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Abstract

One of the strongest selective forces affecting human populations in recent
history is the malaria parasite Plasmodium falciparum, which is the cause
of a variety of well-established examples of pathogen-induced adaptation
in humans. A special form of malaria is pregnancy-associated malaria,
which is characterised by the accumulation of infected erythrocytes in the
placenta, and causes up to 200,000 maternal and infant deaths every year.
The aim of this work is to characterise how this particular form of malaria
has shaped human genetic variation. To that end we use methods of
both evolutionary genetics and molecular epidemiology, reporting the first
large-scale investigation of the genetic basis of placental infection. Our
results provide new insights into genes modulating the risk of infection,
as well as natural selection acting on cellular pathways involved in the
pathogenesis of the disease. Finally, we also provide new data on the

genetic structure of affected populations in Sub-Saharan Africa.
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Resum

Una de les forces selectives més fortes que han afectat a les poblacions
humanes en la historia més recent és el parasit de la malaria, Plasmod-
ium falciparum, que és la causa de varis exemples de adaptacié induida
per patogens en els éssers humans. Una forma especial de malaria és
l'associada a I’embaras, que es caracteritza per I'acumulacié d’eritrocits
infectats en la placenta, i que pot arribar a causar fins a 200.000 morts
maternoinfantils cada any. L’objectiu d’aquest treball és descriure com
aquesta forma peculiar de malaria ha afectat la variacié genetica humana.
Amb aquesta finalitat, hem utilitzat metodes tant de la genetica evolutiva
com de "epidemiologia molecular, resultant en de la primera investigaci6
a gran escala de la base genetica de la malaria placentaria. Els resultats
ofereixen una nova visio sobre els gens que modulen el risc d"infecci6, aixi
com de la selecci6 natural actuant sobre les vies cellulars implicades en la
patogenesi de la malaltia. Finalment, també aportem noves dades sobre

I'estructura genetica de les poblacions sub-saharianes analitzades.
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Preface

It is surely not an exaggeration to say that we are right now in the midst
of a new revolution in the life sciences. Ever more sophisticated high
throughput technologies are producing data at an astounding rate, so
much so that not the production, but the analysis of the data has become
the bottleneck in research. This past four and a half years of working on
my PhD project I have witnessed this revolution first hand, from starting
off with analysing a handful of SNPs to routinely handling millions of
markers in multiple populations in the end. At the end of 2007, almost
halfway through the PhD, Science Magazine named human genetic vari-
ation the breakthrough of the year, and it certainly felt exhilarating to be

working in one of the fields at the cutting edge of science.

This thesis is about human genetic variation, but it is also about one of
the worst diseases humankind has experienced, malaria. While almost
every other week sees the publication of a study on diseases of civilisation
such as diabetes, studies on the genetics of malaria are even today, after
completion of this four years of research into its genetic basis, surprisingly
scarce. The aim of this thesis was therefore to address this lack, and to

provide a contribution to our understanding of the genetic basis of malaria.

In the cause of this work we have both produced our own data, as well
as increasingly taken advantage of the vast amounts of public datasets
available, in order to provide a picture that is as complete as possible.
This document is a compilation of the results we have obtained in this
endeavour, together with their discussion in light of some recent results,
available thanks to the aforementioned revolution in the study of genetic

variation.

Barcelona, March 2010
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EVOLUTIONARY GENETICS OF MALARIA

1.1 Human genetic diversity

In the year 2001, more than ten years after the human genome project
was officially launched, two landmark papers published the first draft
sequence of the human genome (Lander et al., 2001; Venter et al., 2001).
Although far from being complete at the time of publication, the sequence
of the roughly three billion basepairs that make up the human genome
gave the first blueprint of our hereditary material, the DNA. Importantly,
this blueprint is represented as a haploid consensus sequence, derived
from the assembly of the sequences of a number of different individu-
als. One can therefore say that it represents to some extent the genetic
information that is shared among all humans. However, if we want to un-
derstand what makes one human individual differ from another one, the
consensus sequence alone is of little help. What is needed is a description
of the variation in the sequence among individuals. It is this variation,
defined as genetic diversity, that, in interaction with other, non-genetic
factors, determines the phenotypic differences among humans, from mor-
phological characteristics such as height to differences in susceptibility
to disease. Linking phenotypic differences to genotype differences has
therefore become a central question for biology in the genomic era.

1.1.1 Classes of genetic variation

Genetic variation in humans can be broadly classified in two categories:
Variations in single base positions, also called single nucleotide polymor-
phisms (SNPs); and variation in larger portions of the sequence, generally
referred to as structural variation (Frazer et al., 2009). An overview of the
different classes and its members is shown in Figure 1.1.

Single nucleotide polymorphisms

Single nucleotide polymorphisms are both the smallest and most preva-
lent types of genetic variation. As noted above and seen in Figure 1.1, a
SNP corresponds to individuals of a population showing different alleles

at a single nucleotide position. At the time of writing, there were roughly
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single nucleotide variant ATTGGCCTTAACCECCGATTATCAGGAT
ng'e ATTGGCCTTAACCECCGATTATCAGGAT

Insertion—deletion variant ATTGGCCTTAACCCGATICCGATTATCAGGAT
ATTGGCCTTAACCCESSICCGATTATCAGGAT
Block substitution ATTGGCCTTAACICCCCGATTATCAGGAT

ATTGGCCTTAACAGTGGATTATCAGGAT
ATTGGCCTTRACCCCCEUATTATCAGGAT

Inversion variant ATTGGCCTTCGGGCGTTATTATCAGCGAT

Structural variants

ATTIGGCCTTAGGCCTTAACCCCCGATTATCAGGAT
ATTGGCCTTA- - - --- - IACCTCCGATTATCAGGAT

Copy number variant

Figure 1.1: Classes of genetic variation.The red boxes indicate parts of the
sequence that differ between the chromosomes. (Frazer et al., 2009)

14 million validated human SNPs described in dbSNP (build 131, March
2010), and this number is set to increase further as continued sequencing
of human populations will discover ever rarer and population specific
variants. Most of those SNPs are biallelic markers, and the prevalence of
the alleles within a population can be measured both as the frequency of
the more frequent (major) or the less frequent (minor) allele. The latter one
is more commonly used, and is referred to as minor allele frequency (MAF).
If the ancestral state of a SNP is known, meaning that one can determine
which of the two alleles arose through a new mutation, a distinction can
be made between ancestral and derived alleles. In humans, it is common
practice to assign the allele found in the chimpanzee as the derived allele,
and its frequency is referred to as derived allele frequency (DAF). The fact
that SNPs are both biallelic and very abundant in the genome has allowed
to develop technologies to assess them with very high throughput, some-
thing not possible for other types of markers such as indels. They are
therefore still the markers of choice in the majority of studies of human
genetic diversity.

Depending on its position within the genome, a specific SNP can occur in
different classes of sequence. Most of them fall into intergenic regions be-

tween known genes, and they are generally assumed to be non-functional.
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However, some of those intergenic regions may harbour regulatory ele-
ments for nearby genes, and SNPs within those elements are usually
referred to as regulatory SNPs. Among SNPs that fall within gene re-
gions, the distinction is between SNPs within the non-coding regions of
the gene and those in the actual coding regions (coding SNPs). Coding
SNPs can be further distinguished based on their effect on the amino acid
sequence of the protein product, where synonymous SNPs do not change
the amino acid (due to the degeneracy of the genetic code), whereas non-
synonymous SNPs lead to a change in the amino acid (missense change)
or a premature stop codon and truncated protein (nonsense change).

In a diploid genome like the human one, the combination of the two
allelic states of the two chromosomes is called a genotype. If we look at
a particular stretch of a chromosome that harbours N SNPs, and each of
those has two possible allelic states, we can in theory observe 2N different
allelic combinations for that stretch. This combination of allelic states
among multiple SNPs is generally referred to as a haplotype.

Structural variation

In its broadest interpretation, the term structural variation encompasses
a vast range of types of variations, ranging in size from small inser-
tions/deletions (indels) of a few basepairs all the way to cytogenetically
detectable large scale rearrangements that affect parts of or even entire
chromosomes. Given the heterogeneity of this class of variation, a stan-
dardised way of defining some of the subclasses is still lacking, and their
distinctions may be somewhat arbitrary (Scherer et al., 2007). Much re-
cent effort has been aimed at the detection and characterisation of newly
discovered types of structural variation such as copy number variations
or segmental duplications (Conrad et al., 2009; Feuk et al., 2006). It has
become evident that these variants play important roles in organismal
function at all levels (Hurles et al., 2008), as well as in the evolutionary
history of our species (Marques-Bonet et al., 2009). However, both the tech-

nology for assaying these variants, as well as the statistical methodology
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for analysing them is still lacking the maturity of those for assaying and
analysing SNP genotypes. The advent of cheaply available whole-genome
sequencing of individuals will certainly solve some of those problems, and
they will without doubt continue to play an increasingly important part

in the study of human genetic diversity.

1.1.2 Evolutionary processes shaping genetic diversity

Evolution can only occur if there is heritable genetic variation among indi-
viduals. On a microevolutionary scale, i.e. over generational time among
individuals of a single species, the main processes that affect genetic di-
versity are mutation and recombination, genetic drift, natural selection,
and gene flow.

Mutation and recombination

Mutation and recombination are the two process that are responsible for
generating genetic diversity. Mutation in particular is the only process
that can produce new alleles at a genetic locus. As briefly mentioned
in the introduction to this section, evolution can only occur if genetic
variation is heritable, from which follows that only mutations in the germ-
line of an organism can contribute to evolutionary change. A variety
of types of mutational changes exist, each of them exhibiting differing
rates of mutation. Of particular interest for this work are single base
substitutions, where one base of the DNA molecule is replaced by another
one. If a particular substitution increases in frequency and segregates
in the general population, it is called a SNP, as described earlier in this

section.

In the germ-line of sexually reproducing organisms, pairs of parental
chromosomes undergo meiotic recombination, a process whereby they
reciprocally exchange parts among them. Recombination therefore also
generates genetic diversity, albeit not by producing new alleles but by
reshuffling the combinations of existing alleles that constitute a haplotype.

At the level of human populations, it has been observed that the rate of
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234,876,000 234,879,000 234,882,000 234,885,000 SNP position
] ]

NN 720

GTCTTATTCAACTGTGTGAGCGAAGGGCCCCCATAC

—@00@ @@ @ 29

GTTACACTCGGCGGTGGGAGCTTAGGAACCCCATGC

-0 o0—o @ 45 ——o—

GTCACACTCGGCGGTGGGAGCTTAGGAACCCCATGC

0—@ o 1

TCCACGCGAGACTACTTAGTTTTCAAGCCTTCACGG

GO—0-0—-CRADCW—CE00

©

TCCACGCGAGACTAGTTAGGTTTCAAGCCTTGTCGG
O—0-0—C0--O0—-C0—A;BDO 31

TCCACGCGAGACTACTTAGGTTTCAAGCGTTGTCGG L 0000000000000
O—O0-C0—C0-O-O0—CO—e;BDO 1

GTCACACTCGATTACTTAGGTTTCAAGCCTTCACGG
———0OC-WO—CD—C—00 4 —o0—
Multiplicity
in sample

Figure 1.2: Relationship among haplotypes in a region without observed
recombination events. On the left are the observed haplotypes in the re-
gion, whereas the right shows the genealogical relationship among them.
SNPs with the same colour are in high LD with each other (The Interna-
tional HapMap Consortium, 2005).

recombination is not uniformly distributed among the genome, but rather
shows a pattern of stretches of low rates separated by recombination
hotspots exhibiting very high rates (Myers et al., 2005, 2008). In regions
of low recombination, neighbouring alleles tend to be inherited as linked
units, and the resulting non-random association of those alleles is referred
toas linkage disequilibrium (LD) (see Figure 1.2). Asa consequence of this,
the human genome exhibits a mosaic like structure of haplotypic variation,
with blocks of high LD, so-called haplotype blocks, separated by hotspots
of recombination (Pddbo, 2003). The characterisation of this haplotype

map of the human genome was the main objective of the still ongoing
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Allele frequency

0.2 —

0.0 f
0 25 50 75 100

Generations

Figure 1.3: Genetic drift for different population sizes. Alleles starting off
with an allele frequency of 0.5 become either lost or fixed much earlier in
the smaller population (Jobling et al., 2004).

International HapMap Project (The International HapMap Consortium,

2003), which will be described in more detail later on.

Genetic drift

In the previous section we have seen how mutation gives rise to new alle-
les that can be passed on to the offspring. However, not every individual
in a population will produce offspring, and each generation will constitute
a random sample of the previous generation. As a consequence, the fate
of a newly arisen allele will be partly governed by this stochastic process
of random sampling, generally referred to as genetic drift. The action
of genetic drift over time causes the slow eradication of genetic diver-
sity, due to segregating alleles in a population being either lost or fixed.
The magnitude of this effect will depend on the size of the population,
with smaller populations being much more susceptible to this random
fluctuations in allele frequencies (Figure 1.3). Demographic events such
as founder effects or population bottlenecks can drastically reduce the
size of a population, which in turn leads to increased genetic drift and a

reduction in genetic diversity.
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Natural selection

Natural selection, famously coined by Charles Darwin in The Origin of the
Species (Darwin, 1859), is defined as the differential survival of individuals
in a population with heritable trait variation in successive generations.
Genotypic variation in a population results in individuals that vary in
their ability to survive and reproduce (referred to as fitness) in a particular
environment. Any genotype that increases the chances of survival of
an individual, i.e increases its fitness, will increase in frequency over
successive generations due to producing on average more offspring than
individuals of a different genotype. Natural selection can therefore be said
to manipulate genetic diversity, as it is the evolutionary process that causes
the adaptation of organisms to a particular environment. Depending on
how variants affect the fitness of the organism, we can distinguish different

models of selection.

Negative selection If a variant reduces the fitness of an individual, it
is said to be under negative selection. Sometimes a distinction is made
between negative selection, keeping weakly deleterious variants at low
frequency, and purifying selection, resulting in the complete elimination

of the variant from the population.

Positive selection Variants that increase the fitness of an individual un-
dergo positive selection, resulting in an increase in frequency in the popu-
lation. Positive and negative selection are instances of directional selection,
as they tend to remove variation in the population due to either fixation

or elimination of the affected variant.

Balancing selection Balancing selection is the collective term for models
of selection that results in balanced polymorphism, i.e. where it is advan-
tageous to have multiple alleles segregating in a population. If we consider
the genotypes of a biallelic SNP, overdominant selection occurs if both ho-
mozygote genotypes have reduced fitness compared to the heterozygote.
Alternatively, a genotype whose fitness depends on its frequency in the
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population is said to be under frequency-dependent selection. If a genotype
has higher fitness at low frequency than at high frequency, it will reach an
equilibrium frequency and produce a balanced polymorphism. Another
way for this to happen is when different selective forces favour different

alleles at the same genetic locus.

Gene flow

Gene flow refers to the process of a transfer of alleles from one subpop-
ulation to another, as a consequence of migration of individuals between
them. If two populations that were previously isolated from each other
start exchanging migrants, any existing genetic differentiation between
them will tend to be erased due to the homogenisation of the collective
gene pool. In practice, gene flow always acts in interplay with the other
forces mentioned above, which may both increase or counteract its effect

on the distribution of genetic variation.

1.1.3 Patterns of human genetic diversity

The patterning of genetic diversity among present day human populations
is the result of the past action and complex interplay of the evolutionary
forces described above. Studying present-day variation therefore enables
us to search for the traces left by these forces in the human genome, from
historical demographic events such as migrations to the effects of natural
selection. The advent of cheap genotyping over the last decade has finally
enabled the research community to characterise this patterning on an ever
increasing scale, both in terms of number of individuals studied as well

as the coverage of the genome.

Public repositories of genetic variation data

The first effort to obtain a catalog of human genetic diversity was launched
in 1991, not long after the start of the Human Genome Project, under the
name Human Genome Diversity Project (HGDP) (Cavalli-Sforza et al.,

1991). Although initial plans of a more ambitious sampling scheme had

10



EVOLUTIONARY GENETICS OF MALARIA

to be abandoned, the project succeeded in establishing a repository of cell
lines from 1,064 individuals of 52 worldwide populations (Cann et al.,
2002). These samples have been used in a variety of studies of human
genetic diversity since then, culminating in 2008 with the first analysis of
genome-wide SNP genotype data in two separate publications (Jakobsson
et al., 2008; Li et al., 2008).

The launch of the International HapMap Project in 2003 was the start of
another, still ongoing effort to characterise human genetic variation (The
International HapMap Consortium, 2003). Its focus was on characteris-
ing the haplotype structure of the human genome, also called haplotype
map, and therefore differed in its approach to the HGDP. Initially, only
four populations were chosen to be genotyped, albeit at a very high SNP
density. The initial study populations were 30 parent-offspring trios from
the Yoruba people of Ibadan, Nigeria; 30 trios of US citizens from Utah
with northern and western European ancestry; 45 unrelated individuals
from Tokyo, Japan; and 45 unrelated individuals from Beijing, China.
During the initial two phases of the project, genotype data for more than
three million SNPs was obtained and analysed (The International HapMap
Consortium, 2005, 2007). For the still ongoing phase three of the project
another seven populations were added, making it a total of 1,115 individ-
uals from 11 populations.

The latest large-scale project, the so-called 1000 Genomes Project, was
started in 2008. The ambitious goal of this project is to find most genetic
variation with a frequency of at least 1% in the studied populations. At
the time of writing the first data from three pilot projects have already
been released. Once completed it will certainly be an extremely valuable

resource for all research in human genetics for years to come.

Global patterns of genetic diversity

The availability of the above mentioned sample collections together with

genotypic data covering multiple loci spread over the whole genome have

11
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resulted in a greater understanding of the global patterning of human ge-
netic variation. The main result from numerous studies has been that
African populations exhibit higher levels of both nucleotide and haplo-
type diversity compared to non-African populations, consistent with an
African origin and subsequent out-of-Africa migration of modern hu-
mans. Non-African populations show a subset of the genetic variation
present in Africa, which also show higher numbers of private alleles and
haplotypes (Tishkoffand Verrelli, 2003; Hinds et al., 2005; The International
HapMap Consortium, 2005; Conrad et al., 2006; Campbell and Tishkoff,
2008; Jakobsson et al., 2008; Li et al., 2008). Patterns of linkage disequi-
librium show similar results, with levels of LD generally increasing with
distance from East Africa (Jakobsson et al., 2008).

Many recent studies have taken advantage of high density genome-wide
genotype data in order to get a clear and detailed picture of the amount of
genetic structure in human populations, on both global and more regional
scales. On a global scale, the results obtained show that individuals gener-
ally cluster together within populations according to geographical regions
(Rosenberg et al., 2002; Jakobsson et al., 2008; Li et al., 2008). On a regional
scale such as within Europe (Lao et al., 2008; Novembre et al., 2008), the
Indian sub-continent (Reich et al., 2009) or Southeast and East Asia (The
HUGO Pan-Asian SNP Consortium, 2009) results indicate a more grad-
ual and clinal change in allele frequencies. Given these results, there has
been much debate over whether the clusters observed on a global scale
are real or just artefacts of uneven sampling. As often is the case, the
answer seems to be a combination of the two possibilities, where patterns
of human genetic variation could be mostly gradual, with a few sharp dis-

continuities due to geographical barriers to gene flow (Handley et al., 2007)

In the context of this work, the genetic structure present within Africa is
of particular interest. Despite the fact that Africa harbours the majority
of human genetic diversity, it was not until last year that an extensive
survey of African diversity was published. Tishkoff et al. (2009) stud-

12
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ied microsatellite variation in 121 African populations covering most of
Sub-Saharan Africa, albeit lacking samples from the Southern part of the
continent (with the exception of South Africa). Their study identified ex-
tensive genetic structure within African populations, which cluster into
groups that correlate with ethnicity and cultural and linguistic properties.
Another recent study analysed genome-wide SNP genotype data from
12 West African populations and found a similar result of genetic struc-
ture primarily reflecting linguistic groups (Bryc et al., 2010). Even though
these studies have yielded a tremendous amount of new insights into the
genetic diversity of Africa, more studies are clearly needed to adequately

describe the large amount of genetic variation found within the continent.
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1.2 Studying genetic diversity

An exhaustive description of the vast variety of studies of human genetic
diversity and the methods used in them would be an impossible task. This
section will therefore focus on three types of analyses that are relevant in
the context of this work: The analysis of genetic structure of populations;
linking genotype to phenotype in genetic association studies; and the

detection of signatures of natural selection in the human genome.

1.2.1 Population structure

Two types of approaches are in widespread use for the inference of popu-
lation structure from genetic data: Dimension reduction techniques such
as principal component analysis (PCA) and multi-dimensional scaling
(MDS), as well as model-based clustering algorithms using explicit popu-
lation genetics models.

Dimension reduction techniques

Dimension reduction techniques like PCA have a long history in the analy-
sis of genetic data, first introduced by Cavalli-Sforza and colleagues more
than 30 years ago (Menozzi et al., 1978). The key feature of these meth-
ods is that they allow inference of any underlying structure in the data,
without the need to assume a specific population genetic model. The raw
genotype data is usually converted into a covariance matrix or a distance
matrix among individuals, using for example the pairwise identity by
state (IBS) of genotypes between individuals as a distance metric (Patter-
son et al., 2006). This matrix can then readily be subjected to the analysis
method of choice like PCA or MDS. Recent years have seen a sort of a
renaissance in the application of PCA to human genetic variation data,
due to a variety of desirable features: The results are easily visualised by
plotting the samples along the principal components, the data can be al-
lowed to speak for itself without the need for any model assumptions, and
it can be readily applied to large datasets of genome-wide genotype data
(see Figure 1.4). Additionally, thanks to a number of recent studies it is
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Figure 1.4: Results of a principal component analysis of European popu-
lations (Novembre et al., 2008).

becoming increasingly clear how the results obtained relate to the under-
lying evolutionary parameters of the populations in question (Novembre
and Stephens, 2008; McVean, 2009).

Clustering algorithms

Clustering algorithms assume a model of K ancestral clusters or popula-
tions in the sample, each of them characterised by a set of allele frequencies
at the analysed loci. Individuals are then probabilistically assigned to the
K clusters in the way that best fits the observed data. As a result, propor-
tions of cluster membership for each individual are obtained, which allow
the identification of discrete subpopulations in the individuals analysed.
A general issue with these methods is that the number of clusters is not
known a priori. In a typical analysis, the value of K is therefore varied
over a range of sensible values, and the appropriate value is chosen based
on the improvement of the fit of the data. The most widely used cluster-
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Figure 1.5: Example result from a structure analysis. Shown here are
the cluster memberships for all Eurasian individuals from the HGDDP, for
the number of clusters K = 3 and K = 4, obtained from 377 autosomal
microsatellite loci (Rosenberg et al., 2002).

ing software is structure (Pritchard et al., 2000; Falush et al., 2003), which
uses a Bayesian Markov Chain Monte Carlo (MCMC) approach to infer
the cluster memberships. A typical result from an analysis can be seen
in Figure 1.5. Another, less computationally demanding method using
maximum likelihood has been implemented in the package frappe (Tang
et al., 2005).

1.2.2 Genetic association studies

The ultimate goal of genetic association studies is to link genotype to phe-
notype, i.e. to find the causal genetic variation responsible for a particular
phenotypic outcome like disease status. In its simplest form, we can con-
sider a situation as illustrated in Figure 1.6, where a single marker locus

(e.g. a SNP) is causal for the phenotype under investigation. In the case

Indirect .. > Disease
association _.==" phenotype
-

L4

o’ Direct Direct
¢ association association
} } Haplotype
Typed marker locus Unobserved causal locus

Figure 1.6: Basic principle of genetic association studies (Balding, 2006)
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Figure 1.7: Association of a locus with a phenotype. Red circles indicate
the causal allele of a locus (modified from Hirschhorn and Daly (2005))

of a phenotype with binary outcomes like disease, the allele frequency of
the locus in question is then simply compared between cases (individuals
with disease) and controls (disease-free individuals). If the locus has a
sufficiently large effect on disease outcome (a high penetrance) there will
be a significant difference in frequencies between the two groups (Figure
1.7). If the causal locus itself is not genotyped, associated regions can still
be detected through indirect association of a locus that is in LD with the
unobserved causal locus (Figure 1.6). Importantly, the power to detect an
indirect association will, among other factors like the number of individu-
als analysed and the frequency of the causal allele, depend on the strength
of LD between the two loci (Zondervan and Cardon, 2004). The concept
of detection of disease causing alleles using indirect association through
LD was the main motivation for the launch of the International HapMap

project, described in Section 1.1.

Types of association studies

Different strategies exist for selection of the genetic markers to investigate.
The simplest form is the case mentioned above, when a single candidate
polymorphism is tested for association. If a particular gene has previ-
ous evidence of involvement, a candidate gene approach can be employed,
where a number of SNPs distributed over the gene region are genotyped.
This approach can be extended to collections of genes or markers that
have related characteristics, for example to include all members of a par-

ticular pathway, or all SNPs that cause amino-acid changes. Finally, in a
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genome-wide association study (GWAS) a large number of SNPs distributed
all over the genome are genotyped, eliminating the need of prior evidence
for a particular gene or pathway (Hirschhorn and Daly, 2005). As the
cost for SNP genotyping has been constantly dropping over the recent
years, GWAS studies of thousands of individuals genotyped at hundreds
of thousands of SNPs have become reality. The reference study for GWAS
was published in 2007 by researchers from the Wellcome Trust Case Con-
trol Consortium, where 2,000 cases each of seven common diseases were
assayed at 500,000 SNPs (The Wellcome Trust Case Control Consortium,
2007). Today, at the time of writing there are over 500 publications listed
in the GWAS catalog of the National Human Genome Research Institute
(NHGRI) (www.genome.gov/gwastudies). Despite some undeniable suc-
cess, results in general have not been as good as initially expected, as the
discovered variants generally show small effects and only explain a small
fraction of the genetic variance of the phenotypes of interest (Manolio
et al.,, 2009). The question of how this so-called ‘missing heritability” can
be explained is one of the key topics in the genetics research community
today.

Analysis of genetic association studies

Before assessing the actual association of the studied markers with the
trait of interest, a number of preliminary analyses are typically employed
to avoid false positives due to spurious associations or biases in the data.
One cause of such is low quality genotyping data, for example in the form
of missing data, or miscalled genotypes. These problems are usually dealt
with by setting stringent thresholds for genotype calling and removing
any samples or SNPs not passing these thresholds prior to analysis, al-
though more sophisticated methods also exist (Scheet and Stephens, 2008).
Another potential source of spurious associations is undetected popula-
tion structure. If the study population is made up of subpopulations that
are genetically different, and also have different prevalence for the trait
in question, spurious associations can arise at loci that show different fre-
quencies in the two subpopulations (Figure 1.8) (Marchini et al., 2004).
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Figure 1.8: Effect of population structure in genetic association studies.
In this example, a spurious association results from different genotype
frequencies together with different proportions of cases and controls in
the two populations (Marchini et al., 2004).

Population structure can be detected using approaches like PCA, as de-
scribed above, and a number of methods exist to deal with any structure
detected (Balding, 2006).

After preliminary analyses are completed one can do the actual testing
for association. In a single-marker analysis each SNP is tested in turn for
association with the trait. A number of different statistical tests, differing
in their assumptions and power, can be employed, from a simple x>-test of
allele frequencies to more sophisticated penetrance models using regres-
sion methods (Balding, 2006). Multi-marker analysis or haplotype analysis
takes advantage of the additional information provided by considering
the joint distribution of neighbouring SNPs. Analysing haplotypes has a
variety of advantages, from biological interpretability to increased power
to detect associations of rare alleles (Schaid, 2004). However, classical sta-

tistical tests using haplotypes instead of SNPs have their own problems,
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like defining the actual haplotypes and dealing with rare ones. More
sophisticated multi-marker methods have been developed that allow to
circumvent many of these problems (Browning, 2006; Tachmazidou et al.,
2007).

Analysing a large number of SNPs inevitably means performing a large
number of statistical tests. Considering a single marker analysis of an
average sized GWAS with 500,000 SNPs, at a nominal significance thresh-
old of 0.01 we would expect 5,000 of them to be associated due to chance
alone. It is therefore necessary to correct the nominal p-values for each
SNP for the number of tests performed. Only SNPs that remain significant
after this correction can be considered truly associated with the trait. The
simplest and most conservative method for correction is the Bonferroni
procedure. In this method the corrected p - value is simply the nominal
p-value multiplied by the number of tests if the resulting value is smaller
than 1, and 1 if otherwise. However, this method is overly conservative for
situations where the tests are not independent from each other, which is
the case for SNPs that are in LD with each other. An alternative approach
is to estimate the null-distribution of no association with a trait empiri-
cally by permutation. In this procedure, the labels of cases and controls
are randomly permuted and the test statistic is calculated again for this
permuted set. A corrected p-value can then be obtained by comparing the
originally obtained statistic to a large enough number of permuted ones.
Importantly, this procedure only destroys associations between pheno-
type and genotype, but keeps the correlation structure among markers
intact (Hirschhorn and Daly, 2005). A disadvantage of this method is that
it becomes computationally very demanding if applied to a large numbers
of SNPs and samples.

1.2.3 Signatures of natural selection

As introduced in Section 1.1.2, natural selection is one of the main forces
shaping genetic diversity. Even though it is clear that selection plays an

important role in humans, ever since the introduction of the neutral theory
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Figure 1.9: Molecular signatures of natural selection and the time scale to
detect them (Sabeti et al., 2006).

of molecular evolution by Moto Kimura (1968) it was thought that it was
mostly negative selection against deleterious alleles, and polymorphisms
segregating in the population were in general neutral alleles governed by
random genetic drift. The availability of DNA sequence data has allowed
to reconsider this notion in recent years, and studies trying to infer the
importance of all types of natural selection have become increasingly
common. Positive selection in particular has seen much interest over the
past years (Sabeti et al., 2006; Nielsen et al., 2007; Akey, 2009; Pickrell et al.,
2009). The rationale for this is simple: Positive selection is the process that
underlies human adaptation, so finding the targets of selection in the
genome can reveal genes that are of functional importance for a particular
trait (Bamshad and Wooding, 2003). Comparing differences of humans
to closely related species like chimpanzees allows the inference of ancient
selective events that were important in the early evolution of our species.
In the context of this work however, our interest lies in more recent events,
i.e. after the emergence of anatomically modern humans. The focus of
this section will therefore be on the molecular signatures of these events,
and the methods for detecting them (Figure 1.9).
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Figure 1.10: Example of a selective sweep involving a new advantageous
mutation. Neutral haplotypes recombining onto the selected one are de-
picted in yellow (Nielsen et al., 2007).

Selective sweeps

An important concept in the methodology to detect positive selection from
genetic data is that of a selective sweep. In a selective sweep, a newly arisen
or previously rare advantageous mutation increases in frequency in the
population. As a consequence, any neutral variation that is linked to the
advantageous mutation will also be increasing in frequency, a process
also known as genetic hitchhiking (Maynard Smith and Haigh, 1974). Its
consequence are distinct signatures in the pattern of genetic variation in
the selected region: A reduction in genetic diversity, a temporal increase
in LD, as well as a skew in the distribution of allele frequencies (Nielsen,
2005). The magnitude of these signatures depends both on the strength

of selection as well as the recombination rate in the selected region. In
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the absence of recombination, any genetic variation linked to the advan-
tageous mutation will be eliminated when the sweep is complete. With
recombination, neutral alleles on other haplotypes can recombine onto the
selected one, so some neutral variation will remain after the sweep (Figure
1.10). The standard model for a selective sweep acting on a newly arisen
mutation is sometimes also referred to as a hard sweep. In a soft sweep,
selection is acting on genetic variation that was previously segregating in
the population (standing genetic variation), which typically has a much
weaker effect on linked neutral alleles, making it considerably more dif-
ficult to detect (Hermisson and Pennings, 2005; Przeworski et al., 2005;
Pritchard et al., 2010).

Tests for natural selection

As described in the previous section, a selective sweep leaves distinct
molecular signatures in the region surrounding the advantageous muta-
tion. These signatures form the basis for many different tests of natural se-
lection, also referred to as neutrality tests. In a typical neutrality test, some
sort of summary statistic of the patterning of genetic variation in the anal-
ysed region is calculated, which is used to determine whether the result
is compatible with the null hypothesis of neutral evolution. If the result
is significantly different from the neutral expectation, the alternative hy-
pothesis of natural selection is accepted. The general difficulty with these
tests is the determination of the neutral expectation, since the patterning
of genetic variation is a product of a complex interplay of many different
processes. In particular, historical demographic events such as population
reductions (bottlenecks) or expansions can produce molecular signatures
very similar to the ones produced by natural selection. One solution is
to determine the neutral expectation by simulating a large number of
datasets, incorporating various demographic models (e.g. Schaffner et al.,
2005). The significance of the statistic is then determined by comparing its
value to the distribution obtained from the simulations. Another widely
used approach is based on the notion that any event related to population
history will affect the whole genome in a similar fashion, whereas selec-
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tion acts at a specific location. Under the assumption that most regions of
the genome will be evolving neutrally, the genome-wide distribution of
the statistic can then be used as an empirical background to find regions
in the extreme tails of the distribution (Akey, 2009). Importantly, this so-
called outlier approach is not a formal statistical test, but rather a way to
find regions that exhibit unusual patterns of variation. Simulation studies
have shown that this approach can indeed find regions under selection,
but care has to be taken with the interpretation as the number of false
positives can be high depending upon the specific parameters and extent
of selection (Kelley et al., 2006; Teshima et al., 2006).

Allele frequency spectrum As mentioned in the introduction to this
section, natural selection leaves a distinct signature in the distribution of
allele frequencies (i.e. the allele frequency spectrum) in the affected region.
In particular, positive selection results both in a reduction in diversity
combined with an excess of rare alleles, as well as an enrichment in high
frequency derived alleles (Nielsen, 2005). The signature of balancing
selection on the other hand is an excess of intermediate frequency alleles.
These signatures form the basis of a variety of classical neutrality tests,
the most famous one being Tajima’s D test (Tajima, 1989). Even though in
principle it allows the inference of both positive and balancing selection,
the latter one is in general more difficult to detect (Andrés et al., 2009).

Population differentiation Another approach to detect positive selec-
tion is to investigate allele frequency differences between populations. If
alocus is the target of selection in one population, but evolves neutrally in
another one, it is expected to show a higher level of genetic differentiation
than the average differentiation between the two populations (Novembre
and Di Rienzo, 2009). A widely used approach is to calculate Wright's fix-
ation index Fst as a measure of population differentiation (Holsinger and
Weir, 2009), and to identify regions with large values, although recently
more sophisticated methods have also been developed (Chen et al., 2010).
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Figure 1.11: Linkage disequilibrium as a signature for recent positive
selection (Bamshad and Wooding, 2003).

Long range linkage disequilibrium Powerful approaches for detecting
positive selection are a class of methods that rely on linkage disequilib-
rium as a molecular signature. The basic concept of this type of tests is
shown in Figure 1.11. A new allele is initially at low frequency in the
population and in high LD with neighbouring markers (Figure 1.11a). If
the allele is neutral, genetic drift can cause its increase in frequency over
time, but recombination reduces the extent of LD surrounding it (Figure
1.11b). An advantageous allele on the other hand, can rise in frequency
faster than recombination can break down LD with its surrounding mark-
ers, leading to a characteristic signature of high frequency alleles on a
background haplotype with very long range LD (Figure 1.11c). A vari-
ety of methods have been developed to detect this signature, all of them
based on a measure of long-range LD called extended haplotype homozy-
gosity (EHH). The original test which first introduced this measure is the
long-range haplotype (LRH) test (Sabeti et al., 2002a). This was subsequently
much improved in the popular integrated haplotype score (iHS) test (Voight
et al., 2006). Another class of tests is based on comparing EHH among
different populations, as implemented in the cross population EHH (XP-
EHH) test (Sabeti et al., 2007) and the Rsb test (Tang et al., 2007). These

methods are particularly powerful for detecting very recent, incomplete
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or recently completed sweeps in the genome, back to around 30,000 years
ago (Sabeti et al., 2006). They are therefore covering what is thought to
be a key period for human evolution, when both population migrations
and the onset of agriculture roughly 10,000 years ago exposed humans to
a variety of new environments and selective agents. The example of the
malaria parasite Plasmodium falciparum is one example of such a selective
agent, and will be described in greater detail in the following section.

Developing methods for the detection of natural selection remains a very
active field of research, with ever more powerful and robust methods
being developed (Grossman et al., 2010). However, most of them are still
based in the classical model of a hard sweep involving the spread of a
new, advantageous mutation. A challenge for future studies will be to
infer the targets of selection of other, likely equally important modes of
adaptation, like soft sweeps on standing genetic variation or polygenic
adaptation involving multiple interacting loci (Pritchard et al., 2010).
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1.3 Malaria

The previous sections gave an introduction to human genetic diversity,
and some of the motivations and methods for its study. The particular
motivation of this present work has been to study human genetic diversity
in the context of malaria. It is therefore necessary to introduce the disease
in greater detail, which will be the goal of this following section.

1.3.1 Malaria parasites

Malaria is an infectious disease caused by protozoan parasites of the genus
Plasmodium. 1t is a vector-borne disease, transmitted through bites of
mosquitos of the genus Anopheles. Plasmodium parasites can infect a vari-
ety of host species, from reptiles, birds and rodents to the great apes. The
four main species of Plasmodium that can cause human malaria are P. falci-
parum, P. vivax, P. malariae and P. ovale. Among them, P. falciparum is by far
the most virulent, estimated to be responsible for more than 90% of cases
worldwide (World Health Organization, 2009). Given this high virulence
of P. falciparum, much research effort has been directed at the question of
the origin of this species and its pathogenicity. Early phylogenetic studies
indicated that human Plasmodium species were not a monophyletic group
originating from a shared common ancestor, but rather that P. falciparum
was most closely related to P. reichenowi, a parasite that infects chim-
panzees (Escalante and Ayala, 1994; Escalante et al., 1995). These results
suggested that human-infecting P. falciparum originated from a host-switch
of a chimpanzee parasite, after which both parasite species diverged due
to ongoing coevolution with their respective hosts. Recent studies sup-
port this hypothesis (Rich et al., 2009), although one study concluded that
not chimpanzees but rather bonobos were the source host of the switch
(Krief et al., 2010). A variety of studies investigating genetic variability
of P. falciparum found low levels of neutral variation, indicating a recent
population expansion of the parasite population estimated to have started
around 10,000 years ago (Rich et al., 1998; Volkman et al., 2001; Joy et al.,

2003). This would coincide with the time of the first expansion of malaria,
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Figure 1.12: A scenario for the origin of human malaria. Neu5Gc is the
chimpanzee sialic acid, whereas Neu5Ac is the human variant (Varki and
Gagneux, 2009).

which is thought to have occurred around the same time due to a variety
of environmental changes that facilitated the spread of the disease: The
onset of agriculture and subsequent increase in human population den-
sity, climate change towards warmer and more humid conditions as well
as the rapid expansion of the population of the vector species Anopheles
(Hartl, 2004). Even though this hypothesis is not undisputed (Mu et al.,
2002), most of the data available to date seems to support it.

A possible scenario for the evolution of human malaria is shown in Fig-
ure 1.12. The authors of this hypothesis observed in a previous study
that humans lack an enzyme in the biosynthesis pathway of a particular
sialic acid, which are sugar molecules forming the terminal parts of the
glycan chains of cell surface glycoproteins. This human-specific loss was
estimated to have occurred around 2 million years ago. Strikingly, the au-
thors also found that the chimpanzee parasite P. reichenowi preferentially
bound to blood cells expressing the sialic acid that humans were miss-
ing, whereas P. falciparum preferentially bound the human variant (Martin
et al., 2005). This strongly suggests that the enzyme function has been lost
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in humans as a consequence of coevolution with the parasite in order to
escape infection. The changes in the environment described above could
then have facilitated the spread of a newly arisen parasite mutant that
exploited the human-specific glycan side chain, the present day highly
pathogenic P. falciparum (Varki and Gagneux, 2009).

1.3.2 Epidemiology and burden of malaria

Depending on the observed annual parasite incidence, malaria-endemic
regions can be classified into regions of unstable transmission, where
transmission varies considerably from year to year, versus stable trans-
mission, where generally intense transmission occurs year-round. Within
regions of stable transmission, further subcategories of endemicity can be
formed based on the prevalence of parasite infections. As can be seen
in Figure 1.13, stable transmission occurs worldwide in tropical and sub-
tropical regions, with highest levels of endemicity found in Sub-Saharan
Africa. A recent effort to map malaria endemicity estimated a total of
1.3 billion people at risk of P. falciparum malaria, roughly half of those in
Africa. Furthermore, even though a similar number of people are at risk in
the Central and South East Asia regions, rates of endemicity are generally
much higher in Africa, with only around 15% of people living in areas of
low endemicity, compared to 80% in Central and South East Asia (Hay
et al., 2009). This fact is also well reflected in the estimates of the global
distribution of malaria cases and deaths. In 2008, there were an estimated
243 million cases of malaria worldwide, of which 208 million, or 85% were
occurring in Africa. As mentioned briefly in the previous section, the lion
share of those cases is due to P. falciparum, with 93% of cases worldwide
and 98% in Africa (World Health Organization, 2009).

The distribution of deaths caused by malaria paints an even grimmer pic-
ture. The total number of deaths due to malaria worldwide was estimated
to be up to one million, again with the majority occurring in Africa (89%)
and due to P. falciparum infection. Even more disconcerting, the popula-
tion group exhibiting by far the highest death toll is children under the
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Figure 1.13: Worldwide malaria endemic regions. Orange colours show
endemicity of malaria in regions of stable transmission, with darker
colours indicating higher endemicity (Hay et al., 2009).

age of five, which account for 85% of deaths world-wide (88% in Africa).
Given these figures, it is clear that malaria continues to cause a major
burden for human health, particularly in Africa. Without neglecting the
contribution of the other malaria parasites, it is evident that P. falciparum
malaria is the main culprit of the global health toll, and therefore the main

focus of this work.

1.3.3 Clinical manifestations

The consequences of infection with malaria parasites can be manifold,
ranging from completely asymptotic infections or mild diseases to severe
disease and death. Based on this wide range of outcomes, a distinction can
be made between uncomplicated malaria and severe malaria. After being
bitten by an infected mosquito, the incubation time until the first symp-
toms develop typically ranges from 6-14 days for P. falciparum, and slightly
longer for other parasite species. A particular feature of P. vivax and P.
malarige malaria is the possibility of a relapse of the disease even years
after a previous infection, due to dormant parasite forms remaining in the

liver of individuals (Trampuz et al., 2003). In the case of uncomplicated
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malaria, symptoms are similar to those of common viral infections, and
include fever, headaches, chills, dizziness nausea and vomiting, among
others. Severe malaria on the other hand is a complex disorder which can
include a variety of potentially life-threatening complications. The typi-
cally observed major complications are severe anaemia due to destruction
of red blood cells, and cerebral malaria, which can lead to loss or im-
pairment of consciousness, convulsions and coma. However, many other
complications also often occur in combination with any of the two men-
tioned above, including metabolic acidosis and acute respiratory stress,
acidotic breathing, and renal failure (World Health Organization, 2000;
Mackintosh et al., 2004; Rogerson et al., 2004). As seen in the previous sec-
tion, the vast majority of cases and deaths due to severe malaria is caused
by infection with P. falciparum, although recent studies show that severe
disease due to P. vivax might be more common than previously thought
(Genton et al., 2008; Tjitra et al., 2008).

As a consequence of constant exposure to infected mosquitos and mul-
tiple infections during adolescence, adults living in areas of stable trans-
mission generally acquire semi-immunity to malaria. Although infections
and subsequent parasitaemia continue to be observed, severe disease and
death are essentially absent (Doolan et al., 2009). An exception to this
are women during pregnancy, who show a marked increase in suscep-
tibility to malaria even if they had previously acquired semi-immunity.
This increased susceptibility occurs particularly in the first and second
pregnancy, with a reduction in subsequent pregnancies due to increased
acquired immunity (McGregor et al., 1983; Menendez, 1996). A key char-
acteristic of malaria in pregnancy is infection of placental tissue, which
will be described in more detail in the next section. Malaria in pregnancy
can cause a wide variety of adverse outcomes for both the mothers and
newborns, among them maternal anaemia, low birth weight and prema-
ture delivery, as well as increased susceptibility of infection for newborns
(Figure 1.14) (Steketee et al., 1996; Menendez et al., 2000; Mutabingwa
et al., 2005; Desai et al., 2007). Co-infection with HIV, which are common
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Figure 1.14: An overview of adverse outcomes for mothers and newborns
due to malaria in pregnancy (Desai et al., 2007).

in Africa, can significantly worsen these outcomes. A substantial part of
the yearly death toll associated with malaria is due to malaria in preg-
nancy, with up to 200,000 estimated infant deaths in Africa every year, as
well as substantial maternal mortality (Steketee et al., 2001; Desai et al.,
2007).

1.3.4 Life cycle and pathogenesis

The aim of this section is to give a more detailed description of the patho-
genesis of malaria, with a particular focus on the life cycle of the malaria
parasites and the key processes associated with infection. Figure 1.15
gives a schematic overview of the life cycle in both the human host as well

as the mosquito vector.
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Figure 1.15: The life cycle of Plasmodium falciparum (Stevenson and Riley,
2004)

Liver stage

Infection begins with a bite from an infected female Anopheles mosquito,
which results in the injection of a parasite form named sporozoites into the
subcutaneous tissue and bloodstream of the affected individual. From
there, sporozoites travel to the liver, where they rapidly invade liver
cells (hepatocytes) through a complex process involving traversal of liver
macrophages known as Kupffer cells (Vaughan et al., 2008). Once in-
side the hepatocytes, liver stage development is initiated, and parasites
multiply by undergoing asexual reproduction. During this process, each
sporozoite develops into thousands of merozoites, which then get released
into the bloodstream to initiate the erythrocytic stage of infection. This
release seems to involve interference of the parasite with host cell death
mechanisms (apoptosis), one of the many strategies the parasite is thought
to have evolved in order to evade the host defence (Sturm et al., 2006).
Liver stage development typically takes around seven days, during which

clinical symptoms of disease do not yet manifest themselves. Compared
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to other parasite stages, liver stage parasites are generally more difficult
to study, due to both low numbers as well as being relatively inaccessible
(Vaughan et al., 2008). Nonetheless, much recent effort has been aimed at
them, as a consequence of being the target of the most promising malaria
vaccine candidates (Alonso et al., 2005).

Erythrocyte invasion and parasite expansion

After their release into the bloodstream, merozoites initiate the erythro-
cytic stage of the disease by invasion of red blood cells. Erythrocyte
invasion is a complex process involving molecular interactions between
various parasite ligands and their respective erythrocyte cell surface re-
ceptors (Gaur et al., 2004). Host receptors used for invasion include gly-
cophorins, as well as other, as of yet unknown molecules (Baum et al.,
2005). The host receptors employed for invasion often possess glycan
sidechains such as sialic acids that are important for ligand binding (see
Section 1.3.1), but parasites can use a number of distinct invasion path-
ways that can be sialic acid independent (Stubbs et al., 2005; Baum et al.,
2005). This is most likely a consequence of the ongoing evolutionary arms
race between the parasite and the human host, and allows invasion also in
the presence of other receptors and/or glycans. A famous example of this
is the case of the Duffy antigen and erythrocyte invasion of P. vivax, which
will be discussed in more detail in a later section. Once within the erythro-
cytes, merozoites develop and asexually reproduce during 48 hours. Each
infected red blood cell (IRBC) produces around 20 daughter merozoites,
which subsequently get released into the blood stream through rupture
of the IRBCs, ready to newly infect erythrocytes themselves (Miller et al.,
2002). It is at this stage that clinical manifestations of the disease appear,
with bouts of high fever occurring in cycles coinciding with the massive

synchronised release of merozoites into the bloodstream.

Cytoadherence of infected erythrocytes

A key process in the pathogenesis of malaria is the ability of parasites
to modify the cell surface of IRBCs to facilitate adherence of the cells to
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Figure 1.16: Cell adhesion processes in the pathogenesis of malaria. Host
receptors molecules implicated with a particular process are indicated
above the respective process (modified from Miller et al., 2002).

endothelial tissue throughout the body (Miller et al., 2002). Sequestra-
tion of infected blood cells in the vasculature prevents them from passing
through the spleen and subsequent cleaning of the infected cells, an effec-
tive mechanism for the parasite to evade the host defence mechanisms.
Cell adhesion processes of infected erythrocytes and their sequestration
in other organs are also associated with complications observed in severe
malaria, although the exact relationship with them is still not completely
understood (Rogerson et al., 2004). For example, sequestration of IRBCs
in cerebral blood vessels is a common occurrence in cerebral malaria,
whereas placental malaria infection is characterised by sequestration and
accumulation of IRBCs in the intervillous space of the placenta (Figure
1.16). Infected erythrocytes can also adhere to other non-infected erythro-
cytes (referred to as rosetting) or form clumps with each other, further
contributing to the pathogenesis of P. falciparum (Miller et al., 2002).

Central to this adhesion processes is the P. falciparum erythrocyte mem-
brane protein 1 (PfEMP1) family, the members of which are expressed
on the cell surface of IRBCs and mediate binding to the different host

receptors. The members of this family of multi-domain proteins are en-
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coded by a family of more than 50 different, highly variable genes, called
var genes (Kraemer and Smith, 2006). The genomic organisation of var
genes allows the generation of a repertoire of extreme antigenic diversity,
through frequent recombination and gene conversion, thereby constantly
generating new forms. At any particular time, only one var gene is ex-
pressed by an individual parasite, but expression is readily switched to
another form during the course of an infection, which allows the parasite
to evade clearance by the host immune system and the establishment of
prolonged infection (Scherf et al., 2008). One exception to this is placental
malaria, where it has been suggested that a single var gene, var2csa is
expressed by most IRBCs that show cytoadherence with placental tissue.
On the host side, the receptor molecule implicated to mediate the adher-
ence of infected erythrocytes in the placenta is a glycosaminoglycan called
chondroitin sulphate A (CSA) (Fried and Duffy, 1996; Fried et al., 2006).
Although these in vitro studies clearly demonstrate the adhesion of IRBCs
from placental tissue to CSA, knowledge on whether other receptors also

play important roles in vivo is still limited.

Host inflammatory response

Another important aspect of the pathogenesis of infection is the inflam-
matory response of the host and its regulation. Both studies in humans,
as well as model systems of malaria in mice have shed some light on the
intricacies of this response. On one hand, a rapid and potent inflamma-
tory response during early blood stage infection seems to be crucial for
the control and eventual clearing of the infection. This response is medi-
ated by pro-inflammatory cytokines such as tumor necrosis factor (TINF)
and interferon-y (IFN-y). On the other hand, these pro-inflammatory cy-
tokines have also been associated with severe disease states like cerebral
malaria, whereas anti-inflammatory cytokines such as interleukin 10 (IL-
10) and transforming growth factor-f (TGF-f) are protective. The general
consensus from these results is that an efficient response to infection re-
quires a delicate balance between a quick and intense early inflammatory

response, and a subsequent efficient suppression of inflammation to avoid
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promotion of severe pathology of the disease (Artavanis-Tsakonas et al.,
2003; Hunt and Grau, 2003; Stevenson and Riley, 2004; Riley et al., 2006).

Mosquito stage

During blood stage merozoite development, a small fraction of parasites
develop into male and female gametocytes for subsequent sexual repro-
duction. Gametocytes then circulate in the peripheral bloodstream, from
where they are taken up by mosquitos feeding on the infected host. Once
within the mosquito, gametocytes relocate to the mosquito midgut, where
the change in environment triggers their maturation into gametes, which
subsequently fuse and undergo sexual reproduction. After several in-
termediate developmental stages, sporozoites appear as the last stage of
development within the vector, and subsequently migrate to the salivary
glands of the mosquito. The duration of this development varies depend-
ing on the species and temperature, taking around 14 days at 26 °C for
P. falciparum. After finishing development, up to 1,000 sporozoites can be
found in the salivary glands, ready to to reinitiate the life cycle after the
mosquito feeds on a new host (Baton and Ranford-Cartwright, 2005).

1.3.5 Susceptibility to malaria

Susceptibility to malaria is, not surprisingly given the multitude of fac-
tors potentially involved in the disease, a complex issue. Being a system
involving three different species - the malaria parasites, the human hosts,
and the mosquito vectors - any factor affecting any one of them can poten-
tially influence the final outcome in humans. But before trying to address
the question of the relative importance of the various factors, one needs
a clear definition of what kind of susceptibility is being investigated, i.e.
what is the phenotype of interest. As seen in the previous sections, infec-
tion with parasites does not necessarily lead to a clinical manifestation of
the disease, like it is most often the case for adults living in high trans-
mission areas. A distinction can therefore be made between looking at
an outcome based on the status of an infection, or one that is based on
disease status. In the first case, the simplest case would be a binary cate-
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Figure 1.17: The multitude of factors influencing the outcome of malaria
infection (Miller et al., 2002).

gorisation of infection status, i.e. the presence or absence of parasites in
the host. Additional information could be for example gained by quan-
titatively measuring levels of parasitaemia as a phenotype. On the other
hand, researchers are most often interested in the clinical outcomes of
disease, where again a multitude of different ways to define the pheno-
type of interest exist. Not surprisingly, a lot of effort has been aimed at
discovering factors affecting the severity of the disease, given that severe
malaria is the major cause of the death toll associated with malaria. From
a clinical perspective, these phenotypes are arguably the most relevant
to study, since the first goal of any intervention is to save the lives of
patients. However, these high-level phenotypes are themselves complex
entities, the final outcome of a complex interplay of cellular and organ-
ismal processes affected by the infection. It is therefore often difficult
to properly define or measure what a particular phenotype like severe
malaria” actually entails. In the context of genetic susceptibility, studying
more tractable phenotypes closer to basic organismal functions, so-called
endophenotypes, could improve both the power to detect the genetic factors

involved.
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Figure 1.18: The relative contribution of factors in the incidence of mild
and hospitalized malaria (modified from Mackinnon et al., 2005).

Figure 1.17 gives an overview of the many factors that can affect any of
the many potential outcomes of interest. A first point of interest is the
relative contribution of each of those factors on the outcome of interest,
in particular genetic factors of the host, which are the focus of this work.
Although the number of published studies is surprisingly scarce, an im-
portant work in this respect was published by Mackinnon et al. (2005). In
order to investigate which factors explained the variation in malaria inci-
dence, two separate pedigree-based heritability studies were conducted.
In one study, the outcome of interest was incidence of mild, uncomplicated
malaria, whereas the other one investigated hospitalised malaria. Figure
1.18 gives an overview of the results from both studies. The largest part
of the variation in incidence corresponds to as-of-yet unknown factors.
The other two factors with a large impact are the household of the study
individuals as well as genetic factors, which account for roughly 50% of
the variation when taken together. Genetic factors by themselves seem to
be slightly more important in the more severe hospitalised malaria, where
they account for a third of the variance, as opposed to 23% in mild malaria.
Nevertheless, an important finding is the fact that the strongest protective
genetic factor known, haemoglobin S, was not included in this and only
accounted for 2.1% by itself. From these results it is therefore clear that
susceptibility to malaria is a heritable trait, and that the most of its heri-
tability is still unaccounted for. In the context of this work, this indicates
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that genetic susceptibility to malaria is a complex trait, with contribution

of many different loci, the majority of which still unknown.
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1.4 Malaria and the human genome

For any kind of disease to exert a strong selective pressure on human pop-
ulations, it has to show two key characteristics: A large effect on mortality
before reaching reproductive age; and exposure of this effect for a long
period of time. As has been described in the previous sections, malaria
clearly fulfils both of these requirements. It is therefore not surprising that
malaria is today thought to be the strongest selective force in recent human
history (Kwiatkowski, 2005). As a result of this strong selective pressure,
it is therefore expected that any type of genetic variation that significantly
increases the chances of survival of malaria would become more common
in the population, i.e. be under the effects of natural selection. More than
60 years ago, ]. B. S. Haldane first hypothesised that thalassaemia, a delete-
rious erythrocytic disorder that occurred at surprisingly high frequency,
was in fact a protective factor against malaria and therefore under a se-
lective advantage, inspired by the observation of the striking similarity of
the geographical distributions of erythrocyte disorders and malaria trans-
mission (Figure 1.19) (Haldane, 1949; Lederberg, 1999). The subsequent
discovery of the protective effect of sickle cell anaemia in 1954 was the
first evidence of natural selection acting in human populations (Allison,
1954). Since then, much has been learned about how the selective pres-
sure of malaria affects human genetic variation (Kwiatkowski, 2005), and
many loci influencing susceptibility have been described. Nevertheless,
as mentioned in the previous section, the picture is far from complete. The
aim of this section is then to give an overview over some of the loci that
have been discovered, and the nature of selection acting upon them. The
last part of this section will be devoted to introducing some very recent

results of the first genome-wide studies of malaria.

1.4.1 Variants related to erythrocyte function

As mentioned in the introduction to this section, erythrocyte disorders
like thalassaemia and sickle cell disease are the classical resistance factors

for malaria. Given the importance of erythrocytes in the life cycle of the
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Figure 1.19: Worldwide malaria endemicity and distribution of erythro-
cyte disorders. The colors indicate rates of malaria transmission, with
regions of high transmission in red (Cooke and Hill, 2001).

malaria parasites, it is not surprising that among the known resistance

factors, many are associated with erythrocyte function.

Haemoglobin disorders

Adult haemoglobin (HbA) is a tetrameric protein composed of four pro-
tein chains, two chains of a globin (encoded by two identical HBA genes
HBA1 and HBA2), and two chains of g globin (encoded by HBB). Disorders
of haemoglobin can be distinguished in two broad categories: structural
variations of the HbA protein chains, as well as regulatory variation in-
volving reduced levels of globin proteins.

Haemoglobin structural variants The three structural variants with pro-
tective effect that are found at appreciable frequencies are all due to non-
synonymous SNPs in HBB: the sickle cell allele HbS (glutamic acid —
valine at codon 6), HbC (glutamic acid — lysine at codon 6), and HbE
(glutamic acid — lysine at codon 26). The sickle cell allele HbS results
in deformed erythrocytes with a characteristic sickle-like shape (Figure
1.20), and individuals homozygous for the allele are affected by sickle cell
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Figure 1.20: Microscopic image of a sickle cell erythrocyte

disease, a severe and very often fatal disorder. Heterozygote carriers on
the other hand usually show only mild symptoms, but enjoy a roughly
10-fold reduction in risk of severe malaria (Allison, 1954; Aidoo et al.,
2002; Ackerman et al., 2005; Williams et al., 2005a). HbS is found at fre-
quencies up to 15 - 20% in some regions of Sub-Saharan Africa (Williams,
2006), despite the deleterious effect of the homozygote state, a clear indi-
cator of its selective advantage. To date it is still the text-book example of
balancing selection in human populations. Haemoglobin C is also found
in Africa, although at lower frequencies than HbS (Kwiatkowski, 2005).
As opposed to HbS, in the case of HbC homozygotes seem to exhibit the
strongest protective effect, and only a mild clinical phenotype of anaemia
(Modiano et al., 2001; Mockenhaupt et al., 2004a). The situation for HbE
is similar to HbC, which is found at high frequencies in Southeast Asia,
although epidemiological evidence for a protective effect is still somewhat
limited (Hutagalung et al., 1999). However, population genetics analyses
of both HbC and HbE alleles show signatures of recent positive selection
in the affected populations, providing further support for a protective
effect from malaria (Ohashi et al., 2004; Wood et al., 2005).
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Reduced globinlevels The main class of disorders caused by disruption
of globin production are the thalassaemias. Thalassaemias are prevalent
throughout Sub-Saharan Africa, the Mediterranean region and the Mid-
dle East, as well as Southeast Asia. Depending on which of the globins
is affected, one can distinguish between a- and f-thalassaemias. A vari-
ety of subclasses of thalassaemias with varying degree in severity exist,
depending on the nature and extent of the disruption or deletions of the
globin genes (Weatherall, 2001). Population genetics analysis provided
the first robust evidence for a protective effect of a-thalassaemia, as hy-
pothesised by Haldane (Flint et al., 1986). More recently, this has also
been confirmed by a number of epidemiological studies, which found a
decreased risk of severe and fatal malaria in affected individuals (Mock-
enhaupt et al., 2004b; Williams et al., 2005c; Wambua et al., 2006). As an
important reminder of the complexities involved in the susceptibility to
malaria, another study reported compelling evidence of a negative inter-
action (epistasis) between a-thalassaemia and HbS in a Kenyan population
(Williams et al., 2005b). Even though the two exhibit a protective effect
when inherited by themselves, the protective effect was almost completely
lost in individuals with both alleles together. These epistatic effects could
explain why a-thalassaemia has not been fixed in African populations

despite the strong selective advantage.

Erythrocyte surface variants

The blood stage of the life cycle of Plasmodium is initiated with the invasion
of erythrocytes by the parasite, a process that involves extensive ligand-
receptor interaction events between parasite and the erythrocyte surface.
Not surprisingly, some of the most well-known examples of genetic re-
sistance to malaria involve genes that produce erythrocyte cell surface
molecules.

Duffy antigen The Duffy antigen is a chemokine receptor expressed on
the cell surface of various cell types, encoded by the DARC gene (also
known as FY). Allelic variants of the receptor expressed on erythrocytes
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Figure 1.21: The global distribution and frequencies of the Duffy null allele
(Sabeti et al., 2006).

form the basis of the Duffy blood group system, and three common forms
have been described (FY*A, FY*B, FY*0). The Duffy null allele (FY*0)
causes repression of the expression of the receptor on the cell surface
(Tournamille et al., 1995), and is at or close to fixation in most of Sub-
Saharan Africa, but very rare in the rest of the world (Figure 1.21). The
presence of the Duffy antigen is however required for erythrocyte invasion
of P. vivax, which as a consequence is almost completely absent from Sub-
Saharan Africa (Miller et al., 1976). Population genetic studies of the
DARC locus have revealed strong signatures of positive selection at the
locus, showing extreme population differentiation, much reduced levels
of genetic variation and an excess of high frequency derived alleles in
African populations, consistent with the hypothesis of a strong selective
sweep causing the near-fixation of this allele (Hamblin and Di Rienzo,
2000; Hamblin et al., 2002).

ABO The ABO system is arguably the most important human blood
group system. The three allelic forms A, B and O correspond to different
glycan sidechains on erythrocyte membrane proteins. Although the global

47



1. INTRODUCTION

distribution of the different alleles is complex and could reflect selective
pressures of a variety of pathogens, blood group O is consistently found
at high frequency in Sub-Saharan Africa, whereas it is much less frequent
in the rest of the world, which could indicate a protective effect against P.
falciparum malaria (Cserti and Dzik, 2007). This hypothesised protective
effect has indeed been confirmed recently, presumably due to a reduction
of erythrocyte rosetting (Rowe et al., 2007; Fry et al., 2008b). In one of
the studies, the authors also found extremely low levels of population
differentiation in ABO, suggesting long-term balancing selection, a poten-
tial explanation for the absence of fixation of the O group in Sub-Saharan
Africa (Fry etal., 2008b). Interestingly, another recent study found a highly
significant association of a SNP at the ABO locus with levels of circulating
soluble intercellular adhesion molecule-1 (SICAM-1), thereby providing a
functional link between ABO polymorphisms and inflammatory adhesion
processes involved in malaria pathogenesis (Paré et al., 2008).

Glycophorins Glycophorins are sialoglycoproteins expressed on the ery-
throcyte cell surface, which have been shown to be involved in P. falciparum
erythrocyte invasion pathways (Miller et al., 2002; Kwiatkowski, 2005). Al-
though there is to date no epidemiological evidence for a protective effect
of glycophorin variants, a comparative study focusing on fast-evolving
genes between humans and primates found three glycophorins (GPA,
GPB, GPE) among the fastest evolving genes in humans. Intriguingly,
the parasite ligand for the glycophorins (EBA-175) also shows high rates
of substitutions, indicating a co-evolutionary arms race between humans
and P. falciparum at this loci (Wang et al., 2003).

Erythrocyte enzymatic disorders

G6PD deficiency Glucose-6-phosphate dehydrogenase (G6PD) is an en-
zyme involved in the pentose phosphate pathway, and plays an important
role in the protection of the erythrocyte from oxidative stress. Patients with
enzymatic deficiency caused by mutations in the gene suffer from G6PD

deficiency, an X-linked recessive disorder that is one of the most common
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enzymatic disorders in humans. The most frequent deficient variant in
Africa, G6PD A~, is caused by two non-synonymous SNPs and results in
G6PD with between 10% and 50% enzyme activity (Verra et al., 2009). The
prevalence of the disorder in malaria endemic regions and its importance
in erythrocyte metabolism had long suggested a protective effect. This has
been confirmed by a number of studies, with a recent study showing that
both hemizygous men and homozygous women are protected from severe
malaria (Ruwende et al., 1995; Mockenhaupt et al., 2003; Guindo et al.,
2007). However, another recent study analysing additional deficiency al-
leles in the Gambia detected the protective effect only when pooling the
G6PD A~ allele with the other deficiency alleles, showing the potential
problems when faced with undetected allelic heterogeneity (Clark et al.,
2009). In addition to the epidemiological results, evolutionary analyses of
the G6PD region have shown strong signatures for recent positive selec-
tion for G6PD A~ (Figure 1.22) (Tishkoff et al., 2001; Saunders et al., 2002;
Sabeti et al., 2002a; Saunders et al., 2005). Additionally, a comparative
study with nonhuman primates indicated that the signal of selection is
specific to humans (Verrelli et al., 2006). Finally, one study investigated
a different G6PD-deficiency allele common in Southeast Asia and also
found strong signatures of recent positive selection. Surprisingly, the au-
thors found that the allele reduced parasite density of P. vivax, and not P.
falciparum, indicating that P. vivax has also been a strong selective force
historically, despite its lower pathogenicity observed today (Louicharoen
etal., 2009).

Pyruvate kinase deficiency Another common human enzymatic disor-
der is pyruvate kinase deficiency, an autosomal recessive disorder caused
by loss-of-function mutations in the PKLR gene. An involvement of pyru-
vate kinase deficiency in resistance to malaria was first suggested after
finding a protective effect in a mouse model of malaria (Min-Oo et al.,
2003, 2004). This finding was subsequently also confirmed in humans,
where it was found to protect erythrocytes against infection and replica-
tion of P. falciparum (Ayi et al., 2008).
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Figure 1.22: Signature for positive selection at G6PD. This so-called hap-
lotype bifurcation diagrams shows the extent of LD breakdown at two
haplotype variants of the G6PD region. The G6PD A~ haplotype asso-
ciated with protection is shown on the right. Compared with another
haplotype from the same locus shown on the left, LD decays much slower
for the G6PD A~ haplotype, a clear indication of positive selection.

1.4.2 Cytoadherence, immunity and inflammation

As has been described in Section 1.3.4, cytoadherence, inflammation and
immunity are all processes that are important in the pathogenesis of dis-
ease and its subsequent clinical manifestations. Not surprisingly, a num-
ber of genes encoding key members in this processes have been found
to harbour variants that modulate the risk of disease, although results in
general have been somewhat more inconclusive than those found in the

erythrocytic variants.

Cytoadherence

ICAM1 Intercellular adhesion molecule-1is encoded by the gene ICAM1,
and is one of the receptors mediating the binding of infected erythrocytes
to the endothelium of blood vessels (Berendt et al., 1989). In an early
study, a non-synonymous SNP leading to a substitution in the N-terminal
tail of the protein was found to increase susceptibility to cerebral malaria
(Fernandez-Reyes et al., 1997), but subsequent studies found either a pro-
tective effect (Kun et al., 1999), or no effect at all (Bellamy et al., 1998). The
most recent study also failed to find a significant association with severe
malaria in three different African regions, and the SNP was not found to
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be an outlier in published genome-wide surveys of positive selection (Fry
et al., 2008a).

CD36 Another endothelial receptor that binds infected erythrocytes is
the CD36 antigen, encoded by CD36 (Barnwell et al., 1989). A nonsense
mutation in CD36 that causes CD36 deficiency was found to be associ-
ated with susceptibility to cerebral malaria in homozygous individuals,
but another study found a protective effect in heterozygous individuals
(Aitman et al., 2000; Pain et al., 2001). A recent study found evidence for
positive selection of the allele in Sub-Saharan Africa, but no association
with severe malaria, suggesting that the signature of selection might be
the consequence of a different selective agent (Fry et al., 2009).

Immunity and inflammation

Pro-inflammatory cytokines The pro-inflammatory cytokines TNF and
IFN-y play animportant role in the inflammatory response to infection (see
Section 1.3.4), and variants in both genes have been found to be associated
with malaria. In TNF, a number of polymorphisms in the promoter region
have been associated with cerebral malaria (McGuire et al., 1994, 1999) and
levels of parasitaemia (Flori et al., 2005). In the case of IFN-y, SNPs in
the gene encoding it (IFNG) as well as the ligand-binding chain of the
IFN-y receptor (IFNGR1) have been found to be weakly associated with
severe malaria (Koch et al., 2002, 2005). Another study found that reduced
levels of IFN-y were protective in cerebral malaria, but none of the SNPs
analysed in the regions were associated with it (Cabantous et al., 2005).

CD40LG The protein CD40 ligand, encoded by the gene CD40LG, is ex-
pressed on the cell surface of T-cells and plays a role in B cell regulation.
A SNP in the promoter region of the gene was found to be associated with
severe malaria (Sabeti et al., 2002b). The haplotype carrying the allele con-
ferring protection from severe malaria was also found to be under positive
selection in African populations, in the study that originally introduced

the long-range haplotype test for recent positive selection (Sabeti et al.,
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2002a).

Toll-like receptor signalling Toll-like receptors (TLRs) are key members
of the human innate immune response, where they act by recognising
a wide variety of different pathogens (Akira and Takeda, 2004). In re-
cent years evidence for an involvement in malaria susceptibility has been
building. In one study, two different mutations in the gene encoding
Toll-like receptor 4 (TLR4) were found to increase susceptibility to severe
malaria (Mockenhaupt et al., 2006), although individuals with one of the
two mutations (Asp299Gly) seemed to exhibit lower mortality. Another
study investigating the phenotypic consequence and global distribution
of those mutations found an increased pro-inflammatory response caused
by Asp299Gly (Ferwerda et al., 2007), which would be consistent with the
increased susceptibility to severe malaria observed by Mockenhaupt et al.
(2006). On the other hand, the high prevalence of the allele in Africa ac-
companied by an almost complete absence in the rest of the world suggest
aselective advantage of the allele, presumably due to malaria. The authors
also observed reduced mortality in individuals with the mutation, despite
the increased susceptibility to malaria, which would be consistent with
selection acting on this allele. Finally, a large case-control study found a
non-synonymous SNP in the gene TIRAP, which encodes for an intracel-
lular adaptor molecule for TLRs, associated with a variety of infectious
diseases, among them severe malaria. The functional consequence of the

variant seems to be an attenuation of TLR2 signalling (Khor et al., 2007).

1.4.3 Genome-wide approaches

With the publication of the first genome-wide association study in 2009,
research into the genetic basis of malaria susceptibility has finally ar-
rived in the genomic era. A large consortium of researchers conducted
a large-scale case-control study in the Gambia in West Africa, backed by
the Wellcome Trust (Jallow et al., 2009). The initial scan included 958
cases of severe malaria and 1,382 controls, genotyped at around 500,000

SNPs. A replication study to validate significant associations was sub-
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Figure 1.23: Results of the malaria GWAS in the HBB region. The black
dots represent p-values of SNPs on the initially included SNPs, whereas
red dots show results of imputation based on resequencing the region in
the same population (Jallow et al., 2009).

sequently carried out in an independent sample of 1,087 cases and 2,376
controls. Despite the considerable expectations, results were somewhat
disappointing, but highlighted a number of potential problems for carry-
ing out large scale genetic studies in African populations. The strongest
signal found in the study was found close to the HBB gene, but barely
passed the suggested genome-wide significance p-value cutoff of 5 x 10~
(The Wellcome Trust Case Control Consortium, 2007). When the causing
variant of sickle cell anaemia was directly genotyped on the other hand,
a much stronger signal was obtained (p = 1.3 x 1072%). The authors found
that by resequencing the region in 62 individuals from the control group,
and using this data to statistically infer genotypes at the discovered SNPs
in the full analysis panel (an approach called imputation), a number of
those imputed SNPs showed much stronger associations than any of the
genotyped SNPs (Figure 1.23). The reason for the lack of strong associa-
tions in the original SNP array is the much reduced levels of LD in African
populations, which require much higher density in genotyped SNPs for
the indirect association approach of GWAS to have sufficient power. This
explanation was also given for the observed lack of signals in other loci
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that had previously been associated with malaria (see previous sections).
Only two other loci apart from the known HbS variant could successfully
be replicated: a SNP close to the gene SCO1, involved in cytochrome oxi-
dase function, as well as an intronic SNP in DDC, involved in dopamine
synthesis. The replication study highlighted another potential pitfall in
the analysis of African populations: due to to the large amount of genetic
diversity within Africa, SNPs found by indirect association to a causal
SNP will not be expected to replicate in a different population that shows
a very different pattern of LD at the same locus.

In summary, although some progress has been made, there is still much
to be learned in the genetics of resistance to malaria. A particular concern
is the lack of diversity of phenotypes that have been analysed so far, with
the majority of studies focussing on severe and/or cerebral malaria. The
complete lack of studies investigating placental malaria for example was
one of the motivations for this work. Nevertheless, the studies described in
this section clearly demonstrate that malaria has had a strong impact on the
human genome, and studies incorporating both evolutionary analysis and
epidemiological data are without doubt the way forward in the genetics
of malaria (Ayodo et al., 2007).
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The general goal of the work presented in this thesis is to gain a better
comprehension of the way malaria has shaped the human genome. As out-
lined in the introduction, given the strong selective pressure that malaria
parasites, in particular P. falciparum, have exerted on human populations
in recent history, we expect the genome to harbour genetic variation re-
lated to the susceptibility to malaria, the majority of which still remains
to be discovered. One aim of this work was therefore to identify novel
genetic factors involved in malaria susceptibility, and characterise the na-
ture and strength of selection acting on them. Furthermore, the majority
of studies so far have focussed on severe malaria or related phenotypes,
almost completely ignoring other, equally important phenotypes such as
placental malaria. Another aim of this study was therefore to address
this lack of knowledge and investigate placental malaria. Finally, a third
aim for study was to provide a contribution to the understanding of the
genetic structure of Sub-Saharan African populations.

In order to achieve these goals, two complementary approaches were
applied: A classical genetic epidemiology approach, carried out as a case-
control association study; and evolutionary analysis of genetic variation
datasets, aimed at detecting evidence of natural selection due to malaria.
In all of the analyses, we used a functional pathway approach for selection
of the genes of interest. Below, we outline the specific aims for the studies
carried out as part of this thesis work.

Natural selection in a candidate pathway for placental malaria
infection

The aim of this part was to infer whether there was evidence for natu-
ral selection in two glycan receptor molecules that have previously been
implicated in placental malaria infection. In particular, our aim was to
provide a complete picture of the potential sources of variation in the
receptors, by analysing all genes whose protein products are involved in
their biosynthesis. The results of this part are presented in Section 3.1.
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Genetic susceptibility to placental malaria infection

The aim of this study was to identify novel host genetic factors involved
in placental malaria infection. To this end we conducted a case-control
association analysis in population of pregnant women from Mozambique
with and without placental malaria infection. The analysis was carried
out in two phases, focussing on two different sets of candidate genes. In
both of these phases we were also interested whether any positive results
also showed evidence for natural selection.

Glycosylation In phase one, we chose to investigate SNPs in genes in-
volved in glycosylation, augmented by a number of innate immunity
genes. We decided to use a pathway-based approach, selecting genes
whose products are the basis of the biosynthesis pathways of glycan struc-
tures. As above, the aim of this was to provide a complete picture of the
potential sources of variation within the pathways. The results of this part
are presented in Section 3.2.

Inflammation and Immunity In the second phase, our aim was to con-
siderably increase the scope of the analysis while still employing a func-
tionally informed approach in gene selection. We therefore chose to an-
alyze SNPs in a set of around 1,000 genes involved in inflammation and
immunity processes. Additionally, we were also interested in whether
analysing the genes in the context of their network of interactions could
give us any additional insights. The results of this part are presented in
Section 3.3.

Genetic structure of Sub-Saharan African populations

The aim of the last part was to provide some new insights into the genetic
structure of Sub-Saharan African populations, in particular the relation-
ship of the population from Mozambique with other Sub-Saharan popu-
lations where genotype data was publicly available. In addition, we also
wanted to investigate how the number of markers analysed influences the

results. The results of this part are presented in Section 3.4.

58



3

Results






EVOLUTIONARY GENETICS OF MALARIA

3.1 Evolutionary analysis of genes of two pathways

involved in placental malaria infection

Martin Sikora, Anna Ferrer-Admetlla, Alfredo Mayor, Jaume Bertran-

petit, Ferran Casals

Human Genetics 2008 May; 123(4): 343-57.

61



Sikora M, Ferrer-Admetlla A, Mayor A, Bertranpetit J, Casals F. Evolutionary analysis of genes

of two pathways involved in placental malaria infection. Hum Genet. 2008; 123(4): 343-57.



U48820
Cuadro de texto

Sikora M, Ferrer-Admetlla A, Mayor A, Bertranpetit J, Casals F. Evolutionary analysis of genes of two pathways involved in placental malaria infection. Hum Genet. 2008; 123(4): 343-57. 


http://www.springerlink.com/content/u48wj045105w4942/
http://www.springerlink.com/content/u48wj045105w4942/

78



EVOLUTIONARY GENETICS OF MALARIA

3.2 Avariant in the gene FUTY is associated with sus-

ceptibility to placental malaria infection

Martin Sikora, Anna Ferrer-Admetlla, Hafid Laayouni, Clara Menendez,
Alfredo Mayor, Azucena Bardaji, Betuel Sigauque, Inacio Mandomando,

Pedro L. Alonso, Jaume Bertranpetit, Ferran Casals

Human Molecular Genetics 2009 Aug 15; 18(16): 3136-44.

79



Sikora M, Ferrer-Admetlla A, Laayouni H, Menendez C, Mayor A, Bardaji A, et al. A variant in
the gene FUTY is associated with susceptibility to placental malaria infection. Hum Mol

Genet. 2009; 18(16): 3136-44.



U48820
Cuadro de texto

Sikora M, Ferrer-Admetlla A, Laayouni H, Menendez C, Mayor A, Bardaji A, et al. A variant in the gene FUT9 is associated with susceptibility to placental malaria infection. Hum Mol Genet. 2009; 18(16): 3136-44. 


http://hmg.oxfordjournals.org/content/18/16/3136.abstract
http://hmg.oxfordjournals.org/content/18/16/3136.abstract

90



EVOLUTIONARY GENETICS OF MALARIA

3.3 The role of immunity and inflammation genes

and networks in placental malaria infection

Martin Sikora, Hafid Laayouni, Clara Menendez, Alfredo Mayor, Azu-
cena Bardaji, Betuel Sigauque, Mihai G. Netea, Ferran Casals, Jaume

Bertranpetit

Manuscript in preparation

91






EVOLUTIONARY GENETICS OF MALARIA

The role of immunity and inflammation genes and networks

in placental malaria infection

Martin Sikoral, Hafid Laayounil’z, Clara Menendez™® ’4, Alfredo Mayor3’4,
Azucena Bardaji3’4, Betuel Sigauque4 , Mihai G. Netea’, Ferran Casals"® and

Jaume Bertranpetit'>*

!nstitute of Evolutionary Biology (UPE-CSIC), CEXS — UPF — PRBB, Barcelona,
Catalonia, Spain

? CIBER en Epidemiologia y Salud Publica (CIBERESP, Spain)

? Barcelona Center for International Health Research (CRESIB), Hospital Clinic,
Institut d’Investigacions Biomedicas August Pi i Sunyer (IDIBAPS), Universtitat de
Barcelona, Spain

* The Manhica Health Research Center (CISM), Manhiga, Mozambique

> Department of Medicine, Radboud University Nijmegen Medical Center, 6500 HB
Nijmegen, The Netherlands

® Present address: Centre de Recherche, CHU Sainte-Justine, Université de Montréal,

Montréal, Québec H3T 1C5, Canada

SCorresponding author: Jaume Bertranpetit
Phone: +34 933160845
Fax: +34 933160901

E-mail: jaume.bertranpetit@upf.edu

93



3. RESULTS

94

Abstract

A large proportion of the death toll associated with malaria is a consequence of
malaria infection during pregnancy, causing up to infant 200,000 deaths annually. We
previously published the first extensive genetic association study of placental malaria
infection, and here we extend this analysis considerably, investigating genetic
variation in over 9,000 SNPs in more than 1,000 genes involved in immunity and
inflammation for their involvement in placental malaria infection. We applied a new
approach incorporating results from both single gene analysis as well as gene-gene
interactions on a protein-protein interaction network. Our results suggest a role for the
IL-7/IL-7R signalling module in the susceptibility to infection. To our knowledge,

this is the first large-scale genetic study on this particular form of malaria to date.
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Introduction

Recent years have seen a substantial increase in efforts and funding directed at the
control (1, 2) and eventual eradication of malaria (3). However, despite these efforts,
it remains one of the deadliest diseases worldwide. The global death toll has been
estimated at 700,000 to 1,000,000 in 2008 alone, from a total number of cases ranging
from 208 million to 276 million (4). The majority of these deaths occur in Sub-
Saharan Africa, as a consequence of infection with Plasmodium falciparum. A
somewhat lesser known aspect of this statistics is the fact that a large fraction of this
annual death toll is a consequence of malaria infection during pregnancy, with up to
200,000 deaths attributed to it (5, 6). Women in their first pregnancy are particularly
at risk of infection (7, 8), and both mothers and their offspring face a number of
potential life-threatening complications as a consequence of infection (9, 10). The key
characteristic of the pathogenesis of this type of malaria is infection of the placenta,
i.e. the sequestration and subsequent accumulation of infected erythrocytes in the
intervillous space (11).

Genetic studies of malaria susceptibility have a long history, and a variety of
host genetic factors have been implicated, most prominently the protective effect of
the haemoglobin S (HbS) variant (12). Notably, even this strong effect has been
estimated to account for only roughly 2% of the total variation, indicating that a large
proportion of genetic resistance factors remain to be discovered (13). Efforts in
discovering these factors have culminated in the recent publication of the first
genome-wide association study (GWAS) of malaria, carried out in West Africa (14).
This study highlighted both the potential and the possible pitfalls of large-scale
genetic association studies using single nucleotide polymorphisms (SNP) genotyping

in African populations. However, its focus was on severe malaria, a complex
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compound phenotype consisting of severe anaemia or cerebral malaria that occurs
mostly in children under the age of five, which greatly differ in its physiopathology
from malaria in pregnancy. Important differences between the pathophysiology of
placental malaria and malaria occurring in non-pregnant patients have been
extensively documented, both in terms of the erythrocyte surface antigens sequestered
in the placenta that adhere specifically to chondroitin sulphate A, and the
predominantly monocytic infiltrate present in placental malaria (for review see (11)).
We previously published the first extensive genetic association study of placental
malaria infection, analyzing genetic variation in 64 genes, and reporting a significant
association in the gene FUTY (15). Here, we extend this analysis considerably, by
investigating genetic variation in more than 1,000 genes involved in immunity and
inflammation for their involvement in placental malaria infection. To our knowledge,

this is the first large-scale genetic study on this particular form of malaria to date.
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Materials and Methods
Study subjects

The subjects enrolled in this study have been described in detail elsewhere
(15, 16). Briefly, 360 pregnant women from Manhica District, southern Mozambique,
were chosen among the subjects of a malaria control intervention trial to form nested
case-control sample of 180 cases and 180 controls, with placental malaria infection as
the phenotype of interest. Placental infection was defined as the presence of asexual
Plasmodium falciparum parasites and/or malaria pigment in placental tissue samples.
The study received ethical clearance by the National Mozambican Ethics Review

Committee and the Hospital Clinic of Barcelona Ethics Review Committee.

Genotyping

Genotyping was performed using the Affymetrix GeneChip Human Immune
and Inflammation 9K SNP Kit, which contains approximately 9,000 SNPs located in
around 1,000 genes related to the human immune and inflammatory response. Sample
preparation before genotyping consisted in DNA extraction from dried blood spots on
filter paper, followed by whole genome amplification (GenomiPhi kit, GE
Healthcare). Genotype calling was performed using the Affymetrix GeneChip
Targeted Genotyping Analysis Software (Version 1.6). Samples were included for
cluster genotyping according to the following criteria: QC call rate > 75%; QC half
rate < 17%; Signal/background ratio > 20. Cluster genotyping was performed using
the standard settings with the exception of parameter “MinCallConfidence”, which
was reduced to 0.8 in order to increase the number of SNPs with raw genotype calls

(before applying quality control data filtering, as described in the results).
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Statistical analysis

Genotype data management and filtering, as well as single marker association
tests and SNP-SNP interaction tests were carried out using PLINK (version 1.06)
(17). Five tests of association were applied for each SNP: allelic, dominant, recessive,
full genotypic, and the Cochran-Armitage trend test. Both pointwise and multiple
testing corrected estimates of empirical p-values were obtained by permutation as
implemented in PLINK (100,000 replicates). SNP-SNP interaction tests were
performed for all pairwise combinations, using the logistic regression option in
PLINK.

Genotype imputation and Bayesian association mapping for candidate regions
were performed using BIMBAM (version 0.99) (18). Due to the lack of an
appropriate Southeast African reference panel, we used the combined panel of all
three HapMap populations as a reference for imputation to minimize error rates (19).
All SNPs within 20 kb of the candidate regions were considered for imputation.
Bayes factors were transformed to p-values using permutation (1,000,000 replicates)
(20).

Multi-marker association analysis was performed using BEAGLE (version
3.0.2) (21, 22), using the allelic, dominant and recessive tests. In order to account for
the expected greater haplotypic diversity and therefore increased number of distinct
haplotype clusters in African samples, we reduced the 'scale' parameter to 2.
Empirical p-values were obtained using permutation (10,000 replicates). Phase
estimation prior to analysis was carried out using fastPHASE (version 1.4.0) (23) with
default settings.

Protein interaction network visualization and analysis was performed using

Cytoscape (version 2.6.3) (24), as well as R (version 2.9.0) and Bioconductor (version
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2.4) (25). Protein interaction data was obtained using the Michigan Molecular
Interactions (MiMI) plugin for Cytoscape (version 3.0.1) (26). Network motif search
was carried out using the tYNA web tool (27). SNP-SNP interaction association
statistics were mapped to a particular protein-protein interaction if both SNPs were
found within 5 kb of the respective genes.

Gene-wise and interaction-wise p-values were obtained by combining the p-
values of all SNPs within 5 kb of a gene, or of all SNP-SNP interactions mapped to a
particular protein-protein interaction, respectively. P-values were combined using the

Simes procedure:
. Pk
p(:r)mbmed = mln( l )

where p; is the i ordered p-value of all k SNPs mapped to a particular gene or
interaction. This was chosen instead of a more simple minimum p-value method, in
order to avoid bias towards lower combined p-values in genes/interactions with larger
number of SNPs.

Population structure was analyzed using EIGENSOFT (version 2.0) (28), with
default settings and correcting for linkage disequilibrium (LD). Population
differentiation (Fsr) and selection statistics (iHS) of the Illumina 650k Human
Genome Diversity Panel (HGDP) data (29) as well as HapMap data (30) were
calculated as previously described (15). Data visualization and additional statistical

analysis was performed using R.
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Results
Genotyping quality and population structure

Out of a total of 347 samples for which genotyping was attempted, 68 did not
pass the quality control thresholds for cluster genotyping (see Methods) and were
removed. The remaining 279 samples were assayed for a total of 9,178 SNPs. Out of
those, we removed all SNPs with ambiguous mapping in the latest SNP annotation
(56; Affymetrix annotation release 1.5), with a call rate below 0.8 (439), all that failed
testing for Hardy-Weinberg equilibrium in controls (115; p < 10™), as well as all
monomorphic SNPs (1,554). This resulted in a final analysis sample of 279
individuals (173 cases, 174 controls) and 7,442 SNPs, with an average call rate of
0.97. Testing for population stratification using EIGENSOFT revealed no significant
differentiation between cases and controls (p = 0.16), therefore this final sample was

used without correcting for stratification in all following analyses.

Association analysis

As a first step we performed single marker analysis for all SNPs, testing for
five models of penetrance (see Methods). Figure 1 shows a quantile-quantile (QQ)
plot of the results, confirming the absence of a bias in the distribution of p-values due
to population structure, as expected from the results of the EIGENSOFT analysis. The
genomic distribution of the results of the single marker association tests is shown in
Figure 2. The strongest signal was seen in three neighbouring SNPs in the region of
the gene KLRK1 on chromosome 12 (see Table 1), with the best SNP showing p =5 x
107 (rs12821887). However, none of the SNPs reached genome-wide significance
after correcting for multiple testing. In the absence of a clear association signal, we

chose to further investigate all regions showing multiple SNPs among the top signals.
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The KLRK1 region contains three of the top four among all tested SNPs within a
region of 8 kb, and therefore merits a more thorough investigation. Another region of
potential interest was found in the gene /L7 on chromosome 8, where two
neighbouring SNPs 33 kb apart were also found among the top genome wide 10
association signals.

In order to get a more fine scale resolution of the results in both of those
regions, we used BIMBAM to impute genotypes at untyped SNPs and test them for
association, using the combined HapMap 2 as a reference panel. We chose to use this
reference panel following the suggestions of Guan and Stephens (19), who found that
accuracy was improved for situations were the population analyzed was not well
represented by any single reference panel. Nevertheless, results from this analysis
have to be interpreted with care, as even the African population in the reference panel
(Yorubans from Nigeria) shows considerable geographic as well as genetic distance
from the study population from southern Mozambique (Sikora ef al., in preparation).
Figure 3 shows the result of the analysis. As expected by the much higher density of
the reference panel, both regions show imputed SNPs with stronger association
signals than any of the genotyped SNPs. Around rs2583764, the top signal of the
genotyped SNPs in the /L7 region, a number of imputed SNPs with lower p-values are
found. The top SNP in this region (rs2583763, p = 9 x 10®), 392 bp upstream of
152583764, is also the top hit among all imputed SNPs. In the KLRK region, a
number of imputed SNPs within the gene region also show stronger evidence (top
SNP 157962112, p =5 x 107).

Finally, in order to investigate whether power to detect association in our
sample could be improved by using combinations of multiple markers, we carried out

haplotype association tests using BEAGLE. The strongest signal in this analysis was
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found in the gene /L7, where a cluster including rs2583764 was close to the
significance level after a strict multiple test correction (minimum p = 3.2 x 10°;
permutation p = 0.07). Dissecting this cluster association result further, we found that
a haplotype of four SNPs (ATGA; 151441438 - rs1036751 - rs6993386 - 1s2583764)
explained the observed signal. A standard association test for the ATGA haplotype
against all other observed haplotypes at the locus indicated a susceptibility effect
(ORAtGa =3.1;95% CI=1.9 - 5.0; p = 1.6 x 10®). Not surprisingly, this 22 kb

haplotype also spans the SNP rs2583763 found in the imputation analysis.

Gene-gene interactions and network analysis

Given that our study focuses on genes related to specific organismal functions,
namely inflammation and immunity, we next set out the analysis to include
information on the interactions of those genes and their organization in cellular
pathways in our analysis. We therefore performed SNP x SNP interaction association
tests in our sample. In order to reduce the number of tests, we only analyzed those
interacting SNP pairs that were found within 5 kb of genes that had evidence for
interaction of their respective protein products. To that end, curated protein
interactions were obtained from the Michigan Molecular Interactions database (see
Methods). Querying the database with the genes included in the study resulted in a
network consisting of a total of 892 genes (nodes), connected by 3789 interactions
(edges), from now on referred to as "immunity network". We then tested all resulting
SNP pairs for interaction effects using logistic regression. The strongest signal comes
from a SNP pair located in the genes IL7R (rs1494558) and JAK3 (rs6512227).

However, this was again not significant after correcting for multiple testing (nominal
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p=75.4x 10”), but given the still considerable number of tests in this pair wise
analysis, this is not unexpected.

Even so, two interesting properties of this SNP pair called our attention:
firstly, one of the two SNPs, rs1494558, is a non-synonymous variant responsible for
a non-polar to polar amino acid substitution (Ile -> Thr; Grantham distance D = 89
(32)); and second, IL7R is also interacting with /L7, one of the two regions found with
the strongest signal in the single marker analysis. We therefore investigated the joint
distribution of association results for both genes and interactions on the immunity
network in more detail. As a first step, we assigned a single p-value to each gene and
interaction, by combining all SNP p-values mapped to a particular gene or interaction
using the Simes method (see Material and Methods). We chose this method over a
more simple minimum p-value method in order to avoid systematic biases due to
differing number of SNPs in the respective genes/interactions. Having obtained the
gene- and interaction-wise p-values, we wanted to see how unusual it was to find a
low interaction p-value at one edge distance to a low gene p-value in the immunity
network. To this end, we employed a network motif search algorithm to first identify
all distinct network motifs composed of three nodes connected by two edges (i.e.
chain motifs of length three) in the network. After having obtained the list of motifs
(116,728 total), we plotted the distribution of the minimum p-values of the genes
versus the minimum p-values of the interaction, for each of the motifs. Results are
shown in Figure 4. As can be seen in the distribution, the motif containing both /L7
and the neighbouring interaction /L7R — JAK3 is a clear outlier in the empirical
distribution. Furthermore, the only other point that also behaves as an outlier for both
genes and interactions is an overlapping motif to the former one, including the same

IL7R - JAK3 interaction together with JAK2, a gene downstream of JAK3. A more
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detailed look at the subnetwork containing all first neighbours of the IL7R - JAK3
interaction is shown in Figure 5. As can be seen, the strongest signals in both genes
and interactions are clustered in the module /L7-IL7R-JAK3-JAK2-CNTFR, which is
part of the /L7 signalling cascade. Taken together, these results could indicate a role

for this signal-transduction module in the susceptibility to placental malaria infection.
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Discussion

The present study is the first large-scale survey on human genetic variation
in the immune system and inflammatory response and its relationship to malaria in
pregnancy. It is clear that both of these cellular processes are important components
in the response to malaria infection, making them strong candidates for harbouring
loci that influence susceptibility. Nonetheless, our results show no single region
standing out with a clear signal of association, if we consider the stringent statistical
thresholds normally employed for GWAS. Explanations for the lack of a clear
candidate can be manifold, from a genuine lack of susceptibility loci in the analyzed
genes to a lack of power to detect loci with weak effects due to small sample size. It is
however important to note that our results mirror the observations of Jallow et al. (14)
in their malaria GWAS in West Africa, namely the difficulty of achieving the
thresholds normally applied in studies with samples of European descent in Africa. In
their study, even in the HBB region, with its known strong protective effect due to
haemoglobin S, the strongest signal only barely passes the normally applied threshold
of p=5x 10" (p=3.9x 107) (33). The reason is that due to generally lower levels of
linkage disequilibrium (LD) in Africa and genotyping arrays being designed using
tagSNPs derived from European populations, effective coverage of even common
variants in African populations is low. The targeted genotyping array used in our
study will evidently suffer from the same limitations. We therefore followed their
example and considered loci with p < 10™ as interesting regions. The only region that
achieves that threshold is KLRK. In addition to that, /L7 emerged as another
potential candidate locus, based on the results of both imputation and haplotype

association.

105



3. RESULTS

A more general concern with association studies is the focus on single genes,
without taking into account the interactions among them and their organization into
functional pathways. Recent effort has therefore been aimed at incorporating this
knowledge into the analysis, both in the development of methods for detecting gene-
gene interactions (reviewed in (31)) as well as in the analysis of genetic association
studies in the context of biological networks (34-36). In this study, we took an
empirical approach to integrate the results of both single gene and gene — gene
interaction tests in the context of the known interactions of the immunity network.
Results of this analysis give additional support to a role of IL-7 signalling in
modulating susceptibility to placental infection. Integration of interaction data can
therefore overcome some of the problems mentioned above, and can aid in
prioritizing candidates in the absence of clear association signals. Nonetheless, there
is still a general lack of powerful statistical tools to disentangle the effects of multiple
interacting variants at different loci on a phenotype of interest, which, when becoming
available, will certainly be of great impact in the mapping of genotypes to
phenotypes.

Based on these results we therefore suggest a role of IL-7/IL-7R signalling in
susceptibility of placental malaria infection. The module identified forms part of the
JAK-STAT signalling pathway, which regulates cellular responses mediated by
binding of cytokines like IL-7. Some of the responses mediated upon binding of
cytokines include cell proliferation and differentiation, making it a key pathway in
processes like haematopoiesis and immune development (37). IL-7 in particular is an
important factor in B and T cell development. Looking in more detail at the
interaction results, it was intriguing that the top result involved an interaction with a

non-synonymous SNP in /L7R. The variant (rs1494558) causes a change from
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Threonin to Isoleucin in the extracellular domain of the receptor. It is, together with
other variants, implicated in autosomal recessive severe combined immunodeficiency,
although impairment of IL-7 signalling was not observed (38). The observed effect is
a dominant interaction with rs6512227 (Figure 6), a SNP located upstream of JAK3,
indicating a potential regulatory effect. The gene codes for the tyrosine kinase JAK3,
an intracellular adaptor protein that is involved in the transduction of signal induced
by cytokine receptor binding.

The involvement of the IL-7/IL-17R pathway in placental malaria may be
relatively unexpected, but not unlogical. Although the most studied activities of IL-7
are those related to B- and T-cell proliferation, IL-7 also exerts important
proinflammatory effects. IL-7 has been shown to induce production of TNF by T- and
B-cells (Roato et al, Ann N'Y Acad Sci 2007; 1117: 377-84), an important
proinflammatory cytokine with deleterious effects in placental malaria. Moreover, IL-
7 has been described to drive inflammation in several prototypic inflammatory
conditions such as reumatoid arthritis (39) or atherosclerosis (40). The inflammatory
properties of IL-7/IL-7R pathway could influence susceptibility to placental malaria
infection by acting at two separate levels: by modulating direct antimalarial immunity
and resistance to infection, and by modulating the inflammatory reaction in the
placenta during infection, with subsequent consequences for the outcome of the
pregnancy.

In conclusion, our results point towards a possible role for IL-7 signalling
through IL7R and the JAK/STAT intracellular adaptors in placental malaria infection.
Our study is the first large-scale attempt to determine the genetic basis of placental
infection in malaria, and suggests an important unexpected role of the IL-7/IL-7R

pathway for the susceptibility of this important clinical condition.
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Figures
Figure 1. QQ plot of single SNP association statistics

The negative logarithm of the ordered empirical p-values obtained from the single
marker association analysis is plotted against the negative logarithm of the ordered p-
values from a uniform distribution, as expected under the null hypothesis. The grey
shaded area indicates the 95% concentration band. No systematic inflation was
observed in the test statistics, as noted by the majority of points falling on the

diagonal (red line, y=x).

Figure 2. Genome-wide distribution of single SNP association statistics

Manhattan plot showing the distribution of the single SNP association statistics.
Coloured circles indicate the negative logarithm of the empirical p-value for all QC+
SNPs, with colours differentiating the different chromosomes. The red dashed line
indicates a significance level of 10~. The two candidate regions /L7 and KLRK] are

also indicated.

Figure 3. Imputation association results at /L7 and KLRK]1

Results of the association analysis using imputation in the two candidate regions /L7
(A) and KLRK1 (B). In both regions, the negative logarithm of the empirical p-values
is plotted (see Methods for details), with filled circles indicating the SNPs genotyped
in the respective regions, and empty circles indicating imputed SNPs using the full
HapMap 2 panel as a reference. Chromosomal positions of the genes in the region are

indicated below the respective panel.
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Figure 4. Distribution of gene and interaction p-values for chain motifs

Plot showing the distribution of minimum gene p-value versus minimum interaction
p-value for each chain motif of length three, on a negative logarithmic scale. For
clarity, only interactions with p <= 107 are shown. In order to deal with the
considerable amount of overplotting due to the large number of data points with
similar values, alpha transparency is used for colour, resulting in darker colours in
regions with many overlapping points. Histograms show the marginal distributions of
the minimum gene / interactions p-values, respectively. The structure of the two
outlier motifs containing the interaction /L7R — JAK3 are also depicted. The gene /

interaction corresponding to the values on the plot are indicated in red.

Figure 5. Sub-network of first neighbours of IL7R — JAK3 interaction.

A sub-network of the full immune network, containing all nodes separated by one
edge from the /IL7R — JAK3 interaction (52), and all their interactions (425). Nodes in
red indicate genes with p < 10™%. Edges in red indicate interactions with p < 107, with
thicker lines corresponding to lower p-values. The /L7 module is shown on the right

part of the plot.

Figure 6. Interaction effect of rs1494558 - rs6512227 interaction

Log odds of disease for all allelic combinations of the two SNPs, estimated by logistic

regression.
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Tables

Table 1. Top 10 single SNP association signals

SNP Chr* Position Alleles’  Best test® Affected Unaffected df° Prest o Peorr Gene Distance”

rs12821887 12 10,445,946 C/T Dominant 47/92 82/57 2.56E-05 5.00E-05 0.21 KLRK] 0

r$728010 12 10,444,534 A/G Dominant 47/91 80/58 6.74E-05 7.00E-05 0.47 KLRK1 0
52850760 18 59,117,803 C/T Allelic 35/243 11/269 2.00E-04 2.50E-04 0.85 BCL2 0
1$7972757 12 10,437,407 G/A Allelic 36/220 75/191 7.98E-05 2.70E-04 0.53 KLRK1 0
152583764 8 79,826,355 A/G Allelic 128/144 85/189 1.22E-04 2.80E-04 0.69 IL7 0
rs1571344 1 205,737,551 G/A Recessive 16/121 41/94 1.53E-04 4.30E-04 0.76 CRI 0
r$3917422" 1 167,965,384 G/T Trend 15/261 2/278 1.02E-03 5.10E-04 1.00 SELE 0
152583762 8 79,860,038 A/T Trend 128/144 90/190 3.03E-04 6.70E-04 0.96 IL7 0
$3824433 9 5,103,577 C/T Dominant 59/71 84/39 2.39E-04 7.00E-04 0.89 JAK?2 0
1s7486905 12 105,684,299 G/A Recessive 12/104 35/86 3.36E-04 7.00E-04 0.96 RFX4 3588

* Chromosome

b minor/major allele (positive strand)

¢ test model with lowest asymptotic p-value

4 degrees of freedom

¢ asymptotic p-value from best test model
empirical p-value for respective SNP, overall for all tested models; 100,000 permutations
¢ empirical p-value for respective SNP, corrected for all 7442 tested SNPs

" distance from gene (bp); 0 indicates within gene region
rs3917422 is a non-synonymous coding SNP (Pro / Gln)
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Figure 3
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ABSTRACT

Studies of large sets of SNP are proven a powerful tool for population genetics.
We show that SNP number above 1,000 give robust results in a word-wide perspective.
A SNP analysis in 12 widespread Sub Saharan populations shows new and interesting
features in its genetic complexity. There is a strong differentiation of Nilo-Saharans,
much beyond what would be expected by geography. Also, a highly differentiated
population is found in the southeast (Mozambique) where we detect a pre-Bantu
substrate that was assimilated by Bantu speakers and completely erased, without any
living population nowadays with this substrate. Populations of the West Africa present
an unexpected similarity among them, result of a population expansion. Hunter-gatherer
populations (Khoisan and Pygmies) show a clear distinctiveness with very intrinsic

Pygmy (and not only Khoisan) genetic features.
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INTRODUCTION

Human population genetics has recently completed a circle. It started with the
so-called classical polymorphisms (i.e., blood groups and other protein polymorphisms)
that were analyzed on the basis of their allele frequencies with potent statistical
instruments such as principal component analysis (PCA). This era culminated with the
landmark publication of the magnificent book by Cavalli-Sforza et al.'; however, a few
shortcomings of classical polymorphisms can be pointed out: they are relatively few
loci; their connection to actual DNA variation was mostly unknown; and they could
have been subjected to confounding natural selection. PCR and automated sequencing
heralded the uniparental marker era: mtDNA and the non-recombining region of the Y
chromosome (NRY) could be routinely analyzed and a firm phylogeography could be
established for both genomic regions, allowing the dissection of population structure
with unprecedented precision and reliability. But yet, they behave as just two loci, in
which natural selection cannot be ruled out and with the peculiarities associated to their
sex-specific transmission. Another technological development spearheaded a new
breakthrough in human population genetics: Single nucleotide polymorphism (SNP)
array genotyping platforms have made it affordable to genotype hundreds of thousands
of markers. The results are again treated in terms of allele frequencies and subjected to
PCA and to newer techniques such as Bayesian classification algorithms. Now, the
whole genome is covered, and the action of selection is masked by a vast majority of

putatively neutral markers.

The genetics of African populations, of paramount interest given the recent
African origin of humankind, has been through the full cycle of studies. Cavalli-Sforza

et al." identified a north-south gradient in the continent that could be attributed to the
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Bantu expansion, while other principal components had a less clear interpretation.
African mtDNA phylogeography was firmly established by Salas et al 2, who described
the structure of maternal lineages in the continent and identified some haplogroups
involved in human expansions such as the Bantu expansion. Recently, deep analyses of
maternal lineages in African hunter-gatherers (Khoisan speakers and Pygmies) have
revealed a clearly structured phylogeny for the mtDNA®>. A number of papers have
approached both the general and the more local aspects of non-recombining part of the
Y-chromosome in Africa®’, although its phylogeographic structure has not been as
refined as its maternal counterpart. Recently, Tishkoff e al.® in a landmark paper
analyzed 1327 nuclear microsatellite markers in 121 African populations, and identified
a number of layers in the African population structure that could be related to history,
language, and geography. The continent, south of the Sahara, seems to be dominated by
a component mostly correlated with Niger-Congo speaking populations, while other
components are found in the Sahel, among Nilo-Saharan speakers, and in Afro-Asiatic
speakers in the north and northeast. Among the hunter-gatherer populations, the
Khoisan-speaking Hadza of Tanzania were clearly distinct, while Pygmies could not be
discriminated from the Southern Africa Khoisan. At higher discrimination level,
western Pygmies became distinct, but the eastern Pygmies remained similar to the
Khoisan. In a more recent publication, Bryc et al. analyzed SNP data obtained from
West Africans (and African Americans), which revealed a structure reflecting primarily
language and secondarily geographical distances’. Unfortunately, this work is restricted

mainly to populations in Central West Africa, around the Gulf of Guinea.
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DATA

Results obtained in human population genetics are contingent on sampling.
Frequently, apparent barriers or discontinuities are just a reflection of heterogeneous
spatial sampling. Both in Tishkoff ez al. and Bryc et al., as in previous works, the area
between Central and South Africa remains under sampled. In particular, southeast
Africa is a key geographical zone to understand the Bantu expansion routes. In a case-
control study for placental malaria, we obtained, with appropriate informed consent, 180
cases and 180 controls from Mozambique, in southeast Africa. These samples were
genotyped with the Affymetrix GeneChip® Human Immune and Inflammation 9K SNP
Kit, resulting in a total of 279 samples with reliable data after stringent quality control.
Other African samples with genowide surveys available are Biaka Pygmies, Mbuti

110, and the

Pygmies, Mandenka, Yoruba, San, and Bantu-speakers from the HGDP pane
Maasai, Luuya, Yoruba, and African-Americans from Hapmap Phase 3
(http://hapmap.ncbi.nlm.nih.gov/). The intersection of all arrays provides a common set

of 2,841 SNPs with genotype data for all populations (see Supplementary Information

for details).

RESULTS

First, we wanted to test if the number of SNPs available (2,841 SNPs) provides
enough genetic resolution to detect any structure in African populations and provide a
reference for the number of SNPs needed in population studies. To that effect, we
combined the global HGDP and Hapmap Phase 3 genotype data (~460,000 SNPs) and
subjected them to PCA (see Supplementary Information for details). Results are similar
to those obtained with the HGDP samples, with the first and second PC (Figure 1a)

separating East Asia (upper left corner of the plot) from Europe (bottom centre) and
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sub-Saharan Africa (upper right)'®''. The same structure is recovered when random
subsamples of 100,000 (Figure 1b), 10,000 (Fig. 1¢), and 1,000 (Figure 1d) SNPs are
considered, although inter-individual variation increases. A random set of 2,841 SNPs
from this pooled HGDP-HapMap dataset (Figure le) performs similarly to the set of
2,841 SNPs related to immunity and inflammation (Figure 1f), despite of the slightly
reduced inter-population differentiation of the latter, which is expected as they are gene-
based SNPs'2. We can conclude that the common set of 2,841 SNPs genotyped is an
appropriate tool to study population structure in African populations; in general,

worldwide patterns are evident and robust when using a minimum of 1,000 SNPs.

Next, we applied PCA'"* and STRUCTURE'* ' to 775 individuals in 11
populations of sub-Saharan African descent. The first PC (Figure 2a) and STRUCTURE
with K=2 (Figure 3) separate the Nilo-Saharan-speaking Maasai from all other
populations, with neighboring Luuya and African Americans in an intermediate
position. Both the second PC and K=3 separate the hunter-gatherer samples, presumably
ancestral Pygmy and San populations from the rest. The third PC allows us to
discriminate between Western/Central (Mandenka, Yoruba), Eastern (Maasai, Luuya),
and Southeastern populations (Mozambique), irrespectively of language family. This is
the PC that is mostly correlated with geography (Figure 4), and the fact that it is the
third rather than the first component, as would be expected if isolation by distance was
the predominant force shaping genetic diversity16, implies that directional population
movements (such as the Bantu expansion) and barriers to gene flow (such as that
between food producers and hunter-gatherers) are more relevant than geographic
distance to understand the genetic landscape of sub-Saharan Africa. The distinction

between West and Southeast Africa is also shown with at K=4; at K=5, the Niger-
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Congo speaking Luuya are separated from the rest. The new component that appears at
K=6 is restricted to African Americans and Biaka Pygmies, and is the last component

that can be attributed to specific populations.

DISCUSSION

The preceding results are in agreement with what was found previously by
Tishkoff et al. using microsatellites, and goes beyond with new findings and refinement
of previous genetic studies:

i) The main distinction is among Niger-Congo groups and the rest, including
Nilo-Saharan speakers and hunter-gatherers (with the Khoisan having preserved their
ancestral language but not Pygmies). Among Niger-Congo, geography is the main
factor explaining the genetic differences, with a remarkable similarity among western
populations (Yorubas and Mandenka), which could reflect a burst in the expansion to

the west, related to iron technology and Niger-Congo languages.

ii) The South-eastern Bantu from Mozambique are remarkably differentiated
from the western Niger-Congo speaking populations, such as the Mandenka and the
Yoruba, and also differentiated from geographically closer Eastern Bantu samples, such
as Luuya. These results suggest that the Bantu expansion of languages, which started
~5,000 years ago at the present day border region of Nigeria and Cameroon, and was
probably related to the spread of agriculture and the emergence of iron technology”’w,
was not a demographic homogeneous migration with population replacement in the

southernmost part of the continent, but acquired more divergence, likely due to the

integration of pre-Bantu people.
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The complexity of the expansion of Bantu languages to the south (with an
eastern and a western route™), might have produced differential degrees of assimilation
of previous populations of hunter-gatherers. This assimilation has been detected through
uniparental markers due to the genetic comparison of nowadays hunter-gatherers

(Pygmies and Khoisan) with Bantu-speaker agriculturalists™ *' >

. Nonetheless, the
singularity of the southeastern population of Mozambique (poorly related to present
Khoisan) could be attributed to a complete assimilation of ancient genetically

differentiated populations (presently unknown) by Bantu-speakers in southeastern

Africa, without leaving any pre-Bantu population in the area to compare with.

iii) The difference between hunter-gatherers and the rest of South Saharan
populations is important but it is not the main trait in the African genetics. To note is the
strong similarity among the three studied populations, with no specific Pygmy
component, but an important Bantu introgression (as seen in K=3) in Biaka Pygmies.
Pygmies should be included along with Khoisan in the search for deep-rooted African
and Human lineages. Moreover, the specific component that identifies the three hunter-
gatherer populations is found at a small amount in all other African populations, as

possible results of introgression with previous settlers of most African territory.

The genetic analysis of a large number of SNPs is thus providing a robust tool to

refine our understanding of past populations history.
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FIGURE LEGENDS

Figure 1. PCA of merged HGDP and HapMap 3 samples.

Panels show the results of the PCA for the full merged set of SNPs (a; 460,147 SNPs),
for random subsets of 100,000 (b), 10,000 (c), 1,000 (d), and 2,841 SNPs (e), as well as
for the 2,841 SNPs in the merged analysis set including the samples from Mozambique.
As can be seen, the general pattern of differentiation is reproduced even using only a
random subset of 1,000 SNPs. HapMap populations are indicated by their abbreviated
names: ASW - African ancestry in Southwest USA; CEU - Utah residents with
Northern and Western European ancestry from the CEPH collection; CHB - Han
Chinese in Beijing, China; CHD - Chinese in Metropolitan Denver, Colorado; GIH -
Gujarati Indians in Houston, Texas; JPT - Japanese in Tokyo, Japan; LWK - Luhya in
Webuye, Kenya; MEX - Mexican ancestry in Los Angeles, California; MKK - Maasai
in Kinyawa, Kenya; TSI Toscani in Italia; YRI - Yoruba in Ibadan, Nigeria.

Figure 2. PCA of sub-Saharan African populations

Panels show plots of the first three principal components obtained from the 11 sub-
Saharan African populations. 2A, first and second. 2B, first and third. 2C.- Biplot of
PC1 and PC3 superimposed onto a map of Africa. Geographical locations of the

population are indicated by their names and their respective enlarged plot symbols.
Figure 3. STRUCTURE results for sub-Saharan African populations

Depicted are the results of 5 runs each for the number of clusters ranging from K =2 to

K =7, combined using CLUMPP.
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The aim of the work as outlined in the objectives was to characterise how
the selective pressure of malaria has shaped human genetic variation. In
particular, the aim was to discover novel loci involved in the susceptibility
to placental malaria infection. We approached this aim by two different,
but complementary approaches, employing tools of both evolutionary ge-
netics and genetic epidemiology analyses, the results of which take up the
main part of this thesis. Another aim of this work was a more general
description of the genetic structure of our study population in relationship
to other African populations, which has implications for both the popula-
tion history of those populations, as well as for any future genetic studies
on them. This chapter will provide a discussion of our main findings, in

the context of those initial aims.

Natural selection in a candidate pathway for placental

malaria infection

The premise for the analysis presented in Section 3.1 is a simple one: In
a population exposed to a particular selective agent exerting strong selec-
tive pressure, any genetic variant that significantly increases the chances
of survival for an individual is expected to show evidence for positive
selection. One should therefore be able to find those variants just by local-
ising the targets of natural selection in the exposed populations (Bamshad
and Wooding, 2003). The case of malaria should be particularly amenable
to this approach, given the strong selective pressure it has exerted over
the past 10,000 years of human population history. In fact, as mentioned
in the introduction to this work, one of the most powerful tests for re-
cent positive selection, the so-called long range haplotype test, used two
malaria susceptibility loci as a proof-of-principle for the power to detect
selection (Sabeti et al., 2002a).

In the case of placental malaria, the particular form of malaria that is

our study subject, this premise should equally hold, as it is responsible
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for a substantial part of the yearly burden of malaria (Desai et al., 2007).
The particularities of placental malaria also provided an obvious candi-
date for testing this hypothesis, as the key feature of its pathogenesis is
the adhesion of infected erythrocytes in the intervillous space of the pla-
centa. Previous studies suggested that this adhesion was mediated by
two glycosaminoglycan receptors, hyaluronic acid (HA) and in particular
chondroitin sulphate-A (CSA) (Rogerson et al., 2007). In this first study
we therefore analysed all genes encoding for the proteins that are involved
in the biosynthesis of this two receptors, taking advantage of the data pro-
duced by the International HapMap project. Importantly, the population
of African origin in this dataset, the Yorubans (YRI) from Nigeria, origi-
nate from a region of stable high malaria transmission, so any signature
of selection related to malaria should be detected in this population. In
order to detect those signatures, three different methods based on allele
frequencies, population differentiation and long range haplotypes were
employed.

Our results indicated two regions exhibiting some evidence of selection
in the African population, both of them based mainly on the results from
the long-range haplotype (LRH) results. In the case of UST, we found two
core haplotypes around 20 kb upstream of the gene that were significant in
the LRH analysis. Furthermore, both of these cores also contained SNPs
with large Fsr values, with the YRI being differentiated from the other
populations, which would be consistent with a selective sweep in Africa.
At the time of completion of the published paper, we hypothesised that
the identified region would be involved in transcriptional regulation of
UST, which was also supported by a number of peaks in regulatory po-
tential scores calculated from an alighment of seven mammalian species
(obtained from the UCSC genome browser). The availability of a number
of large scale surveys of regulatory variation, referred to as expression
quantitative trait loci (eQTL), using the same HapMap samples allows us
to revisit this hypothesis (Stranger et al., 2007; Veyrieras et al., 2008). Nev-

ertheless, neither of these studies reported any eQTL in the whole region
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Figure 4.1: The power to detect a selective sweep for alleles of different
frequencies and different tests of positive selection (iHS - blue; LRH -
green; XP-EHH - red) (Sabeti et al., 2007)

between UST and its neighbouring gene upstream, SASHI (obtained from
the Pritchard lab eQTL browser, http://eqtl.uchicago.edu). This apparent
negative result would however not rule out a tissue specific effect (Dimas
et al., 2009), which would be expected in the placenta, a tissue that has not
been used in this surveys.

The other gene identified was ChGn, which was interesting due to the fact
that a non-synonymous SNP only polymorphic in the YRI showed the
highest score of all non-synonymous SNPs analysed in this population.
An issue with this result is the low frequency of this SNP of 0.08 in the
YRI. The test that yielded the high score for this SNP is very similar to the
iHS score (Voight et al., 2006), which is expected to have very low power
to detect alleles at this frequency (Figure 4.1). Additionally, in a recently
developed composite method for detecting positive selection it was noted
that the iHs statistic, which is calculated as a ratio, is very sensitive to
fluctuations in the length of the ancestral haplotype, particularly at low
frequency sweeps (Grossman et al., 2010). It is reasonable to assume that
the score used in our analysis suffers from the same issue, since it is simi-

larly based on a ratio of haplotype lengths.
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The most striking result in our analysis was found in the gene XYLT1,
which showed strong evidence for selection in all of the applied methods.
However, this result was obtained in the combined sample of Japanese
and Chinese individuals, and not the Africans. Even if we take into ac-
count that historically malaria was much more widespread, it is unlikely
that it occurred with high transmission in these two regions in East Asia.
Without discarding the possibility of a false-positive result, it is therefore
likely that a different selective agent is responsible for the observed sig-
natures. This result then highlights one of the problems of this approach:
Even if an interesting result is obtained in a particular population or geo-
graphic region, there are usually a number of different selective pressures
possible to explain the result. The premise of the employed approach,
the identification of functional variation based on signatures of selection,
is therefore still a valid one, as it is likely that this region harbours ge-
netic variation that has contributed to regional adaptations of these two
populations. However, in order to detect adaptations to a particular selec-
tive agent, follow-up studies will have to provide an in-depth analysis of
both the patterns of genetic variation at the locus and its functional impact.

The question is then what can be concluded from the results in the African
population. Given that both results lack the strength observed for XYLT1,
our conclusion would be that it is unlikely that they are targets of strong
recent selective events. This however should not rule out the possibility of
selection in other populations from malaria-endemic regions, as malaria is
likely to have provoked regionally different adaptations due to its strong
pressure (Kwiatkowski, 2005; Jallow et al., 2009). Interestingly, the re-
gion surrounding ChGn was identified as among the top 10 signals for the
XP-EHH statistic in a recently published world-wide survey of positive
selection using the HGDP populations (Pickrell et al., 2009). This signal
is found in the populations from Oceania, which is a malaria endemic
region and would therefore merit a more in-depth investigation. The non-
synonymous SNP found in this study is however only polymorphic in a

few other African populations apart from the Yorubans, but not in Ocea-
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nia. This would suggest an independent selective event in this geographic

region.

Finally, itis also interesting to ask how our main candidate fares in compar-
ison with the results of the newly available world-wide data. Confirming
the result found in this study, XYLT1 was also found among the top 1%
iHs signals in the East Asian populations of the HGDP.

Genetic susceptibility to placental malaria infection

In the works presented in Sections 3.2 and 3.3, our aim was to iden-
tify novel host genetic factors involved in placental malaria infection by
means of a genetic epidemiology approach. In particular, we carried out a
case-control association study with patients and control individuals from
Mozambique, a region of stable high malaria transmission. This study has
been carried out in two phases, and below we will discuss the findings
of both of them separately. Before that, a brief discussion on the study

individuals will also be provided.

Study individuals

The individuals of this study were enrolled in the study at the Centro
de Investigagdo em Satide da Manhica (CISM), in southern Mozambique.
A total of 360 pregnant women were chosen from the participants of a
malaria intervention trial, in order to form a case-control sample based on
the infection status of the placenta assessed after delivery. One drawback
of this sample is that due to the relatively small sample size, the power to
detect variants with a small effect will be limited. On the other hand, the
samples have a variety of desired characteristics. Because the CISM is the
main health centre for the entire population of the district, we expect the
samples to provide a good representation of the genetic diversity in the
region. This should also avoid any biases which might occur in a situation
of differential selection of cases and controls for example. The analysis of

genetic structure we carried out as part of the preliminary analysis con-
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tirms this, as we could not detect any significant population stratification
between cases and controls even with the large number of SNPs analysed
in the second phase. It remains to be seen whether a genome-wide panel
of SNPs will provide enough resolution to detect fine-scale population
structure that we missed in our analysis, however, our results from Sec-
tion 3.4, which will be discussed later on, indicate that this is likely not
going to be the case.

Another important property of the samples is that they are epidemiolog-
ically well characterised, which is crucial for ruling out spurious results
due to confounding of another factor influencing susceptibility to placen-
tal infection. An example for such a factor is the influence on the number
of previous pregnancies, which has been shown to be an important factor

in susceptibility, as outlined in the introduction.

Glycosylation

The first of the two studies was carried out analysing data for 719 SNPs
in a set of 62 genes involved in glycosylation and immunity. As a first
observation, results from the preliminary analysis show the importance
of stringent quality control for both samples and SNPs, as the inclusion
of lower quality data clearly resulted in substantially inflated test statis-
tics. On the other hand, this naturally implies throwing away some of the
data, which is of course never desirable. The somewhat crude approach
of removing samples and SNPs based on a simple measure of genotyping
success like the call rate clearly has much room for improvement, and
recently some more sophisticated methods have been introduced (Scheet
and Stephens, 2008). In combination with the ever increasing accuracy of
genotyping assays this should enable researchers to make optimal use of
the produced data.

The main result from this study was a significant association of a SNP

in the gene FUTY. Importantly, this SNP (rs3811070) was located in a
block of high LD with two neighbouring SNPs, which were together with
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rs3811070 the strongest signals found in our analysis. This rules out the
possibility of a spurious association due to genotyping error, as is ex-
pected after the stringent quality control measures applied. Given the
low p-value even in the small sample size we expect a large effect size for
the SNP, which was confirmed with an odds ratio (OR) of 2.31. However, it
should be noted that this effect is most likely an overestimation of the real
effect, due to a bias known as the so-called winner’s curse, which results
from selecting the most significant statistic and subsequent estimation of
the effect in the same sample (Goring et al., 2001).

As mentioned above, it is important to control for potential confounding
effects, so we performed logistic regression to assess their influence. It
was interesting to see that we could confirm that women with fewer preg-
nancies were more susceptible to infection in our sample, with parity by
itself being significant in our model. Nevertheless, the effect of 1s3811070
remained unchanged even after controlling for parity, which confirmed
that its effect was an independent one. This result was also not influenced
by different ways to categorise parity.

The analysis of haplotype association also yielded a number of interest-
ing results. The four SNP haplotype block containing rs3811070 found
to be associated with placental infection showed a pattern of two com-
mon haplotypes with mismatching alleles at every SND, a pair of so-called
yin-yang haplotypes (Zhang et al., 2003). We then looked at the same re-
gion in data from the HapMap populations, in order to take advantage
of the much higher SNP density in this dataset. The yin-yang haplotype
pair was also observed in those populations, which suggests that this pair
already existed before the out-of-Africa migration of modern humans.
However, the higher SNP density revealed a more complicated pattern
than anticipated, with the non-risk haplotypes showing evidence of being
recombinants made up of the two different yin-yang pairs (see Figure 3
in Section 3.2). The risk-type haplotypes were also much more common

in the CEU population, where one of the two recombinant non-risk types
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was not observed. A possible explanation for this pattern could be that
both recombinant types afford a protection from placental infection, and
are therefore both under selection to increase in frequency in the Africans.
This would be consistent with the reduced haplotype diversity observed
in the YRI, which is not expected in an African population. Additionally,
it would also provide an explanation for the lack of a clear signal of posi-
tive selection in the region, as it would involve selection on two different,
previously segregating haplotypes, which is likely to be very difficult to
detect. How could the protective effect for two different haplotypes be
explained? One can for example imagine that, since both recombinants
share the same breakpoint in their yin-yang patterns, there might be some
regulatory site spanning that breakpoint, which, as a consequence, is not
bound by its regulatory factor anymore. In such a situation the actual pat-
tern of variation on both sides of the breakpoint would not be important,
as long as the binding site itself is affected.

It should be clear from the above that, irrespectively of the plausibility of
this hypothesis, this region would be a very interesting candidate for fine-
mapping the observed association signal. From a functional perspective,
the result also provides a number of interesting follow-up study one could
envision. An obvious experiment would be for example to test whether
there are differences in expression of the protein product of FUT9, FucT-
IX, in placental tissue of samples with the different haplotypes. Using a
next generation sequencing approach could even allow to simultaneously
asses parasite DNA quantitatively, which would provide a much more
detailed view of the state of infection of the placental tissue.

In summary, our results implicate FUT9 as a novel host genetic factor in
placental malaria infection. With respect to the expectation of signatures
of positive selection the results were less clear, although the patterns of
haplotype diversity described above suggest a complex pattern of evolu-
tion at the locus.
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Inflammation and immunity

For phase two of the genetic association study of placental infection, we
chose a commercially available SNP genotyping chip containing more
than 9,000 SNPs in around 1,000 genes with involvement in the immune
and inflammatory responses in humans. The rationale for this was that
those processes are clearly playing an important role in the pathogenesis
of both malaria in general as well as placental malaria, as outlined in the

introduction to this work.

The results for both single SNP and multi SNP analyses showed the
strongest signals in two different regions, KLRK1 and IL7. However, both
of them did not remain significant after correcting for multiple testing,
even though IL7 showed a marginally significant p-value in the multi-
marker analysis. Although this result is somewhat discouraging, it is
worth noting that even the recently published large scale genome-wide
association study of severe malaria suffered from this lack of strong sig-
nals (Jallow et al., 2009). Even the large number of individuals can not
sufficiently improve the power that is lost by the generally low levels of
LD in African populations (see Section 1.4.3). This effect will also affect
the targeted genotyping array used for this study. It also highlights one of
the practical issues one faces when conducting a genetic study on African
populations. Until the day when whole-genome sequencing of a large
number of individuals becomes reality, it will be desirable to use much
higher density arrays for those studies.

One potential way to circumvent the above mentioned problem is to use
imputation based on a much denser set of genotypes or even resequenc-
ing data for the region of interest. Ideally, a researcher would sequence
the region of interest in a small subset of the same study individuals and
use this data as a template for imputation. However, as in the case of
our study, this data is often not available, meaning that imputation can
only be performed using a reference panel from a different population,

or multiple reference populations. The results of our imputation analysis
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indicate a number of SNPs in both candidate regions identified above with
stronger predicted signals than any of the genotyped SNPs. Nevertheless,
these results have to be interpreted with caution, as it has been shown
that imputation accuracy using a mismatched panel is particularly low in
African populations, as expected due of the large genetic diversity (Huang
et al., 2009).

Another aim of this study was to take advantage of the known relation-
ships among the genes investigated, i.e. their interactions in the context of
a functional network. It is generally accepted that gene-gene interactions
or epistasis play an important role in susceptibility to disease, although its
relative importance compared to other factors such as multiple rare alleles
with large effects is still debated (Moore, 2003; Manolio et al., 2009). Not
surprisingly, much effort is aimed at the development of statistical meth-
ods to detect such interactions (Cordell, 2009), but there is still a lack of
powerful tools to assess whether a set of genes organised in a functional
network is associated with a phenotype. In this study we approached
this problem by simultaneously mapping evidence for association of sin-
gle genes, as well as epistatic interactions among SNPs in genes whose
products are interacting, onto a network of curated protein interactions.
Interestingly, we found that the strongest results for both genes and in-
teractions occur within the same neighbourhood of the network, which
corresponds to the IL-7/IL-7R signalling module. Although it has to be
kept in mind that statistical interaction between loci does not necessarily
imply a biological interaction, this result clearly shows the potential of
such an approach to identify modules of interacting genes that are in-
volved in a phenotype of interest.

In the context of this thesis work, or, more general, in the study of genetic
resistance to malaria, it would be particularly interesting to incorporate ev-
idence for natural selection in a similar manner. In a situation as described
above, when a module of interacting loci contributes to susceptibility, it is

likely that any single gene will not show strong signatures of selection, as
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a number of different allelic combinations at the loci that form the module
might produce a similar phenotype. One would therefore need a method
to detect a compound signature for those allelic combinations that reduce
susceptibility, for example by assessing whether particular combinations
occur more often than expected by random in an exposed population as
opposed to a non-exposed population. Event though this is today prob-
ably only feasible for a small number of loci, novel innovative statistical

methods would certainly bring this goal a great step closer.

As a summary for this second phase, based on the overall evidence from
both single gene as well as network analysis, IL-7/IL-7R signalling emerges
as an interesting candidate for an involvement in placental malaria infec-
tion. One of the roles for this pathway in the organism is the induction of
the pro-inflammatory cytokine TNF, which plays an important role in the
early defence against Plasmodium infection and control of parasitaemia. A
possible effect on placental infection can be explained by a general reduc-
tion in parasitaemia and faster clearance of infection, thereby reducing
the chances of infection of the placenta. As a first follow-up study for a
functional relevance of the result, it would be interesting to see whether
the identified SNP-SNP interaction involving the non-synonymous SNP
in IL7R has an effect in modulating the inflammation response described

above.

Genetic structure of Sub-Saharan African populations

Our aim in the last work presented in Section 3.4 was to to get a better un-
derstanding of the genetic structure of Sub-Saharan African populations,
in particular with respect to our study population from Mozambique. It
is quite striking that the continent which harbours more genetic variation
than the rest of the world combined has been so under-represented in
studies of human genetic diversity to date. It was only as recently as
last year that the first large-scale survey of African genetic diversity was
published, followed this year by another study focussed on West African
populations (Tishkoff et al., 2009; Bryc et al., 2010). Event though these
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studies give the first detailed picture of the genetic structure present in
the continent, some regions remained undersampled, in particular in the
southern part of the continent. As our study population originates from
such an undersampled region we were interested in how it is related to
other Sub-Saharan African populations. Adding to our own results geno-
type data from both HapMap and HGDP allowed us to investigate the
genetic structure of a total of 12 populations within Sub-Saharan Africa.

In order to perform this analysis it was necessary to build a consensus set
of SNPs that had genotype data in all 12 populations. The limiting fac-
tor was the data of the population from Mozambique, as we only typed
around 9,000 SNPs in the course of the study presented in Section 3.3,
providing a final dataset with 2,841 SNPs for all populations. In order to
ensure that this number was sufficient, we evaluated the performance of
different sized SNP sets to detect the known pattern of genetic structure
in the shared HGDP and HapMap samples. It was surprising to find that
even a seemingly low number of 1,000 randomly chosen SNPs was suffi-
cient to recover the general structure obtained from analysing a genome-
wide panel of hundreds of thousand of SNPs. The main consequence of
reducing the number of markers is an increasing inter-individual vari-
ance, but the pattern for populations as a whole stays remarkably similar.
This suggests that if the goal of an analysis is to get a general picture
of the genetic structure among populations, genotyping a few thousand
randomly distributed markers over the genome will be sufficient. Due
to the increased inter-individual variance it will however be increasingly
difficult to unambiguously assign individuals with unknown ancestry to
a particular population, especially if those populations are closely related
to each other. In the context of our work we can therefore be confident
that our result will give us a true representation of the underlying genetic

structure, even if it might lack a fine-scale resolution.

A number of interesting results were obtained from the analysis, both

confirming previous ones and adding new insights to the understanding

152



EVOLUTIONARY GENETICS OF MALARIA

European

Ottoman
Northern

route Selected migrations

— Historic migrations
== Prehistoric migrations
=== Out-of-Africa migrations

h

<@
. \%
B eric Southern
\' route Language families
[ [ Afro-Asiatic
\ { R _a [ Nilo-Saharan
e
N~ "‘

New World «;
slave trade «

[ Khoisan
[ Niger-Kordofanian
® CEPH-HGDP

J 4 Arab World
slave trade

Figure 4.2: A map of the distribution of African language families and
migration events (Campbell and Tishkoff, 2008).

of African genetic structure. As a first observation, the main distinctions
among the populations investigated reflect primarily linguistic and cul-
tural differences, as opposed to geographic differentiation (see Figure 4.2).
The first genetic component separates members of the two large language
families in Sub-Saharan Africa, the Nilo-Saharan and Niger-Kongo fami-
lies, whereas the second component differentiates hunter-gatherer popu-
lations such as the Pygmies from the remaining, predominantly pastoralist
populations. This result is in agreement with the findings of Tishkoff et al.
(2009), again confirming that the set of SNPs is sufficient for uncovering
the genetic structure of the study populations. However, the most inter-
esting result was the position of our study population from Mozambique.
This population is part of the Bantu family, and originates from a region
that was one of the main routes for the Bantu expansion of languages.
One could therefore hypothesise that they would be genetically similar to
other Bantu populations. Nevertheless, our results show a remarkable de-
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gree of differentiation even from geographically comparably close Bantu
populations such as the Luuya in Kenya. This raises the possibility that
they represent a pre-Bantu population that was already present in the re-
gion at the time of the Bantu expansion, but subsequently got completely
assimilated within the Bantu. As mentioned above, this region remains
poorly sampled by genetic studies, making a more dense sampling of
populations along the Eastern expansion route paramount for a further
investigation of this hypothesis. A detailed picture of the genetic diver-
sity in the region could also answer whether the observed differentiation
could be explained by an isolation-by-distance model, as an alternative
hypothesis.

Concluding remarks

Our aim as outlined in the objectives of this thesis was to aid our un-
derstanding of how malaria has shaped the human genome. The ques-
tion is therefore now whether this aim has been achieved, in particular
with respect to the two key features of our approach, the combination of
evolutionary and genetic epidemiology analysis, as well as the focus on
placental infection as a phenotype.

As to the first key feature, our results highlight both the potential but
also the difficulties of a purely evolutionary genetics approach to malaria
susceptibility. It is clear from Section 3.1 that interesting regions can be
identified, but the difficulty lies in establishing a causal relationship with
a particular selective agent. Another difficulty arises as a side-effect of
the large selective pressure of malaria that justifies this kind of approach
in the first place, as this pressure is likely to induce different molecular
adaptations to malaria in different geographical regions. For example,
the sickle cell variant HbS is thought to have arisen in at least four differ-
ent populations independently (Kwiatkowski, 2005), which indicates that
results from a particular geographic region might not be transferable to
other regions. The way forward is then to perform an integrated approach

within one single population, consisting in evolutionary analysis of ge-
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netic variation, epidemiological studies on well-phenotyped samples as
well as functional assays to determine the functional impact of any inter-
esting locus found.

With respect to the second key feature, both studies presented in Sections
3.2 and 3.3 are the first to provide a large-scale investigation of the ge-
netic basis of placental malaria infection. We could identify one strong
candidate locus for involvement in susceptibility to placental infection.
Our results also indicate that studying more clearly defined phenotypes
such as infection facilitates the detection of associations in comparison to
complex compound phenotypes such as severe malaria. From an evo-
lutionary perspective on the other hand, the phenotype that matters is
the survival of an individual, which mostly depends on the severity of
the disease. We would therefore expect natural selection to act mostly
on loci that affect severity. However, as severity of disease is also re-
lated to the ability to control parasitaemia, studying variation in levels
of parasitaemia in infected individuals might provide a phenotype that
is more easily tractable than severe malaria itself, but nonetheless has a
strong influence on it. Finally, animal models of malaria have shown that
the host can evolve both strategies of resistance (i.e. the ability to limit
parasitaemia) as well as tolerance (i.e. the ability to control severity for a
particular level of parasitaemia) as a consequence of infection, which are
moreover negatively interacting with each other (Raberg et al., 2007). It
will be interesting to test this result in human malaria, for example to see
whether one of the two general mechanisms is more common in humans,
or if different populations have evolved different strategies as an answer
to the selective pressure of malaria.

In summary, one can say that we are entering an exciting age for studying
the host genetics of malaria, as cheap high-throughput sequencing com-
bined with sophisticated statistical analysis tools will enable us to tackle
these questions with unprecedented power and detail.
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Supplementary methods

Validation of nHLS method
To assess whether our modified LRH method can indeed detect selection, we analyzed

the LCT region in the CEU and the HBB region in the YRI sample as positive control,
both being well-established examples of genes under positive selection in humans. LCT
codes for lactase, the enzyme responsible for the ability to digest the milk sugar lactose.
Most adults lose this ability due to decreasing enzyme activity after childhood, but
carriers of a LCT variant causing lactase persistence retain it, particularly in cattle-
domesticating populations. This variant has been shown to be under selection in
Europeans [1, 2], most likely due to the advantage gained from the ability to feed on
dairy products. Within the analyzed 2 Mb region centered on LCT, the SNP that showed
the strongest association with lactase persistence, rs4988235 [3], has a nHLS of -4.48.
Although not the most extreme score in the region, it is ranked at position 15 of all
scores in the region. Additionally, the whole region displays very high proportions of
extreme scores, a clear indicator of the strong selective pressure in the region (see
Figure S6). The second region that was chosen as positive control is /BB, where a non-
synonymous SNP (rs334) is responsible for the hemoglobin S variant of hemoglobin B,
which causes sickle cell disease. This variant is regarded as the textbook example of a
locus under selection in areas of high malaria transmission [4, 5], due to the roughly 10-
fold reduction of risk of severe malaria for heterozygote carriers [6]. The SNP rs334
showed an nHLS of 3.49, which is the maximum score we observed for any non-
synonymous SNP in the YRI sample. It is worth noting that in this case the surrounding
region did not show particularly high proportions of high score SNPs (data not shown),
indicating that it is important to also incorporate additional information like functional

status of the SNP into the analysis.
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Figure S1 — Distribution of allele frequencies in XYLT1

Minor allele frequency (MAF, top) and derived allele frequency (DAF, bottom) for each SNP are plotted over the region of XYLT1. Colored
points indicate SNPs in the JC (Japanese and Chinese) sample, while grey points indicate CEU (Central Europeans) SNPs. We chose to use CEU
as a comparison due to their similar overall distribution of allele frequencies (see Figure 1). To note is the apparent lack of intermediate allele

frequencies from exons 1 to 3 in JC, which is not observed in the CEU.
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Figure S2 — Distribution of Fsr along CHSY1 region

(top) global Fr for all SNPs (vertical bars) with lines indicating mean Fisr, 0.95 and 0.99 percentile as well as average Fsr for 15 SNP sliding
windows; (bottom) 15 SNP sliding window average F'sr for the three pairwise populations comparisons. Shown are results over the full 1 Mb
regions, with the region of the gene +5 kb indicated through darker bars (top) or grey background (bottom).
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Figure S3 — Haplotype bifurcation and REHH decay plots for two core regions

Shown are haplotype bifurcation plots (left) as well as REHH decay (right) over genetic distance for all different core haplotypes observed at the
position of two significant cores, XYLT1-1 in JC (A, core number 1) and UST-1 in YRI (B, core number 1). Note that XYLT1-1 only shows a

strong signal in the + direction (to the right)
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Figure S4 — nHL score profile over the ChGn region in YRI
nHL scores (A) as well as proportion of high scores (B) in the 1 Mb region centered on ChGn. SNPs within £5 kb of the gene are indicated in
blue. To note is the high scoring non-synonymous SNP (rs17128518) within a narrow cluster of high scores.
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Figure S5 — Plot of the XYLT1 gene from UCSC genome browser

A plot of the XYLT1 gene obtained from the UCSC genome browser, showing gene structure, predicted recombination rates, as well as custom
tracks with Fsr (AMOVA Fr all populations), nHL score (nHL score JC) as well as position of significant core haplotypes in REHH analysis
(significant REHH cores).
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Figure S6 — nHL score profile over the LCT region in CEU

(A) Grey dots indicate scores for each SNP along a 2 Mb region centered on LCT, while coloured dots indicate SNPs within £5 kb of the gene.
The black square represents rs4988235, which show the strongest association with lactase persistence. (B) Lines show the proportion of SNPs
with an absolute score > 2.5. To note is the high proportion of high score SNPs over most of the region.
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Supplementary tables

Table S1. List of candidate genes and their function

Locus kg ID* Name Pathway Molecular function®
B3GALT6 NM_080605 UDP-Gal:betaGal beta 1,3-galactosyltransferase polypeptide 6 Chondroitin sulphate biosynthesis  Glycosyltransferase

B3GAT1 NM_054025 Beta-1,3-glucuronyltransferase 1 (glucuronosyltransferase P) Chondroitin sulphate biosynthesis  Glycosyltransferase

B3GAT2 NM_080742 Beta-1,3-glucuronyltransferase 2 (glucuronosyltransferase S) Chondroitin sulphate biosynthesis  Glycosyltransferase

B3GAT3 NM_012200 Beta-1,3-glucuronyltransferase 3 (glucuronosyltransferase I) Chondroitin sulphate biosynthesis  Glycosyltransferase
B4GALT7 NM_007255  Xylosylprotein beta 1,4-galactosyltransferase, polypeptide 7 (galactosyltransferase I) Chondroitin sulphate biosynthesis  Glycosyltransferase

ChGn NM_018371  Chondroitin beta1,4 N-acetylgalactosaminyltransferase Chondroitin sulphate biosynthesis  Glycosyltransferase

CHPF NM_024536  Chondroitin polymerizing factor Chondroitin sulphate biosynthesis  Glycosyltransferase

CHST11 AB042326 Carbohydrate (chondroitin 4) sulfotransferase 11 Chondroitin sulphate biosynthesis  Other transferase

CHST12 NM_018641  Carbohydrate (chondroitin 4) sulfotransferase 12 Chondroitin sulphate biosynthesis  Other transferase

CHST13 NM_152889  Carbohydrate (chondroitin 4) sulfotransferase 13 Chondroitin sulphate biosynthesis  Other transferase

CHST3 NM_004273  Carbohydrate (chondroitin 6) sulfotransferase 3 Chondroitin sulphate biosynthesis  Other transferase

CHST7 NM_019886 Carbohydrate (N-acetylglucosamine 6-O) sulfotransferase 7 Chondroitin sulphate biosynthesis  Other transferase

CHSY1 NM_014918  Carbohydrate (chondroitin) synthase 1 Chondroitin sulphate biosynthesis  Glycosyltransferase
CSGIcA-T NM_019015  Chondroitin sulfate glucuronyltransferase Chondroitin sulphate biosynthesis  Glycosyltransferase

CSS3 AJ578034 Chondroitin sulfate synthase 3 Chondroitin sulphate biosynthesis  Glycosyltransferase

D4ST1 NM_130468 Dermatan 4 sulfotransferase 1 Chondroitin sulphate biosynthesis  Other transferase
GALNAC4S-6ST NM_015892 B cell RAG associated protein Chondroitin sulphate biosynthesis  Other transferase
GALNACT-2 NM_018590  Chondroitin sulfate GalNAcT-2 Chondroitin sulphate biosynthesis  Glycosyltransferase

UsT NM_005715  Uronyl-2-sulfotransferase Chondroitin sulphate biosynthesis  Synthase; Glycosyltransferase
XYLT1 NM_022166  Xylosyltransferase | Chondroitin sulphate biosynthesis  Synthase; Glycosyltransferase
XYLT2 NM_022167  Xylosyltransferase Il Chondroitin sulphate biosynthesis  Synthase; Glycosyltransferase
HAS1 NM_001523  Hyaluronan synthase 1 Hyaluronic acid biosynthesis Other transferase

HAS2 NM_005328 Hyaluronan synthase 2 Hyaluronic acid biosynthesis Glycosyltransferase

HAS3 NM_005329  Hyaluronan synthase 3 (Isoform a) Hyaluronic acid biosynthesis Glycosyltransferase

? UCSC Genome Browser known Gene ID
® from PANTHER Database
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Introduction

Infectious diseases are among the most important selective agents for any
vertebrate species. In humans, they have represented a great challenge for the adaptation
to new environments and social habits, with increasing population densities and cattle
domestication favouring their emergence and spread in the last tens of thousands of
years. The human immune system would then have played a main role in the adaption
of the different populations to the emerging conditions. According to that expectation,
genomic scans for signatures of adaptive selection have revealed that immune function
is one of the classes enriched with genes under balancing or positive selection
(BUSTAMANTE et al. 2005; NIELSEN et al. 2005; SABETI et al. 2006), the two
evolutionary forces underlying adaptation.

Vertebrate’s immune function can be divided in the adaptive, exclusive of this
phylogenetic group, and the innate immune system. Innate immunity constitutes the first
barrier of defence, and acts in a semi-specific way by recognizing pathogen-associated
molecular patterns (PAMPs), which are essential and conserved components of the
pathogens. Several works have reported evidences of positive or balancing selection
acting on this genes (BARREIRO et al. 2005; CAGLIANI et al. 2008; FERRER-ADMETLLA
et al. 2008; FUMAGALLI ef al. 2009a; FUMAGALLI ef al. 2009b), although some of this
genes are not unequivocally assigned to the innate system.

In this manuscript, we address the analysis of the footprint of the adaptive
selection in the innate immune mechanisms involved in antibacterial host defense. We
have chosen to assess innate immunity to bacteria, as they are probably the most
important human pathogens, with a major impact on morbidity and mortality. The same
mechanisms are mostly also common to most human parasites, and in part to fungi and
viruses. However, two major classes of gene families involved in the host defense to
fungi (C-type lectins) and viruses (RiG-I helicases) have not been assessed in the
present study. Beyond its molecular signatures in particular genes, we focus on the
adaptation of the functional network, seeking whether human adaptation at the level of
innate immunity system has occurred preferentially on some functional class or
according to the molecular physiology, with more plasticity to respond to the
pathogenic pressures. Previous work showed the existence of different selective
pressures in the innate immune system of Drosophila, where adaptation seems to have

mainly occurred at intracellular signalling molecules and purifying selection has acted
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on the receptors and secreted antimicrobial peptides (LAzZzZARO 2008). Similarly, strong
purifying selection has also been reported to act in the foll like receptors genes (TLR) in
humans (BARREIRO ef al. 2009; MUKHERIJEE et al. 2009), even if strong purifying
selection is the rule in protein coding genes.

Recent times have seen an increased move towards characterizing the
evolutionary dynamics of proteins in the context of their functional networks. The
availability of genome wide data on biological networks, for example in the form of
experimentally derived data sets on protein-protein interactions, or curated databases of
functional pathways, have facilitated studies relating evolutionary parameters to
network topology (ALVAREZ-PONCE et al. 2009; KM et al. 2007). We therefore have
also characterized this set of genes in a network context, where it is of interest to
understand the evolutionary and adaptive process in a complexity framework in a
setting towards evolutionary system biology.

The final goal of this paper is to unravel selective forces related to
immunological responses to bacterial infections, having acted in humans; the approach
is based in detecting adaptations through natural selection uncovered in resequencing
information in two populations (Europeans and Africans) and the results are interpreted

in a full functional context of gene products interacting in well identified networks.
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Materials and Methods

Selection of genes and DNA sequences

As the final goal is to study as many genes as possible involved in innate
immunity response, an initial list of genes were obtained from several databases,
including KEEG, Reactome and Pathways-on-line. Not all genes could be included in
the analysis, even if their place in the pathway was preserved.

Resequencing data for 132 were retrieved from different sources. 62 genes were
from the Innate Immunity Program in Genomics Applications (IIPGA,

http://innateimmunity.net) (LAZARUS et al. 2002), only considering those genes with

available information on the sequencing primers used. In addition, data for seven genes
was obtained from Environmental Genome Project database (NIEHS SNPs,

http://egp.gs.washington.edu), and for 54 from the SeattleSNPs database

(http://pga.gs.washington.edu). For the analysis, we also included the previously
published results (FERRER-ADMETLLA et al. 2008) for eight additional genes from
Innate Immunity Program in Genomics Applications and one from the SeattleSNPs
database. All genes from the Innate Immunity Program in Genomics Applications, and
44 from SeattleSNPs were resequenced in the same 23 European-American and 24
African-American samples included in the Coriell CEPH / African American panel. The
remaining 11 genes from Seattle SNPs were resequenced in 23 European (HapMap
CEU) and 24 African individuals (HapMap YRI) individuals. For the seven genes from
the Environmental Genome Project database we retrieved resequencing data in 22
European (HapMap CEU) and 15 Coriell African American individuals. Chimpanzee
sequences were obtained from the GenBank (http://www.ncbi.nlm.nih.gov/) and
Ensembl databases (http://www.ensembl.org/index.html). Sequence alignments were
performed with ClustalW (THOMPSON et al. 1994).

Molecular Data Analysis
The following diversity statistics and neutrality tests were calculated for every
gene: heterozygosity or m (TAJIMA 1983), Tajima’s D (TAJIMA 1989), Fu and Li’s F*,

D*, F and D (Fu and L1 1993), and Fay Wu’s H (FAY and WU 2000) using DnaSP v5

(LIBRADO and RozAs 2009). Indels and triallelic positions were not included in the
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analyses. The significance of these tests was calculated by means of coalescent
simulations using the COSI software (SCHAFFNER ef al. 2005), using the model which
takes into consideration the demographic history of humans. 1,000 replicates were
performed by using the local recombination rate estimate of each region obtained from
HapMap (www.hapmap.org). The orthologous chimpanzee sequence was obtained
(panTro2).

Network analyses
We used the MiMI plugin (GAO et al. 2009) for Cytoscape (SHANNON et al.
2003) to retrieve all known interactions among the genes in our dataset. Network

statistics for this network were calculated using the NetworkAnalyzer plugin (ASSENOV

et al. 2008) in Cytoscape.
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Results

Gene Selection

We have analyzed publicly available resequencing data for 132 genes involved
in innate immunity in African and European ancestry individuals (see Materials and
Methods). 129 genes are autosomal and only three genes (IRAK1, TLR7 and TLRS) are
located in the X chromosomes. All these genes have an unequivocally role in innate
immunity against bacteria, and were classified according to their main function in this
system into five categories: receptors, adaptors, modulators, cytokines and effectors
molecules (Figure 1). We have also defined some subclasses in the case of the receptors
(TLR2, TLR4, TLR5, NOD1/2, TLR3 and TLR7-9 modules), which can be
differentiated according to their location at the plasmatic (the first four) or at the nuclear
membrane (the remaining two), also differentiated for the ligand that they recognize.
Cytokines have been classified according to their involvement in different immune
processes (acute phase, cellular immunity, anti-inflammatory cytokines, neutrophil
function, chemokines, extracellular bacterial parasites, and complement modules; see
Figurel and TableS1for a complete list). These in-depth structure allow a much
comprehensive analysis of innate immunity function and will help the network

approach.

Nucleotide diversity is reduced in adaptor proteins

Nucleotide diversity levels can provide a measure of the degree of conservation
of the different genes and their comparison across functional classes can shed light on
different intensities of purifying selection. We estimated the nucleotide diversity
measured as the average number of differences between pairs of sequences () for the
132 genes in each population, and compared those levels of diversity among the five
functional categories.

As expected and in agreement with previous reports, nucleotide diversity levels
are higher in Africans than in Europeans (paired t-test P < 0.001), as seen by the higher
number of points below the diagonal in Figure 2. When the different functional classes
are compared, mainly the adaptor but also the complement proteins show a lower level
of diversity compared to the rest of genes (Table 1). This difference is significant in the

case of the adaptor proteins in Africans (unpaired t-test P = 0.03).
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Nucleotide diversity within a network approach

Alternatively, changes in nucleotide diversity levels can be analyzed from a
system perspective, considering the relationship of each gene product with the rest of
the gene products, which finally defines a functional network. We carried out the
network analysis at three levels: first, considering all interaction described in any of the
protein-protein interactions databases with a total of 101 genes (out of the 132 total; for
the remaining genes no interactions are annotated) and 279 interactions in total (Figure
3); second, focussing on the protein-protein interaction network underlying our
functional network, and third considering the signalling network of Fig 1.

Considering the whole set of interaction, the degree distribution of our innate
immunity protein network follows a power-law distribution, as previously observed in
many other examples of biological networks (r* = 0.80 Figure S1) (BARABASI and
OLTVAI 2004; YUAN ef al. 2008). Here we show that also the considered immunity
network, which is a sub-network of the whole protein-protein interaction web, is
characterized by the scale-free architecture peculiar of most biological networks. This
architecture is known to arise from an evolution process that follows the two
mechanisms of growth (new nodes are added over time) and preferential attachment
(new added nodes have a greater probability of being attached to already highly
connected nodes) (Barabasi and Albert, 1999).

A frequent finding emerging from previous studies on the influence of network
topology on evolutionary rate is the observation that highly connected proteins (“hubs*)
are more constrained in their evolution (BARABASI and OLTVAT 2004). In order to test
whether this is also true for the innate immunity protein network, we investigated the
correlations between nucleotide diversity and two measures of network centrality: the
degree centrality (defined as the number of links incident upon a node) as well as the
betweenness centrality of the respective proteins or nodes (nodes that occur on many
shortest paths between other nodes have higher betweenness than those that do not). As
a general observation, there is a negative correlation for both indices in both
populations, and the correlations tend to be stronger in Africa than in Europe. The
highest value for Africa could simply be a consequence of the much greater variability
in African populations, leading to increased power of detection in this population.
However, none of the correlations were significant, probably due to a lack of power
given the small network size. Still, both African and European populations show a

negative correlation coefficient of nucleotide diversity with degree (Figure S2), which
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would be consistent with the expectation of higher conservation of highly connected
proteins.

In order to determine whether connected proteins were more likely to evolve
under similar pressure, we performed a permutation procedure (similar that described in
ALVAREZ-PONCE et al. 2009). Namely, for each connected protein pair, we calculated
the absolute difference in their nucleotide diversities (A;), and compared the mean of
this difference to the mean of each of 10,000 permuted networks. The permuted
networks were generated by randomly rewiring the nodes of the original network with
the same number of edges. Both, African and European populations did not show
significant difference in A, as compared to the permuted networks (average A,: AFR 4.4

x 10, EUR 3.6 x 10™; p-values: AFR 0.79, EUR 0.08).

Hierarchical structure of innate immunity signalling

The third network considers the signalling network of innate immunity, as it is seen
from a functional perspective. Looking at it, one can observe a ”bow-tie” shaped
organization in terms of the number of components and the flow of information: a
relatively large number of receptor molecules recognizing different classes of pathogens
all signal to a limited number of intracellular adaptor proteins and transcription factors.
These adaptors in turn can interact with proteins that act as modulators, and
subsequently signal to a diverse array of downstream molecules, including cytokines
and other effector molecules (Figure 1). This bow-tie structure characterized by a large
number of “inputs”, a relatively small number of central control nodes which elaborates
the information, and a large number of “outputs” seems to be a topological organization
widely adopted by metabolic networks (Hong-Wu and Zeng 2003, Csete and Doyle
2004) and also by the immunity system signalling network (Oda and Kitano 2006).
Given this structure, one can hypothesize that the amount of gene variation should
follow a similar pattern, with the adaptors common to all different pathogen responses
being more constrained than both up- and downstream proteins, as previously reported
(Csete and Doyle 2004). We used a permutation procedure to test this hypothesis. Each
protein was classified according to its level within the hierarchy of signalling, and the
mean nucleotide diversity calculated for each level in the original data, as well as in
10,000 replicates with class labels randomly permuted. As expected, adaptor proteins

are the only class showing significantly lower mean nucleotide diversity, both in
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Africans and Europeans (Figure S3; parr = 0.010, pgur = 0.052), indicating that they are

indeed more constrained.

Some functional classes are preferential targets for adaptive selection

Next, we evaluated if some functional categories are also preferential targets for
positive or balancing selection. We performed different neutrality tests to detect genes
with an excess of rare or intermediate variants, which is suggestive of positive or
balancing selection. The significance of these tests has been evaluated by comparing the
results for each gene to the rest of the genes included in the study, and for the genes
showing more evidences of positive or balancing selection in one of the two populations
we performed coalescent simulation including the demographic history of Africans and
Europeans; these methods should exclude the possibility of these signals being
produced by demographic events such as expansion or population contractions.
Moreover, our aim is to identify different selective pressures acting on the different
functional classes, which minimizes these possible random effects of demography.
Therefore, the analysis at the functional class level provides also a correction for these
possible random effects.

We have considered a gene to show evidence of positive or balancing if it is
included in the 95" upper or lower percentiles for two or more neutrality test in the
same population. Table 2 shows the list of these genes, and significance has been
validated by coalescent simulations in all cases. From the total of 132 genes, 30 show
signs of adaptive selection, 14 of positive selection and 16 of balancing selection. The
proportion of genes with balancing selection is very high. Europeans and Africans show
a similar amount of genes under adaptive selection (16 in Africans and 17 in
Europeans), an interesting trait showing the difference with the amount of neutral
variation and indicative of the strong selective pressures in non-African populations.

In addition to signatures of adaptive selection on specific genes, we wanted to
analyze the effect of functional class. Figure 5 shows the results of two of the neutrality
tests, one that only uses the intraspecific information (Tajima’s D), and one using the
chimpanzee sequence as out-group (Fu and Li’s F) for the two populations. We tested in
each functional class if there is an excess of genes under positive, balancing or both
kinds of selection, by comparing the number of genes with and without significant
results in this class against the rest of the genes. Genes with statistical evidence for

positive or balancing selection are not randomly distributed among the different
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functional classes, and tend to accumulate in a reduced number of classes. Specifically,
there is an unexpected high number of acute phase proteins showing signatures of
balancing selection, both in Africans and Europeans (Fisher’s exact test p = 0.03 and
0.001, respectively). Remarkably, all genes in that category with signatures of balancing
selection in Europeans are included in the IL1 family (Figure 1). Moreover MEFV and
IL1F7, two other acute phase proteins, also show an excess of intermediate variants in
one of the neutrality tests in Europeans, and signatures of balancing selection have been
reported in the two genes in two independent studies (FUMAGALLI et al. 2009a;
FUMAGALLI ef al. 2009Db).

On the other hand, the receptors are also overrepresented among the genes
showing signatures of positive or balancing selection, suggesting adaptive selection
events (Fisher’s exact test p = 0.02). In this case, this tendency is only observed in
Europeans, and mainly for the extracellular receptors. It is particularly interesting in the
case of the TLR4 module, where four of the seven genes show evidences of selection

(Fisher’s exact test P = 0.0006).
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Discussion

The evolutionary pace of the innate immune system in humans, in its complex
history of expansion all over the planet, with large differences in climatic, ecological
and infectious conditions, has not been just a demographic event but natural selection
has been shaping it in different ways according to the environment. No doubt infectious
diseases have been a major selective factor and adaptation of the innate immune system
has taken place in an intense manner. Out of the 132 genes analyzed with the most
detailed genetic data (resequencing) has shown signs of adaptive selection in 30,
selected using a rather restrictive criterion of being statistical significant (at p<0.05) for
at least two of the selection tests performed. Even if data is not comparable for whole
genome scans looking at the footprint of selection, the five studies published so far find
from 460 to 1030 genome regions candidates for positive selection. Thus the proportion
found here is very high. It is even higher if we consider the cases where balancing

selection have been studied (Andrés et al., 2009)

In addition to some well known cases as the human major histocompatibility
complex (SOLBERG et al. 2008), recently several works have described the action of
balancing selection on genes related to the host pathogen interaction, including innate
immunity genes (CAGLIANI ef al. 2008; FERRER-ADMETLLA et al. 2008) and blood
group antigen genes (CALAFELL et al. 2008; FUMAGALLI ef al. 2008). Interactions with
pathogens on one side and the development of pathogenic processes such as
autoimmunity on the other side could be the balanced forces acting on these genes, with
too strong a response causing the various adverse effects associated with infectious and
autoimmune diseases, while a weak inflammatory response attenuates the subsequent

immune response (FERRER-ADMETLLA et al. 2008).

Several important biological consequences may be inferred from the results
presented in this study. Firstly, one important question that may be asked is which
major class of bacteria could have exerted the evolutionary pressures observed here. As
the innate immune system is relatively non-specific, any genetic information obtained in
the present study cannot refer to specific species or even families, but rather to broad
groups of pathogens such as Gram-positive or Gram-negative bacteria. Both Gram-

positive bacteria (e.g. Staphylococci and Sterptococci, mycobacteria) and Gram-
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negative bacteria (Salmonella and other enterobacteriaceae, Yersinia pestis) contain
pathogens that had a major impact on human populations during history. An answer to
the question of whether both these two groups of bacteria exerted evolutionary
pressures cannot be obtained from the selection profile of effector genes such as
defensins or cytokines, as these proteins are generally necessary for host defence to both
Gram-positive and Gram-negative bacteria. In contrast, a certain level of specificity can
be seen by the recognition of either Gram-negative bacteria mainly by the
TLR2/TLR1/TLR6/TLR10 cluster, while Gram-negative bacteria recognition is heavily
reliant on the TLR4 pathway (Akira et al., Cell 2006; 124:783-801). In our study there
is a clear selection of genes from both the TLR2 cluster (TLR2/TLR6/TLR10) and the
TLR4 pathway (MD2, RP105, CD14), suggesting that both Gram-negative and Gram-
positive bacteria have exerted pressure on innate immunity genes. This conclusion is
supported by Barreiro and colleagues who also reported recent positive selection in the
region encompassing TLR1/TLR6/TLR10 (with clearer effects on TLR1 in their hands),
as well as TLR4 pathway (Barreiro et al., 2009). In addition, TLR9, a pathogen
recognition receptor recognizing unmethylated DNA from both Gram-negative and
Gram-positive bacteria (Krieg AM. 2002) is also under selection pressure in Europeans.
Thus, these complementary data reinforce the hypothesis that both Gram-negative and
Gram-positive bacteria have exerted important selective effects on the genes of innate

immunity.

A second important observation refers to the genes that are under balancing selection,
presumably due to a beneficial effect in infections that is conterbalanced by deleterious
effects in autoinflammatory and autoimmune conditions. Interestingly, there is clear
overrepresentation of three gene families: the IL-1 family (most abundantly and
strongly under balanced selection, with 7 genes represented in both European and
African populations), the TNF family (both TNFa and TNFB/LTa being represented)
and complement (three genes). While their role in host defence is well documented,
these genes encode the main proinflammatory mediators of the two most important
classes of sterile inflammation disorders: the autoinflammatory diseases (e.g. Crohn’s
disease, gout, autoinflammatory syndromes) in which inflammation is mediated by the
IL-1 family, and the autoimmune diseases (e.g. rheumatoid arthritis, systemic lupus
erythematous, type 1 diabetes) in which the TNF family and complement play a central
role (Dinarello CA, 2009). The fact that the genes found to be under balancing selection
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are exactly those encoding the major mediators of human autoinflammatory and
autoimmune pathologies is a strong argument for the biological relevance of our

findings.

Thus, these results suggest that the innate immune system have had enough
plasticity to play an important role in the adaptation of modern humans to new
environments, but only specific parts of the innate response have been able to develop
adaptive responses. In contrast, some specifics parts of the innate immune response
seem to be more constricted, and it can be predicted both by their function and their

position in the network.

On the other hand, we have only described an excess of receptors with
signatures of selection in Europeans. This lack of correlation is due to the signatures of
positive selection of two extracellular receptor proteins exclusive of Europeans. In this
case, these signatures could be related to more recent responses, that for example could
have been related to the introduction of agriculture and zoonotic diseases (e.g. Brucella,
Coxiella) or the major epidemics of the medieval periods (e.g. Yersinia pestis — plague).
Two recent works reported strong purifying selection acting on the foll-like receptors,
more intense in the case of the intracellular receptors (BARREIRO et al. 2009;
MUKHERJEE et al. 2009). Selection would be conserving the amino acid sequence in

these genes, which points to adaptive selection possibly acting on regulatory regions...

Finally we analyzed the evolution of the immunity genes in relation to the
networks of interactions they are involved, since the immunity response arise as a
complex behavior which simultaneously involves of all these genes and their

interactions.

We first investigated the protein-protein interaction network which links the
physically interacting protein products of the considered immunity genes. We
investigated whether highly connected proteins (hubs) had undergone a more
constrained evolution in respect to peripherical ones, through the analysis of the
correlation of the nucleotide diversity with two measures of topological centrality: the
degree centrality which is a local measure since only takes into account the number of

connected neighbors of a gene, and the betweenness centrality which, by considering all
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the shortest paths between each pair of nodes in the whole network, provides a global
measure of centrality. Although these correlations are negative, suggesting a stronger
structural and functional constraint on genes that occupy a central position in the
network, none of them appears to be significant. Similarly, no significant evidence was
found for interacting proteins to show signatures of similar levels of selective pressures.
Conversely to what has been obtained for the protein protein interaction network,
significant results are found when analyzing the signaling pathway that has a clear bow
tie architecture. It seems that this topological organization is a predominant feature of
the functional network that we are analyzing and it is able to explain much better the

evolution landscape of its genes.

Indeed, in a analysis considering the signaling network depicted in Fig 1, we
observed that this network is organized into a bow tie structure, consisting in a large
number of receptors (large “fan-in”), a central small number of adaptor genes (the bow
tie knot) and a large number of effectors (large “fan-out”). The bow tie structure is
already known to characterize many metabolic and immunity system networks and it is
recognized as a topological feature which provides robustness to systems (Kitano 2004,
Csete and Doyle 2004). It also has the advantageous property of making robustness
compatible with evolvability, since the small knot provides robustness to the system by
easily accommodating for perturbations, while a great variability is allowed at the edges
of the bow tie making possible the generation of new functionalities (Csete and Doyle
2004). In agreement with results obtained for bow tie shaped metabolic networks, here
we find that in the human immunity network the core of the bow tie structure is highly
conserved, being the adaptor genes the only ones showing a significantly low nucleotide
diversity. However, signatures of adaptive evolution are found at the bow tie edges. The
amount of selection acting on each gene appeared therefore highly dependent on its
position in the structure. This clearly shows the strength of the constraint represented by

the topology of the network on the evolution of individual genes.
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Figure legends

Figure 1. Schematic representation of the function on the innate immune system of the

132 genes analyzed in this work. The ligands of the receptors are also showed.

Figure 2. Nucleotide diversity in the different genes and functional classes in African

and European individuals. Colours for each functional class are the same that in Figure
1.

Figure 3.
Network of interactions among innate immunity genes. Genes are grouped according to

their classes.

Figure 4. A) Tajima’s D in the different genes and functional classes in African and
European individuals. B) Fu and Li’s F in the different genes and functional classes in
African and European individuals. Grey lines show the 95" upper and lower percentiles
in each population. Colours for each functional class are the same that in Figure 1.
Cytokynes, in green and: m = Acute phase, A = Antiinflamatory Cytokines, o =
Cellular Immunity, o = Chemokynes, ¢ = Complement, = Extracellular, =

Neutrophil.
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Table 1. Nucleotide diversity in the different functional classes

Categorie N m AFR  wt EUR

Receptors 18 0.00093  0.00060
Adaptor 10 0.00057  0.00047
Modulators 6 0.00080  0.00063
Cytokines 77 0.00080  0.00066

Acute Phase 20 0.00091  0.00081

Cellular Immunity 10 0.00073  0.00060

Antiinflamatory Cytokines 10 0.00079  0.00063
Neutrophil 9 0.00074  0.00061

Chemokines 14 0.00078  0.00062

Extracellular 6 0.00097  0.00072

Complement 8 0.00061  0.00051

Effector 15 0.00096  0.00073
TOTAL 127~ 0.00082  0.00065

wt, nucleotide diversity (average of pairwise differences).

N, number of genes included in each categorie.
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Table 2. Number of genes in each functional class with evidences of adaptive selection.

Functional Class Africans Europeans
N Positive Selection Balancing Selection Positive Selection Balancing Selection
Receptors 18 TLR2 LY%6 LY64, TLR9, TLR10 CD14,LY96, TLR6
Adaptors 10 - - - -
Modulators 6 SOCS2, TOLLIP - - -
Cytokines 77
Acute Phase 20 - LTA, IL18RAP, IL1F5, IL1F7 - IL1F5, IL1A, IL1F10, IL18RAP, IL1F6, TNF
Cellular Imnmunity 10 - - - -
Antiinf. Citokines 10 - - TGFB2 -
Neutrophil 9  IL17B - - -
Chemokines 14 IL8 - CCR4 -
Extracellular 6 - - IL5, ADAM33 -
Complement 8 - CFH, C5, C3 - C3
Effector 15  MPO, NGFR NTRK - -

N, number of genes in each functional categorie.
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Figure 2
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Figure 4
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