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summary

In the history of population genetics balancing selection has been considered as an
important evolutionary force, yet until today little is known about its abundance and its effect on
patterns of genetic diversity. Several well-known examples of balancing selection have been
reported from humans, plants, and parasites. However, only very few systematic studies have
been carried out to detect genes under balancing selection. We performed a genome scan in
Drosophila melanogaster to find signatures of balancing selection in a derived (European) and an
ancestral (African) population. We screened a total of 34 genomes searching for regions of high
genetic diversity and an excess of SNPs with intermediate frequency. In total, we found 183
candidate genes: 141 in the European population and 45 in the African one, with only three genes
shared between both populations. Most differences between both populations were observed on
the X chromosome, though this might be partly due to false positives. Functionally, we find an
overrepresentation of genes involved in neuronal development and circadian rhythm.
Furthermore, some of the top genes we identified are involved in innate immunity. Finally, we
decided to study in more details two of our best genes (chm and CG15818) in order to see if we
observe other patterns of balancing selection in our candidate genes. At the protein level, we
found evidence of polymorphisms (including non-synonymous polymorphisms) at intermediate
frequency in linkage disequilibrium (LD). In addition, we also found haplotype structure in the
European and African populations. These results confirm that these genes are effectively under

balancing selection and that our method allowed us to detect genes under balancing selection.
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CHAPTER 1

INTRODUCTION

1.1 History of the main theories

At both phenotypic and genetic levels, large diversity is observed in natural populations.
Although a high level of genetic polymorphism has been observed in most species, the reason for
the maintenance of this genetic variation is still unclear. Based on this observation, Dobzhansky
(1955) proposed a model called “balanced hypothesis” which suggests that many genes are
polymorphic and that these polymorphisms are maintained by heterozygote advantage (also
called overdominant selection). This model was opposed to the classical view of Muller (1958),
who believed that individuals in a population are homozygous at most loci. For him, deleterious
alleles are removed by natural selection and the main force acting on the genome is purifying
selection. These two models were debated during several years until new methods and
technologies such as protein electrophoresis showed a high variability in natural populations of
humans and Drosophila pseudoobscura (Lewontin and Hubby 1966). Lewontin and Hubby
proposed heterozygote advantage as a possible explanation, although balancing selection alone

cannot explain all the high variability observed in the genome (Lewontin 1974), particularly due
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CHAPTER 1: INTRODUCTION

to the segregating load (i.e. deleterious mutation on an individual will induce a reduction of its

fitness).

To explain this high variability observed in the genome, Kimura (1968) proposed the
neutral theory of molecular evolution. This theory states that the majority of polymorphisms are
neutral or nearly neutral and that they are maintained through the joint action of mutation and
random genetic drift rather than selection. In the 1980s, the study of genetic diversity and
molecular evolution moved to the DNA level. Thanks to the advent of these new technologies
and molecular population genetics, the neutral theory was rigorously tested (Kreitman 1983;
Hudson et al. 1987). This led to the conviction that the neutral theory alone cannot explain the
observed patterns of DNA polymorphism within populations and the divergence between species.

Natural selection has to be invoked to explain the patterns observed.

Balancing selection, which maintains genetic diversity within populations, is one of these
selective forces. However, only few studies have identified this type of selection at the DNA
level. Therefore, balancing selection is thought to be rare and specific only to some classes of
genes like those related to immunity (Asthana et al. 2005; Andrés et al. 2009; Quintana-Murci
and Clark 2013).

1.2 Characteristics of balancing selection

1.2.1 Definition of balancing selection

Balancing selection is described as a selective force which maintains genetic variation
within a population (Stahl et al. 1999). Three different mechanisms are known for balancing
selection: (i) heterozygote advantage (or overdominant selection), (ii) negative frequency-
dependent selection, and (iii) spatio-temporally fluctuating selection. In the case of overdominant

selection, heterozygote alleles are maintained in the genome because heterozygous individuals
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CHAPTER 1: INTRODUCTION

have a selective advantage over both homozygotes. Concerning negative frequency-dependent
selection, a rare allele will be favored and its frequency will increase until it reaches equilibrium
or it starts to be selected against. Finally, for the last mechanism the frequency of an allele will
depend on the environment and time. An allele will be favored in one habitat or under certain
environmental conditions but disfavored in another. For example the fluctuation of pathogens in
an environment or the climate can change the frequency of alleles (Asthana et al. 2005;
Charlesworth 2006; Charlesworth and Charlesworth 2010, Bergland et al. 2014). However, these
different kinds of mechanisms will produce similar polymorphism patterns and consequently, it

will be difficult to differentiate them.

However, balancing selection can act on different timescales from very long-term (in
different species) to short-term (only within a population) selection, and following how long the
selection has been acting, the signatures observed in the genome will be different (Woolhouse et
al. 2002; Brown and Tellier 2011; Fijarczyk and Babik 2015). Recent balancing selection is
difficult to detect because it will generate signatures similar to positive selection. It will increase
linkage disequilibrium around the selected locus and reduce differentiation among populations
which is similar of what is observed in the case of incomplete sweeps (Hermisson and Pennings
2005). Consequently, it is hard to differentiate recent balancing selection from positive selection.
Older balancing selection will change the genealogies of the gene under selection compared to
genealogies under neutrality. In this case, balancing selection will produce longer internal
branches (Hein et al. 2005) and increase the diversity around the target of selection by
hitchhiking such that an excess of alleles at intermediate frequency compared to neutrality will be
observed (Charlesworth 2006; Charlesworth and Charlesworth 2010). Concerning ancient
balancing selection, one of its main characteristics is the presence of trans-species polymorphism
(TSP). In this case, a polymorphism, which appeared before the time of species divergence, will
be maintained in two or more species (Klein 1987). Recently, several studies have looked for
evidence of balancing selection in different organisms and different methods have been

developed to look for features of balancing selection.
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CHAPTER 1: INTRODUCTION

Figure 1: Schematic representation of the signatures of balancing selection. a. The
genealogies of loci under neutrality (left) and balancing selection (right) are represented. The
grey lines correspond to the ingroup, the black line represents the outgroup and the red star
represents the appearance of a selected variant in the genealogy. b. Haplotypes of each locus
containing mutations that have accumulated in each genealogy. For each locus, the number of
segregating sites is 16. c. The site frequency spectrum of each locus under neutrality (left) and
balancing selection (right). Balancing selection can result in an excess of intermediate-frequency
variants (purple and red).

1.2.2 Methods to detect balancing selection

The development of new technologies as well as the application of new statistical
methods has allowed identifying genomic regions that appear to be shaped by natural selection
(Bamshad and Wooding 2003; Nielsen et al. 2007; Vitti et al. 2013; Fijarczyk and Babik 2015).
One of the easiest ways to detect balancing selection is to look for departures from a standard
neutral model (Charlesworth and Charlesworth 2010). This can be assessed using several

population genetics statistical tools to screen genomes to detect footprints of balancing selection.

The main characteristic of balancing selection is a high diversity around the selected locus
and an excess of polymorphisms at intermediate frequency. We can use different statistics such as
7 or B, to detect region with high variability. The estimator = will calculate the average number
of pairwise differences between two sequences chosen at random from a sample of sequences
(Tajima 1983). The Watterson’s estimator (0,,; Watterson 1975) corresponds to the average
number of segregating sites in a sample. Another method is the HKA test (Hudson et al. 1987),
which compares the level of polymorphism within a species and the divergence between species
for several loci. Under neutrality, the ratio of the level of polymorphism to divergence is expected
to be similar for several regions. In case of balancing selection, the level of polymorphism should

be higher than the divergence and significantly different from other regions of the genome.
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The excess of polymorphisms at intermediate frequency can be detected with neutrality
tests such as Tajima’s D (Tajima 1989). This statistical test is based on the comparison of = and
O and measures deviations of the site frequency spectrum (SFS), which is the distribution of the
number of times a derived allele is observed in a sample of DNA sequences, from the neutral
expectation. A positive Tajima’s D means that we have an excess of intermediate frequency
alleles whereas under neutrality, it is supposed to be equal to zero. However, Tajima’s D and the
HKA test are unable to distinguish selection from the influences of demography and population
structure, which can produce polymorphism patterns similar to those under balancing selection.
Consequently, it is important to estimate a demographic model and use it as a null hypothesis
(Ferrer-Admetlla et al. 2008; Andreés et al. 2009; Barreiro et al. 2009; Thomas et al. 2012, Quach

et al. 2013) and look for deviations from the neutral model.

Thus, Andrés et al. (2009) analyzed 13,400 human genes using methods based on the
HKA test and Tajima’s D to detect evidence of balancing selection. They inferred a demographic
history for their populations and used it as a null model. Then, neutrality tests were performed for
each gene and genes significantly different from expectations under the null model were
considered as candidates for balancing selection. This method is conservative and a very low
number of false positives are expected (see Andrés et al. 2009). High recombination rates pose a
further challenge in the application of these tests as they will confine selection signatures to a
very narrow region around the target of selection potentially making them hard to detect.
Recently, two likelihood-based methods have been developed to detect signatures of ancient
balancing selection (DeGiorgio et al. 2014). The first method looks for the spatial distribution of
polymorphisms and substitutions around a selective site. The second test is based on the allele

frequency surrounding the polymorphic site.

To improve the performance and the detection of balancing selection, it is important to
use multiple statistics and methods. We mention here a few additional methods and statistics
which can help to confirm that a genomic region is effectively under balancing selection. Excess

of nonsynonymous polymorphisms is also a signature of balancing selection. We can infer excess
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of nonsynonymous polymorphism thanks to the McDonald-Kreitman test (MK test) (McDonald
and Kreitman 1991). The MK test compares the ratio of nonsynonymous to Synonymous
differences of polymorphism compared to divergence. Under neutrality, these rates should be
equal whereas a bigger value within species may suggest balancing selection (Vitti et al. 2013;
Fijarczyk and Babik 2015).

Another footprint is low differentiation between populations. The Fst (Wright’s fixation
index) is based on the variance of allele frequencies within and between populations. Small
values of Fsr indicate that the locus being compared is homogenous across populations, which
may be indicative of long-term balancing selection (polymorphisms shared between populations).
Recently, a new method has been developed and implemented into the software “BayeScan” to
determine outliers based on the Fst values of polymorphisms. It is a good method to test specific
hypotheses concerning individual genes or sets of genes, but it performs poorly in detecting

balancing selection (Beaumont and Balding 2004).

Another well known method to identify genes under balancing selection is to look for
TSP. Ancestral shared polymorphisms or trans-species polymorphisms are signatures of ancient
balancing selection. A balanced polymorphism can be maintained for a very long time (i.e. before
the speciation between two species) and be shared among species (Klein et al. 1998). This
signature can be used to identify individual nucleotide sites sharing a polymorphism for a very

long time (e.g. between humans and chimpanzees (Ségurel et al. 2012; Leffler et al. 2013).

Concerning recent balancing selection, linkage disequilibrium (LD) based methods could
be used to identify this type of selection. Polymorphisms will be in LD (i.e. non-random
association of alleles in haplotypes) around the selective site and haplotypes (i.e. the combination
of polymorphisms in a genomic region) will cluster by allelic type rather than populations or
species. However, this feature is comparable to the signal of an incomplete sweep and it will

therefore be difficult to unambiguously identify balancing selection. Moreover, recombination
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will rearrange the region around the selective site and it will be difficult to observe LD in species

with high recombination rate as it is the case in Drosophila.

All these methods have some limitations to detect balancing selection such as low power
and/or high false positive rates when they are used individually. Moreover, most of them have
been designed to target ancient balancing selection. On the other hand, the detection of recent
balancing selection is more difficult because the signatures it generates are subtle and this may
lead to the underestimation of the frequency of genes under balancing selection. One of the
possible solutions to detect candidate genes is to combine tests looking for various genetic
patterns that are expected under balancing selection (Andrés et al. 2009; Nygaard et al. 2010;
Ochola et al. 2010; Thomas et al. 2012).

1.3 Evidence of balancing selection

1.3.1 Balancing selection in immunity

Even if balancing selection seems to be rare, the majority of genes found to be subjected
to this selection are involved in immunity. Several explanations have been proposed, including
the coevolution between host and parasite. Indeed, immune genes are subjected to more
constraint and have to evolve rapidly due to host-parasite interactions. Coevolution describes a
process in which different species reciprocally affect the evolution of each other. For instance,
parasites will act on resistance alleles in infected hosts and, in return, the parasite will try to
escape recognition by the host (Woolhouse et al. 2002). Two major types of evolutionary
dynamics have been described for host-parasite coevolution: arms race and trench warfare (Ebert
2008). Arms race induces fixation of alleles, and polymorphisms generated by mutation will be in
a transient state until they go to fixation (Bergelson et al. 2001; Magwire et al. 2011; Bangham et
al. 2007). Trench warfare dynamics maintain several alleles at intermediate frequencies in a

population and coevolutionary cycles may be observed (Stahl et al. 1999; Gokhale et al. 2013;
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Tellier et al. 2014). These two dynamics are driven by positive directional selection (arms race)

or balancing selection (trench warfare).

When infection occurs, an immune response is triggered and the first defense is called
innate immunity which is activated immediately after infection. Host receptors recognize non-self
parasite molecules triggering different non-specific defense mechanisms. Innate immunity is
present in plants (Jones and Dangl 2006) and animals (Kimbrell and Beutler 2001). In
vertebrates, an additional immunity system is present, the adaptive (or acquired) immune system.
In this case, the response against pathogens will be specific due to particular cells (B and T
lymphocytes) that recognize a specific motif of the pathogen, and it is activated later (Medzhitov
and Janeway 1997). Both immune systems of vertebrates evolve rapidly and are the target of
selection due to the selective pressure of pathogens (Woolhouse et al. 2002). The system of
recognition between host and parasite genes is suggested to follow a matching-allele model
(Frank 1992; Little et al. 2006), in which the recognition allele in the host will match one parasite
allele. Another model that has been particularly used in the plant literature is the gene-for-gene
model (Thompson and Burdon 1992) where the host-parasite interactions will depend on the
genotypes of the two species. These models will induce reciprocal changes in hosts and parasite

populations.

Effects on genetic variation at immunity genes caused by host-parasite coevolution are
well documented in vertebrates and particularly in humans (Bernatchez and Landry 2003;
Eizaguirre et al. 2012; Spurgin and Richardson 2010).

1.3.2 Examples of balancing selection

Even if balancing selection is an important force driving the evolution of genes involved
in immune function and host-pathogen interactions, its signatures remain uncommon in the

genomes. For instance, genome-wide analyses (Bubb et al. 2006; Andrés et al. 2009; DeGiorgio
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et al. 2014) have found that the number of genes under balancing selection is low and that many

of them are related to immune genes.

One of the most famous examples of balancing selection is sickle-cell anemia, which is a
case of heterozygote advantage (Hedrick 2011). The name of this disease comes from the sickle
shape of red blood cells which is due to a mutation in the hemoglobin gene. This mutation causes
a deficiency in the oxygen transport, but at the same time it confers resistance to malaria. Malaria
is an infectious disease caused by the parasite Plasmodium falciparum (Hill et al. 1997). The
heterozygote genotype will have an advantage in regions where malaria is common because it is
less susceptible to malaria and leads to a less severe sickle cell disease. Consequently,
heterozygote individuals will have higher fitness compared to homozygotes and will be selected

for.

Another well-known examples are the Major Histo-Compatibility system (MHC) genes in
vertebrates (Schierup, 2001; Kelley et al. 2005; Piertney and Oliver 2005; Eizaguirre et al. 2012,
Spurgin and Richardson 2010) also known as the HLA system (Human Leukocyte Antigen) in
humans. The MHC genes are involved in immune response in vertebrates. These genes encode
for surface antigens which are involved in the first step of the immune response identifying the
foreign proteins. It has been shown that several MHC loci are highly polymorphic, most likely
because of their function. We know examples of MHC genes under overdominant and also under
negative frequency-dependent selection. Moreover, these genes show evidence of ancient
balancing selection by the presence of TSP in humans (Leffler et al. 2013; Andrés et al. 2009)

but also in mammal, fish and bird species (Klein et al. 2007).

TSPs have not only been found in the MHC genes but also in other genes related to
immunity such as pattern recognition receptors (Tesicky and Vickler 2015), cell migration genes
(Fumagalli et al., 2012), an autoimmunity-related gene LADL1 (Teixeira et al. 2015), two antiviral
genes (ZC3HAV1, Cagliani et al. 2012, and TRIM5, Newman et al. 2006; Cagliani et al. 2010),
host defense genes (Hollox and Armour 2008, Hellgren and Sheldon 2011), and ABO blood
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group genes (Fumagalli et al. 2009; Segurel et al. 2012). As shown by these examples,
polymorphisms can be maintained for millions of years due to the selective pressure of pathogens

on the host.

The plant immune system is another rich source of loci under balancing selection
(Michelmore and Meyres 1998; Holub 2001; VVan der Hoorn et al. 2002; Meyers et al. 2005). For
example, the R-genes loci, which are involved in pathogen recognition are under negative
frequency-dependent selection in Arabidopsis thaliana (Stahl et al. 1999) and tomato (Horger et
al. 2012). In parasites, genes related to host-parasite interactions have been also found to be under
balancing selection (Ochola et al. 2010; Amambua-Ngwa et al. 2012; Thomas et al. 2012). All
these studies show that a disproportionate number of genes under balancing selection are

involved in immune processes and host response to pathogens in plants.

Andrés et al. (2009) did a genome scan in two human populations (African and European
Americans) and have found 60 out of 13,400 human genes which significantly rejected the
neutral model and showed signatures of balancing selection. A large number of these genes are
related to immunity such as genes involved in MHC functions. Several genes are involved in
others functions such as genes encoding membrane channels or keratin genes. However, these
genes may play a role during infection like controlling the response to infection. Other studies
also found evidence of balancing selection in human immune genes and particularly in innate

immunity such as interleukin genes (Ferrer-Admetlla et al. 2008; Fumagalli et al. 2009).

We have also to take into account that host defense genes are not only under balancing
selection but some of them show signatures of positive selection. Several genome-wide analyses
have been performed in humans to look for evidence of genes under natural selection (Sabeti et
al. 2006; Nielsen et al. 2007; Akey et al. 2009). More than 300 genes are related to immunity
showing signatures of positive directional selection (Barreiro and Quintana-Murci 2010).

Evidence of positive selection has been found in MHC genes but also genes of innate immunity
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such as the pattern recognition receptors (Sironi et al. 2015). Positive selection at these genes is

likely due to a recent adaptation to pathogens.

Even if a large number of genes found under balancing selection are related to immunity,
we also know examples of genes involved in others functions. For example, olfactory receptors
have been proposed to evolve under balancing selection (Alonso et al. 2008) as well as the locus
controlling the color vision in New World monkeys (Hiwatashi et al. 2010). In plants, genes
involved in reproduction such as the self-incompatibility systems (S-locus) (prevents inbreeding
in angiosperms; Wright 1969; Charlesworth 2006; Roux et al. 2013) have the presence of trans-
species polymorphisms (Delph and Kelly 2013).

While we have some knowledge of balancing selection in humans, plants and parasites,
very little is known about this type of selection in other model organisms. D. melanogaster has
been a genetic model organism for one century. However, almost no analysis on balancing

selection has been carried out in this species.

1.4 Balancing selection in Drosophila melanogaster

1.4.1 Drosophila melanogaster as model organism

Drosophila melanogaster is a model organism to study immunity and evolution in
invertebrates and consequently many genetic and molecular tools are available for this species.
This species has been studied for many years and its genome is well-characterized and full
genomes for various populations are available (http://www.dpgp.org/). D. melanogaster has
spread around the world and its demographic history is well known (Duchen et al. 2013; Laurent
et al. 2011). Moreover, it is an animal with many molecular pathways and protein types similar to

humans (Adams et al. 2000) and a complex immune system which is also well-known. Finally, it
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can be infected by different kinds of parasites (viruses, bacteria, and fungi), which will induce

different immune responses (Paparazzo et al. 2015).

In Drosophila, there are two kinds of immune systems: the humoral response and the
cellular response (Hoffmann and Reichhart 2002; Hoffmann 2003; Lemaitre and Hoffmann 2007;
Leulier and Lemaitre 2008). The immune response will be triggered by the detection of non-self
molecules (pathogen molecules) by host pattern recognition receptor proteins. Following the type
of pathogens, different pathways will be activated. Fungi and Gram-positive bacteria recognition
triggers the activation of the Toll signaling pathway (Lemaitre and Hoffmann 2007) whereas
Gram-negative bacteria recognition triggers the Imd signaling pathway. This induces the
production of different antimicrobial peptides by the fat body. Furthermore, other immune genes
are activated in response to an infection, such as the JAK/STAT and the JNK pathways, which
seem to play additional roles (Boutros et al. 2002). The cellular immune system is characterized
by the phagocytosis of microbes, coagulation at the wound and the cellular encapsulation of
larger foreign material. Recently, another Drosophila innate immunity pathway was discovered:
antiviral RNA interference (Wang et al. 2006; Obbard et al. 2009; Saleh et al. 2009). It has been
shown that this pathway protects Drosophila from virus infection. Another kind of immunity is
the epithelium barrier which is in contact with many microorganisms. For example the gut
epithelium is in contact with the commensal flora and has to deal with bacterial tolerance and
infection. In case of infection, it will produce reactive oxygen species and anti-microbial
peptides. Several studies identified hundreds of genes whose expression changes after an
infection with bacteria, viruses or fungi (De Gregorio et al. 2001, 2002; Irving et al. 2001,
Carpenter et al. 2009; Cordes et al. 2013; Lu et al. 2015). The majority of these genes are
involved in immunity, but many genes are unknown or involved in different functions, for
example in cytoskeleton functions (Irving et al. 2002), behavioral traits or metabolic processes
(Cordes et al. 2013: Lu et al. 2015). Even if the immune system of Drosophila is well
characterized, many questions remain to be answered. One of them is: which are the selective

forces shaping the evolution of immunity genes?
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1.4.2 Evidence of balancing selection in Drosophila

Although Drosophila melanogaster is a model organism in biology, the evidence of
balancing selection is still rare and very few studies have been done in this species. On the
contrary, many examples of genes under positive selection have been observed in D.
melanogaster (Jiggins & Kim 2006, 2007; Lazzaro et al. 2004; Lazzaro 2008; Schlenke & Begun
2003, 2005; Tinsley et al. 2006; Sackton et al. 2007; Obbard et al. 2009).

Positive selection has been observed in a lot of immune genes like in the Imd pathway
(i.e. Relish, Dredd, Begun and Whitley 2000), RNAI genes (Obbard et al. 2006) and genes
encoding recognition proteins (i.e. TEP genes, eater, Jiggins and Kim 2006; Sackton et al. 2007;
Juneja and Lazzaro, 2010). Indeed, in Drosophila, immune genes evolve and adapt more rapidly
than other kinds of genes. Moreover, evidence of adaptive evolution has been shown in several
signaling and immune recognition genes (Lazzaro and Clark 2003; Schlenke and Begun 2003;
Sackton et al. 2007; Lazzaro 2008; Obbard et al. 2009).

Furthermore, it has been shown that the immune response in D. melanogaster will be
different following the kind of pathogens infecting the host but also it shows a certain degree of
specificity against various viral species (Magwire et al. 2012). For example, polymorphisms have
been identified in the genes ref(2)P and CHKovl that confer resistance to a sigma virus
(Contamine et al. 1989; Magwire et al. 2011; Wilfert and Jiggins 2010). Each polymorphism
seems to be associated with resistance to one virus. Consequently, these immunity genes seem to

be under selective pressure due to interactions between pathogens and host.

However, contrary to vertebrates and plants that show many evidence of balancing
selection and particularly in immune genes, this type of selection has rarely been detected in
Drosophila. Hedrick (2012) suggests that only a small proportion of polymorphisms are

maintained by heterozygote advantage in this species. The first example of a polymorphism
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maintained by balancing selection in D. melanogaster was the alcohol dehydrogenase
polymorphism (Adh) (van Delden et al. 1978; Hudson et al. 1987). Two divergent alleles are
maintained at intermediate frequency (Begun et al. 1999). Due to their high diversity, few genes
have been described as potentially under balancing selection (i.e. Sod and Est- 6 locus). However,
later studies showed that the observed patterns may also be explained by other types of selection

or by demography (Peng et al. 1991; Ayala et al. 2002; Balakirev and Ayala 2003).

Recently, with the emergence of new methods, some studies have described genes
potentially under balancing selection in Drosophila. Evidence of TSP between D. melanogaster
and D. simulans has been found in 16 genes and most of them are involved in immunity (Langley
et al. 2012). In another recent study, Comeron (2014) used a background selection model as a
null model to detect signatures of recent selective sweeps and balancing selection. He found some
candidate regions under balancing selection including genes related to immunity (IM4 and the
CecAl1/CecA2/CecB genes). In addition to these genes, others candidate genes involved in other
functions were found such as olfactory behavior genes (Sema-5c) or genes encoding cuticular
proteins (CprllA, Cpr62Bb and Cpr64Ec). These results show that balancing selection may act
on genes not directly related to immunity, but maybe having an indirect role in the defense to
pathogens. Sato et al. (2016) found significantly elevated Tajima’s D values in the core promoter
regions of 7 genes. These genes are involved in neural and behavioral traits. Finally, Unckless et
al. (2016) found phenotypic and molecular evidence of balancing selection in the Diptericin gene
(an antimicrobial peptide) in a population of D. melanogaster. However, this gene does not show
classical evidence of balancing selection (high Tajima’s D and high diversity). Consequently,
balancing selection might be underestimated in D. melanogaster when using basic population

genetic statistics.

28



CHAPTER 1: INTRODUCTION

1.5 Aim of the project

Signatures of balancing selection have been thought to be very rare in the genome and
observable only in a few classes of genes such as immunity genes. As mentioned above, Andrés
et al. (2009) performed a genome-wide analysis in humans using methods that incorporate
demography in neutrality tests. Using similar methods, how many genes do we find under
balancing selection in D. melanogaster? Are they involved in immunity as it is the case in other
species? To answer these questions, we performed a genome-wide scan for balancing selection in
D. melanogaster. We used next generation sequencing data from an ancestral population from
Africa (Rwanda) and from a derived population from Europe (the Netherlands and France). We
look for characteristics of balancing selection such as a high level of polymorphism compared to
neutral expectations and a distortion of the SFS toward intermediate frequency alleles. Two
statistics were used to detect these footprints: Watterson’s estimator 0,, (Watterson 1975) and
Tajima’s D (Tajima 1989). We performed coalescent simulations incorporating a demographic
model to assess candidate genes under balancing selection in our two populations. Finally, we
examine in more detail one of our best candidate gene and we look for further characteristics of

balancing selection such as LD, haplotype structure and changes at the protein level of the gene.
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MATERIALS AND METHODS

2.1 Sequence data

Analysis was performed on full-genome sequences of D. melanogaster populations. These
sequences were generated by Illumina next generation sequencing technology and are publically
available at the Drosophila Population Genomics Project (DPGP)  website
(www.dpgp.org.Information). We used samples from an ancestral African and a derived
European population whose demography is reasonably well known (Stephan and Li 2007) and
where a sufficient number of lines is available. The African samples come from two locations in
Rwanda, Gikongoro (22 lines) and Cyangugu (2 lines) (Pool et al. 2012). The European samples
come from Lyon in France (four lines) (Pool et al. 2012) and from Leiden in the Netherlands
(eight lines) (Voigt et al. 2015). These data were collected from haploid embryos as described in
Langley et al. 2011, each obtained from an isofemale lines. Consequently, these genomes are

considered haploid. Moreover, all lines used for analysis (12 in Europe and 22 in Africa) were
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without admixture since we excluded lines with admixture after they were identified in a previous
analysis, which tested for population substructure (A. Wollstein, unpublished results). At the end,
seven lines out of originally 27 were removed from Gikongoro samples, two out of 10 lines from
Leiden and four out of eight lines from Lyon. This procedure coincidentally also removed lines
for which genomic blocks of identity-by-descent has previously been described (Pool et al.
2002). For the analysis of the joint effects of selection and demography (see part 2.3.1), we used
an African sample of 20 lines from Gikongoro. We added the two lines from Cyangugu in
Rwanda for the genome-scan analysis and the other analysis. For all the analyses, we used
European samples of 12 lines (four lines from Lyon and eight lines from Leiden. A Drosophila
sechellia reference strain was used for estimating divergence (Li et al., 1999; Kim and Stephan,
2002).

2.2 Window-size analysis

We used basic population genetic parameters to detect footprints of balancing selection
such as a high level of polymorphisms using the Watterson’s estimator 8,, (Watterson 1975) and
an excess of polymorphism at intermediate frequency with Tajima’s D (Tajima 1989). We used a
similar method as Andrés et al. 2009 looking for similar characteristics of balancing, even though
these estimators are slightly different from the statistics that they used. Moreover, the statistics

that we used are easily computed and simulated.

In a first analysis, estimates of 6,, and Tajima’s D were calculated for windows covering
the complete genome of the African and the European populations using the program VariScan
(Hutter et al. 2006). The sites with missing data were removed from the analysis. We then
generated empirical distributions of both statistics separately for each of the five major
chromosomal arms (X, 2L, 2R, 3L, 3R). Windows in which the two statistics jointly fell within

the upper 95" percentile of the distribution were considered candidates for balancing selection.
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Since we cannot a priori know which window size is optimal, we performed our analysis for

different window sizes (0.2, 0.5, 1, 2, and 5 kb).

We simulated balancing selection with the software msms (Ewing and Hermisson, 2010)
to determine which window size is the best. We performed coalescent simulation under the
estimated demographic model (see below part 2.3.2, Figure 2 for the estimates) for a selection
model of heterozygote advantage and a neutral model. We set a selection coefficient for
heterozygote advantage (s) of 0.1. We used a recombination rate of 0.5 cM/Mb and we set the
start of selection to 2Ne (with Ne the current effective population size) generations backward in
time. We compared the distributions of the Tajima’s D and 0,, statistics for simulated values
under neutrality and selection and we determined the percentage of overlap between the two
distributions for each window size (0.2, 0.5, 1, 2, and 5 kb). Windows that show smaller overlap

between distributions should have higher power to distinguish between selection and neutrality.

2.3 Coalescent simulations

2.3.1 Joint effects of selection and demography

We performed an analysis to assess the joint effect of balancing selection and
demography on the pattern of genetic variation. First, we created a demographic null model of a
population from Africa (20 lines from Gikongoro, Rwanda). Previous demographic analyses of
African populations have shown that a bottleneck model seems to be appropriate (Duchen et al.
2013). Consequently, we estimated parameters of a bottleneck model using an approach of
Zivkovi¢ et al. (2015) that employs the SFS of neutrally evolving sites in a maximum-likelihood
framework. We based our estimations on 2466 polymorphic sites located in small introns, which
are thought to evolve neutrally (Parsch et al. 2010). The obtained estimates of the parameters are

provided in Appendix Al.
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Secondly, we used an algorithm similar to Zivkovic et al. (2015) to simulate a SFS under
balancing selection and considering two demographic histories, one with a constant population
size and one with a bottleneck model inferred for the African population. We used the dominance
parameter h to simulate selection and 2Nes is the scaled selection of coefficient. The selective
advantage of the favorable heterozygous allele pairs over the homozygous wildtype allele pair is

given by 2hs and the selective advantage of the homozygous allele pair by 2s.

2.3.2 Genome-scan analysis

To conduct a test of balancing selection, we estimated the parameters of the demographic
null models of the European (12 lines) and African populations (22 lines). We decided to
estimate a new demographic model for the African population because we added two lines (from
Cyangugu) to our African samples. Moreover, we used the method of A. Wollstein (unpublished
results) to estimate the demographic history of the European population and consequently we
wanted to use the same method to estimate the demographic model for the two populations. We
used a similar method than previously (part 2.3.1) which is based on expectations of the SFS at
neutral sites (Zivkovic et al. 2011). Demographic parameters were estimated for a model with
instantaneous population size changes at varying time points. The demographic models that best
fit the observed data were used for our analysis. The best-fit demographic models allow for a
bottleneck in the European population and stepwise growth (with a shallow bottleneck) in the
African population. Parameters were estimated for autosomal chromosomes (Figure 2) and X
chromosome (Appendix A2) separately as autosomes and sex chromosomes might have different

demographic histories (Hutter et al. 2007).
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Figure 2: Demographic models for the autosomal chromosomes for the European (A) and
African (B) populations. The x-axis represents the time t in Ne generations backwards in time
and the y-axis represent the population size at the time t in Ne. Ne is defined as the current
effective population size. Based on an estimated mutation rate of 1.5 x 10°°, Ne is estimated to be
equal to 1.09 x 10° in the European population and 1.62 x 10° in the African population.

We ran 1000 coalescent simulations for each window across the full genome using ms
(Hudson, 2002). The local mutation rates were inferred based on divergence to D. sechellia (Li et
al. 1999; Kim and Stephan 2002) for each window of 1-kb, which was deemed to be the optimal
window size (see below). The local recombination rates were obtained using the D. melanogaster
recombination rate calculator (Fiston-Lavier et al. 2010) based on the values of Comeron et al.
(2012). We then compared the observed values of Tajima’s D and 6,, for each window to the
simulated neutral distributions. Only those windows for which the observed values of both
statistics fell within the upper 95™ percentile of the simulations were kept as candidates. A p-
value was estimated for each window for the 0,, and Tajima’s D statistics based on the proportion
of simulations for which 6,, and Tajima’s D was greater than the observed value. When the p-
value was equal to zero, we ran additional 10,000 coalescent simulations to obtain a more precise
p-value. Benjamini-Hochberg multiple test correction (Benjamini and Hochberg, 1995) was
applied to adjust the p-values. Windows with corrected p-values < 0.05 were retained as

significant.

2.3.3 GO enrichment analysis

We decided to perform a gene ontology (GO) enrichment analysis to see if a function was
overrepresented in our candidate genes. First, a list of genes located in candidate windows was
determined for the African and European populations as well as for candidate regions and genes

shared between the two populations. Then we applied the GO enrichment analysis to this list of
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genes using Cytoscape version 3.2.0 (Shannon et al. 2003), in particular its plugin ClueGO
version 2.2.5 (http://apps.cytoscape.org/apps/cluego) and CluePedia version 1.2.5 (Bindea et al.
2009, 2013) (http://apps.cytoscape.org/apps/cluepedia). We used Cohen’s Kappa score (Cohen,
1968) of 0.7 as a threshold for the proportion of genes shared between enriched ontology and
pathway terms to link the terms into GO networks (Bindea et al. 2009) and networks of KEGG
(Kanehisa and Goto, 2000) and the Reactome (Croft et al. 2011) metabolic pathways. Using
ClueGO and CluePedia we integrated enriched GO and pathway terms into networks.
Enrichments and depletions of single terms were calculated using a two-tailed hypergeometric
test. We applied the false-discovery-rate (FDR) correction (Benjamini and Hochberg, 1995) and
retained the enriched terms with a FDR-corrected p-value of less than 0.05 that contained at least
three candidate genes, or those whose candidate genes represented at least 4% of the total number
of genes related to the term. In addition, we used the option Fusion to group the related terms that

have similar associated genes.

2.3.4 Linkage disequilibrium analysis

We estimated the LD for SNP pairs for all the candidate genes for a region of 2 kb around
each side of the candidate region for the European and African populations used for the genome-
scan analysis. We calculated Hill and Robertson’s r* (Hill and Robertson 1968) for each SNP
pairs and we kept SNPs for which the allele frequency of the minor allele was above 10% and the
site had less than 50% of missing data. We determined the significance of pairwise LD using
Fisher’s exact test (Weir 1996).
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2.3.5 Trans-species polymorphisms

We used D. simulans as an outgroup to identify TSP. We used raw data (unmapped reads)
of pooled sequences of four D. simulans populations from Queensland, Rhode Island, Tasmania
and Florida (Sedghifar et al. 2016). The D. simulans polymorphism data were obtained by
mapping the reads (alignment of the sequences) of our pooled sequences against the D. simulans
reference genome (Hu et al. 2013) using bwa (Li and Durbin 2010). The alignment files were
converted to SAM, and SAM files were filtered for reads mapped in proper pairs with a
minimum mapping quality of 20 using SAMtools (Li et al. 2009). The filtered SAM files were
converted into the pileup format. We computed the allele frequency of all polymorphisms in each
population of D. simulans (Florida, Rhode Island, Queensland, and Tasmania) using custom Perl
scripts. Then we aligned the D. simulans sequences with the D. melanogaster lines using
ClustalW (Thompson et al. 1994) and searched for polymorphisms present both in all the D.

simulans populations and all D. melanogaster lines.

2.4 Analysis of candidate genes

We calculated pairwise measures of linkage disequilibrium (LD) statistics (r®) for the
candidate genes chm and CG15818 using the software Haploview (v. 4.2) (Barrett 2009). We
excluded individuals with more than 50% of missing data. We used this software to identify
structure in haplotype patterns such as haplotype blocks through an algorithm implemented in the
software (Gabriel et al. 2002). We used the software to create a graphical representation of the

LD and to define haplotype blocks in regions with strong LD.

We also studied both candidate genes at the protein level. The number of shared
synonymous and non-synonymous polymorphisms within populations and between species (D.
melanogaster and D. simulans) was calculated manually using DnaSP v5.10.02 (Librado and

Rozas 2009). Functional information about the candidate genes was obtained from Flybase
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(http://flybase.org/, version 5). We also performed the McDonald-Kreitman test (MK test,
McDonald and Kreitman 1991) on our candidate regions. Fisher’s exact tests were performed
using R (R core team 2015). We also calculated the ratio of non-synonymous to synonymous

divergence (Dn/Ds) and polymorphism (Pn/Ps) for our candidate genes and regions.

The protein structures of candidate genes were determined using the NCBI Structure and
the Conserved Domains database CDD v3.11 (http://www.ncbi.nlm.nih.gov/Structure/cdd)
(Marchler-Bauer et al. 2015). We also used the web-server Paircoil2 (McDonnell et al. 2006) to

determine the presence of coiled-coil structures.
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CHAPTER 3

RESULTS

3.1 Genome-scan for balancing selection

3.1.1 Choice of the method to detect balancing selection

We decided to use methods similar to Andrés et al. (2009) to detect evidence for
balancing selection. We performed a window analysis on the full genome of D. melanogaster
looking for a high variability (0, statistic) and an excess of alleles at intermediate frequency
(Tajima’s D statistic). Our goal is to detect windows with significantly high 6,, and Tajima’s D
statistics compared to neutrality. However, demography can mimic the effect that selection has
on the SFS. For example, we know that a bottleneck will shift the Tajima’s D statistic to more
positive values. Consequently, balancing selection might be confounded with the population’s

demography. To investigate this problem, we compared the SFS for two demographic models
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(one with constant population size and one with a bottleneck) under balancing selection (Figure
3).

0.10

H constant
Rwanda
0.08
g 0.06
jo=t
Q
=
o
&
o 004
=
0.02
0.00 - ‘ i . o
1 2 56 7 8 9 10 11 12 13 14 15 16 17 18 19

Number of derived alleles

Figure 3: The site frequency spectrum (SFS) under balancing selection. We assume a
constant population size (black) and the estimated African demography with a bottleneck (see
Figure 2) (white), using a sample of size 20 individuals.

We can observe an excess of variants derived at intermediate frequency which is a typical
signature of balancing selection, under both demographic models, which have a similar overall
impact on the SFS (Figure 3). These observations are nearly independent of the strength of

selection and the dominance coefficient. Therefore, we conclude that the flat Rwandan bottleneck
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has not a strong effect on our procedure to identify signatures of balancing selection. However,
note that other demographic histories may have much stronger effects on the signature of
balancing selection. For instance, severe bottlenecks leading to an excess of low- and high-
frequency derived variants (in comparison to a population of a constant size) may entirely
obliterate the excess of variants derived at intermediate frequency. Moreover, the demographic
models that we estimated do not represent exactly the history of our populations. Indeed their
history is likely more complex but our models estimated fit the data sufficiently well to be used
as a null model to reduce the number of false positives. Only windows significantly different
from the overall patterns observed in the genome (taking into account the demographic history)

will be candidates in our analysis.

3.1.2 Choice of the window-size for the genome scan

For the window-slide analysis, an appropriate window size has to be used to allow us to
find evidence of balancing selection. Indeed, recombination might confine signals of selection to
a very narrow region so the windows should be as small as possible. At the same time, the
windows must be large enough to contain a sufficient number of polymorphisms to have
reasonable estimates of the 0,y and Tajima’s D statistics. To find an appropriate window size, we
estimated both statistics for the full genome for different window sizes ranging from 200 to 5000
base pairs (bp) and looked at the proportion of windows in the 5% upper-tail of the distribution of
both statistics which were considered as potential candidates for balancing selection. We did that

for each chromosome arm in the African and European populations (Figure 4).
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Figure 4: Proportion of candidate windows as a function of window size (in bp) for each
chromosome arm (2L, 2R, 3L, 3R and X) in the African and the European populations.
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The proportion of candidate windows identified on each chromosome differed depending
on window size. In the two populations, the proportion of candidate windows decreased with
increasing size. This decrease may be explained by linked recurrent positive (Stephan, 1995) or
negative selection (Charlesworth et al. 1993) which is more pronounced in larger windows.
However, the pattern for the chromosome arms 2R and X in the African population was not as
clear since the proportion does not seem to decrease with larger window sizes (Figure 4). This
may be explained by the higher average recombination rate on chromosome arms 2R and X
compared to the other chromosome arms (Comeron et al. 2012). In the European population, the
proportion of candidate windows decreases for all chromosome arms with the largest difference
between 200 and 500 bp. Concerning, the chromosome X and 3L, we observed an increase for 5-
kb windows which could be due to the fact that along the chromosome the overall number of 5-
kb windows is low compared to smaller window sizes and consequently the proportion of
candidate windows may be inflated purely to variance. Overall, the proportion of windows we
identified as candidates is rather low (< 0.25% in Africa for all window sizes and from 500 bp on
in Europe). This suggests that our approach may be conservative, which might be influenced by

the fact that our two summary statistics (6, and Tajima’s D) are numerically not independent.

We performed a second analysis in order to examine which window size has the highest
power to detect balancing selection. We simulated sequence data under neutrality and balancing
selection (see Methods part 2.2) and compared the overlap between the distributions of neutral
and selected 0,y and Tajima’s D values for different window sizes (Figure 5). The amount of
overlap is inversely related to the power which means that the more the two distributions overlap,
the less ability we have to distinguish selected from putatively neutral regions. We observed a
larger overlap between the two distributions for larger window sizes and thus a lower power to
distinguish selection from neutrality. The overlap for the 1-kb window is slightly larger than for
the 0.2- and 0.5-kb windows and smaller than for the 2- and 5-kb ones. Moreover, the largest
difference in power is between 1-kb and 2-kb. Consequently a window size of 1-kb seems to be a

good choice. To choose the window size for subsequent analysis, we also take into account the
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fact that in Figure 5 we show perfectly simulated data whereas in our genome scan data may be
missing such that the windows are smaller than the corresponding simulated windows (on
average, around 10% of the data are missing). Based on this power analysis and on the genome

scan, we decided to continue our analyses with a window size of 1-kb.

Power Analysis
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Figure 5: Power analysis for different window sizes (in bp). The two statistics 6,, and Tajima’s
D were estimated for the African and European populations. The overlap between the
distributions of simulations with and without selection is represented on the y-axis.

3.1.3 Genome-scan analysis

When looking at the statistical values over all windows of 1-kb, we observed a mean 6,
of 0.0088 in Africa and 0.0033 in Europe (Table 1). The diversity (6., values) in the European

population of D. melanogaster is reduced on each chromosome arm compared to the African
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population, which agrees with what has been previously found (Pool et al. 2012). Mean Tajima’s
D averaged over all windows is -0.5605 in Africa and -0.4111 in Europe. However, compared to
the autosomal chromosomes, the X chromosome has a reduced Tajima’s D in Africa (Tajima’s D
= -0.8979), and on the contrary, an elevated Tajima’s D in Europe (Tajima’s D = -0.2968).
Finally, as previously noticed by Glinka et al. 2003, the variance of Tajima’s D is much higher in
Europe than in Africa (Table 1), which indicates that the European population has been

undergoing a stronger bottleneck than in Africa.

Table 1: Statistical values for the mean of 0,, and Tajima’s D for each chromosome and
population

Ow Tajima's D
Population Chr.

5% mean 95% 5% mean 95%
2L 0.0028 0.0095 0.0173 -1.4842 -0.4714 0.6342
2R 0.0022 0.0086 0.0167 -1.5752 -0.5905 0.4894
3L 0.0017 0.0088 0.0174 -1.5104 -0.5035 0.6523

Africa
3R 0.0015 0.0069 0.0141 -1.4119 -0.3390 0.8357
X 0.0033 0.0100 0.0174 -1.7449 -0.8979 0.0263
Average 0.0023 0.0088 0.0166 -1.2794 -0.5605 0.5980
2L 0.0013 0.0034 0.0073 -1.5795 -0.4262 1.1724
2R 0.0010 0.0036 0.0082 -1.5058 -0.3851 1.1714
3L 0.0007 0.0037 0.0087 -1.5849 -0.4517 1.1032

Europe
3R 0.0007 0.0030 0.0071 -1.5830 -0.4957 1.1498
X 0.0003 0.0030 0.0069 -1.7982 -0.2968 1.4504
Average 0.0008 0.0033 0.0076 -1.6103 -0.4111 1.1075
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3.1.4 Candidate genes

We searched for candidate windows with significantly elevated values of 6,, and Tajima’s
D compared to the distributions obtained by the neutral coalescent simulations under the
demographic model that best fits the observed data for each population and for the autosomes and
X chromosomes (A. Wollstein, unpublished results; see also Figure 2 and Appendix A2). We
detected 171 candidate windows of 1-kb each for the European population and 60 for the African
population with significant signatures of balancing selection. Interestingly, we found a large
difference in the number of candidate windows on the X chromosome between Europe and
Africa. In the European population we detected 77 candidate windows whereas in the African
population only two candidate windows are on the X chromosome. Then, we identified the genes
overlapping our candidate windows. Occasionally, we observed several genes (up to three genes
for one window) which overlapped the same window. In the European population, 20 candidate
windows have two genes present (and one with three genes), and we observed eight windows
with two genes in the African population. In this case, it was difficult to identify the specific gene
under balancing selection. We found 141 (Appendix B1) and 45 (Appendix B2) candidate genes
in the European and African populations, respectively. Among these candidate genes, 43 genes in
Europe and 16 genes in Africa are uncertain due to the fact that at least two genes are in the same

candidate window.

We investigated this discrepancy in the number of candidate genes between both
populations. In the European population the candidate genes are much larger than in the African
population (the average size of the genes is 27.5 kb in Europe and 11.3 kb in Africa). To
understand this observation, we studied the genomic distributions of the candidate genes. The
European genes are restricted to regions of intermediate to high recombination rates, in which
variation is less suppressed by linked selection. The 58 candidate genes on the X are distributed
over about 20 Mb, whereas those on the autosome arms are located in narrower regions: 16 genes
in about 9 Mb on 3R, 16 genes in 13.5 Mb on 3L, 28 genes in 15 Mb on 2R, and 23 genes in 12

Mb on 2L. This pattern may be explained to some extent by the higher average recombination
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rate on chromosome arm 2R and X compared to the other chromosome arms (Comeron et al.
2012). The excess of large genes on the X compared to the autosome arms, however, cannot be
explained by recombination (“large” is defined somewhat arbitrarily as >10 kb, but other
definitions lead to similar conclusions). While 8-10 genes on each autosomal arm are large, 35
are large on the X. This suggests that the excess of large genes on the X in the European
population may be due to false positives, which by chance hit longer genes more often than
shorter ones. Protein-coding genes generally tend to be longer on the X chromosome compared to
autosomes (with average lengths of 8.2 kb vs. 6.1 kb). This may partly explain the observed size

distribution between X and autosomes.

The average size of the African candidate genes of 11.3 kb is also larger than the average
gene length of D. melanogaster (which is 6.5 kb for protein-coding genes). This indicates that
false positives may play a role in this dataset as well (although to a lesser extent, as only seven

out of 45 genes are longer than 10 kb).

Three genes (fry, chm and CG42389) show signals of balancing selection in the European
and African populations (Table 2). However, these signals were detected in two different regions
(windows) of the genes (see e.g. Figure 6 for chm). Selection acting in both populations is
characteristic for long-term balancing selection, which agrees with our expectation when
selection predates the split of the two populations. Moreover, these genes might be under even
older balancing selection (selection acting before the split of species). To look for that, we
searched the presence of TSP in these three genes, but we did not find any evidence for TSP.
Consequently these genes are not under ancient balancing selection. Concerning candidate genes
with significant statistics only in one population, they have likely been under more recent

balancing selection.
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Table 2: List of candidate genes shared by the African and European populations. The values
of the significant statistics observed (p-value < 0.05) for 6,, and Tajima’s D are indicated in the

brackets.
Gene . e
FBgn number Chromosome Population Ow Tajima's D
name
Europe 0.0051 (0.0121) 2.1338 (10™)
FBgn0016081 fry 3L
Africa 0.0103 (10™) 1.8448 (0.0219)
Europe 0.0042 (0.0285) 2.2383 (0.0231)
FBgn0028387 chm 2L
Africa 0.008 (10 2.5511 (10™)
Europe 0.0025 (0.0469) 2.3025 (10™)
FBgn0259735 (CG42389 2L
Africa 0.0202 (10™) 1.1303 (10™)

The number of candidate genes detected in the two populations is very different: 45 in the
African population and 141 in the European population. The differences between both
populations are even more striking on the X chromosome where we found 58 candidate genes
(overlapping with 77 windows) in Europe and only one candidate gene (overlapping with two
windows) in Africa. In converse, it is important to notice that on the autosomes the total numbers
are much closer: 44 in Africa and 82 in Europe. The disparity in the number of candidate genes
between populations is unlikely strongly influenced by differences in statistical power as the
proportion of overlap between simulated selected and neutral data in Africa for a 1-kb window is
not much different from Europe (Figure 5). However, in Africa the proportion of overlap is
slightly higher, which might indicate a lower power than in Europe. Many genes significant in
Europe show high values of Tajima’s D and 6,, in Africa as well, but they do not reach statistical
significance in this population. In Europe, all the significant windows have also significant 0

values in Africa, but their Tajima’s D values are not significant. In the African population, we
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observe 13 genes (same windows in Africa and Europe) with a Tajima’s D > 0 (p-values = 1) for
the X chromosome and 18 candidate genes with a Tajima’s D > 0.5 (p-values ranging from 0.24

to 0.82) for the autosomal chromosomes.

To summarize, taking into account possible false positives the number of candidate genes
on the X (without the excess of large genes) converges toward the numbers of candidate genes on
the autosome arms in the European population. This is particularly the case for chromosome arm
2R. Furthermore, the overall number of candidate genes in the European population is no longer
much greater than that of the African population and the numbers on the autosomes of both
populations are more similar than reported above. On the other hand, the African X and the
European X still differ greatly in the number of candidate genes, which might be due to an

increase of false positives on the European X (see part 4.2.1).

3.1.5 GO terms

In order to know if balancing selection in D. melanogaster act on genes involved in
specific function, we performed a GO terms analysis to see if and which functions are
overrepresented. The GO analysis was performed on significant genes to determine the group of
terms enriched for the European and the African populations. Groups are based on GO hierarchy
or on the kappa score (Cohen, 1968), which is based on the overlapping genes (within
categories). The name of the group is determined by the most significant term of the group (see

Appendix B3).

The European population is enriched for many terms, 41 biological function categories
are enriched and are grouped in eight groups (Table 3). We observed three large groups including
many GO terms and consequently having a high number of genes (Table 3 and Appendix B3).
The group called cell morphogenesis involved in differentiation encompasses 16 GO terms

including terms related to behavior (sleep, circadian behavior, etc.), to development (e.g.
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developmental growth) and neuronal terms (e.g. cell differentiation involved on neuron
differentiation). In total 38 genes out of the 141 candidate genes are grouped under this term
including genes present in several terms (e.g. the genes 5-HT1A is present in five GO terms; see
Appendix B3). The term regulation of stress fiber assembly groups 14 GO terms including 16

genes and the category central complex development includes five terms and 11 genes.

We observed fewer molecular function categories: only three GO terms were enriched
(cation channel activity, protein homodimerization activity and transcription cofactor activity)
(Table 3 and Appendix B4). Three cellular component terms were also enriched in the European
population: microtubule, apical part of cell and plasma membrane region (Table 3 and Appendix
B4). Finally, we observed eight GO terms enriched for KEGG and Reactome pathways: ECM-
receptor interaction, cell-cell communication, EPH-Ephrin signaling, TGF-beta singnaling
pathway, G alpha (s) signaling events, neuronal system, potassium channels and digestion of
dietary lipid. Many of the genes present in one GO terms are also found in others terms and

groups. For example, the gene mys is present in 16 GO terms (Appendix B3 and B4).

However, since half of the European candidate genes are located on the X chromosome
and there is evidence that these genes may contain an increased number of false positives we
repeated our GO analysis with autosomal genes only (Appendix B5). With this reduced dataset
we only found four enriched GO terms under biological process (mushroom body development,
regulation of circadian sleep/wake cycle, organophosphate metabolic process and nucleotide
metabolic process) and transcription cofactor activity under molecular process. All five of these

terms were also significant in the original analysis.

In Africa, contrary to the European population, we found only two GO terms enriched
(aspartic-type endopeptidase activity and surfactant metabolism) for all categories. However, this
result might be an artifact since the three genes enriched for these terms (CG31928, CG31926
and CG33128) are physically adjacent, which might explain why they collectively show a signal

of balancing selection.
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Table 3: List of enriched GO terms for the European population. The GO terms shaded in
gray are the name of the group (most significant term).

Ontology GO Group GO term

Group 1 Cell morphogenesis involved in differentiation
locomotor rhythm
circadidan behavior
mating behavior
sleep
regulation of circadian sleep/wake cycle, sleep
regulation of behavior
detection of light stimulus
axone extension
modulation of synaptic transmission
chemical synaptic transmission
neuromuscular junstion development
developmental growth
developmental grpwth involved in morphogenesis
Biological process axogenesis
cell morphogenesis involved in neuron differentiation
Group 2 regulation of stress fiber assembly
actomyosin structure organization
cell junction assembly
regulation of cell migration
actin filament bundle assembly
heart development
regulation of cytoskeleton organization
regulation of cellular component movement
regulation of locomotion
regulation of cell morphogenesis
regulation of anatomical structure morphogenesis
regulation of cell morphogenesis involved in differentiation

regulation of neuron differentiation

regulation of dendrite morphogenesis
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Table 3: continued

Group 3 central complex development
mushroom body development
brain development
neuron recognition
synaptic development neuron recognition
Group 4 organophosphate metaboloic process

Biological process . .
nuclrotide metabolic process

Group 5 heart process
Group 6 establishment of Ioc?lization by movement along
microtubule
Group 7 imaginal disc-derived wing hair organization
Group 8 positive regualtion of developmental growth
Group 1 Cation channel activity
Molecular Function Group 2 protein homodimerization activity
Group 3 transcription cofactor activity
Group 1 apical part of cell
Cellular component Group 2 plasma membrane region
Group 3 microtubule
Group 1 ECM-receptor interaction
Group 2 Cell-Cell communication
Group 3 EPH-Ephrin signaling
KEGG and Reactome Group 4 TGF-beta signaling pathway
pathways Group 5 G-alpha (s) signaling events
Group 6 Neuronal system
Group 7 Potassium channels
Group 8 Digestion of dietary lipid
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Then, we examined in greater detail the more extreme candidate genes (p-value < 10 for
B and Tajima’s D after multiple testing correction). In the European population, we found 17
genes (Table 4), which include genes involved in different functions such as cell migration (klar),
circadian rhythm (unc80), neurogenesis and memory (Tomosyn), neuronal development (lea and
Ten-a) and chemical synaptic transmission (VGlut). We also found genes related to immunity
(Nox, nub and tlk) or involved in phagocytosis (mvs and CHES-1-like). The genes Nup133 and cd
are located in the same region, Nup133 is involved in nucleocytoplasmic transporter activity and
cd in several processes such as response to oxidative stress. Interestingly, there is evidence that
Nupl33 may also have undergone recurrent adaptive evolution in D. simulans and D.
melanogaster (Presgraves and Stephan, 2007). Candidate genes with unknown functions have also
been found (CG2157, CG1637, CG1657 and CG15744). Concerning the African population, nine
genes (Table 4) are highly significant (p-values < 10™). However, the genes primo-1 and primo-2
are located in the same region. Their proteins have the same function of dephosphorylation. The
genes CG15818 and chm are also located in the same region with two significant adjacent
windows. The gene chm is involved in 15 biological processes such as neuron differentiation,
development (larvae, pupal and wing), histone acetylation and regulation of metabolic processes
(see part 3.2). The gene Cyp6al8 has an oxidoreductase activity. However, the function of the
other genes remains unknown. Moreover, two of the best candidate genes (chm and CG42389) in
Africa are also significant in Europe (Appendix B3). In addition, the gene fry is also shared by the

two populations.
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Table 4: List of the best candidate genes for the European and African populations with a p-
value < 10™ for 0,, and Tajima’s D

Population FBgn number Gene name Chromosome Ow Tajima's D
FBgn0039004 Nup133
3R 0.0029 2.5160
FBgn0263986 cd
FBgn0039536 unc80 3R 0.0028 2.0467
FBgn0001316 klar 3L 0.0053 2.1501
FBgn0265988 mv 3L 0.0046 2.5476
FBgn0085428 Nox 2R 0.0064 2.1896
FBgn0002543 lea 2L 0.0026 2.4560
FBgn0031424 VGlut 2L 0.0040 2.2109
FBgn0085424 nub 2L 0.0064 2.3335
EUROPE
FBgn0086899 tlk X 0.0044 2.2383
FBgn0029504 CHES-1-like X 0.0046 2.4145
FBgn0030244 CG2157
X 0.0069 2.3996
FBgn0030245 CG1637
FBgn0030286 CG1657 X 0.0041 2.0603
FBgn0267001 Ten-a X 0.0051 2.3024
FBgn0030412 Tomosyn X 0.0049 2.2223
X 0.0056 2.2758
FBgn0030466 CG15744
X 0.0058 2.3005
FBgn0040076 primo-2
3R 0.0105 2.2764
FBgn0040077 primo-1
FBgn0039519 Cyp6al8 3R 0.0130 2.1106
FBgn0036173 CG7394 3L 0.0103 2.1201
AFRICA FBgn0261853 CG42782 2R 0.0205 1.9016
FBgn0031910 CG15818 2L 0.0121 1.8187
FBgn0028387 chm 2L 0.0080 2.5511
FBgn0028899 CG31817 2L 0.0144 1.8100
FBgn0259735 CG42389 2L 0.0202 1.1303
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3.2 Analysis of the candidate genes chm and CG15818

We decided to study two of our candidate genes in more detail in order to see if we find
further features of balancing selection. We chose the genes chm (chameau) and CG15818 for
several reasons: first, the gene chm is one of the candidate genes found in both the African and
European populations. Secondly, these two genes are the best candidate genes in Africa (Table
4). Finally, we observed strong LD in both populations in their candidate regions (Appendix B6).
The function of the gene CG15818 is unknown and the gene chm is involved in many functions

including development and regulation of different genes expression.

As can be seen in the Figure 6, the candidate regions of this gene are different in both
populations. For Africa, more than one candidate window was significant and so the region of
interest is 2-kb while it is 1-kb in Europe. We can also observe that the values of Tajima’s D are
very high in the region of interest in each population. In Africa, the Tajima’s D values are 1.82
and 2.55 (p-value < 10™) and the 6,, values are 0.012 and 0.008 (p-value < 10™) for the two
windows of 1-kb between 7411.5 kb and 7413.5 kb (Table 4 and Figure 6). We can observe that
the 0,y values are high in several regions of the gene chm but Tajima’s D is high and significant
only in our candidate region. In Europe, the Tajima’s D and 6,, values are equal to 2.24 (p-value
= 0.023) and 0.042 (p-value = 0.029), respectively (Table 2 and Figure 6). We observe also high
values of Tajima’s D and 6, in other regions of the gene chm. However, the combination of the
two statistics and their significance after correction allow us to define two candidate regions for

each population.
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Figure 6: Map of the genes CG15818 and chm. The green bar represents the region of interest
in the African population and the red bar represents the region of interest in the European
population. In the case of the African population, the region of interest is larger as two
contiguous candidate windows are significant. The Tajima’s D (B) and 6,, (C) values are plotted
for a 1-kb sliding window across the genes CG15818 and Chm for both Europe and Africa
populations.
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Interestingly, both genes have annotated protein domains in the candidate region (Figure
7). We identified a coiled-coil domain and a C-type-lectin / C-type lectin-like (CLECT) domain
in the gene CG15818. A coiled-coil domain is a structural motif in proteins composed of several
a-helices. This domain binds other molecules and is involved in many biological functions
(Reddy and Etkin 1992; Mason and Arndt 2004), but it is unknown with which molecules this
coiled-coil domain interacts. The CLECT domain binds protein molecules such as ligands, lipids
and inorganic surfaces. Concerning the gene chm, two domains (Histone acetyltransferase (HAT)
domain and a zinc finger domain) are in the gene and one domain (HAT domain) is in the
candidate region found in the European population. The gene chm belongs to the MYST family
which is the largest family of histone acetyltransferase. MYST proteins mediate many biological

functions including gene regulation, DNA repair, development and cell-cell regulation.

CG15818 chm
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Figure 7: Schematic representations of the domains present in the proteins CG15818 and
chm. The green rectangles represent the 5’UTR regions, the green arrows correspond to the
3’UTR regions. Red rectangles represent the exons and the black lines the introns. The position
of the protein domains are represented by different colored bars (purple, blue, green and orange).
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We looked at these candidate genes at the protein level and we identified the synonymous
and non-synonymous (NS) polymorphisms present in each of them. We observed several
polymorphisms at intermediate frequency including NS polymorphisms in the two populations.
In the gene CG15818, we found six NS and 13 synonymous polymorphisms in the European
population. In the African population, we found four NS and 16 synonymous polymorphisms.
Concerning the gene chm, the majority of the polymorphisms observed are found in the two first
exons (from position 7412507 to 7414007, see figure 8) with four NS and 22 synonymous
polymorphisms in Europe and three NS and 20 synonymous polymorphisms in Africa in these
two exons (Figure 8). In the others exonic regions of the gene chm, no NS polymorphism were
found. We performed a McDonald-Kreitman test on the genes CG15818 and chm, but in both
cases the MK test was not significant for either population even when we considered only the

first two exons and each exon separately for the chm gene.

We also observed non-synonymous polymorphisms in the protein domains present in the
gene CG15818 (Figure 8). Two amino acids changes are in the coiled-coil domain including one
polymorphism present in both populations. In the CLECT, three NS polymorphisms are
observed, but only one is in both the European and the African population. Moreover, the two NS
polymorphisms (one in Africa and one in Europe) in the coiled-coil domain are at intermediate
frequency with 58% and 64% of the derived allele in the European and the African populations,

respectively.
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Figure 8: Polymorphism table of the candidate region in Africa. The blue color represents the synonymous polymorphisms
and the orange color, the non-synonymous polymorphisms. The darker colors are the derived alleles and the light colors, the
ancestral alleles based on the outgroup D. sechellia. The red stars indicate the non-synonymous polymorphisms present in the
coiled-coil domain and the green rectangles, the polymorphisms in the C-type lectin like domain. The asterisks indicate the non-
synonymous polymorphisms present in the first exon of the gene chm.
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Figure 9: Polymorphism table of the candidate region in Europe. The blue color represents the synonymous

polymorphisms. The darker colors are the derived alleles and the light colors, the ancestral alleles based on the outgroup
D. Sechelia.
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As mentioned before, we found evidence of LD in the candidate regions of the genes chm
and CG15818 for both populations (Appendix B7 and B8). In the first candidate region which
corresponds to CG15818 and part of chm, we found a block of strong LD (Figure 10A). In the
African population, we observed a small block where we have the presence of a NS
polymorphism in CG15818 which is in LD with four synonymous polymorphisms. This NS SNP
Is in the coiled-coil domain of the gene and is almost fixed in the European population (11 lines
out of 12 have the derived allele) whereas it is at intermediate frequency in the African
population. A second large block of polymorphisms in strong LD is observed at positions
7411654 to 7 414 271 (see Figure 10A). This block includes three NS polymorphisms in the
gene chm (two in the first exon and one in the second exon). These polymorphisms are at
intermediate frequency (54.55%, 59.10% and 36.36% for the derived alleles) (Appendix B8A).
Indeed, the two NS polymorphisms (one is a serine/proline replacement and the second is a
arginine/proline replacement) in the first exon have already been describe by Levine and Begun
(2008) as being in LD. Eight different haplotypes are found with two at intermediate frequency
(45.5% and 27.3%), the six others are at a low frequency (4.5%). On the contrary, in Europe only
two NS polymorphisms are observed and only one line has the derived allele. Finally, we
observed that many polymorphisms in LD are located on the 3’'UTR of the gene CG15818 (14
SNPs) or they are intergenic (11 SNPs). In the European population, we did not observe any

block of LD even though individual pairs of polymorphisms are in LD.

Concerning the second candidate region which is significant only in the European
population, we also found strong LD and particularly in Europe. Indeed, we observed two
haplotype blocks, one small (6 SNPs) and one larger (23 SNPs). However, no NS polymorphisms
are present in the three exons in this region, but seven synonymous polymorphisms are located in
the 5’UTR. In the small haplotype block, two haplotypes are observed with a frequency of
41.67% and 58.33% and in the large block, 6 haplotypes are found with a frequency of 36.4% for
one, 18.2% for two and 9.1% for three haplotypes (Appendix B8B). In Africa, few SNPs in LD

are significant and haplotype blocks contain only a small number of SNPs.
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Figure 10: Representation of LD (r?) for the two candidate regions. A. represents the
LD in the African candidate region and B. LD for the European candidate region in both
populations each. The magnitude of pairwise LD is given by the color shading; black and grey
colors represent different levels of LD in descending order. Black/grey pairs are statistically
significant, while white pairs are not. When r? = 1, the loci are in complete LD and when r? = 0,
the loci are in perfect equilibrium. The red triangles represent the haplotype blocks.

In the candidate genes chm and CG15818, we found evidence of balancing selection
acting on two different regions in the European and African populations. We observed the
presence of LD and haplotypes at intermediate frequency which are patterns that we expect to
find under balancing selection. In Europe, balancing selection is acting exclusively on the gene
chm whereas in the African population, selection is acting on both genes. These results might
indicate that due to the different environment of the two populations, balancing selection does not

act on the same variant.
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DISCUSSION

4.1 Detection of footprints of balancing selection

In this thesis, we wanted to search for evidence of balancing selection in D. melanogaster
which is an important model organism in biology. Effectively, balancing selection has been
proposed as one of the mechanism maintaining variation in the genome of natural populations.
However, few examples of this selection are known and only recently some studies have found
evidence of genes under balancing selection in D. melanogaster. For instance, Sato et al. (2016)
detected footprints of balancing selection in core promoter regions and Unckless et al. (2016)
found evidence of alleles maintained by balancing selection in genes encoding antimicrobial
peptides. Moreover, no genome-wide analysis for balancing selection has been done in D.
melanogaster. One of the reasons for this was that until recently we did not have full-genome
sequences. However, since several years several studies have sequenced the full genome of

several species and population of Drosophila (Pool et al., 2012; Voigt et al., 2015; Sedghifar et
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al., 2016). Thanks to the availability of NGS data of good quality and new technologies, it is
now possible to perform an analysis on the whole genome and to have accurate estimation of

variation to detect balancing selection.

We performed a genome-scan in D. melanogaster to screen potential targets of balancing
selection in two populations from Africa (ancestral) and Europe (derived). We decided to
combine two common statistics which are the Watterson’s theta (0,,) (Watterson, 1975) and the
Tajima’s D (Tajima, 1989). These two estimates search for an excess of the number of SNPs and
an excess of SNPs at intermediate frequencies. The combination of these two features is
characteristic of balancing selection and cannot be confounded by other types of selection such
as purifying and positive selection. Other studies have previously used a combination of tests
looking for various features of balancing selection in others organisms (Andrés et al. 2009;
Ochola et al. 2010; Thomas et al. 2012) and found some evidence of balancing selection. This
method is conservative as it permits to detect only strong signals of balancing selection and we

expected to have a low rate of false positive.

We used a sliding window approach on the full genome to estimate both statistics for
each window. One important point was to define the best window size to detect footprints of
balancing selection. We decided to perform our analysis for a window of 1-kb because this size
seems to have a good power to distinguish between balancing selection and neutrality. Moreover
this window size is sufficiently large to have good estimates of our statistics and at same time it
is sufficiently small to detect the signature of balancing selection and avoid segments not under

selection.

Furthermore, we accounted for demography in our methods. Thus we followed a similar
approach as Andrés et al. (2009) rather than using a model-based method, such as DeGiorgio et
al. (2014). Indeed, DeGiorgio et al. (2014) found that the aforementioned SFS-type tests of
Andrés et al. (2009) have less power than their new method. We may conclude from this result

that our approach may also lack power in detecting balancing selection in D. melanogaster. We

66



CHAPTER 4: DISCUSSION

could apply the procedure of DeGiorgio et al. to the Drosophila data, but there is a caveat. Since
the null model in the method of DeGiorgio et al. assumes neutrality just as the aforementioned
methods, it is unclear to what extent it would improve our estimation. The reason can be seen in
Figure 4, which indicates that larger fragments generally produce less candidate regions (with the
exception of chromosome arms X and 2R in Africa and chromosome arms X and 3L in Europe).
This observation can be explained by the action of linked positive or negative selection.
Therefore a null model should incorporate both recurrent selection and demography in order to
obtain unbiased estimates of the number of loci under balancing selection in D. melanogaster,

which is at present only possible for unlinked sites (Zivkovié et al. 2015).

4.2 Evidence of balancing selection in D. melanogaster

4.2.1 Candidate genes

In our first genome-wide analysis of an African and European populations in D.
melanogaster we found 183 candidate genes under balancing selection out of 13.900 protein-
coding genes, including 141 in the European population and 45 in the African one. Three genes
were overlapping between both populations (fry, chm and CG42389). This overlap is much
smaller than what Andrés et al. (2009) found in humans between a Europe-derived and an Africa-
ancestral population. It may be explained by the much longer separation time (in generations)
between the two fly populations. However, even if the p-values are not significant (especially in
the African population), we observed many genes (31 genes) with high estimates of 0,, and
Tajima’s D shared between both populations. Perhaps our method is too conservative so that only
genes under strong balancing selection are detected. Moreover, we performed rigorous testing
corrections, which led to many overlapping genes losing significance after correction. Finally, a
locus under balancing selection may show a strong signal in one statistic but weaker in the other.

In this case, it is possible that we did not detect all the genes under balancing selection.
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Although we fitted demographic models to the data for both the African and European
populations, we found evidence for false positives (large genes > 10-kb) in our set of candidate
genes. More false positives appear to be present in the European set of candidate genes (in
particular on the X chromosome). Inaccuracies in the estimation of demographic parameters may
be the primary reason for this problem. We estimated demography for the X and the autosomes
separately, based on the SFS at neutral sites (Zivkovic et al. 2011; Parsch et al. 2010). Since the
European X chromosome harbors the lowest amount of variability the estimated demography
might have been less precise for the European X compared to the European autosomes and the

African X and autosomes, leading to an elevation of false positives.

The discrepancy between the X chromosomes of both populations is particularly large.
We observed only one candidate gene on the African X, but 20-30 on the European one (after
correcting for the excess of large genes). As mentioned above, all significant windows on the X
where we found our candidate genes in Europe have also significant 0, values in Africa, but their
Tajima’s D values are not significant. The reason for this may be as follows. As already Glinka et
al. (2003) noticed, the variance of the European X is higher than that under standard neutrality,
and lower in Africa (see also Table 1). Therefore, scaling Tajima’s D with the standard neutral

variance may have led to too many candidates in Europe and/or too few in Africa.

We observed balancing selection in many genes in only one population. In the derived
European population, balancing selection likely acted only recently (when D. melanogaster
arrived in Europe). D. melanogaster had to adapt to a new environment (different climate,
pathogens, etc.) and consequently new genes were under balancing selection compared Africa.
Another observation is that many of our candidate genes are under balancing selection only in
Africa. Since the African population is ancestral, we might think that balancing selection is old
and genes are also under this selection in Europe. This result may be explained by the fact that
balancing selection is effectively old in Africa but the selective pressure on these candidate genes
change in Europe due to the different environment such that these genes are no longer under

balancing selection in Europe contrary to Africa.
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Concerning the examples found previously in D. melanogaster (Comeron et al., 2014;
Unckless et al., 2016; Sato et al. 2016), we did not confirm any of these examples although we
observed some genes with similar functions such as oxidation-reduction process and olfactory
behavior. The fact that we did not find overlap with other studies might be explained by the
difference in the methods (Comeron et al., 2014) and the samples, which are not exactly the
same. Moreover, in the studies Unckless et al., (2016) and Sato et al. (2016), the authors look for

balancing selection only in a small part of the genome of D. melanogaster.

4.2.2 Function of the candidate genes

We decided to look in more details at our candidate genes and particularly their functions.
We wanted to see if balancing selection is limited to a few classed of genes. We observed
enrichment in many GO terms in the European population but in only two in Africa. Moreover,
these two GO terms are probably not enriched as the three corresponding genes lie in the same
genomic region. This low number of terms enriched in Africa compared to Europe may be

explained by the fact that we have less candidate genes in this population than in Europe.

Concerning the functions of genes, we observed enrichment in many biological processes
in the European population. When we repeated the analysis for autosomal genes only, we were,
however, only left with five GO terms. This reduction might be because of an overrepresentation
of certain functions on the X chromosome, but could also be purely due to reduced statistical
power given the lower number of genes in the autosomal dataset. GO terms that were consistently
detected include ones related to circadian behavior and the development of mushroom bodies.
Mushroom bodies play a major role in olfactory learning and memory, but have also been shown
to be involved in other behavioral traits and the regulation of sleep (Heisenberg, 2003; Joiner et
al. 2006). Even though these GO terms seem to be closely related their statistical significance is
driven by different sets of genes (Appendix B3, B4 and B5). Candidate genes related to neuronal

development and behavior are particularly interesting, as evidence of balancing selection in genes
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associated with neuromuscular junction development and behavior (Comeron, 2014) has
previously been reported. For the African population, only two GO terms are enriched and the

three corresponding genes lie in the same genomic region.

Having many candidate genes, we decided to look in more details at the best candidate
genes with a p-value < 10™ for 6, and Tajima’s D in each population. We found 17 extreme
genes in the European population and 9 in the African population. Among these genes, some are
involved in neural function, the gene Ten-a is involved in neuronal development and also in the
establishment of neuron connectivity (Mosca and Luo, 2014). The gene Tomosyn plays a role in
the regulation of behavioral plasticity and memory (Chen et al. 2011) and VGlut is involved in
neuromuscular junctions. The genes primo-1 and primo-2 have both a function in
dephosphorylation and play a role in different functions such as neurogenesis (Miller et al. 2000).
Finally, chm enhances JNK signaling during metamorphosis and thorax closure and acts
positively in the JNK-dependent apoptotic pathway (Miotto et al. 2006). This gene is also
required for the maintenance of Hox gene silencing by PolyComb group proteins (Grienenberger
et al. 2002). These results seem to confirm our previous observation that many GO terms
enriched are involved in neuronal functions. These genes might be under balancing selection due
to temporal changes in the environment like fluctuations between seasons (Bergland et al. 2014).
However, as mentioned in the introduction, it has been thought that balancing selection acted on
immune genes as many examples in immunity were found in the literature. We did not find GO
terms enriched in immunity but among our extreme genes, some are related to immunity such as

tlk, nub, CHES-1-like and Cyp6al8 discussed next.

4.3 Balancing selection in immunity

Until now, many examples of genes under balancing selection were related to immunity in

humans, plants and parasites (Andrés et al. 2009; Key et al. 2014; Delph and Kelly, 2013;
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Amambwa-Ngwa et al. 2012). Indeed, genes involved in immune defense are assumed to often
evolve under balancing selection. Effectively, it is thought that the host-parasite coevolution is
one of the main forces maintaining diversity in the genome and driving immune genes to evolve
under balancing selection (Schlenke and Begun, 2003; Obbard, 2009). For example, Andrés et al.
found a relatively high number of candidate genes related to immunity. However, we did not find
an enrichment of genes involved in immunity. Only a few candidate genes of our scan are
involved in immunity, such as Ser gene (involved in melanization of pathogen) in Europe and Dif
gene (it mediates an immune response in larvae) in Africa. We also detected four genes involved
in wound healing (Cad96Ca, Fhos, Rok and Hml) in Europe. Among the 26 extreme candidate
genes, some are related to immunity. The gene tlk has been reported to be involved in the
humoral immune response (Kleino et al. 2005). The gene Nox has a role in both regulation of the
gut microbiota and resistance to infection by inducing the generation of reactive oxygen species
(Buchon et al. 2014). The gene nub is a negative regulator of antimicrobial peptide biosynthesis.
It represses the expression of NF-kB-dependent immune genes and increases the tolerance to gut
microbiota (Dantoft et al. 2013). The gene CHES-1-like is required for phagocytosis of the fungal
pathogen Candida olbicans (Stroschein-Stevenson et al. 2006). CG15818 has been shown to be
down-regulated in flies infected by the Nora virus (Cordes et al. 2013). The gene Cyp6al8 may
play a role in the metabolism of insect hormones and in the resistance to insecticides.
Furthermore, Comeron et al. (2014) found another gene from the cytochrome P450 family

(Cyp6al6) as candidate gene for balancing selection in D. melanogaster.

Even if the majority of our candidate genes seem to be involved in other functions than
immunity, they could also play a role during an infection. It has been shown that the immune
system is linked to circadian rhythms (Tsoumtsa et al., 2016). Clock genes may be involved in
the fight against bacterial invasion (Shirasu-Hiza et al. 2007; Lee and Edery, 2008). For example,
the ortholog of our candidate gene cry has been shown to up-regulate pro-inflammatory cytokine
gene expression during an infection in mice (Narasimamurthy et al. 2012). Several studies in D.

melanogaster found that genes induced by infection are not only involved in immunity but also in
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other functions such as detoxification (Paparazzo et al. 2015), cell adhesion, calcium binding, etc
(Irving et al. 2002). Recently, Lu et al. (2015) performed a genome screen to identify Drosophila
genes affecting susceptibility to the pathogen Metarhizium anisopliae. In addition to classical
immune genes, they identified many non-immune genes involved in several biological functions
such as neurogenesis, metabolic processes, transcription regulation, and transport. Moreover,
Andrés et al. (2009) also detected candidate genes involved in the extracellular matrix. Indeed,
we found candidate genes involved in these different functions (see Appendix B3 and B4)
Concerning the examples found previously in D. melanogaster (Comeron, 2014; Unckless et al.
2016; Sato et al. 2016), we did not confirm any of these examples although we observed some
genes with similar functions such as oxidation-reduction process and olfactory behavior. There is
evidence for a connection between the immune and the nervous system (including olfaction) in
insects (Mallon et al. 2003). Consequently, several of the non-immune genes found to be under

balancing selection may play a role in immune response.

The low number of immunity genes under balancing selection in D. melanogaster could
be due to the difference in the immune system between Drosophila and other organisms. For
example, in humans the immune system is more complex and it is comprised of an adaptive and
an innate immunity system. Moreover, many genes under balancing selection in humans are in
the MHC which is not present in Drosophila (Kelley et al. 2005; Piertney and Oliver 2005;
Spurgin and Richardson 2010, Tesicky and Vinkler, 2015).

A theoretical argument for the lack of balancing selection detectable in genome studies
and in immune genes is provided by Tellier et al. (2014). In this study, they considered host-
parasite coevolutionary dynamics using a gene-for-gene model. This model is analyzed in a finite
population. One version of the model is monocyclic (one parasite generation per host generation)
and the other is polycyclic (two or more parasite generations per host generation). They looked
for genomic footprints of balancing selection in host and parasite (i.e. excess of alleles at
intermediate frequency in the SFS) after performing coalescent simulations. They observed

signatures of balancing selection only in the parasite genomes and only in the polycyclic model.
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Their explanation is that the equilibrium point (where alleles is maintained at intermediate
frequency) in the host is closer to the boundary than in the parasite, and so it is hard to detect
balancing selection in the host because of frequent fixations under drift (Tellier et al. 2014).
Furthermore, balancing selection has to be very strong and act for a long time to be observed.
These findings may suggest that old balancing selection events such as TSP are more readily

detectable than short-lived ones (Leffler et al. 2013).

4.4 The candidate genes chm and CG15818

The gene chm has significantly high values of Tajima’s D and 6, in the European and
African populations. This result seems to indicate that balancing selection is acting on this gene
since a long time (before the separation of the two populations). However, we did not find any
TSP which indicates that balancing selection is not ancient and does not predate the speciation of
D. melanogaster and D. simulans. Moreover, the regions of interest are different in each
population. In Africa, the candidate region overlaps the two genes (CG15818 and chm) whereas
in Europe, the candidate region is restricted to chm. This might indicate that due to the change of
environment, balancing selection was no longer acting anymore on the same region as in the

African population.

We decided to look in more details at these two genes to see if we observe patterns of
balancing selection. First, we looked at the protein level in order to see if we find an excess of NS
polymorphisms which is what we expect under balancing selection. We did not observe any
excess of NS polymorphisms even if we found non-synonymous polymorphisms at intermediate
frequency in the African candidate region. Indeed, five NS SNPs are in protein domains of the
gene CG15818 (two on a coiled-coil domain and three on a CLECT domain). One interesting
observation is that one of the NS polymorphisms in the coiled-coil domain is in LD in Africa

where it is at intermediate frequency. We might assume that this amino acid replacement could
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modify the interaction with others molecules. However, we have little information about
CG15818, it might be related to immunity as it has been shown that this gene is down-regulated
in flies infected by Nora virus (Cordes et al. 2013). Moreover the CLECT domain is known to be
involved functions such as extracellular matrix organization, endocytosis, complement activation,
pathogen recognition, and cell-cell interactions. However, it is difficult to know how NS

polymorphisms could modify the function of this gene or the interaction with other genes.

One interesting aspect was observed with respect to the two NS polymorphisms in the
first exon of chm in the African population. First, we observed that they are in LD in the African
(but not in Europe) and a haplotype structure is present in this candidate region at intermediate
frequency which is characteristic of balancing selection. Indeed, these two SNPs have been
observed in a study of Levine and Begun (2008). In this paper, the authors showed that the gene
chm exhibits significant sequence differentiation between temperate and tropical populations
from Australia and United States. Moreover, the higher sequence differentiation is restricted to a
small region, at the 5’ end of the gene which corresponds to our candidate region in Africa. They
also observed in this region, a Tajima’s D positive in the tropical population and negative in the
temperate population in Australia. They found the two same NS polymorphisms of the first exon
of chm and their results are similar to what we observed in the temperate European population
and the tropical African population. The derived allele is at intermediate frequency in the tropical
population whereas in the temperate population the ancestral allele is at high frequency (almost
fixed). It seems to indicate that selection varies spatially depending on the environment (climate).
In Europe, the derived allele could be disadvantageous and is therefore maintained at low

frequency contrary to the African population.

The gene chm is a chromatin/histone remodeling gene so it is involved in the remodeling
of the chromatin which contributes to transcriptional regulation of genes and plays an important
role in many cellular events. The gene chm maintains Hox gene silencing by other Polycomb
group proteins (Grienenberger et al. 2002), it also cooperates with the INK signaling pathway to

promote transcriptional activity (Miotto et al. 2006). The JNK pathway regulates different
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processes during Drosophila development including dorsal thorax closure during metamorphosis
(Miotto et al. 2006). It will also contribute to stress response in Drosophila (Wang et al. 2003).
The gene chm will interact with DFos and/or Djun to modulate the JNK pathway response to
chemical and osmotic stress (Miotto and Struth, 2006). Indeed, the remodelling of DNA into
proper chromatin structure is sensitive to environment such as temperature (Fauvarque and Dura,
1993) and to stress (Leibovitch et al. 2002; Wang and Brock, 2003, Smith et al. 2004). Following
the environment, Drosophila will be under different stress such as cold temperatures, UV
exposure, osmotic stress and/or heat shock. These stresses can induce a change in the expression
of genes regulated by genes remodeling the chromatin such as chm (Berthiaume et al. 2006).
Consequently, the gene chm has to adapt to a novel habitat in order to be less sensitive to stress
and to maintain the transcription of genes such as developmental genes. Moreover, the adaptation
to a new environment will induce different selective pressure and it might explain that balancing

selection is not acting on the same region of this gene.

4.5 Conclusion and perspectives

We identified candidate genes under balancing selection in two populations of D.
melanogaster: 141 in the European population and 45 in the African one. The difference between
both populations is mainly due to an excess of candidate genes on the European X chromosome,
which is likely due to false positives. Correcting for this effect reduces the difference between
both populations considerably. Among the candidate genes detected in the European population
there is an overrepresentation of genes involved in neuronal development and circadian rhythm.
Other genes are involved in immunity including the top candidates. These top genes are also
involved in behavioral plasticity, memory, neuromuscular junctions or neurogenesis. Moreover,
when we looked in more details at two of our candidate genes (chm and CG15818), we observed
patterns of balancing selection such as LD, haplotypes and NS polymorphisms at intermediate

frequency. Moreover, selection seems to be environment-dependent as it acted on some gene
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regions only in one of our populations but not the other. These results confirm that our method
allowed us to detect genes under balancing selection in D. melanogaster. These candidate genes
may serve as a starting point for a more detailed analysis. It will be useful to do the same kind of
analysis that we did for chm and CG15818 on the other candidate genes to confirm that they are

under balancing selection in particular for the large genes which might be false positives.
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Appendix Al: Schematic representation of the demographic model for the African
population. We used 20 lines from Gikongoro in Rwanda. The x-axis represents the time t in Ne
generations backward in time and the y-axis represents the population size at the time t in Ne. Ne
is defined as the current effective population size. Based on an estimated mutation rate of 1.5 x
10°°, Ne is estimated to be equal to 3.4 x 10% We assume an instantaneous size changes and we
estimate an ancestral size of 1.13 Ne until 1.34 Ne generations before sampling, when the
population size dropped to about 0.48 Ne before again recovering at 0.68 Ne generations ago, to
its current size.
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Appendix A2: Demographic models for the X chromosome for the European (A) and African (B)
populations. The x-axis represents the time t in Ne generations backwards in time and the y-axis
represent the population size at the time t in Ne. Ne is defined as the current effective population
size. Based on an estimated mutation rate of 1.5 x 10”°, Ne is estimated to be equal to 1.09 x 10°
in the European population and 1.62 x 10° in the African population.
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Appendix B1: List of candidate genes for the European population and the values of
the significant statistics observed (p-value < 0.05) for a 1-kb window. The p-values of the
statistics are indicated in parentheses.

FBgn number Gene name Ge.ne stz€ Chr. Ow Tajima's D
(in bp)
FBgn0039004 Nup133 4165 \ \
3R 0.0029 (10 2.5160 (10
FBgn0263986 cd 3031
FBgn0039536 unc80 14660 3R 0.0028 (10 2.0467 (10
FBgn0001316 klar 106531 3L 0.0053 (10) 2.1501 (10
FBgn0265988 mv 13872 3L 0.0046 (10™) 2.5476 (10
FBgn0085428 Nox 9216 2R 0.0064 (10™) 2.1896 (10
FBgn0002543 lea 40367 2L 0.0026 (10™) 2.4560 (10
0.0038 (0.0023)  2.0871 (0.0444)
FBgn0031424 VGlut 19002 2L
0.0040 (10™) 2.2109 (10
FBgn0085424 nub 40510 2L 0.0064 (10™) 2.3335 (10
FBgn0086899 tlk 69763 X 0.0044 (107 2.2383 (10
0.0046 (10™) 2.4145 (10™)
FBgn0029504  CHES-1-like 27047 X
0.0028 (0.0374)  2.2258 (0.0107)
FBgn0030244 CG2157 1421 (10 (10
X 0.0069 2.3996
FBgn0030245 CG1637 7299 (10 (10
0.0042 (10 1.9313 (0.0413)
FBgn0030286 CG1657 8686 X \ ,
0.0041 (10 2.0603 (107
FBgn0267001 Ten-a 291516 X 0.0051 (10 2.3024 (10
FBgn0030412 Tomosyn 21837 X 0.0049 (10 2.2223 (10
0.0056 (107) 2.2758 (10
FBgn0030466 CG15744 6382 X 0.0046 (0.0005)  2.1004 (0.0107)
0.0058 (10™) 2.3005 (10
FBgn0086680 wi 4783 3L 0.0016 (0.0004) 1.8337 (10
FBgn0013765 chn 11161
2R 0.0052 (0.0004) 2.0192 (10
FBgn0050062 CG30062 609
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FBgn0024315
FBgn0024319
FBgn0024992
FBgn0052791
FBgn0052792

FBgn0030613

FBgn0260486

FBgn0261041
FBgn0030081
FBgn0034599
FBgn0029896

FBgn0261260

FBgn0000028
FBgn0023506
FBgn0023506
FBgn0014032
FBgn0025378

FBgn0001624

FBgn0051145
FBgn0262733
FBgn0025833
FBgn0050263
FBgn0030884

FBgn0263111

Picot
Nach
CG2658
CG32791

ppk8

Rab3-GEF

Ziz

sty
CG7246
hng1
CG3168

mgl

acj6
Es2
Es2
Sptr
CG3795

dlg1

CG31145
Src64B
CG8910

CG30263
CG6847

cac

12352
1841
3819

64404

14188

24062

23794

13777
2234
1080

19982

141633

28825
1870
1870
1142
1376

40111

63908
33749
20928
10099
12701

53807

2R

2L

2R
X
2R

3R
3L
2R
2R

83

0.0075

0.0055

0.0069

0.0029
0.0037
0.0039
0.0041
0.0034
0.0095
0.0042
0.0068
0.0048
0.0036
0.0060
0.0074
0.0031

0.0042

0.0023
0.0036
0.0033
0.0050
0.0039
0.0082
0.0039
0.0035
0.0031
0.0032

(0.0004)

(0.0005)

(0.0005)

(0.0399)
(0.0005)
(0.0011)
(0,0006)
(0.0375)
(0.0009)
(0.0011)
(0.0013)
(0.0017)
(0.0017)
(0.0047)
(0.0017)
(0.0415)

(0.0028)

(0.0040)
(0.00457)
(0.0090)
(0.0045)
(0.0053)
(0.00553)
(0.0059)
(0.0066)
(0.00902)
(0.0085)

2.1610

2.2549

2.2098

2.4475
2.3121
2.3986
2.2383
2.3238
1.8089
2.3344
2.4741
2.3344
2.4179
2.0536
2.2739
2.2556

2.4465

2.3519
2.6062
2.4413
2.3290
2.4556
1.7806
2.3238
2.3050
2.1962
2.3175

(10
(10
(10

(107)
(107)
(107)
(107)
(107)
(107)
(107)
(107)
(107)
(107)
(0.0107)
(107)
(107)

(107

(107)
(107)
(107)
(107)
(107)
(107)
(107)
(107)
(107)
(107)
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FBgn0262872
FBgn0020653
FBgn0004168
FBgn0050295
FBgn0038880
FBgn0016081
FBgn0051774
FBgn0028369
FBgn0028369
FBgn0028369

FBgn0003463

FBgn0027093

FBgn0262719
FBgn0017561
FBgn0267253
FBgn0004197
FBgn0034974
FBgn0086129

FBgn0029167

FBgn0053223
FBgn0030041

FBgn0025741

FBgn0027505
FBgn0263512
FBgn0030055
FBgn0086757

milt
Trxr-1
5-HT1A
Ipk1
SIFaR
fry
fred
CG3603
kirre

kirre

sog

Aats-arg

CG43163
Ork1
CG32700
Ser
CG16786

snama

Hml

CG33223
CG12116

PlexA

Rab3-GAP
Vsx2
CG12772

cbs

18187
5505
54803
8354
17334
47269
88785
1086
394148
394148

30151

2376

34339
13196
48012
22177
4505
5410

13947

18195
1569

17206

4880
31256
3849
2807

2L

2R
2R
3R
3L
2L

3L

3R

2R

3L
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0.0027
0.0035
0.0033
0.0045
0.0049
0.0051
0.0043

0.0074

0.0042
0.0046
0.0031
0.0031
0.0042
0.0043
0.0031
0.0046
0.0059

0.0055

0.0051
0.0043

0.0070

0.0079
0.0030
0.0034
0.0032
0.0033
0.0026

(0.00881)
(0.0090)
(0.0104)
(0.0104)
(0.0112)
(0.0120)
(0.01230)

(0.00057)

(0.01250)
(107)
(0.0137)
(0.0141)
(0.0343)
(0.0148)
(0.0149)
(0.0152)
(0.0156)

(0.0164)

(0.00467)
(0.0173)

(0.01836)

(0.0187)
(0.0454)
(0.0197)
(0.0198)
(0.0226)
(0.0240)

2.3792
2.4556
2.5858
2.1563
2.6636
2.1338
2.4333

2.1427

2.1582
2.0855
2.3381
2.5032
2.6227
2.1742
2.4048
2.3665
2.2602

2.2882

2.3466
2.6227

2.5690

2.4014
2.4018
2.2297
2.4703
2.4413
2.1234

(107)
(107)
(107)
(107)
(107)
(107)
(107)

(0.0413)

(107)
(0.0413)
(107)
(107)
(107)
(107)
(107)
(107)
(107)

(107

(0.0414)
(10

(107

(107)
(107)
(107)
(107)
(107)
(107)
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FBgn0024973
FBgn0023458
FBgn0031263
FBgn0085446
FBgn0039225
FBgn0030011
FBgn0261509
FBgn0051935
FBgn0027496
FBgn0038727
FBgn0261931
FBgn0033766
FBgn0003380
FBgn0000259
FBgn0029922
FBgn0052732
FBgn0261985
FBgn0035131
FBgn0050395
FBgn0023524
FBgn0000064
FBgn0003301
FBgn0011589
FBgn0265597
FBgn0259735
FBgn0011653
FBgn0004657
FBgn0260439
FBgn0034598
FBgn0030274

CG2701
Rbcn-3A
CG2789
CG34417
Ets96B
Gbeta5
haf
CG31935
epsilonCOP
CG7432
CG42797
CG8771
Sh
Ckllbeta
CG14431
CG32732
Ptpmeg
mthl9
CG30395
CG3078
Ald
rut
Elk
rad
CG42389
mas
mys
Pp2A-29B
CG4266
Lint-1

2689
14742
911
48402
9901
1544
53275
16335
1104
5820
14297
6212
138938
9054
60552
10718
27953
2487
4707
5460
7522
38595
52756
90455
118202
5798
8592
4052
6946
3269

2L

3R

2L

2L
3R

2R

3L

2R

3R

2R

2L
3L

2L
2R

85

0.0044
0.0020
0.0062
0.0034
0.0052
0.0038

0.0039

0.0043
0.0025
0.0049
0.0034
0.0045
0.0042

0.0044

0.0044

0.0052
0.0024
0.0065
0.0030
0.0039
0.0028
0.0025
0.0022
0.0036
0.0031
0.0051
0.0052

(0.0240)
(0.0241)
(0.0243)
(0.0248)
(0.0249)
(0.0251)

(0.0271)

(0.0271)
(0.0272)
(0.0279)
(0.0283)
(0.0289)
(0.0319)

(0.0323)

(0.0336)

(0.0363)
(0.0369)
(0.0374)
(0.0390)
(0.0432)
(0.0448)
(0.0469)
(0.0485)
(0.0486)
(0.0494)
(0.0499)
(0.0017)

2.4367
2.2509
2.4113
2.4620
2.6073
2.3803

2.4703

2.1422
2.0723
2.4626
2.2862
2.5907
2.3050

2.4465

1.9364

1.9662
2.3025
2.1660
2.3333
2.0525
2.5388
2.3025
2.1484
2.2485
2.2969
2.3859
2.2453

(107)
(107)
(107)
(107)
(107)
(107)

(10

(107)
(107)
(107)
(107)
(107)
(107)

(10

(10

(107)
(107)
(107)
(107)
(107)
(107)
(107)
(107)
(107)
(107)
(107)
(0.0107)
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FBgn0000479
FBgn0029881
FBgn0026181
FBgn0004045
FBgn0030174
FBgn0266350
FBgn0264979
FBgn0260933
FBgn0032085
FBgn0013746
FBgn0032086
FBgn0028387
FBgn0034229
FBgn0034230
FBgn0034776
FBgn0259145
FBgn0028473
FBgn0033408
FBgn0034282
FBgn0039234

FBgn0025680

FBgn0038660
FBgn0261262
FBgn0263983
FBgn0022800
FBgn0039290
FBgn0029688
FBgn0266199
FBgn0000709

dnc
pigs
Rok
Ypl
CG15312
CG12535
CG4267
rempA
CG9555
alien
CG17906
chm
CG4847
CG4853
CG13527
CG42260
CG8801
CG8800
Mapmodulin

nct

cry

CG14291
CG42613
CG43732
Cad96Ca
CG13654
Iva

CG43902
flil

167327
52953
13402
1687
15239
60999
2896
6568
1897
3561
1226
10319
2342
3228
1716
57290
2469
876
5837
3268

3288

1869
48892
26361
10712
14437
9784
36903
5347

2L
2L

2L

2L

2R

2R
3R

3R

3R

3R

3R

86

0.0044
0.0054
0.0040

0.0056

0.0042
0.0044
0.0085

0.0078

0.0042

0.0054

0.0081

0.0035

0.0066
0.0072
0.0047
0.0075
0.0083

0.0024

0.0051

0.0045
0.0045
0.0039

(0.0489)
(10
(10

(0.0005)

(0.0223)
(0.0058)
(0.0155)

(0.0186)

(0.0284)

(0.0039)

(0.0039)

(0.0188)

(0.0246)
(107)

(0.0112)
(0.0015)
(0.0022)

(0.0197)

(0.0374)

(10%)
(10%)
(0.0265)

2.0942
2.0352
2.1217

2.1276

2.1920
2.0781
2.2570

1.9049

2.2383

1.9804

1.5816

2.1318

2.1790
2.1898
2.2047
2.1369
2.0666

2.0147

2.3091

2.0109
2.0621
2.1920

(0.0107)
(0.0211)
(0.0211)

(0.0211)

(0.0211)
(0.0230)
(0.0230)

(0.0230)

(0.0230)

(0.0241)

(0.0241)

(0.0241)

(0.0241)
(0.0308)
(0.0308)
(0.0308)
(0.0308)

(0.0308)

(0.0308)

(0.0313)
(0.0313)
(0.03138)
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FBgn0029939
FBgn0036022
FBgn0262524
FBgn0004926
FBgn0010825
FBgn0052062
FBgn0266084
FBgn0264815
FBgn0032382
FBgn0032036
FBgn0262001
FBgn0016059
FBgn0003545
FBgn0010434

CG9650
CG8329
ver
elF-2beta
Gug
A2bp1
Fhos
Pdelc
Mal-B2
CG13384
CG42819
Sema-1b
sub

cora

104209
909
1163
1638
22747
112600
45100
114416
2923
4349
603
10660
2578
14688

3L

3L

3L
3L
3L
2L
2L

2L

2R
2R
2R

87

0.0036
0.0062

0.0049

0.0042
0.0080
0.0032
0.0061
0.0050

0.0042

0.0055
0.0085
0.0049

(0.0116)
(10

(0.0008)

(0.0035)
(0.0095)
(0.0245)
(107)
(107)

(0.0023)

(10
(10
(10

2.1544
2.1894

2.1153

2.1390
2.2025
2.2143
2.2595
2.1477

2.0621

1.8828
1.9183
2.0301

(0.0413)
(0.0414)

(0.0414)

(0.04144)
(0.0414)
(0.0414)
(0.0444)
(0.0444)

(0.0444)

(0.0471)
(0.0471)
(0.0471)
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Appendix B2: List of candidate genes for the African population and the values of
the significant statistics observed (p-value < 0.05) for a 1-kb window. The p-value of the
statistics is indicated in parentheses.

FBgn number  Gene name Gene size Chr. Ow Tajima's D
(in bp)
"BEn00a0076 primo=2 1818 3R 00105 (10"  2.2764 (10"
FBgn0040077 primo-1 1818
FBgn0039519  Cyp6al8 4229 3R 00130 (10 21106  (10%)
FBgn0036173 CG7394 2316 3L 00103 (107 21201  (10%)
FBgn0261853  (G42782 281 2R 00205 (10%) 19016 (107
FBgn0031910  CG15818 1320 2L 00121 (109  1.8187  (10%)
FBgn0028387 chm 10319 2L 00080  (10%) 25511  (10™)
FBgn0028899  (G31817 7325 2L 00144  (10%)  1.8100  (10™)
FBgn0259735  (CG42389 118202 2L 00202 (109  1.1303  (10™)
FBgn0036817 CG6865 1867 3L 0.0133 (0.0001) 1.8804 (10
FBgn0001258 ImpL3 3589 3L 0.0156 (0.0003) 1.6713 (10
FBgn0051469  (CG31469 780 3R 0.0077 (0.0004) 23375 (107
FBgn0033732  (G13157 2187 2R 0.0185 (0.0030) 1.3831 (107
FBEn00S3450 mApLez >92 2R 0.0050 (0.0038) 2.4522 (10
FBgn0013435 cde2rk 1485
FBgn0038938 CG7084 5615 3R 0.0084 (0.0043) 19567 (107
FBgn0042111  CG18766 2914 3R 0.0089 (0.0043) 1.9087 (107
FBgn0025678 CaBP1 1849 2L 0.0053 (0.0091) 2.5415 (107
FBgn0025621  CG16989 3914 X 0.0038 (0.0195) 1.8050 (107
FBgn0011274 Dif 19913 2L 0.0122 (0.0209) 1.8945  (10™)
FBgn0050049  CG30049 3416 2R 0.0087 (0.0253) 16336 (107
FBgn0028506 CG4455 1605 2L 0.0060 (0.0339) 2.2241 (10
FBgn0038087 beat-Va 7859 3R 0.0088 (0.0351) 2.1085 (107
FBgn0038653  (CG18208 49944 3R 0.0075 (0.0351) 12693 (107
FBgn0020503  CLIP-190 24998 2L 0.0075 (0.0442) 1.9602  (10™)
FBgn0266064 GlyS 5688 3R 00036 (10")  2.0604 (0.0183)
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FBgn0261984 Irel 7383
3R 0.0076 (0.0468) 1.6305 (0.0183)
FBgn0038737  (G11447 990
FBgn0016081 fry
47269 3L 0.0103 (10 1.8448 (0.0218)
FBgn0036024  CG18180 900
FBgn0036489 CG7011 2752
3L 0.0079 (-0.0096) 1.8362 (0.0218)
FBgn0036488 CG6878 653
FBgn0036680 Cpr73D 3849 3L 0.0099 (0.0234) 2.0043 (0.0218)
FBgn0261999  (G42817 10052 2L 00135 (10"  1.4012 (0.0251)
FBgn0027094 Aats-ala 3502 2L 0.0057 (0.0003) 2.1105 (0.0251)
FBgn0051928  (G31928 1564
2L 0.0103 (0.0005) 2.1035 (0.0251)
FBgn0053128  (G33128 1386
FBgn0261597 RpS26 1942 2L 0.0154 (0.0160) 1.2594  (0.0251)
FBgn0051926 CG31926 1611 2L 0.0075 (0.0236) 2.1898 (0.0251)
FBgn0262024  (G42835 351
3R 0.0128 (0.0043) 1.9596 (0.0361)
FBgn0038509  (G14332 512
FBgn0262869 Gfrl 106130 3R 0.0065 (0.0136) 2.0865 (0.0361)
FBgn0015338 CG5861 1497
2L 0.0083 (0.0010) 1.6931 (0.0491)
FBgn0011708 Syx5 1928
FBgn0002023 Lim3 29171 2L 0.0081 (0.0176) 1.4930 (0.0491)
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Appendix B3: List of enriched GO terms and the genes grouped under this term for the European population in biological

processes. The GO terms shown highlighted in gray are the name of the group (the most significant term of the group).

GO Group GO term Genes p-value
Group1l cell morphogenesis involved in differentiation f:afsr’n;?,) T;?’n i’;", ';’;;ij’ﬁ’l:;f’r;lﬁu‘z”‘z/ ;1nc, ARG S L pUEED 0.0002
cell morphoggnesis ir.wc?lved in neuron Ptpmeg, Sh, Src64B, acj6, chm, cnn, dnc, elF-2beta, fry, haf, lea, lva, mys, 0.0004
differentiation nct, nub, plexA, rok, rut, vl
chemical synaptic transmission Sh, VGlut, cac, dlgl, dnc, rab3-GAP, rut, stj, tomosyn 0.0021
axogenesis Ptpmeg, Sh, Src64B, acj6, dnc, elF-2beta, haf, lea, mys, plexA, rok, rut, vl 0.0029
developmental growth CG7246, Ptpmeg, Sh, Src64B, Ten-a, cac, dlgl, dnc, mys, rok, rut, stj, tlk 0.003
circadian behavior 5-HT1A, Ckllbeta, Ork1, Sh, cry, dlg1 0.0037
developmental growth ?nvolved in Ptpmeg, Sh, dnc, mys, rok, rut 0.0038
morphogenesis
regulation of circadian sleep/wake cycle, sleep  5-HT1A, Sh, cry 0.0073
axon extension Ptpmeg, Sh, dnc, rut 0.0079
sleep 5-HT1A, CG42613, CG8329, Sh, cry, rut 0.0128
locomotor rhythm Ckllbeta, Ork1, cry, dig1 0.0165
mating behavior 5-HT1A, Pdelc, Sh, cac, dlg1 0.0181
regulation of behavior 5-HT1A, Sh, cry, rut 0.0226
detection of light stimulus Sh, cac, cry, milt 0.0241
neuromuscular junction development Src64B, Ten-a, cac, dlgl, rut, stj 0.0249
modulation of synaptic transmission Sh, cac, rab3-GAP, tomosyn 0.0271

90



APPENDIX B: RESULTS

GO Group GO term Genes p-value
Group 2 regulation of stress fiber assembly Fhos, mys, rok 0.0013
actomyosin structure organization Fhos, Src64B, flil, mys, rok 0.0022
regulation of cel! morphog.enesis involved in Fhos, fry, Iva, plexA, rok, vl 0.003
differentiation
actin filament bundle assembly Fhos, Src64B, mys, rok 0.0031
regulation of cellular component movement Fhos, lea, mys, plexA 0.0077
regulation of anatomicayl structure Fhos, fry, kirre, Iva, mys, nct, plexA, rok, tlk, vl 0.0078
morphogenesis
regulation of cell morphogenesis Fhos, fry, Iva, mys, plexA, rok, tlk, vvl 0.0079
regulation of locomotion Fhos, lea, mys, plexA 0.0083
regulation of cell migration Fhos, lea, mys 0.0086
regulation of cytoskeleton organization Fhos, Src64B, cnn, mys, rok 0.0123
regulation of dendrite morphogenesis fry, lva, wi 0.0158
regulation of neuron differentiation fry, lva, nct, plexA, rok, vl 0.0165
cell junction assembly Src64B, kirre, rok 0.0306
heart development CHES-1-like, cora, lea, mys 0.0425
Group 3 central complex development Ptpmeg, Ten-a, lea 0.0013
brain development CG4853, Ckllbeta, Ptpmeg, Src64B, Ten-a, lea, vl 0.0031
mushroom body development CG4853, Ckilbeta, Ptpmeg, Src64B, lea 0.0083
neuron recognition Ten-a, acj6, elF-2beta, fry, lea, plexA 0.009
synaptic target recognition Ten-a, acj6, lea 0.0315
Group 4 organophosphate metabolic process Ald, Ipk1, Pdelc, rut 0.0315
nucleotide metabolic process Ald, Pdelc, rut 0.0417
Group 5 establishment of Ioc?lization by movement ot T 0.0289
along microtubule
Group 6 heart process Ork1, cac, cora 0.0306
Group 7 imaginal disc-derived wing hair organization cora, fry, rok 0.042
Group 8 positive regulation of developmental growth  €G7246, cac, dig1, tik 0.0477
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Appendix B4: List of enriched GO terms and the genes grouped under this term for the European population for
molecular function, cellular component and KEGG and Reactome pathways.

GO term Genes p-value
Molecular Function
cation channel activity Sh, cac, Ork1 0.0216
transcription cofactor activity alien, chm, Gug, acj6 0.0287
protein homodimerization activity Ork1, Hml, Trxr-1, lea, alien 0.0385
Cellular component
apical part of cell rok, fry, Ser, cac, Cad96Ca, Megalin, dlg1 0.0160
plasma membrane region Megalin, Cad96Ca, cac, Ser, mys, dlg1, Ten-a 0.0236
microtubule klar, pigs, sub 0.0495
KEGG and Reactome
ECM-receptor interaction Hml, CG3168, mys 0.0045
neuronal system rut, dig1, Vglut, elk, Ork1, Sh 0.0088
G-alpha (s) signaling events dnc, Pdelc, rut 0.0108
potassium channels elk, Ork1, Sh 0.0127
cell-cell communication mys, kirre, Src64B 0.0138
TGF-beta signaling pathway rok, sog, Pp2A-29B 0.0221
EPH-Ephrin signaling Src64B, nct, rok 0.0353
digestion of dietary lipid CG6847, CG4267, Yp1 0.0434

92



APPENDIX B: RESULTS

Appendix B5: List of enriched GO terms and the genes grouped under this term for the

autosomal genes in the European population.

GO terms Genes p-value
regulation of circadian sleep/wake cycle, sleep 5-HT1A, Ets96B, cry 0.002
mushroom body development CG4853, Ptpmeg, Src64B, lea 0.004
organophosphate metabolic process Ald, Ipkl, Pdelc, rut 0.007
nucleotide metabolic process Ald, Pdelc, rut 0.012
transcription cofactor activity Gug, alien, chm 0.005




APPENDIX B: RESULTS

LD

0
“I
HEie

70

80

120 110 100 90

l l
1 11 21 31 41 51 61 71 81 91 101 111

Appendix B6: Linkage disequilibrium (LD) matrix of SNPs in 5 kb region (2 kb around the
candidate region) for the gene chm and CG15818. A. shows the candidate region in Europe for
the European population and B. the candidate region in Africa for the African population.
Patterns of LD (r?) are shown above the diagonal and p-values from Fisher’s exact test below the
diagonal. The green color corresponds to a value from 0 to 0.05, the white color is from 0.051 to
0.5, the red color is from 0.51 to 0.9 and blue color is from 0.91 to 1.

94



APPENDIX B: RESULTS

CG15818 chm

- n i

7f1l10k 7411k 7412k 7413k 7414k 7415k 7416k 7417k 7418k 7419k 7420k 7421k 7422k 7423\k
N

I
\
]

1
I \

'
N
AFRICA AN
R B R ) VBN 3 s s ) R B e

“Q‘«% QR A

S %:
SQMRESI
£ N . * % > % /,

o R N

s
o ™ )
et
://,’ -
DA ’
/N,
/ ,/--c ]
% 4 T e
P P 3
4 ;
& R pe i
R 4" on /
4 A
& b
,
& S
2,
re.1 0

Appendix B7: Representation of LD (r) for the candidate genes CG15818 and chm. LD
patterns are presented for the African population (top) and the European population (bottom)
across the complete region. The magnitude of pairwise LD is given by the color shading; black
and grey colors represent different levels of LD in descending order. Black/grey pairs are
statistically significant, while white pairs are not.
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Appendix B8: Haplotype blocks (clusters of high-LD variants) as defined by Haploview. (A)
represents the candidate region in Africa. The LD plot shows the patterns within the African
population. The candidate region in the European population is represented in (B). The LD plot
shows the patterns within the European population. In (A) and (B), the magnitude of pairwise LD
is given by the color shading; black and grey colors represent different levels of LD in descending
order. Black/grey pairs are statistically significant, while white pairs are not. The red triangles
represent the haplotype blocks. In the two polymorphisms tables, the two different shades of grey
represent a different allele for each site.
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