAamp DNA Blood Midi Kit 51185 Qiagen
QIAamp DNA Blood Maxi Kit 51194 Qiagen
Dulbecco’s Phosphate Buffered Saline D8537-1L Sigma
Lymphoprep 1114545 Axis-Shield
CF11 cellulose powder 4021-50 Whatman
99.7-100% ethanol 3221 Sigma
Giemsa G4507 Sigma-Aldrich
Agarose A6929 Sigma

Phenol red P4758 Sigma

dNTPs Bi039028 Bioline

MgCl, Bi021040 Bioline
Primers - Metabion
PCR Buffer Bi021040 Bioline
Biotaq DNA polymerase Bio21040 Bioline
Ethidium bromide 10ml E1510 Sigma

Table A.1: Reagents
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Equipment

Product code

Manufacturer

2ml skirted screw-cap tubes
50ml Falcon tubes

15ml Falcon tubes

25uL Plasmodipur filters
10ml Syringe, no needle
blood slides

Paracheck

10ml Serological pipette
50ml centrifuge tubes
50ml centrifuge tubes
10ml EDTA vacutainer
Benchtop centrifuge

15ml centrifuge tubes

MJ tetrad thermocycler
Thermofast 96-well plates
Thermofast 384-well plates
PCR foil seal

PCR film seal

Microseal A film

Gilson pipette P1000
Gilson pipette P200
Gilson pipette P20
Gilson pipette P10
1000nL tips

1-200uL filter tips

10uL tips

Gel tray

Gel combs

Gel tanks

72.694.007
210261
188261
8011

58400
30302025
16.1254.001
227261
227261
366401

188261

AB-0980
TF-0384
AB-0626
AB-0558
MSA5001
FA10006M
FA10005M
['144058P
['144055P
1111-2831
51120-8810
SS-L10

Greiner Bio-one
Greiner Bio-one
Greiner Bio-one
EuroProxima
GHS supply chain
Sigma

Orchid Biomedical Systems
Sigma

Bioline

Bioline
Becton-Dickinson
Beckman Instruments
Sigma

MJ Research
ABgene

ABgene

ABgene

ABgene

Bio-Rad

Gilson

Gilson

Gilson

Gilson

USA Scientific
USA Scientific
Bioclean

Biorad

Biorad

Biorad

Table A.2: Equipment
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Abreviations

SM: — severe malaria

MM: — mild malaria

CM: — cerebral malaria

SMA:— severe malarial anaemia
SSA:— Sub-Saharan Africa

MOI:— multiplicity of infection
EIR:— entomological inoculation rate
ACT:— artemisinin combination therapy
MSP:— merozoite surface protein
GLURP:— glutamate rich protein
CQ: — cholroquine

SP:— sulfadoxine-pyrimethamine
MFQ:— mefloquine

QN: — quinine

P (pyr) : — pyrimethamine
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CY: — cycloguanil

WHO:— World Health Organizatio
TNF:— tumour necrosis factor

HBB:— f -globulin gene

CR: — complement receptor

G6PD:— glucose-6-phosphate dehydrogenase deficiency gene
RBC: — red blood cell

pRBC:— parasitized red blood cell
IRBC:— infected red blood cell

IL: — interleukin

TGF:— transforming growth factor
IEs:— infected erythrocytes

VSA:— variant surface antigen

bp: — base pairs

kb: — kilobase

HLA:— Human leukocyte antigen
LTA:— lymphotoxin alpha

LD: — Linkage disequilibrium

NGS:— next-generation sequencing
MALDI-TOF:— Matrix-Assisted Laser Desorption/Ionization-Time of Flight
Mass Spectrometary

SNP:— single nucleotide polymorphism
PCR:— polymerase chain reaction
QRT-PCR:— quantitative real-time PCR

MgCLy:— magesium chloride
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PEP:— Primer Extension Pre-amplification
GM: — geometric mean
WBCs:— white blood cells

MAF:— minor allele frequency



Appendix C

Calculation of parasite to-human

DNA proportions

Calculation of parasite to-human DNA proportions to achieve the equivalent of
1% parasitaemia.

Assumptions

1% parasitized red blood cells (pRBCs)

No anaemia and 5 x 10° RBC ml~! and 6 x 10°WBC ml™!

1 human genome copy (haploid) = 3.33pg (using genome size of 3.25 giga-base
pairs)

1 human genome (diploid) = 2 copies = 6.67pg

1 falciparum genome = 1 copy (haploid) = 25.6fg (using genome size of 25 mega-

base pairs)
Calculation

~ 40pg HuDNA (1.2 x 107 copies [ie 6 x 10° genomes|) per ml of blood.
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1.28 pg parasite DNA (5 x 107 genomes) for a 1% parasitaemia per ml of blood
Approximate Genome ratio at 1% parasitaemia: 4 parasite: 1 human

Approximate DNA mass ratio at 1% parasitaemia: 1 parasite: 31 human



Appendix D

Calculation of threshold for

statistical significance
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No. Genetic Comparisons
Gene SNPs model Phenotypes Per Gene Per SNP
1 | IL10 3 5 8 120 40
2 | IL17RE 1 5 8 40 40
3 | ILI7TRD 1 5 8 40 40
4 | 114 1 5 8 40 40
5 | IL13 1 5 8 40 40
6 | IL1A 1 5 8 40 40
7 | IL1B 1 5 8 40 40
8 | IL20RA 1 5 8 40 40
9 | IL22 5 5 8 200 40
10 | TL4R 1 5 8 40 40
11 | CR1 2 5 8 80 40
12 | TRIM5 1 5 8 40 40
13 | TLR4 2 5 8 80 40
14 | TLR1 2 5 8 80 40
15 | TLR6 2 5 8 80 40
16 | TLRY 1 5 8 40 40
17 | LTA 2 5 8 80 40
18 | TNF 5 5 8 200 40
19 | CD36 2 5 8 80 40
20 | ABO 2 5 8 80 40
21 | HBB 2 5 8 80 40
22 | SPTB 1 5 8 40 40
23 | NOS2 4 5 8 160 40
24 | EMR1 2 5 8 80 40
25 | ICAM1 2 5 8 80 40
26 | CD4OLG 2 5 8 80 40
27 | G6PD 2 5 8 80 40
Total 52 1080

(Genetic models: Additive, Dominant, Recessive, heterozygous and General)
(Phenotypic comparisons: SM vs MM, SM vs HC, MM vs HC, SM vs HC para,
SM vs HC, nonpara, MM vs HC, para, MM vs HC, nonpara, HC, para vs HC,

nonpara )



Appendix E

Full set of 52 human SNPs analyzed

in chapter 7.

Table E.1: 52 human SNPs analyzed in chapter 7

Number | Polymorphism Gene Chromosome | Coordinate | MAF
1 hCD36 _G1439C | CD36 7 80300449 0.01
2 rs1012356 IL22 12 68644618 0.45
3 rs10775349 ADCY9 16 4079823 0.13
4 rs1126535 CD40LG X 135730555 0.12
5 rs1143634 IL1B 2 113590390 0.12
6 rs1555498 IL20RA 6 137325847 0.41
7 rs17047660 CR1 1 207782889 0.27
8 rs17047661 CR1 1 207782889 0.24
9 rs17140229 CFTR 7 117230283 0.45

Continued on next page
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Number | Polymorphism Gene Chromosome | Coordinate | MAF
10 rs17561 IL1A 2 113537223 0.17
11 rs1799964 TNF 6 31542308 0.15
12 rs1800482 NOS2 17 26128509 0.12
13 rs1800629 TNF 6 31543031 0.12
14 rs1800890 I1.10 1 206949365 0.20
15 rs1800896 IL10 1 206946897 0.29
16 rs1801033 C6 5 41199959 0.45
17 rs1803632 GBP2 1 89582690 0.45
18 rs1805015 IL4R 16 27374180 0.41
19 rs187084 TLR9 3 52261031 0.31
20 rs2075820 NOD1 7 30492237 0.37
21 rs2227478 IL22 12 68648622 0.33
22 rs2227485 IL.22 12 68647713 0.49
23 r$2227491 IL22 12 68646521 0.28
24 r$2227507 IL.22 12 68642647 0.03
25 rs2230739 ADCY9 16 4033436 0.11
26 r$2239704 LTA 6 31540141 0.35
27 rs2242665 CTL4 6 31839309 0.29
28 rs2243250 IL4 5 132009154 0.24
29 rs2297518 NOS2 17 26096597 0.07
30 rs2535611 ADORA2B 17 15861332 0.08

Continued on next page
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Number | Polymorphism Gene Chromosome | Coordinate | MAF
31 rs2706384 IRF1 5 131826880 0.45
32 r$3024500 110 1 206940831 0.43
33 rs3092945 CD40LG X 135729609 0.38
34 rs3093662 TNF 6 31544189 0.05
35 rs3211938 CD36 7 80300449 0.14
36 rs334 HBB 11 5248232 0.04
37 rs33950507 HBB 11 5248173 0.01
38 rs361525 TNF 6 31543101 0.02
39 rs373533 EMRI1 19 6919624 0.45
40 rs461645 EMR1 19 6919753 0.45
41 rs4986790 TLR4 9 120475302 0.10
42 rs4986791 TLR4 9 120475602 0.01
43 rsHh42998 RTN3 11 63487386 0.40
44 rsH498 ICAM1 19 10395683 0.16
45 rs6780995 IL17RD 3 57138419 0.47
46 rs708567 IL17RE 3 9960070 0.47
47 rs8078340 NOS2 17 26129212 0.22
48 rs8176719 ABO 9 136132909 0.37
49 rs8176746 ABO 9 136131322 0.24
50 rs8386 GNAS 20 57485812 0.21
51 rs909253 LTA 6 31540313 0.43

Continued on next page
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Number

Polymorphism

Gene

Chromosome

Coordinate

MAF

52

rs9282799

NOS2

17

26128728

0.08




Appendix F

Analysis of samples with mixed

genotypes
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Any fully resistant alleles vs fully sensitive alleles

Allele severe Mild severe Asym Mild Asym

type

Sensitive 125 206 125 92 206 92

Resistant 327 649 327 382 649 382
OR(95% CI) P-value | OR(95% CI) P-value | OR(95% CI) P-value

Fisher test 1.20 (0.92-1.57)  0.161 1.59 (1.15-2.19)  0.0032 | 1.32 (0.99-1.76)  0.054

Table F.1: Disease association analysis using the Fisher exact test. Fully sensitive - no non-reference alleles
across all loci; any fully resistant (homozygous/heterozygous) - presence of any 1, 2 or 3 non-reference allele.

1¢¢
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A Test of resistant alleles combinations

A

Allele severe Mild severe Asym Mild Asym
count

0 125 206 125 92 206 92

1 6 16 6 33 16 33

2 101 197 101 110 197 110
3 220 436 220 239 436 239
Total count 327 649 327 382 649 382
B

Linear trend y?-value P-value

x?-value P-value

x?-value P-value

X2, test 0.40 0.817 15.69  0.00039 | 2026  3.98¢-05
C-A X2, o0 0.04 0.837 6.65 0.0099 8.39 0.0037
st 0.36 0.547 9.04 0.0026 | 11.87  0.00057

Table F.2: Counts of multiple resistant allele (homozygous and heterozy-
gous) combinations per sample across pfdhfr and linear trend analysis.
In Table A, Asym-Asymptomatic, 1-samples with N51I or C59R or S108N resis-
tant alleles, 2-samples with 511 + 108N or 59R + 108N resistant alleles and 3-
samples with N511 4+ C59R + S108N resistant alleles. Table B shows the stan-
dard x? test (x%,;) and Cochrane-Armitage (C-A) test for a linear trend. When
the difference between the x? _ . and x%,, is not significant then the linear trend

explains all of the relationship.
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