Insights into the adaptive history of African

human populations from whole-genome

sequence data

Sandra Walsh Capdevila

TESI DOCTORAL UPF /2019

DIRECTORS DE LA TESI

Dr. Jaume Bertranpetit 1 Dr. Hafid Laayouni

DEPARTAMENT DE CIENCIES EXPERIMENTALS | DE LA

SALUT

upf.

Universitat
Pompeu Fabra
Barcelona












Agraiments

Aquesta tesi no hagués estat possible sense l'enorme dedicacio i
esfor¢ personal que la meva mare i el meu pare m'han dedicat al
llarg dels meus 28 anys de vida. Gracies per donar-me la
oportunitat per créixer, per donar-me la llibertat i la confianga per
desenvolupar-me sense prejudicis. Per a mi aixo té un valor
incalculable, aquesta tesi va per vosaltres.






Abstract

Africa is the origin source of modern humans. Despite that
African populations harbor the highest levels of genetic diversity
worldwide, they remain underrepresented in genetic studies.
Therefore, in order to fully understand modern human
evolutionary history it is fundamental to include more African
populations in genetic studies. The work in this thesis is a small
contribution to the study of African evolutionary history. In
particular we have focused on two different locations of Africa,
eastern and southern Africa. We have tried to unravel candidates of
positive (or adaptive) selection through the analysis of whole-
genome sequences of five Ethiopian populations and one
KhoeSan population. Moreover, we have tried to fill the gap
between genotype and phenotype of a candidate of adaptive
selection in an Ethiopian population.

Resum

Africa és la font d'origen dels humans moderns. Malgrat que les
poblacions Africanes son les que contenen la major diversitat
genetica al mon, estan molt poc representades en estudis geneétics.
Aixi doncs, per poder plenament entendre la historia evolutiva
humana ¢és fonamental incloure més poblacions Africanes en
estudis genétics. Aquesta tesi €s una petita contribucié en I'estudi
de la historia evolutiva humana a I'Africa. Ens hem centrat en dos
localitzacions diferents, a l'est i al sud de 1'Africa. Hem intentat
dilucidar les possibles senyals de seleccio positiva (o adaptativa) a
través de l'analisi de seqiiéncies completes de genomes de cinc
poblacions d'Etiopia i una KhoeSan. A més a més, en l'ultima part
de la tesi s'ha intentat entendre a nivell funcional la relaci6 entre el
genotip 1 el fenotip d'un candidat de seleccid adaptativa descobert

en una poblacid d'Etiopia.






Preface

The genomic era has brought a large number of complete
genomes available which provides a comprehensive view of
human genetic diversity and the opportunity to rigorously
study human evolutionary history. Now that scientific
community has the tools, there is a need to expand the
sampling towards underrepresented populations from Africa.
Only then a complete picture of human genetic diversity will
be provided.

This thesis focuses on the study of African populations through
whole-genome sequence analysis. In particular, the study of the
detection, through computational methods, of the footprints of
adaptive selection in the genomes of Ethiopian and KhoeSan
populations. Moreover, a final study in this thesis tries to
understand the link between genotype and phenotype that
ultimately validates the effect of adaptive selection.
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. INTRODUCTION






1. Africa, the cradle of Humankind
1.1. Archaeological and linguistic record

The archaeological, paleoanthropological and linguistic records
provide relevant information to understand modern human origins
and diversity. These fields of study have been crucial setting the
grounds of our origins that later have been studied by human
population genetics and human population genomics.

The oldest anatomically modern human (AMH) remains are found
in Africa. Specifically in the Omo Kibish and Herto sites in
Ethiopia where crania have been dated to 154,000-195,000 years
ago (1,2) and are considered fully AMH (see Figure 1). Moreover,
additional hominin remains have been found in Ngaloba (Tanzania)
dating back to 120,000 years ago (3,4), indicating a putative East
African AMH origin.

However, fossils with archaic and modern morphological features
are found in other locations of Africa such as the south of Africa
(Florisbad, South Africa) dated to 259,000 years ago (5) and from
North Africa (Jebel Irhoud, Morocco) dated to 300,000 years ago
(6). Hence, this morphological diversity between 300,000-100,000
years ago suggests a pan-African origin of Homo sapiens involving
expansions, dispersals, gene flow and extinctions of several
populations across the African continent. Given the evidence, this is
a more plausible scenario than a simple linear evolution of
morphology from an archaic to a modern Homo sapiens in just a
specific place.

Additionally, it has been proposed that archaic admixture could
have played a major role in the origin of our species (7-9). This
hypothesis is supported by the discovery of quite recent (14,000 to
22,000 years ago) fossils with archaic and modern morphological
features in Central Africa (10) and West Africa (11) and the genetic
evidence of admixture between modern humans and archaic
hominins (12—14). Specifically in Africa, there is evidence of
admixture, in the order of 3-5%, with an early divergent and
currently extinct ghost modern human lineage (15). In fact it is



extremely difficult to pinpoint these admixture events just
considering morphology.

Unluckily, the archaeological record is scarce and there is a dearth
of specimens especially in Central and West Africa. This is why the
models of the emergence of Homo sapiens are continuously
reshaped by new findings.
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Figure 1: The human archaeological fossil record in Africa (16).

One of the most interesting and debated events in our evolutionary
history is the Out of Africa (OoA), that is, the migration that spread
modern humans initially to Eurasia and later to the whole world.
Many open questions are still unanswered regarding the point of
embarkation, the number and the migratory routes of the OoA. Until
now, genetic evidence indicates that all living humans originated
from a single OoA around 60,000 years ago (that will be discussed
later in this chapter). But again, archaeological data suggests a more
complicated scenario. In particular, the remains found in the Levant
(Skhul, Qafzeh and Misliya Cave) dating to 120,000-177,000 years
ago (17-19), and more recently the fossils from the Apidima cave
(Greece) dated back to 200,000 years ago (20) and others that are



likely to be uncovered in the future, that could be indicators of
another and earlier dispersal from Africa (see Figure 2).
Additionally, presence of clearly modern humans pre-dating the
60,000 OoA has been recorded as far as in Southern China dated up
to 120,000 years ago (21), Sumatra dated to 73,000 years ago (22),
the Philippines dated back to 67,000 years ago (23) and even in
Australia, dated back to 65,000 years (24). All these findings
predating 60,000 years suggest that multiple dispersals of Homo
sapiens outside Africa could have begun in the Late Pleistocene.
Whether these dispersals resulted in the simple extinction of
migrants, the ancestors of present day humans had contact or are
directly descendants of these putative earlier dispersals is now being
addressed in multiple genetic studies (discussed in later).
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Figure 2: Distribution of key human archaeological sites with morphological modern
humans and putative migratory routes A) Pre-dating 60,000 years B) Post 60,000 years
(25).

Linguistics has also played a role in these discussions. Complex
language is a singular human trait with a key role in our
evolutionary history. It is thought that language enabled humans to
acquire a more complex social organization and cooperation system
(26), the ability of symbolic thought and abstract thinking (27). The
work by Atkinson 2011 found the existence of a decline of
phoneme diversity with increasing distance from Africa and
pinpointed Africa as the origin source of all modern human
languages. Although these conclusions should be taken carefully
due to the limitations in the field, it is of special interest to notice
the parallel mechanisms that shape genetic and linguistic diversity.
In fact, among other factors, genetics sometimes correlate well with
linguistic affiliation (29,30). An illustrative example is the



expansion of the Bantu languages from western to eastern and
southern Africa that started 4,000 years ago, associated with a
demic diffusion of people (31,32). But it is difficult to accept that
linguistics may have a say in such ancient events like the OoA.

But there is a lot of interest to understand the distribution of spoken
languages, their distribution in families and their relationship with
past history of the populations. African languages constitute almost
one third of the total worldwide languages, with more than 2000
ethnolinguistic groups and the presence of four main language
families (Figure 3).

The Niger-Congo or Niger-Kordofanian language family is present
throughout sub-Saharan Africa (sSA) and is the largest language
family in the world, including a total of 1542 languages. The Bantu
languages are the most represented subgroup of the Niger-Congo
family comprising more than 500 languages. It is thought that the
Bantu languages originated in the grasslands of Cameroon around
5000 years ago and its rapid and wide expansion throughout sSA
during the last 4 millennia has brought interest in linguistics,
archaeology and genetics.

The Afro-Asiatic language family (that includes the old family
called Hamito-Semitic) comprises 377 languages divided in 6
subgroups (Berber, Chadic, Cushitic, Egyptian, Omotic and
Semitic) and is predominantly spoken in north and eastern Africa
and west Asia (33). Archaeological evidence suggests that the
origin of Afro-Asiatic languages is in the Levant around 12,000 BP.
Afro-Asiatic languages would have started to spread around 7000
BP through the Sinai Peninsula into Egypt and North Africa (Berber
and Egyptian) and across the Red Sea into Sudan and Ethiopia
(Chadic, Cushitic and Omotic). Much later, migrations from South
Arabia (including the Arabic expansion) brought Semitic languages
into the African continent (32).

The Nilo-Saharan language family is spoken in the greater Nile
Basin and the central Sahara desert. There are around ten different
groups of Nilo-Saharan languages although the classification is still
under debate. The expansion of Nilo-Saharan languages is
associated with cultures inhabiting the surroundings from the lake
Turkana to the north of the Niger River around 10,000 BP (during



the wet or “Green Sahara” period with higher lake levels). The
current geographic isolation of some Nilo-Saharan speakers might
be explained by the shift to a dryer Sahara around 6000 BP (34).

The KhoeSan language family, denoted by the use of click-
consonants, is mainly spoken in the south of Africa by a very
reduced number of people. It is usually classified as a single
language family but nowadays three different independent language
families should be considered (Kx’a, Khoe-Kwadi and Tuu).
Sandawe and Hadza, spoken in Tanzania, were also historically
misclassified as KhoeSan because of the use of click consonants.
Both are now considered language isolates (33,35).

Archaeological, fossil and linguistic records show the relevance of
the African continent in the study of human history. This is why an
interdisciplinary approach is crucial to define and test new
hypothesis about the evolutionary history of our species. The
following parts of this chapter will be focused on the current
knowledge on African populations through population genetics.
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Figure 3: Distribution of the four main family languages in Africa and main migration
routes of modern humans during the last 10000 years (36).

1.2. Genetic history of Africa

Genetic studies have had an increasing important role in the
exploration of human history during the last decades. One of the
first scientists to use molecular genetics to unravel human history
was Luca Cavalli-Sforza. In his book, The History and Geography
of Human Genes, published in 1994, and thus before the advent of
the molecular genetics revolution, he used a cross-disciplinary
methodology including the historical record, archaeology,
linguistics and added genetic data from classical genetic markers
(e.g. blood group systems and other protein polymorphisms) to
reconstruct human demographic history. At that time, even with the
limitations of classical markers, he was already able to pinpoint
Africa as the origin source of modern humans.



Shortly after, with the advent of the polymerase chain reaction
(PCR) and sequencing technologies, uniparental markers
(mitochondrial DNA and Y chromosome) started to be used for
human population genetic inferences. Both mitochondrial DNA
(mtDNA) and Y chromosome analysis supports an African modern
human origin. Non-African populations carry only a subset of all
the variation found in Africa and phylogenies also show that
branches of the most ancestral lineages are found in Africa (37,38).
In particular, the KhoeSan from southern Africa carry mtDNA
haplogroups (LOd and LOk) with the deepest split among human
populations (39). In addition, the haplogroups A and B of the non-
recombining region of the Y chromosome, belong to the oldest
branches and are also found in Africans (40). Despite the
advantages of uniparental markers such as the easy reconstruction
of trees because the absence of recombination, low price, and the
abundance in the cell in the case of mtDNA, there are some
limitations such as the strong influence of genetic drift, natural
selection, sex-biased behaviours and the absence of recombination
makes it not truly representative of the whole complexity of the
autosomal genome (41).

Further development of sequencing, genotyping and next-
generation sequencing (NGS) technologies together with powerful
computation methods has provided with large sets of autosomal
polymorphism data. This type of data has enabled researchers to test
more complex models of human evolution. A great example of the
use of genome-wide autosomal data is a seminal paper of African
genetic history where 2432 African individuals from 121 African
populations were genotyped (42). The authors found that Africans
hold the highest levels of genetic diversity and that this diversity
decreases with distance from Africa, mainly because the OoA
founder effect. Moreover, they identified a complex population
structure of 14 ancestral clusters with high levels of admixture
reflecting migration events across the whole continent and a large
and subdivided structure during the evolutionary history of these
populations. Many subsequent studies also confirmed that the
highest levels of genetic diversity are found in Africa, especially in
hunter-gatherers from southern Africa (43), and an increased
linkage disequilibrium with distance from Africa (44,45), pointing
again to Africa as the birthplace of modern humans.



It is also known that one of the most significant events of African
prehistory was the migration of sedentary populations with
agricultural and herding practices from western Africa, the Bantu
expansion. This dispersal of people began 4,000 BP in western
Africa (Nigeria and Cameroon), first reaching the equatorial
African rainforest (the “late-split” hypothesis) and from there
splitting into two different waves that independently reached the
south of Africa (31,46-48). The first wave represented by the
ancestors of present-day Eastern Bantu speakers, reached East
Africa around 3,000 BP and later on expanded to southern Africa
around 1,300 BP. The second wave, represented by the ancestors of
present-day Western Bantu speakers expanded through the Atlantic
coast until the south of Africa (Figure 3). This expansion had a
great demographic impact on the encountered indigenous hunter-
gatherer populations that were probably replaced or assimilated and
thus leaving the genomic footprint of the western African
component that nowadays predominates throughout sSA (49,50).

The advent of ancient DNA (aDNA) sequencing has given the
opportunity to sequence remains of ancient African modern
humans, even if for most of Africa the climatic conditions are
extremely poor for DNA preservation. But the cases in which it has
been possible, it has given the opportunity to test more hypotheses
and improve inferences about African prehistory using time-serial
information. For instance, a recent study that sequenced 2,000 year
old hunter-gatherers from southern African (ancestors of present
day KhoeSan), captured the deepest split between human
populations to have happened between 350,000 and 260,000 years
ago (Figure 4) (51). Other cases will be discussed later.

In the next sections of this chapter we will mainly focus on the

genetics of Eastern and Southern African populations, which are the
main focus of this thesis.
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FLigure 4: Simplified demographic model of modern human genetic history (52)

1.2.1. The genetics of East Africa

Eastern Africa is one of the key locations of human evolutionary
history. Not only because its genetic and linguistic diversity, but
also because two of the most influential old events of our history as
species could have taken place there, the origin of our species
(discussed earlier in this chapter) and the Out of Africa.

The expansion of modern humans out of Africa has always been
intensively debated. The exact point of embarkation, the timing and
number of dispersals or even the number of individuals involved,
are the main points that are not yet fully clarified. Genetic studies
agree that present day non-Africans derive from a single wave out
of Africa (53,54), and with a potential genetic contribution from an
earlier wave present in the archaeological record (55). Whether the
point of embarkation was through the Bab el-Mandeb strait (56,57)
or the corridor in the north through the Sinai, in present Egypt (58)
remains an open question.

Little is known about the pre-farming societies inhabiting this area.
Only a few aDNA studies have shed light on such prehistorical
times. In fact, these studies show the past cline of geographically
structured hunter-gatherer populations from Ethiopia (ancient 4,500
year old Mota remains) (59), to Tanzania (1,400 year old remains)
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until reaching southern Africa (2,000 year old South African close
to present-day KhoeSan) (60).

The majority of populations inhabiting what is nowadays Ethiopia
are farmers speaking Afro-asiatic (Cushitic, Semitic and Omotic
branches) and Nilo-Saharan languages. In general, the genetic
structure found in Ethiopia correlates with linguistic affiliation. A
key demographical event that changed the genetic landscape of
eastern Africa was the “Back to Africa” migration of the Levantine
farmers dated to around 3,000 years ago (49,60,61). This is
especially noticeable in some Afro-asiatic speaking populations
where almost half of their genome is of Levantine ancestry (62). In
contrast, Nilotic herder populations have remained more isolated
and received very little or none Eurasian gene flow.

The majority of studies on detecting positive selection in East
African populations have focussed on lactase persistence and
adaptation to high altitude environments. Several variants that
confer lactase persistence have arisen independently in pastoralist
populations, mainly in Europe and East African populations from
Kenya and Tanzania (63,64). Several studies on high-altitude
adaptation have focused on Afro-asiatic populations, mainly
Ambhara and Oromo that inhabit regions at 2,500 meters above the
sea level and several genes and molecular pathways have been
reported as putative candidates of positive selection (65-68).

1.2.2. The Nama: a KhoeSan population from Namibia

The indigenous populations from southern Africa, the KhoeSan, are
believed to be the deepest extant human lineage (Figure 4) and
hence making southern Africa a putative key point in modern
human origins (45). Some of them still practice a hunter-gatherer
mode of subsistence, which is the main mode that our species has
used during its evolutionary history. Moreover, the KhoeSan
language family (or families) has the greatest phonemic diversity
(e.g. click consonants) worldwide, another indicator of the southern
African origin of modern humans (28). The term KhoeSan (khoe
means ‘person’ and san means ‘bushmen’ in Khoekhoe) reflects an
ethnological division into two groups: the Khoekhoe and the San
(39).

12



Studies of the genetic landscape of the KhoeSan indicate the
presence of three different ancestry components. These components
are: Northern component (mostly represented by the Ju|’Hoansi and
the !Xun), Central component (e.g. GJui, Gllana and Naro) and
Southern or Circum-Kalahari component (e.g. the Nama, #Khomani
and Karretjie). There is not a clear correlation between genetics,
linguistics and modes of subsistence among the KhoeSan since the
three genetic components contain different KhoeSan family
languages, modes of subsistence and cultural practices (50,69,70).

Recent admixture events have been described in the KhoeSan, the
main sources being from east Africa, Bantu speaking populations
and European colonists. East African admixture, has been dated to
2000 years (49,71) and is found at higher levels among the
Khoekhoe groups, up to a 23-30% of ancestry (45,49,51,60). This
migration supports a demic diffusion of pastoralism from East
Africa during the same period of time, it would have been a
migration previous to the Bantu expansion and would be at the base
of finding a proportion of Levant ancestry in the southern African
populations (60,71,72). Recent studies have found that the most
probable East African donor source population was an already
admixed group with an average 30% of Levantine ancestry, such as
the current Afro-asiatic populations from Ethiopia (51). As
discussed earlier in this chapter, there is evidence that the Bantu-
speaking groups reached the south of Africa through two different
waves of the Bantu expansion by 1,300 BP (31,46—48). The Bantu
expansion had a great impact on the populations of southern Africa
at the linguistic, cultural and genetic level (49,50). Lastly, the most
recent event of admixture described in the KhoeSan is the arrival of
European colonists in the area some 300 years ago, with a bigger
genetic impact that the strong ethnic separation would have
envisaged.

The multiple episodes of gene flow in the KhoeSan that in some
cases led to lifestyle transitions (e.g. to pastoralism) have also left
recent footprints of adaptive selection in the KhoeSan genomes.
Specific examples of this are the LCT (related to lactase persistence)
and SLC24A5 (related to skin pigmentation) gene loci. In both
cases, there is evidence that migration introduced variation that was
then positively selected in KhoeSan populations. In the case of LCT,
the East African migration that brought pastoralism into southern
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Africa also conferred lactase persistence in some Khoekhoe groups
(64,72,73). The light skin associated pigmentation gene, SLC24A435,
has also been investigated in the KhoeSan populations. In fact, the
European light skin associated allele (rs1426654) is found at a
higher allele frequency expected just by admixture, indicating an
event of strong positive selection (74). Part of this thesis is
dedicated to investigate these special cases of adaptation.

In addition, the influx of infectious diseases by the migrant groups
has probably been an important source of selective pressures among
the KhoeSan. Several epidemics such as the flu and smallpox have
been documented to greatly affect KhoeSan populations leaving
genomic footprints of adaptation in the extant populations (75).

1.2.3.Underrepresented African populations in genetic
studies

Despite the diversity and complexity of African evolutionary
history unravelled by many different fields of study, African
populations have remained hugely underrepresented in human
population genetic studies. This lack of African studies is
particularly overwhelming in genome-wide association studies
(GWAS) where there is a clear bias towards studies with European
individuals (76). In 2017 only 0.57% of GWAS were done with
participants of African ancestry (77). This deficit of African data
produces gaps in the understanding of human evolutionary history,
complex traits and disease susceptibility in different environmental
contexts (78). However, an increasing number of studies and
consortia have tried to put more attention on the African continent.
Some examples are the African Genome Variation Project (79),
H3Africa (80), the 1000 Genomes Project 3™ phase release (81)
which included five populations of African ancestry, the Southern
African Human Genome Programme (82).

2. Detecting signals of positive selection

Charles Darwin and Alfred Wallace introduced in 1858 the concept
of natural selection (83). With this concept they provided a
framework to understand how species evolve. The way we

14



understand today natural selection is as a simple and clear concept:
heritable traits can increase or decrease a set of individuals fitness
given a specific environment and the frequency of their associated
genotype will in turn increase or decrease across generations.
Positive (also called adaptive) selection is the force that drives the
increase in frequency of beneficial heritable traits and negative (also
called purifying) selection is the force that decreases deleterious
heritable traits.

Natural selection is a force that shapes genetic diversity and can be
classified into three major categories.

Positive selection: also called adaptive or Darwinian selection,
drives the increase in frequency of advantageous alleles in a
population. This event will cause a selective sweep, which is the
typical pattern of decreased genetic variability around the beneficial
allele due to genetic hitchhiking (84). Over time, recombination will
break the beneficial haplotype and the footprints of positive
selection will be less obvious. The majority of methods that detect
positive selection look for patterns of selective sweeps (e.g. non-
neutral distribution of the site frequency spectrum, unexpectedly
long blocks of haplotypes and allele frequency differences between
populations).

Purifying selection: also called negative or background selection,
removes deleterious mutations from a population. It is considered
the most common mode of selection in functional elements since
new mutations are more likely to be harmful than beneficial.

Balancing selection: maintains genetic diversity, as opposed to
positive or negative selection that drives allele fixation. It can be the
consequence of an advantageous heterozygote state, a frequency
dependent selection (the fitness depends on the allele frequency) or
the variation of selection across time and space.

This thesis is focused on the detection and interpretation of signals
of positive selection in whole genome sequences of African
populations. In the following parts of this thesis we will focus on
the statistical methods existing to detect positive selection, the
confounding factors and how to minimize them.
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2.1 Statistical methods to identify positive selection

Historically, two families of methods have been used to detect
selection. Those based on divergence comparing different species,
and those based on polymorphisms analysing populations. In this
thesis we will only focus on polymorphism data.

Most methods that try to unravel the specific genetic adaptations in
genomes using polymorphism data are focused on detecting the
signatures of a hard sweep event, where selection acts on a newly
arisen beneficial mutation (84). The specific properties of the
genomic signatures of hard sweep model (skewed site frequency
spectrum, extended homozygous haplotypes and high population
differentiation) led to the development of three big families of
methods (Figure 6). An important factor when choosing the
appropriate method of analysis is the timeframe of study. Figure 7
indicates which are the time-depths for the detection of positive
selection for each type of test.
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Site Frequency Spectrum based tests: The Site Frequency
Spectrum (SFS) is the allele frequency distribution composed by the
numbers Si, ..., Sy.1, where Sk is the number of SNPs present in k£
from n individuals. Usually it may consider the derived variants,
thus having a direction. The increase in frequency of an adaptive
allele will skew the SFS expected under neutrality such as there will
be an increase of rare derived alleles and a decrease of intermediate
allele frequencies. One of the widely used SFS based methods is
Tajima’s D (88) that tries to identify regions with an excess of rare
alleles.

Haplotype based tests: the rapid increase of the adaptive allele will
leave a pattern of high linkage disequilibrium generating long
homozygous haplotypes. One of the firsts tests based on linkage
disequilibrium is the Extended Haplotype Homozygosity (EHH,
Pardis C. Sabeti et al. 2002), which calculates de decay of haplotype
homozygosity from a core SNP (Figure 8). However, given that a
low recombination rates could mimic the effect of a selective
sweep, methods such as iHS (90) that compare the EHH of the
haplotypes carrying the ancestral and the haplotypes carrying the
derived allele have been developed to overcome this bias. Other
flavours of these tests (XP-EHH and Rsb) are able to perform cross-
population tests that contrasts patterns of EHH between populations
(91,92). These tests are well suited for recent adaptive events since
the patterns of linkage disequilibrium are erased by recombination
over time.
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Figure 8: Decay of haplotype homozigosity from a core SNP in a neutral scenario (left)

and a selection scenario (right). The ratio between the area below the curve of the ancestral
and derived allele is at the base of iHS (90).

Population Differentiation: populations are subject to distinct
environmental pressures, hence adaptive selection will change the
allele frequencies from one population but not another. Therefore
differences in allele frequencies between populations may be
indicators of targets of positive selection. The population index, Fg
(93). which is the proportion of genetic diversity due to allele
frequency difference between populations, is the most commonly
used test of this type. Other Fy derived tests such as the population
branch statistic (PBS) and the locus-specific branch lengths (LSBL)
were developed to infer in the direction of selection by adding a
third population (94,95).

Composite and machine-learning methods: The composite
methods usually combine multiple selection tests to increase the
power of detection of positive selection. They can combine multiple
types of methods such as XP-CLR that combines linkage
disequilibrium and allele frequency information. There are even
more complex composite methods that use machine-learning
algorithms and extensive neutral and selection simulations to
summarize multiple tests into a single score (96).
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Although not considered in this work, several methods are trying to
incorporate other types of sweep models than the classical hard
sweep model. For example, empirical and theoretical studies
indicate the importance of the soft sweep model (97-100). This type
of selective sweep model considers that a neutral variant already
segregating in the population becomes beneficial and rises in
frequency; in this case it can also be named a sweep from standing
variation. Another scenario could involve recurrent beneficial
mutations in the same loci that rise in frequency together (101). The
majority of methods focused on detecting soft sweeps are based on
linkage-disequilibrium (102—-104), but given the heterogeneous
haplotypic background of a soft sweep, it is not an easy task to
detect them. Additionally, another mode of selection is polygenic
adaptation, which consists in hundreds of subtle allele frequency
changes in multiple genes (105,106). The current methods to detect
polygenic adaptation are still afflicted by a lack of statistical power
and most of the methods rely on GWAS.

2.2 Confounding factors

This thesis mainly focuses on the detection of footprints of adaptive
selection in human populations. It is therefore important to discuss
some of the challenges that arise when conducting such studies. In
this section we will briefly outline the confounding factors that can
bias the detection of positive selection.

2.2.1 Background selection

Background selection, reduces the diversity nearby the deleterious
alleles that are removed from the population. This pattern is similar
to the one left by positive selection around a selected allele.
Nonetheless, several studies argue that it is possible to exclude the
confounding effect of background selection, specially using
extended haplotype based methods such as iHS and XP-EHH
(107,108).
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2.2.2 Demography

The demographic history of a population shapes the patterns of
polymorphism in their genomes. These patterns left by demography
dynamics can mimic the patterns left by positive selection. It is
therefore important to wunderstand the main demographic
mechanisms that could bias the detection of footprints of positive
selection. The main actors in demography are outlined above.

Population structure: from a theoretical point of view, it is always
assumed that all individuals in a population reproduce randomly
and with the same probability. However, there are geographical,
linguistic and cultural barriers that can affect the assumed random
mating of individuals. In this case, we will find genetic
substructures in the population with a higher genetic variability and
an excess of variants at intermediate frequencies.

Migration: the movement of individuals from a population to
another will introduce new variation in a population, increasing
genetic variability and producing an excess of rare variants.

Population bottleneck: is the rapid decline of population size. This
phenomenon will reduce genetic variability and increase linkage
disequilibrium. It is common to find a recovery phase after a
bottleneck, generating an excess of rare alleles. One of the best
examples in humans of drastic population bottleneck is the Oo0A,
which is at the base of the patterns of lower genetic variation and
higher linkage disequilibrium found in present-day non-African
populations.

Population expansion: is a sudden increase in size of a population,
which generates an excess of rare variants and a lower genetic
variability than expected.

2.3 Is it a true target of positive selection?

Given the confounding factors that could bias the detection of

positive selection in a genome, assessing whether a particular region
of the genome has been targeted by adaptive selection can be
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challenging. There are two main approaches that can be
implemented to minimize the effect of confounding factors.

2.3.1 The outlier approach

The outlier approach is based on the assumption that demography
affects stochastically the entire genome while adaptive selection
targets specific locations. Thus, one can simply build an empirical
distribution of the positive selection statistics and consider the loci
at the extreme tail of the distribution (the outliers) as putative
targets of positive selection.

Although the wide use and simplicity of this methodology, there are
some caveats worth to mention. First, the outlier approach requires
defining the threshold used to consider a region significant. In other
words, one should define which is the proportion of the genome that
is considered under positive selection. Since there is no true
estimate of this proportion, a 1% to 5% of most extreme scores are
considered being under positive selection. Second, a particular
region of the genome might randomly have extreme polymorphism
patterns that mimic positive selection (e.g. a population bottleneck)
and result in a false positive. Finally, another limitation is that this
approach only identifies extreme cases of adaptive selection and
many selected alleles affected by lower selective coefficients will
be likely considered false negatives.

2.3.2 Population genetics simulations

Population genetics simulations enable to accurately reproduce the
genomic properties of a population by simulating sequences using
the parameters of a realistic demographical scenario (Figure 9).

The implementation of statistical tests of positive selection on
simulated neutral genetic data allows investigating how would the
statistical method behave under a neutral model without positive
selection. The significance threshold is then estimated for a given
false positive rate from the neutral data and can be applied to the
empirical data. This methodology provides a perfect null
hypothesis, which takes into account putative real data biases, to
assess statistical significance of the targets of positive selection in
empirical data.

Moreover, simulations that incorporate selective events with
different attributes (e.g. combination of different selective
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coefficients, timings and durations of the selective event) can be
used to evaluate the accuracy of the significance threshold and the
power of the statistic.

Demographic Model

112731-

Population Sizes

3i2 125 42 0
Time Ago (KY)

Figure 9: An estimated human three-population demographic model. Population sizes are

indicated in blue, migrations are indicated in black arrows. The represented populations

are Asian (CHB), European (CEU) and African (YRI) (109).

2.4 From genotype to phenotype

The ultimate goal of the study of positive selection signals in
populations is to link an advantageous variant to a phenotype.
Specifically, the goal is to understand the functional consequences
of the adaptive allele from the most basic molecular level
(intermediate phenotypes or endophenotypes) to the final adaptive
trait. However, the majority of studies do not provide with a fully
experimental follow-up to uncover the relationship between
genotype and phenotype. There are typically four stages to be
followed when trying to unravel the connections between genotype,
phenotype and fitness:

Identification of candidate adaptive regions: in this step, there is
a first implementation of statistical methods to detect adaptive
selection in empirical data. Afterwards, and as mentioned in section
2.3, two methodologies can be used to assess the statistical
significance of candidate loci under positive selection.
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Identification of the functional variant: after identifying
candidate loci, we must try to pinpoint the specific variants that
drive adaptation. Bioinformatics tools to identify potential changes
in protein function and comparison of allele frequencies between
populations are commonly used to identify causal variants.

Exploring the functional consequences of the adaptive allele:
this can include a broad range of experimental methodologies, from
in vitro experiments, to model organisms and genotype-phenotype
association studies in humans. The type of experimental analysis
used will depend on the characteristics of the variant. For example,
in the case of variants that cause nonsynonymous substitutions,
transfection studies can explore the electrophysiological differences
between cells carrying selected and non-selected alleles.

Understanding the link between the adaptive genotype and
reproductive fitness: even if a functional effect is found at the
molecular level, in the majority of the cases, there is still not enough
evidence to unravel the specific selective force that drove the
functional differences that in turn increased the reproductive fitness
of carriers.

Thus, even if the huge power of high throughput whole-genome
sequencing and the powerful computational methods that enable
scientists to pinpoint regions of the genome that have been targeted
by positive selection, there is still a considerable gap to fill between
genotype and phenotype. That is why interdisciplinary approaches
integrating different layers of omics data (transcriptomics,
proteomics, metabolomics, epigenomics, interactomics etc...)
across time and space, genome-wide association studies of different
populations and more functional analyses are some of the keys to
better understand human adaptation.
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The work in this thesis represents a small contribution in the study
of African human evolutionary history. First, the study of Ethiopian
populations will shed some light into the potential adaptations of
Afro-asiatic and Nilotic populations taking into account the recent
admixture. Secondly, we will focus on the Nama, a semi-nomadic
pastoralist KhoeSan population. Finally, the third study is focused
on the functional consequences of a specific selection signal in the
Gumuz population.
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Abstract

Background

Humans everywhere have adapted to their environments, including
by genetic changes over many generations: the process of positive
selection. Positive selection has, however, been under-studied in
African populations, despite their diversity and importance for
understanding human history.

Results

Here, we have used 119 available whole-genome sequences from
five Ethiopian populations (Amhara, Oromo, Somali, Wolayta and
Gumuz) to investigate the modes and targets of positive selection in
this part of the world. The site frequency spectrum-based test
SFselect was applied to identify a wide range of events of selection
(old and recent), and the haplotype-based statistic iHS to detect
more recent events, in each case with evaluation of the significance
of candidate signals by extensive simulations. Additional insights
were provided by considering admixture proportions and functional
categories of genes. We identified both individual loci that are
likely targets of classic sweeps and groups of genes that may have
experienced polygenic adaptation. We found population-specific as
well as shared signals of selection, with folate metabolism and the
related UV response and skin pigmentation standing out as a shared
pathway, perhaps as a response to the high levels of UV irradiation,
and in addition strong signals in genes such as /FNA, MRCI,
immunoglobulins and T-cell receptors which contribute to defend
against pathogens.

Conclusions

Signals of both ancient and more recent positive selection could be
detected in Ethiopian populations, revealing novel adaptations in
East Africa, and abundant targets for functional follow-up.
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Introduction

Genetic and archaeological data demonstrate that Africa is the
origin of anatomically modern humans (6,52,110,111), and that
populations outside Africa derive from an Out-of-Africa (OoA)
migration some 60,000 years ago (58,112-115). African
populations are genetically more diverse, holding the highest
amount of genetic variation, low linkage disequilibrium (LD), and
deep population structure (62,79,116,117). They also carry high
cultural and phenotypic diversity, speak almost one-third of the
world’s languages (http://www.ethnologue.com), live in a wide
variety of environments including deserts, tropical rainforests and
mountain highlands, and follow many subsistence strategies,
including pastoralism, agriculture and hunter-gathering (118).
Surprisingly, however, African populations are underrepresented in
big genetic projects such as the HGDP (119), 1000 Genomes
Project (81) and HapMap (120). Consequently, not only is our
understanding of the evolutionary processes that shape human
diversity and adaptation limited, but also medical studies are prone
to falter when African populations are included, due either to the
fact that the single nucleotide polymorphisms (SNP) used are
ascertained mainly in Eurasian populations, or to the lower LD
found in all African populations (79). Additional African-specific
studies are needed to counterbalance this historical bias (79,121).

Ethiopian populations lie geographically near a possible
embarkation point of the OoA migration (56,57), exhibit high
linguistic diversity encompassing three branches of the Afroasiatic
language family (Omotic, Semitic, Cushitic) and also the Nilotic
language family, and inhabit environments from lowland to
highland. Previous genotyping studies have found a strong match
between linguistic and genetic structures, and revealed admixture
between Ethiopian (principally Afroasiatic) and OoA populations
(most likely from West Asia) around 3,000 years ago, contributing
about half of the ancestry of some present-day populations in what
has been called a “back to Africa” migration (49,61,62). A 4,500-
year old ancient Ethiopian fossil, Mota, does not show this West
Asian backflow (59), and provides direct insights into the earlier
genetic make-up.

Because African populations have adapted to a variety of
environments and subsistence strategies, it is crucial to conduct
natural selection studies in order to observe how selective pressures
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shaped their genomes and understand both our evolutionary history
as a species and the population-specific local adaptations to these
circumstances. Given the diverse features of African populations,
we could expect to find a considerable number of signals of local
adaptation. A number of approaches have been established to detect
positive selection (122—-124), and a few signals of adaptive selection
in Africans have been reported. Some of the most well-known cases
involve malaria resistance, driven by genes such as Glucose-6-
phosphate dehydrogenase (G6PD) and the Duffy antigen protein
(125). There is also evidence of high-altitude adaptation in
Ethiopians living in the highlands, as well of recent positive
selection for lactase persistence in eastern African pastoralists
(64,67,115,126). However, genome-wide analyses of adaptive
selection footprints have often reported fewer signals in Africans
than in OoA populations (96,127,128), or failed to find adaptive
selection in Africans, some arguing that neutral simulations
demonstrate that the tails of the empirical distributions contain
mainly false positive signals (129), meaning that demographic
events (bottlenecks, population structure and expansions), rather
than selection, dominate the results (130). Thus African populations
offer a challenge in recognizing events of adaptive selection in the
genome.

In addition, the power and false-positive rates of positive
selection tests in recently-admixed populations have only been
addressed in a few studies. In a study of African-Americans using
real and simulated genetic data, recent admixture did not result in an
increase of false positive rates for site frequency spectrum-based
tests, but in general the power decreased (131). In contrast, in some
cases when the selective pressure was very strong, studying the
admixed population could provide more power to detect selection
than the ancestral population because the signature of derived
alleles around the fixed selected site was lost in the ancestral
population, but admixture made them polymorphic again producing
a signature that is easier to detect. Studies with Latin American
(132), Tibetan (133), Malagasy (134) and South Asian (135)
populations have found potential admixture-mediated adaptive
regions using this methodology, although some controversy exists
since another Latin American study did not find evidence of
directional selection after admixture (136).

These examples reveal that detecting positive selection is far
from trivial. Most positive selection tests assume a simple model of
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a hard sweep, where a mutation arises and spreads rapidly in a
population until fixation, carrying the adjacent neutral variation
with it (86). However, the relative importance of hard versus soft
sweeps in explaining the adaptation of different human populations
is debated, and all forms of selection need to be considered.

Here, we analyse previously-generated whole-genome
sequences of 120 Ethiopians from five different populations (9)
covering a wide geographical range and belonging to four different
linguistic groups (Nilotic, Omotic, Cushitic and Semitic) (Table 1
and Supplementary Figure 1 in Additional File 1). We provide new
information about the adaptive processes that these populations
have undergone by first detecting the regions of the genome that
have been selected, and then interpreting the biological meaning
and context of these adaptations.

Results

SFselect selection analysis
In order to detect selective sweeps, we first analysed the data using
the site frequency spectrum-based test SFselect (137) to identify old
events of selection in the five Ethiopian populations
(Supplementary Figure 8, Additional File 1). This approach
generates a score for each 30 kilobase (kb) window in the genome.
We assessed the statistical significance of the scores by defining a
critical value of the test, after performing extensive neutral
simulations (see Methods), as corresponding to the 99.99"
percentile of the neutral distribution (see Methods); the threshold is
different for each population. Our simulations were based on a
three-population demographic model representing Africans,
Europeans and Asians (109), adding an admixture event between
Africans and Europeans. We calculated two different thresholds,
one for an unadmixed African population (here, the Gumuz) and the
second for an admixed African population (here, the four
Afroasiatic populations) (Supplementary Figure 6 in Additional File
1 and Supplementary Table 1 in Additional file 2). After applying
the relevant threshold to each of the five populations, we obtained
windows considered as putative candidates for adaptive selection.
The number of significant windows is shown in Table 2a.

To interpret these windows, we annotated the protein-coding
genes that intersected them (Supplementary Table 4, Additional file
2). Many of the signals were shared between Afroasiatic
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populations (Table 2a and Figure 4a), as expected from their genetic
similarity and shared environment (see Additional File 3 and
Supplementary Figures 2 and 3 in Additional File 1 for a short
demographic analysis of the studied populations). The Amhara and
Oromo populations shared the highest number of signals (79),
whereas the Gumuz shared the least (from 37 to 41). We found
many examples of shared signals of selection by all five East
African populations (Supplementary Table 2 in Additional file 2
and Figure 4). We discuss illustrative examples of shared and
population-specific signals here, and further examples in the
Additional File 3.

One of the top-scoring windows in all populations (Amhara
4.8, Oromo 4.7, Somali 5.2, Wolayta 5.1, Gumuz 3.7) contains
genes including FOLRI and FOLR?2 (Figure la), members of the
folic acid receptor family. Members of this gene family bind folic
acid and its reduced derivatives, and transport 5-
methyltetrahydrofolate into cells. The gene products are secreted
proteins that either anchor to membranes via a glycosyl-
phosphatidylinositol linkage or exist in a soluble form. Mutations in
these genes have been associated with neurodegeneration due to
cerebral folate transport deficiency; supplementation of folic acid is
usually recommended for pregnant women to avoid neural tube
defects during foetal development (138). Folate is also essential in
DNA synthesis, survival and growth of the malaria parasite, so
antifolate antimalarial drugs are widely used in the treatment of
malaria (139). To our knowledge, this is the first study that finds
this gene cluster to be under selection. The fact that we found this
window under selection in all populations, together with the
important functions of these genes especially during development,
indicates that these genes have probably played a pivotal role during
the evolutionary history of East Africans and possibly in general
within the human species. We discovered, and discuss below, other
selection signals related directly or indirectly to folic acid
metabolism.

Another example of a top-scoring window among all five
populations does not directly overlap with any gene, but the very
strong signal lies downstream of the gene ZNF473 (Figure 1b and
Supplementary Table 2 in Additional file 2). This is an interesting
region since it has been described as under long-term balancing
selection in African populations, and that has been recently targeted
by positive selection in Eurasian populations (140).
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A signal shared among the Amhara, Somali and Wolayta
populations contains MRCI (Supplementary Table 4a, ¢, d in
Additional file 2 and Figure 1c). MRCI (also known as CD206)
encodes a mannose receptor that is part of the C-type lectin
superfamily and plays important roles in both adaptive and innate
immune systems such as clearance of endogenous molecules and
antigen presentation. MRCI1 is an endocytic receptor that can bind
to numerous endogenous and exogenous molecules and is mainly
expressed in macrophages, dendritic cells and nonvascular
epithelium. Numerous studies have shown that the C-type lectin-
like domain (CTLD) of MRCI can bind to viruses (HIV, Dengue,
HBYV), fungi (Candida albicans) and bacteria (Mycobacterium
tuberculosis) (141-143). It has also been shown that MRCI1 can
internalize antigens that can then be processed for cross-
presentation in antigen-presenting cells (144) and that MRCI1
directly interacts with and inhibits CD45 on the T-cell surface
resulting in impaired cytotoxic activity of T-cells and antigen-
specific T-cell tolerance (145). This inhibitory effect of T cells by
MRCI1 has been proposed as a possible therapeutic strategy to
downregulate the excessive immune response of autoimmune
diseases. In fact, variants in MRCI have been associated with
asthma and sarcoidosis (146,147). In addition, variants of MRCI
have been associated with susceptibility to leprosy in Vietnamese
and Brazilian patients and to pulmonary tuberculosis in Chinese
patients (148,149). This example introduces a second recurring
theme, of selection on defence-related genes, which will be
encountered further below.

We also detected population-specific signals of positive
selection, and a particularly strong signal was found in the Amhara
population, where the 30 kb window containing IFNA14, IFNAI16
and IFNAI7 showed a very high and statistically significant
SFselect score of 3.9. These genes are members of the Interferon
Alpha gene family (Figure 4d and Supplementary Table 4a in
Additional file 2); Interferon Alpha is produced in virus-infected
leukocytes and has antiviral activity. It has been shown in vitro that
IFNAI17 is three times more efficient against Hepatitis C than
IFNA2A4, which is the most effective current treatment (150).
Moreover, polymorphisms in /FNAI7 have been associated with a
3.6-fold increased risk for Crimean-Congo Haemorrhagic Fever
development (151). These interferon genes provide further
examples of selection on likely defence against pathogens. Other
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categories of population-specific signal are discussed in the
Additional File 3.

iHS selection analysis captures recent events of selection

We next used the linkage-disequilibrium-based test iHS (89) to
detect recent events of selection in the five Ethiopian populations
(Supplementary Figure 9 in Additional File 1). We analysed mean
iHS scores in windows of 30 kb that passed the critical value
defined after performing extensive neutral simulations (see
Methods). We set a restrictive threshold at the 99.99"™ percentile of
the neutral distribution and only signals that passed this threshold
were considered as candidates for adaptive selection
(Supplementary Table 1 in Additional file 2 and Supplementary
Figure 7 in Additional File 1).

The number of significant windows per population was low,
and the five populations shared some windows under recent positive
selection (Table 2b, Supplementary Table 3 in Additional file 2 and
Figure 5a). Amhara and Oromo shared the highest number of
windows (12 each) with Wolayta, while the lowest number of
window shared (four each) was between Somali and Wolayta, and
Somali and Gumuz. The Gumuz in general shared the lowest
number of windows with the rest of the populations. The lower
numbers of significant windows and shared windows from the iHS
analysis compared with the SFselect analysis could be because the
populations split quite recently, so there has been little time for
selection signals to build up.

Although the intersection of signals between all five
populations is modest, we do find some strong shared signals
(Supplementary Table 3 in Additional file 2). OTOA shows high
and significant mean iHS scores in all populations (except Wolayta,
which is close) and variants with significant p-values. Specifically,
one of the top variants in all populations (rs370153558) show p-
values of 1.8 x 10°, 5 x 10%, 3.4 x 107, 1 x 10, 9 x 10° for
Amhara, Oromo, Somali, Wolayta and Gumuz respectively (Figure
2a). All the variants in the OTOA gene found under strong selection
lie in the intron 21. The protein encoded by OTOA (otoancorin) is
expressed on the apical surface of epithelial cells in the sensory
organs of the inner ear. Mutations in OTOA have been found in
Palestinians and Pakistanis to be causative for autosomal recessive
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deafness 22 (152,153). Hearing is a rapidly-evolving phenotype in
humans (154) and thus the likely target of selection here.

Several examples of selection signals were related to UV
protection or skin pigmentation, and thus indirectly to the folic acid
metabolism discussed above. One of these was UVRAG, where we
find a signal in all Afroasiatic populations. The strongest signal is
found in the Oromo and Somali with mean iHS scores of 2.6 and
3.4 in the region and specific intronic variants such as rs10899132
(Somali p=10°, Oromo p=10"*) are found although no clear
functional predictions are yet described (Supplementary Table 5 in
Additional file 2 and Figure 2b). The Amhara also show significant
mean iHS scores in other windows containing UVRAG (mean iHS
score of 2.65 and 157117696 variant with p=5x10~). The lack of a
signal from SFselect in this region of the genome also supports the
idea of recent selection. UVRAG plays an essential role in
protecting cells from UV-induced DNA damage by activating the
nucleotide excision repair pathway (155). In addition, it acts as an
autophagic tumour suppressor that is mutated in common human
cancers (156).

A second candidate, shared between Wolayta and Gumuz, is
BNC2 with mean iHS scores per window 2.79 and 2.86 (Figure 2c¢)
and specific variants such as rs113571602 with significant p-values
(4x107 and 2x107 respectively). Again, all the highest scoring
variants fall in an intron of BNC2, pointing towards a putative
regulatory change of gene expression. This gene codes for a DNA-
binding zinc-finger protein that acts as an mRNA-processing
enzyme and a transcription factor (157). It is expressed in
melanocytes and keratinocytes and variants have been associated
with skin colour, where higher expression levels correspond to
darker skin (158). Interestingly, BNC2 has been found to lie in an
adaptive introgressed region from Neanderthals to Europeans (159),
but the signal of selection in Ethiopia lies outside the reported
introgressed region.

The third example in this category is found in a region
containing ZRANB3 with statistically significant mean iHS scores of
3.32 and variants with significant p-values such as rs11892059
(p=1.8x10"%) (Supplementary Table 5¢ in Additional file 2, Figure
2d). ZRANB3 is an annealing helicase, fork remodeller and
structure-specific nuclease; its deficiency can cause genome
instability and hypersensitivity to diverse DNA damaging agents
such as UV radiation (160). This region has previously been
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reported as a putative selection candidate in the Maasai population
(102) but the authors did not link the signal to adaptation related to
UV radiation because this variant is in linkage disequilibrium with
the well-known lactase (LCT) gene which has many times been
reported to be under selection in several populations (63,64). In
Ethiopians, the signal is clearly in ZRANB3 and not in LCT.
ZRANBS3 has also been found under selection among black Tibetan
wild boars, providing more evidence for its important function to
maintain genomic stability against the high UV radiation found in
the Tibetan Plateau (161).

Many examples of selection signals related to defence were
also found. Among these was a window in the Wolayta showing a
statistically significant mean iHS of 3.14 and many variants with
p<10~ in the upstream region of JFNLI and the intergenic location
between IFNLI and IFNL2. Signals in the 99.9™ percentile are also
found in the Amhara and Gumuz (Supplementary Table 5d in
Additional file 2 and Figure 2e). The Interferon-A family or type III
IFNs has three members (IFNLI, IFNL2, IFNL3). These genes play
a critical role in antiviral, antiproliferative, antitumor and immune
responses (162). These responses often overlap with IFN-a
functions such as MHC class I antigen expression and induction of
antiviral cascades. Some of the antiviral activities of INFLs target
hepatitis B and C virus, cytomegalovirus, influenza A virus,
coronaviruses, encephalomyocarditis virus, intestinal infection
viruses (noroviruses and rotaviruses) and human immunodeficiency
virus (163). Clinical trials against hepatitis C virus have tested
PEGylated IFNL1 and showed a better or equal effectiveness than
PEGylated IFN-a with less extrahepatic adverse effects (164).
Since humans are very frequently exposed to viruses of low
pathogenicity, and IFN-A mostly targets mucosal epithelial cells, the
function of type III IFNs could be to protect from infections without
triggering the severe inflammation and tissue damage that type I
IFNs often produce in the long term (165). Additional signals
related to defence in TPCNI, CHUK, THEMIS and TRAV are
discussed in the Additional File 3.

Finally, a signal specific to Gumuz was found in PKD2L]
(Figure 2f), with high iHS scoring variants such as rs74154621 and
rs74154622 (iHS score p<10®) that are both whole blood eQTLs
with a normalized effect size of -0.669 and p<10™* according to the
GTEx portal. We also find several non-synonymous changes with a
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high derived allele frequency in the Gumuz (rs17112895 and
rs7909153 both at a frequency of 0.70). PKD2LI belongs to the
TRPP subfamily of ion channels that are characterised by large
extracellular domains (166). Several studies with mice have
identified PKD2L1 as a candidate for sour taste in mammals (167).
It has been shown in mice that it can form complexes with other
proteins of this family such as PKDIL3 or PKDIL1. The
PKD2L1/PKDIL3 complex is expressed in a subset of taste
receptor cells in specific taste areas (168). In humans, two patients
with sour taste ageusia have been reported and neither had
detectable PKD2L]1 transcripts (169). Sour taste is one of the five
basic tastes. And although other tastes have a clear evolutionary
purpose (sweet indicates carbohydrate rich food, salty taste sodium,
bitter potentially poisonous and umami protein rich), sour tasting
remains unexplored in humans. One of the main hypotheses of the
evolutionary sour tasting function is that it could warn against the
acidic ingestion of rotten or immature fruit (170). Further signals of
selection from other functional categories such as skin pigmentation
(BLOC1S2) and one in an RNA gene (NSUN3), were also detected
(Additional File 3).

Effect of admixture on detecting ancient and recent selection

The power and false-positive rates of positive selection tests in
admixed populations have only been addressed in a few studies
(115,131-134). To provide further support for our selection
analyses, we have investigated whether similar results could be
obtained without the West Asian ancestry genetic component
among the Afroasiatic populations. For that purpose, we masked the
West Asian component from our data, keeping only the East
African component (see Methods). Given that, on average, almost
half of the genome was masked by this procedure, we merged all
four Afroasiatic populations in a single meta-population and re-ran
the positive selection tests used previously. PCA of the retained
East African component confirmed the high similarity between the
East African component of the Afroasiatic populations, supporting
the combined meta-analysis of all the individuals (Supplementary
Figure 7 in Additional File 1).

The comparisons between the top 20 signals of the SFselect
analysis between each single population and the merged East
African component show a high similarity between the two analyses
(Figure 4b). In contrast, the overlaps of the iHS analyses were not
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as strong (Figure 5b). This last result could be due because of the
breaking down of the Ethiopian haplotypes by the ancestry switches
that occurred after the West Asian admixture in the area or because
of the nature of iHS that detects recent selection more likely to be
specific to each population.

Enrichment of West Asian ancestry in windows under selection

The masked West Asian component measures the proportion of
West Asian ancestry in each population (Table 3). The Amhara and
Oromo populations have the highest amount (54% and 51%,
respectively), Wolayta and Somali show 43% and 44%,
respectively, while in contrast the Gumuz show the low amount of
0.7%. These values agree with previous estimates (58). To detect
for any enrichment of West Asian ancestry in windows under
selection, the same calculation of the proportion of the West Asian
component was performed among regions under positive selection
(99.99" percentile after neutral simulations and 1% extreme scores)
for all populations, for both iHS and SFselect. This analysis
revealed a general increase of West Asian ancestry among the
regions putatively under selection found with both the SFselect and
iHS tests, with similar percentages for the two tests (Table 3). A
resampling analysis shows that the difference is highly significant
(p < 10, see Methods): there is thus an overall enrichment of West
Asian ancestry in regions under selection. It is worth mentioning
that this enrichment of West Asian ancestry is not a source of false
positive signals in our analysis given the results obtained when we
analysed the effect of admixture on detecting adaptive selection (see
above).

Unbalanced ancestry regions

Previous studies have used ancestral component proportions to
detect regions with a strong ancestry imbalance that could
potentially have positive or negative effects on the fitness of
admixed populations (135). The admixture event between Ethiopian
and West Asian populations is dated to 2500-3000 years ago
(58,62), meaning that under a neutral model, we would expect the
percentage of the West Asian ancestry component to be evenly
distributed across the genome. Therefore we report regions with
significant deviations from the expected distribution of West Asian
component in several populations that could be candidates of
adaptation.
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A good example is a long stretch of chromosome 17 with an
extreme 95% of African ancestry spanning more than 0.5
Megabases (Mb) in all Afroasiatic populations. Moreover, in this
region we find the CRHRI (Corticotrophin Releasing Hormone
Receptor 1) gene with a high SFselect score of 3 (significant after
simulations) in the Amhara, and 2.22 and 2.1 in the Somali and
Gumuz, respectively (close to significance). There are other genes
in the region such as KANSLI and MAPT (Figure 3a). We also find
in all Afroasiatic populations, except Wolayta, an excess of African
ancestry in windows under selection containing among other genes
FADSI and FADS2, two enzymes that participate in the omega-3
and omega-6 biosynthesis and found to be under positive selection
in other human populations (Figure 3b) (171,172). In Oromo and
Wolayta, high African ancestry (77 and 81% respectively) and high
iHS scores (top scoring SNPs with p<10™*) were found around the
immunoglobulin heavy variable 1-8 genes (/GHVI-§), central to
defence (Figure 3c¢).

Signatures of polygenic adaptation through functional enrichment
analysis
Functional enrichment analysis can be used to understand the
biological functions of groups of genes, in this case those that have
putatively been under positive selection. For this analysis, we listed
the genes contained in windows with scores higher than the
empirical 99.5 percentile, either for SFselect or mean iHS. We
relaxed the thresholds of significance since we are trying to detect
loci contributing to polygenic selection and a biological term was
considered significant if the p-value after a Benjamini-Hochbert
correction was below an alpha value of 0.05 (Table 4). Details of
the significant terms and associated genes in each population, and
selection tests, can be found in the Additional file 3. Many of the
biological categories significant in all populations are related to
immune responses and defence (Table 4). Folate metabolism is also
a recurrent function found in many populations, as well as for
calcium homeostasis related functions. Finally, muscle development
function also appears in several populations.

All in all, the enrichment analysis reinforced our previous
analyses of selection, again highlighting several of the main
adaptations that Ethiopian populations have undergone.

Discussion
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In this study, we have found new gene candidates under adaptive
selection in populations from East Africa. We have been able, by
performing extensive simulations, to assess the significance of our
candidate adaptive selection signals. We have provided evidence for
both old and recent selective sweeps, and both shared and
population-specific signals of selection, while accounting for any
effect of admixture. Our work has also highlighted the genetic
similarity among Afroasiatic Ethiopian populations since many of
the old signals of selection are shared between them.

Selection analysis in recently admixed populations is of
special interest as the adaptation process may maintain pre-
admixture adaptations or use one of the components as the genetic
background for new adaptations. It is thus of interest to compare the
more ancient (likely pre-admixture) and more recent (post-
admixture and population specific) adaptations. The site-frequency-
based test SFselect captures ancient and shared selection events
before the gene flow from West Asia into Africa and thus before the
admixture of the West Asian and the East African components.
Conversely, iHS captures recent selection that probably happened
after admixture, and that is often population-specific either for the
Nilotic (Gumuz) or Afroasiatic populations (Amhara, Oromo,
Wolayta, Somali).

We have found that folate metabolism appears to have been
crucial for Ethiopian populations, a trait that is new as an adaptation
(173). Specifically, we have identified the genes FOLRI, FOLR?2
and DHFRLI (see Additional File 3) as candidates of adaptive
selection, while the functional enrichment analysis also highlighted
folate metabolism as a main function potentially under selection,
and many genes related to skin pigmentation or UV protection were
picked out. Folate is crucial for DNA biosynthesis, methylation and
repair and its deficiency can cause fatal birth defects and hence can
directly affect reproductive success. Sufficient folate is associated
with a 72% reduced risk of neural tube defects (138) and it is
known that folate deficiency severely challenges the nucleotide
excision repair mechanism needed to remove UV induced DNA
photoproducts (174). Ethiopia experiences very high ultraviolet
radiation, which has consequences that include severe DNA damage
and impaired genome integrity. It has been hypothesized that under
high UVB and UVA radiation, dark skin pigmentation has been
selected in order to avoid folate photolysis (the “vitamin D-folate
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hypothesis™) (175,176). Among the recent selective sweeps were
many on genes involved in UV radiation response and
pigmentation. In the Afroasiatic populations, we have found a
region containing the UVRAG gene that activates the nucleotide
excision repair pathway when there is UV-induced damage in cells.
We have also found as selection candidates BNC2 (among Ambhara,
Oromo, Wolayta and Gumuz) whose high expression is associated
with dark skin colour, and BLOCIS2, encoding a subunit of the
complex BLOC-1 that produces strong pigmentation phenotypes in
mice and Hermansky-Pudlak syndrome in humans and also many
functional enrichment categories related to UV responses. In
addition, we have found ZRANB3 in the Somali population, where
deficiency causes genome instability and hypersensitivity to DNA
damaging including UV radiation and has been found to be under
selection in black Tibetan wild boars. Thus, there is strong evidence
in our study pointing towards folate and pigmentation related
adaptations.

The environmental changes and migrations that humans
have often experienced have made immunological adaptations a key
process during human evolution. Our study gives further insights
into these immune-related adaptations in East Africa where the
major causes of death are due to infections (HIV, tuberculosis,
malaria and other acute lower respiratory infections). For example,
we have found in Amhara a region containing /FNA genes that
encode for interferon alpha (pivotal for antiviral responses) and a
region that the Amhara, Somali and Wolayta share in common
containing MRC! (an endocytic receptor involved in adaptive and
innate immune responses). Most importantly, we have found in the
Gumuz population regions under potentially recent adaptive
selection containing genes belonging to the immunoglobulin heavy
constant and variable chains and to the T-cell receptor alpha
variable locus.

Although we have been able to highlight potentially adaptive
regions through computational methods and elaborated on the
possible biological implications that could have been pivotal for
adaptation in East Africa, this is just a first step towards a better
understanding of human adaptive evolution and further functional
studies are needed in order to confirm our findings. Our work
provides the foundation for such studies.
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Methods

Data

The dataset comprised five East African populations (Ambhara,
Oromo, Somali, Wolayta and Gumuz) with 24 individuals each
from Pagani et al. 2015. One Wolayta individual was excluded
from all subsequent analysis due to a high degree of relatedness
(data not shown). Additional samples from the 1000 Genomes
Project (81) and a set of 100 Egyptian samples also from Pagani et
al. 2015 were included in PCA and ADMIXTURE analyses. The
genome assembly of the data is GRCh37 (hgl9). A summary of the
dataset is shown in Table 1.

PCA and ADMIXTURE

The PCAs were performed with smartpca from the Eigensoft 6.0.1
software (177). All individuals from the dataset were used to
perform the worldwide PCA. For the local PCA, all Ethiopians were
included, plus a random subset of 24 YRI and 24 CEU. We applied
a general filter requiring minor allele frequency higher than 0.05.
The PCA of the West Asian masked samples was done with the
Isgproject mode that is suitable when the samples have large
amounts of missing data.

Population structure analysis was performed with the
ADMIXTURE software (178) on a reduced set of 13 populations,
24 individuals per population (with the exception of 23 Wolayta).
Variants were pruned using the PLINK software (179) with
parameters --indep 50 5 2 to remove the effect of linkage
disequilibrium.

SFselect and iHS

SFselect is a machine-learning site frequency spectrum-based
method to detect adaptive selection in polymorphism data (137).
The program was developed using supervised learning (support
vector machines) trained with extensive forward population
simulations. The authors previously simulated neutral populations
and populations where a selected allele experienced 200 different
combinations of the parameters s (selection coefficient) and t (time
under selection). SFselect shows high power to detect positive
selection compared to other tests based on the site frequency
spectrum. Our sample size of 48 chromosomes per population
provides with enough accuracy to make inferences based on SFS
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(180). In this study, we used the general support vector machine
trained model of SFselect and applied the test by dividing the whole
genome into 30 kb windows with 5 kb overlap between windows.

We used the linkage disequilibrium-based test iHS (89) to
detect recent events of selection in the five Ethiopian populations.
The sample size per population is of 48 chromosomes, which
according to (181) provides with enough power to detect signals of
positive selection (minimum of 40 chromosomes is recommended).
We used the physical positions to calculate iHS since there is no
specific genetic map for these populations. We used the software
rehh 2.0 (182) to calculate iHS for all the variants with a minor
allele frequency higher than 0.05 and excluded a variant from the
calculation if a 20 kb gap was found when calculating EHHs, as
they may produce biases. In addition to the iHS score per SNP, we
also calculated the mean iHS score (average of iHS scores across
SNPs), and the maximum iHS value and —log;o(p-value) of a SNP
in each 30 kb window; these windows were the same as in the
SFselect analysis.

To annotate the protein-coding gene content of windows, we
used bedtools 2.24.0 (183) to intersect windows with the hg19 gene
annotations from RefSeq. To annotate individual variants,
ANNOVAR (184) was used.

Masking

Masking was performed as described previously (58). African and
West Asian ancestries of the FEthiopian individuals were
deconvoluted using PCAdmix on 20-SNP windows. The CEU and
Gumuz populations were used as surrogate sources for the West
Asian component and East African component respectively. The
West Asian ancestry was subsequently masked.

After the masking procedure, the proportion of West Asian ancestry
in a population was estimated by averaging the proportion of
masked data across each SNP. For a specific 30 kb window, the
same calculation was done but only including SNPs falling in the
window. Consecutive 30 kb windows under selection were merged
when calculating the West Asian component proportions. A
resampling analysis was used to test if the general increase of West
Asian component ancestry among the significant 99.99™ percentile
SFselect and iHS windows was significant. We sampled the number
of selected windows 10° times from the genome-wide windows and
calculated the mean West Asian component ancestry in each to
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obtain a distribution of means. The values obtained for windows
were compared with this distribution.

Simulations

To test whether demographic events could mimic the genomic
patterns expected from adaptation, we performed extensive
simulations using a simple demographic model that captures the key
elements to define the critical values for each of the tests. We used
the sequence simulator SLiM (185) to generate samples of the
human neutral demography. A demographic model adapted from
(109) was used, adding a simple model of admixture between a sub-
Saharan population and an OoA like population (58) (as a proxy for
the West Asians) 2,600 years ago (Supplementary Figure 4 in
Additional File 1). For simplicity, the Amhara population was used
as example to model the admixture event common to all Afroasiatic
populations, using a West Asian admixture proportion of 0.54.

We next checked the validity of the model by comparing the
derived Site Frequency Spectra (SFS) from the real and simulated
data (Supplementary Figure 5 in Additional File 1). The main
differences between real and simulated data were seen among the
singletons: a deficit of singletons was observed in the real data due
to the low coverage, but otherwise the differences are very small,
meaning that our model fits our data well.

There is an increase of extreme SFselect and iHS scores in
our real data (Supplementary Figure 6 in Additional File 1). The
99.99"™ percentile SFselect score thresholds after the neutral
simulations for the Gumuz and the Afroasiatic populations are 2.24
and 2.31, respectively (Supplementary Table 1 in Additional file 2).
For iHS, we calculated after the neutral simulations the 99.99™
percentile of both the per SNP p-value distribution and the 30-kb
window of the mean absolute iHS scores (for an easy comparison
with SFselect). We found that for the SNP-based analysis, the
99.99"™ percentiles per SNP were 3.88 and 3.62 for Gumuz and the
Afroasiatic populations, respectively. The window analysis set the
99.99" percentile thresholds at 2.54 and 2.53.

Functional Envichment analysis

To understand the biological functions that may have been under
positive selection, we used ClueGo (186), a Cytoscape (187) plug-
in that integrates Gene Ontology, KEGG pathways and several
other databases to map groups of genes to specific functions.
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ClueGo enables visualisation in a functionally grouped annotation
network, a pie graph showing the group leading terms (most
significant term among a group) and a histogram with all significant
terms after p-adjustment (<0.05 after Benjamini-Hochbert
correction) and their number of genes from the analysed cluster
found in our list of genes. In this case, we used the genes falling
among the top 99.5 percentile of SFselect and mean iHS scores. All
information about significant terms and associated genes for each
population and selection tests can be found in the Additional file 3.
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Figure 4: Common signals of positive selection between populations detected with
SFselect. A) Venn diagram of the number of windows above the 99.99 percentile
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99.99" percentile threshold by population. Each row represents a window and colours
indicate the population corresponding significance.
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Figure 5: Common signals of positive selection between populations detected with
iHS. A) Venn diagram of the number of windows above the 99.99™ percentile
threshold shared between populations. B) Genes in the top 20 windows above the
99.99 percentile threshold by population. Each row represents a window and
colours indicate the population corresponding significance.
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Tables

Population Lingu?stic Linguist_ic Number of
family subfamily samples
Amhara Afroasiatic Semitic 24
Oromo Afroasiatic Cushitic 24
Somali Afroasiatic Cushitic 24
Wolayta Afroasiatic Omotic 24
Gumuz Nilo-Saharan Nilo-Saharan 24

Table 1: Ethiopian populations, linguistic families and sample sizes included
in the study.

Amhara Oromo  Somali Wolayta Gumuz

A (n=207) (n=220) (n=158) (n=192) (n=182)
Amhara 79 58 72 41
Oromo 54 67 40
Somali 54 38
Wolayta 37

B Amhara Oromo Somali Wolayta Gumuz

(n=35) (n=41) (n=66) (n=54) (n=70)
Ambhara 7 6 8 5
Oromo 7 11 5
Somali 4 4
Wolayta 6

Table 2: Number of shared 30 kb windows under selection between East
African populations. Significant windows for each population (n) were
selected after applying the 99.99 thresholds calculated after the neutral
simulations. A) SFselect B) iHS.



Whole

Genome SFselect iHS
Amhara 0.54 0.60 0.67
Oromo 0.51 0.56 0.62
Somali 0.45 0.49 0.61
Wolayta 0.43 0.49 0.56
Gumuz 0.07 0.10 0.15

Table 3: Average West Asian ancestry proportions for each population at
the genome level and among the significant windows under selection from
SFselect and iHS analysis. Significant windows for each population (n) were
selected after applying the 99.99 thresholds calculated after the neutral
simulations.

Term Population ?B-\;Ie;lue Test
Response to virus Amhara 0.006 SFselect
RNA surveillance Somali 0.005 SFselect
Regulation of viral process Wolayta 0.026 SFselect
Type | interferon binding Amhara 0.018 SFselect
Type | interferon production Gumuz 0.020 SFselect
Positive regulation of interferon- Gumuz 0.027 iHS
gamma production
B-cell activation and regulation of Ambhara, Somali 0.017; 0.01 SFselect
immunoglobulin production
Regulation of immunoglobulin Ambhara 0.018 SFselect
production
Hepatitis B Amhara 0.03 SFselect
Tuberculosis Amhara 0.047 SFselect
Measles Amhara 0.04 SFselect
Leishmaniasis Gumuz 0.049 iHS
Lupus erythematous Somali, Wolayta, 0.0009; iHS
Gumuz 0.02; 0.026
Folic acid containing compound Ambhara, Somali, 0.013; 0.02; SFselect
metabolic process Wolayta 0.02
Folic acid metabolic process Amhara, Wolayta  0.019; 0.01 SFselect
Metabolism of folate Amhara 0.017 SFselect
Pterines and folate biosynthesis Amhara 0.02 SFselect
Cellular response to UV-B Ambhara, Somali 0.002; SFselect
0.0019
Cellular response to UV Ambhara, Somali 0.018; SFselect
0.0027
Cellular response to radiation Amhara, Somali 0.01; 0.001 SFselect
Cellular response to vitamin D Amhara 0.02 SFselect
Bone mineralization Somali 0.03 SFselect
Osteoclast differentiation Wolayta 0.03 SFselect
Negative regulation of cardiac muscle Gumuz 0.02 SFselect

tissue development
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Negative regulation of striated muscle Gumuz 0.037 SFselect
tissue development

Muscle fibre development Somali 0.036 iHS

Table 4: Signatures of polygenic adaptation through functional enrichment
analysis. We have listed the most relevant terms of the analysis. The two lists of
genes used for the analysis were taken from the significant windows under
putative positive selection for SFselect and iHS. The genes used for this analysis
are listing the genes with significant SFselect or iHS scores. A biological term was
considered significant if the p-value after a Benjamini-Hochbert (BH) correction
was below an alpha value of 0.05.
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Supplementary figure 1: Location of the five sampled
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including the East African samples, a set of Europeans and Western Africans.
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Supplementary Figure 4: Schematic representation of the demographic model
used to simulate neutral sequences. Parameters where obtained from
Jouganous et al 2017.
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Supplementary Figure 5: Relative site frequency spectrum A) Afroasiatic B)
Gumuz. The difference of derived allele frequency between neutral simulations
and real data. The neutral simulations fit the real data for both Afroasiatic and
Gumuz data since there are no main differences between the derived site
frequency spectrum between real and simulated data. The slight increase of
singletons in simulations can be explained by the lack of coverage in real data and
inaccuracies of the demographic model.
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Supplementary Figure 6: Density plots of A) SFselect scores B) mean absolute iHS score in 30
kb windows C) —log10(p) per SNP, of real and simulated data for Afroasiatic (left) and Gumuz
(right). The dashed line represents the 99.99" percentile threshold calculated after the
simulations. Neutral and real data.
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Supplementary Figure 7: PCA of the masked East African samples with a set
of Europeans and Africans. The Afroasiatic samples now cluster next to the
unadmixed Gumuz in comparison with Figure 2 where they clustered between
Europeans and the Gumuz.
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Supplementary Figure 8: Genome-wide Manhattan plots of SFselect scores A)
Amhara B) Oromo C) Somali D) Wolayta E) Gumuz. Each point represents the
SFselect score of a 30 kb window and the dashed black lines the 99.99™
percentile threshold obtained after the neutral simulations.
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Supplementary Figure 9: Genome-wide Manhattan plots of the —log10(p-value) of iHS for A)
Amhara B) Oromo C) Somali D) Wolayta E) Gumuz. Each point represents the —log10(p-value) of
the iHS score of a SNP normalised by allele frequency bins of 0.05. The horizontal dashed black
lines represent the 99.99" percentile threshold obtained after the neutral simulations.



ADDITIONAL FILE 2

SFselect Mean iHS per window -log10(p) iHS SNP based
Percentile 99.99 99.90 99.99 99.90 99.99 99.90
2.31 1.93 2.53 1.95 3.62 2.77
Afroasiatic (n= (n= (n=15809) (n=15809) (n=738269) (n=738269)
20424) 20424)
2.24 1.56 2.54 2.05 3.88 2.98
Gumuz (n= (n= (n=19240) (n=19240) (n=1055794) (n=
24000) 24000) 1055794)

Supplementary Table 1: The 99.99™ and 99.90™ percentile thresholds of SFselect and iHS
calculated after the neutral simulations. For SFselect and mean iHS we report in parenthesis
the number of 30 kb simulated windows and for the SNP based iHS the number of SNPs
used to calculate the thresholds.
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Chr Start End Amhara Oromo Somali Wolayta Gumuz Genes Type of gene

chr9 84515910 84545910 5.34 5.25 4.67 5.38 4.97 RP11-383M4.2, RP11-383M4.6, lincRNA, lincRNA,
SPATA31D4, SPATA31D5P PS,PS

chr11 123574 153574 5.04 4.50 2.58 5.09 4.39 LINC01001, RP11-304M2.6, CICP23, lincRNA, lincRNA, PS,
RNU6-447P snRNA

chr11 71898574 71928574 4.77 3.02 2.76 3.12 3.71 FOLR1, FOLR2 PC

chr19 50582864 50612864 4.61 4.67 5.28 5.26 5.60 - -

chr11 71948574 71978574 4.50 4.26 3.95 3.93 4.05 INPPL1, PHOX2A, AP000593.5 PC, PC, PS

chr11 71923574 71953574 4.48 4.75 5.29 5.12 3.15 FOLR2, INPPL1, PHOX2A PC

chr1 226096808 226126808 3.85 412 3.01 3.38 3.22 LEFTY1, LEFTY2, PYCR2 PC

chrb 81280629 81310629 3.84 3.10 2.89 3.21 2.40 ATG10, PPIAP11 PC, PS

chr15 32754330 32784330 3.63 2.76 2.66 3.70 2.77 AC135983.2, RP11-632K20.6 PC, PS

chr3 93598294 93628294 3.01 2.47 3.26 2.54 3.81 PROS1 PC

chr2 96448695 96478695 2.94 3.14 2.77 2.95 2.93 LINC00342, AC008268.2 lincRNA, PS

chr1 571808 601808 2.78 3.00 2.62 2.99 2.85 RP5-857K21.4 lincRNA

chr20 39678005 39708005 2.59 2.49 2.74 2.65 2.51 TOP1 PC

chr15 30704330 30734330 2.52 2.62 2.38 2.45 2.75 GOLGAS8R, RP11-382B18.5 PC, PS

chr4 89360998 89390998 2.42 2.40 2.38 2.43 2.44 HERCS, HERC6 PC

chr1 184021808 184051808 2.4 2.32 2.34 2.33 2.32 TSEN15 PC

Supplementary Table 2: SFselect positive selection signals shared among the five populations of study. All the reported SFselect
scores of the 30 kb windows are above the 99.99 percentile threshold calculated after the simulations. We also report the genes within
the window and the type of gene (PC: protein coding gene, PS: pseudogene, lincRNA: long interspersed non-coding RNA, small

nuclear RNA: snRNA).
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Chr Start Stop SFselect Genes

chr2 232673695 232703695 4.89 COPST7B

chr11 71898574 71928574 4.77 FOLR1, FOLR2

chr1 147396808 147426808 4.58 GPR89B

chr11 71948574 71978574 4.50 INPPL1, PHOX2A

chr11 71923574 71953574 4.48 FOLR2, INPPL1, PHOX2A
*  chr9 21215910 21245910 3.93 IFNA16, IFNA17, IFNA14

chr1 226096808 226126808 3.85 LEFTY1, RP4-559A3.7,
PYCR2, LEFTY2

chrb 81280629 81310629 3.84 ATG10

chr15 32754330 32784330 3.63 AC135983.2

chr7 72433619 72463619 3.50 TRIM74, AC005488.1

chr1 149821808 149851808 3.36 HIST2H2AA4, HIST2H3A,
HIST2H4B

chr17 30351088 30381088 3.35 LRRC37B

chr10 18164034 18194034 3.26 MRC1

chrb 140705629 140735629 3.22 PCDHGA1, PCDHGA2,
PCDHGAS3, PCDHGB1,
PCDHGA4

chr8 48786376 48816376 3.09 PRKDC
chr2 155023695 155053695 3.06 GALNT13
chr3 130698294 130728294 3.04 ATP2C1

chr17 43676088 43706088 3.01 CRHR1
chr3 93598294 93628294 3.01 PROS1
* c¢chr10 51214034 51244034 3.01 AGAPS8
chr10 51189034 51219034 2.97 FAM21D
chr17 15526088 15556088 2.96 RP11-385D13.1, TRIM16
chr7 74158619 74188619 2.96 GTF2l, NCF1
chr17 30326088 30356088 2.88 SUZ12, LRRC37B
chr17 47876088 47906088 2.82 KAT7
* chr12 112399817 112429817 2.78 TMEM116
chr3 93773294 93803294 2.7 ARL13B, DHFRL1, NSUN3

* chr12 112374817 112404817 2.69 TMEM116
chr2 200773695 200803695 2.67 C20rf69, TYW5
chr3 93798294 93828294 2.66 NSUN3

Supplementary Table 4A: SFselect positive selection signals found in Amhara population.
All the 30 kb window scores reported are above the 99.99 percentile threshold calculated
after the simulations. Only protein coding genes are reported.

* : Population-specific positive selection signals. These signals are above the 99.99
percentile threshold calculated after the simulations that are not found among the 99
percentile of the rest of the populations of study.
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Chr Start Stop SFselect Genes

chr11 71923574 71953574 4.75 FOLR2, INPPL1, PHOX2A

chr17 15526088 15556088 4.39 RP11-385D13.1, TRIM16

chr10 46339034 46369034 4.39 AGAP4

chr11 71948574 71978574 4.26 INPPL1, PHOX2A

chr1 226096808 226126808 4.12 LEFTY1, RP4-559A3.7, PYCR2,
LEFTY2

chr10 46489034 46519034 3.95 PTPN20A

chr2 232673695 232703695 3.83 COPS7B

chr1 78321808 78351808 3.72 FAM73A

chr1 147396808 147426808 3.67 GPR89B

chr13 114717755 114747755 3.62 RASA3

chr2 155023695 155053695 3.56 GALNT13

chr2 113198695 113228695 3.41 RGPDS8

chr1 149796808 149826808 3.38 HIST2H4A, HIST2H3C,
HIST2H2AA3, HIST2H2AA4,
HIST2H3A, HIST2H4B

chr1 27096808 27126808 3.37 ARID1A, PIGV

chr7 74158619 74188619 3.26 GTF2l, NCF1

chr17 30351088 30381088 3.25 LRRC37B

chr5 45505629 45535629 3.21 HCN1

chr15 30829330 30859330 3.14 GOLGA8Q

chrb 81280629 81310629 3.10 ATG10

chr3 93698294 93728294 3.04 ARL13B

chr11 71898574 71928574 3.02 FOLR1, FOLR2

chr15 74954330 74984330 2.95 EDC3

chr16 22021755 22051755 2.88 C160rf52

chr14 36169850 36199850 2.76 RALGAPA1

chr15 32754330 32784330 2.76 AC135983.2

chr2 144973695 145003695 2.74 GTDC1

*  chr20 32178005 32208005 2.67 CBFA2T2

chr11 66898574 66928574 2.63 KDM2A

chr15 30704330 30734330 2.62 GOLGAS8R

chrb 36880629 36910629 2.62 NIPBL

Supplementary Table 4B: SFselect positive selection signals found in Oromo population.
All the 30 kb window scores reported are above the 99.99 percentile threshold calculated
after the simulations. Only protein coding genes are reported.

* : Population-specific positive selection signals. These signals are above the 99.99
percentile threshold calculated after the simulations that are not found among the 99
percentile of the rest of the populations of study.
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Chr Start Stop SFselect Genes

chr11 71923574 71953574 5.29 FOLR2, INPPL1,
PHOX2A

chr13 53167755 53197755 4.30 HNRNPA1L2

chr1 147396808 147426808 4.18 GPR89B

chr1 78321808 78351808 4.10 FAM73A

chr11 71948574 71978574 3.95 INPPL1, PHOX2A

chr16 22021755 22051755 3.82 C160rf52

chr10 18164034 18194034 3.64 MRC1

chr2 232673695 232703695 3.48 COPS7B

chr3 93798294 93828294 3.38 NSUN3

chr1 146446808 146476808 3.34 NBPF12

chr15 30829330 30859330 3.26 GOLGA8Q

chr3 93598294 93628294 3.26 PROS1

chr3 93773294 93803294 3.17 ARL13B, DHFRL1,
NSUN3

chr1 149821808 149851808 3.08 HIST2H2AA4,
HIST2H3A,
HIST2H4B

chr1 226096808 226126808 3.01 LEFTY1, RP4-
559A3.7, PYCR2,

LEFTY2
chr17 15526088 15556088  2.96  RP11-385D13.1,
TRIM16
* chr16 22396755 22426755  2.93  CDR2
chr13 114717755 114747755  2.91  RASA3
chr7 72433619 72463619 291  TRIM74,
AC005488.1
chr5 81280629 81310629 289  ATG10
chrz 113198695 113228695  2.88  RGPDS8
chr6 50655815 50685815  2.80  TFAP2D
chrl9 53032864 53062864 278  ZNF808, ZNF701
chri0 46339034 46369034 276  AGAP4
chri1 71898574 71928574 276  FOLRT, FOLR2
chr20 39678005 39708005 274  TOP1
chr6 83805815 83835815 271  DOPEY1
* chr7 99258619 99288619 268  CYP3A5
chr22 32476780 32506780 267  SLC5A1

chr1 161546808 161576808 2.66 FCGR3A, FCGR2B

Supplementary Table 4C: SFselect positive selection signals found in Somali population.
All the 30 kb window scores reported are above the 99.99 percentile threshold calculated
after the simulations. Only protein coding genes are reported.

* : Population-specific positive selection signals. These signals are above the 99.99
percentile threshold calculated after the simulations that are not found among the 99
percentile of the rest of the populations of study.
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Chr Start Stop SFselect Genes

chr11 71923574 71953574 5.12 FOLR2, INPPL1, PHOX2A
chr13 53167755 53197755 4.74 HNRNPA1L2

chr2 232673695 232703695 4.13 COPS7B

chr8 48786376 48816376 4.05 PRKDC

chr17 15526088 15556088 4.00 RP11-385D13.1, TRIM16
chr10 18164034 18194034 3.93 MRC1

chr11 71948574 71978574 3.93 INPPL1, PHOX2A

chr1 149796808 149826808 3.85 HIST2H4A, HIST2H3C, HIST2H2AA3,
HIST2H2AA4, HIST2H3A, HIST2H4B

chr2 95748695 95778695 3.81 MRPS5

chr2 113198695 113228695 3.72 RGPDS8

chr15 32754330 32784330 3.70 AC135983.2

chr15 30829330 30859330 3.63 GOLGA8Q

chr9 99740910 99770910 3.50 HIATL2

chr10 51189034 51219034 3.46 FAM21D

chr1 226096808 226126808 3.38 LEFTY1, RP4-559A3.7, PYCR2,
LEFTY2

chrb 140705629 140735629 3.31 PCDHGA1, PCDHGA2, PCDHGAS,
PCDHGB1, PCDHGA4

chrb 81280629 81310629 3.21 ATG10
*  chr1 115121808 115151808 3.19 BCAS2, DENND2C
chr11 71898574 71928574 3.12 FOLR1, FOLR2
* c¢chr19 57907864 57937864 3.06 AC003002.4, ZNF548, AC003002.6,

AC004076.7, ZNF17
chr2 155023695 155053695 3.05 GALNT13

chr10 46489034 46519034 3.01 PTPN20A

chr17 47876088 47906088 2.94 KAT7

chrb 45355629 45385629 2.80 HCN1

chr1 78321808 78351808 2.77 FAM73A

chr16 70346755 70376755 2.73 DDX19B, RP11-529K1.3
chrb 36955629 36985629 2.7 NIPBL

chr22 32476780 32506780 2.69 SLC5A1

chr20 39678005 39708005 2.65 TOP1

chr6 118030815 118060815 2.63 NUS1

Supplementary Table 4D: SFselect positive selection signals found in Wolayta population.
All the 30 kb window scores reported are above the 99.99 percentile threshold calculated
after the simulations. Only protein coding genes are reported.

* : Population-specific positive selection signals. These signals are above the 99.99
percentile threshold calculated after the simulations that are not found among the 99
percentile of the rest of the populations of study.
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Chr Start Stop SFselect Genes
chr3 93798294 93828294 4.86 NSUN3
chr11 71948574 71978574 4.05 INPPL1, PHOX2A
chr10 46489034 46519034 3.97 PTPN20A
chr10 46539034 46569034 3.93 PTPN20A
chr3 93598294 93628294 3.81 PROS1
chr11 71898574 71928574 3.71 FOLR1, FOLR2
* chr9 40790910 40820910 3.41 ZNF658
chr2 113198695 113228695 3.38 RGPDS8
chr13 114717755 114747755 3.33 RASA3
chr2 95748695 95778695 3.27 MRPS5
chr1 226096808 226126808 3.22 LEFTY1, RP4-559A3.7,
PYCR2, LEFTY2
chr11 71923574 71953574 3.15 FOLR2, INPPL1,
PHOX2A
chr17 30351088 30381088 3.03 LRRC37B
chr7 72433619 72463619 2.96 TRIM74, AC005488.1
chr19 53032864 53062864 2.93 ZNF808, ZNF701
chr8 48786376 48816376 2.86 PRKDC
*  chr3 93723294 93753294 2.83 ARL13B, STX19
*  chr2 233223695 233253695 2.79 ALPP
chr3 93748294 93778294 2.78 ARL13B, DHFRL1
chr15 32754330 32784330 2.77 AC135983.2
chr15 30704330 30734330 2.75 GOLGAS8R
chr4 88110998 88140998 2.68 KLHLS8
chr22 32451780 32481780 2.61 SLC5A1
chr2 200798695 200828695 2.58 C20rf69, TYWS, C2o0rf47
* chr9 40865910 40895910 2.56 ZNF658
chré 25955815 25985815 2.56 TRIM38
chr10 77464034 77494034 2.55 C10orf11
*  chr2 158448695 158478695 2.54 ACVR1C
chr9 97990910 98020910 2.53 FANCC
chr2 111373695 111403695 2.51 BUB1

Supplementary Table 4E: SFselect positive selection signals found in Gumuz population.
All the 30 kb window scores reported are above the 99.99 percentile threshold calculated
after the simulations. Only protein coding genes are reported.

* : Population-specific positive selection signals. These signals are above the 99.99
percentile threshold calculated after the simulations that are not found among the 99
percentile of the rest of the populations of study.
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Chr Start Stop meaniHS maxP  Genes
chr18 6247301 6277301 4.14 467 L3MBTL4
chr1 202396808 202426808 3.57 6.71  PPP1R12B
chr18 66647301 66677301 3.34 6.67 CCDC102B
chr16 21746755 21776755 3.12 6.58 OTOA
chr9 74490910 74520910 3.05 4.08 ABHD17B
chr1 244721808 244751808 2.99 5.66 Cftorf101
chr18 66722301 66752301 2.98 846 CCDC102B
chr1 244696808 244726808 2.96 5.73  Cftorf101
chré 128505815 128535815 2.92 482 PTPRK
chr11 85173574 85203574 2.92 516 DLG2
chr12 22524817 22554817 2.89 9.50 ST8SIA1
chr12 113674817 113704817 2.86 5,59 TPCN1
chr1 244671808 244701808 2.77 5.18 Cftorf101
chré 157480815 157510815 273 475 ARID1B

*  chr6 136905815 136935815 2.71 6.33 MAP3K5
chr2 158323695 158353695 2.71 483 CYTIP
chr12 113699817 113729817 2.68 406 TPCNT1
chr11 75573574 75603574 2.66 431 UVRAG

* chrd 47210998 47240998 2.63 479 GABRBf1
chr22 46701780 46731780 2.58 462 GTSET,

TRMU

chr9 40815910 40845910 2.54 523 ZNF658
chr11 85198574 85228574 2.53 476 DLG2

Supplementary Table 5A: iHS positive selection signals found in Amhara population. The
mean iHS score for the 30 kb windows is reported and the highest —log(p-value) of a variant

within the window. All the reported iHS scores are above the reported 99.99 percentile
thresholds calculated after the simulations. Only protein coding genes are reported.

* : Population-specific positive selection signals. These signals are above the 99.99
percentile threshold calculated after the simulations that are not found among the 99

percentile of the rest of the populations of study.
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Chr Start Stop meaniHS maxP  Genes

chr3 19248294 19278294 3.33 746  KCNH8

chr1 202396808 202426808 3.14 6.77 PPP1R12B

chr17 79776088 79806088 3.08 425 FAM195B,
AC174470.1,

PPP1R27, P4HB
chr2 237448695 237478695 3.07 537 ACKR3

chr12 8299817 8329817 2.96 277  ZNFT705A
chr11 72023574 72053574 2.94 6.60 CLPB
chr3 19298294 19328294 2.9 4.79 KCNH8
chr2 158323695 158353695 2.87 6.16 CYTIP
chr11 72048574 72078574 2.86 486 CLPB
chr16 21746755 21776755 2.85 732 OTOA
chr12 82849817 82879817 2.82 711 METTL25
chr17 44351088 44381088 2.72 842 ARL17B, LRRC37A
chr3 19273294 19303294 2.69 479 KCNH8
chr11 75473574 75503574 2.60 3.09 DGAT2
chr11 75523574 75553574 2.60 7.06 UVRAG
chr3 19173294 19203294 2.59 531 KCNH8
chr12 45674817 45704817 2.58 3.82 ANO6

chr12 113674817 113704817 2.56 3.62 TPCN1
chr1 149821808 149851808 2.55 3.95  HIST2H2AA4,

HIST2H3A,
HIST2H4B
chr12 64224817 64254817 2.55 539 SRGAP1
chr10 70414034 70444034 2.54 444 TET1
*  chr3 164673294 164703294 2.54 479 SI
chr15 44879330 44909330 2.54 4.07 SPG11
chr12 82799817 82829817 2.54 521 METTL25

Supplementary Table 5B: iHS positive selection signals found in Oromo population. The
mean iHS score for the 30 kb windows is reported and the highest —log(p-value) of a variant
within the window. All the reported iHS scores are above the reported 99.99 percentile
thresholds calculated after the simulations. Only protein coding genes are reported.

* : Population-specific positive selection signals. These signals are above the 99.99
percentile threshold calculated after the simulations that are not found among the 99
percentile of the rest of the populations of study.

98



Chr Start Stop meaniHS maxP Genes
chr11 75448574 75478574 3.52 7.94 DGAT2
chr11 75523574 75553574 3.40 8.77 UVRAG
chr2 136248695 136278695 3.32 5.99 ZRANB3
chr11 75498574 75528574 3.22 6.24 DGAT2, UVRAG
chr21 30808956 30838956 3.17 5.72 BACH1
chr1 51596808 51626808 3.13 3.72 C1orf185
chr1 70471808 70501808 3.12 6.91 LRRC7
chr2 135973695 136003695 3.10 5.40 ZRANB3
chr11 75548574 75578574 3.04 7.65 UVRAG
*  chr2 136273695 136303695 2.98 6.50 ZRANB3, R3HDM1
chr11 75723574 75753574 2.96 3.80 UVRAG
chr2 136073695 136103695 2.94 5.07 ZRANB3
*  chr9 28615910 28645910 2.94 5.38 LINGO2
*  chr9 28640910 28670910 2.94 5.08 LINGO2
chr2 237448695 237478695 2.92 4.86 ACKR3
chr2 136023695 136053695 2.91 4.86 ZRANB3
* chr19 3232864 3262864 2.88 6.38 CELF5
*  chri5 42654330 42684330 2.86 5.87 CAPN3
chri2 44674817 44704817 2.85 6.04 TMEM117
chr9 40815910 40845910 2.85 5.65 ZNF658
chr11 75473574 75503574 2.83 3.54 DGAT2
chr1 51696808 51726808 2.83 4.72 RNF11
chri6 21746755 21776755 2.82 5.50 OTOA
chri2 56724817 56754817 2.82 3.85 PAN2, IL23A, STAT2, APOF
chr2 136123695 136153695 2.82 5.74 ZRANB3
chr4 71635998 71665998 2.80 5.71 RUFY3
chr17 58826088 58856088 2.75 4.69 BCAS3
chr4 71610998 71640998 2.75 6.67 RUFY3
chr2 135998695 136028695 273 5.40 ZRANB3
*  chri0 57364034 57394034 2.72 2.85 PCDH15
chr2 136098695 136128695 2.72 4.33 ZRANB3
chr7 137258619 137288619 2.71 6.41 DGKI
chr4 510998 540998 2.68 6.25 PIGG
chr9 74490910 74520910 2.68 3.93 ABHD17B
*  chr2 135823695 135853695 2.67 3.93 RAB3GAP1
chr9 74515910 74545910 2.66 4.85 ABHD17B, C9orf85
chri2 45799817 45829817 2.66 5.86 ANO6
chr1 51571808 51601808 2.65 4.53 C1orf185
*  chr13 52942755 52972755 2.63 2.27 THSD1
chr7 123658619 123688619 2.63 7.45 TMEM229A
chr8 145211376 145241376 2.62 5.91 MROH1
* chr 225646808 225676808 2.61 4.72 ENAH
chr2 136148695 136178695 2.59 4.94 ZRANB3
*  chr2 135773695 135803695 2.57 4.89 MAP3K19
chr12 11174817 11204817 2.57 5.91 PRR4, TAS2R14, TAS2R19, TAS2R31,
AC018630.1
chr4 159235998 159265998 2.56 5.33 RXFP1
chr8 145161376 145191376 2.55 7.43 SHARPIN, MAF1, KIAA1875
chr11 75573574 75603574 2.54 5.48 UVRAG
chr7 137233619 137263619 2.53 6.41 DGKI
chr7 74558619 74588619 2.53 3.73 GTF2IRD2B

Supplementary Table 5C: iHS positive selection signals found in Somali population. The mean iHS score

for the 30 kb windows is reported and the highest —log(p-value) of a variant within the window. All the
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reported iHS scores are above the reported 99.99 percentile thresholds calculated after the
simulations. Only protein coding genes are reported.

* : Population-specific positive selection signals. These signals are above the 99.99 percentile
threshold calculated after the simulations that are not found among the 99 percentile of the rest
of the populations of study.

100



Chr Start Stop meaniHS maxP  Genes

chr1 202396808 202426808 3.59 6.66 PPP1R12B

chr18 66647301 66677301 3.41 6.40 CCDC102B

chr17 44351088 44381088 3.20 9.36 ARL17B,
LRRC37A

chr19 39757864 39787864 3.14 5.36  IFNL2, IFNL1

chr18 66722301 66752301 3.09 7.24 CCDC102B

chr1 149821808 149851808 3.03 5.01  HIST2H2AA4,
HIST2H3A,
HIST2H4B

chr12 82849817 82879817 2.98 6.06 METTL25

chr17 30276088 30306088 2.82 476 SUzZ12

chr11 71823574 71853574 2.82 276  ANAPC15,
FOLR3

chr17 63001088 63031088 2.82 6.13 GNA13

chr8 145211376 145241376 2.81 6.46 MROH1

chr17 44326088 44356088 2.81 9.36 ARL17B

chr9 16565910 16595910 2.79 6.40 BNC2

chrb 144980629 145010629 2.74 5.92 PRELID2

chr8 124261376 124291376 273 569 ZHX1-
C80ORF76, ZHX1

chr18 66672301 66702301 272 542 CCDC102B

chr17 62501088 62531088 272 292 DDX5, CEP95

chr12 22824817 22854817 2.69 437 ETNK1

chr8 124211376 124241376 2.68 499 FAMS83A,
C8orf76, ZHX1-
C80ORF76

chr2 173473695 173503695 2.65 494 PDK1

chr1 51571808 51601808 2.63 4.00 Cftorf185

chr20 20678005 20708005 2.62 446 RALGAPA2

chr20 20653005 20683005 2.62 3.97 RALGAPA2

chr17 74751088 74781088 2.60 432 MFSD11

chr8 124236376 124266376 2.60 461  C8orf76, ZHX1-
C80ORF76, ZHX1

chr16 85621755 85651755 2.58 7.75 GSE1

chr10 45789034 45819034 2.58 3.33 OR13A1

chr1 51696808 51726808 2.57 410 RNF11

chr3 19298294 19328294 2.56 5.36 KCNH8

chr12 86999817 87029817 2.56 6.20 MGAT4C

chr3 19248294 19278294 2.54 484 KCNH8
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Supplementary Table 5D: iHS positive selection signals found in Wolayta population. The
mean iHS score for the 30 kb windows is reported and the highest —log(p-value) of a variant
within the window. All the reported iHS scores are above the reported 99.99 percentile
thresholds calculated after the simulations. Only protein coding genes are reported.

* : Population-specific positive selection signals. These signals are above the 99.99
percentile threshold calculated after the simulations that are not found among the 99
percentile of the rest of the populations of study.
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Chr Start Stop meaniHS maxP  Genes
chri0 102014034 102044034 3.74 5.78 CWF19L1,
BLOC1S2
chri0 101939034 101969034 3.45 5.57  ERLINT,
CHUK
chri0 101964034 101994034 3.37 9.85 CHUK,
CWF19L1
chr1 202396808 202426808 3.33 598 PPP1R12B
chr20 20528005 20558005 3.31 7.06 RALGAPA2
chr16 21746755 21776755 3.20 7.05 OTOA
chri0 101989034 102019034 3.16 6.87 CHUK,
CWF19L1
chré 128080815 128110815 3.14 6.05 THEMIS
chri0 101914034 101944034 3.1 6.23  ERLIN1
chr7 12258619 12288619 3.05 744  TMEM106B
chr8 145161376 145191376 3.05 8.95 SHARPIN,
MAF1,
KIAA1875
chr12 113849817 113879817 3.05 5.31 SDS, SDSL
chré 128005815 128035815 3.00 5.00 THEMIS
chr12 113824817 113854817 2.92 744  PLBD2,
SDS
chr4 130010998 130040998 2.89 5.75 SCLT1,
C4orf33
chr9 16565910 16595910 2.86 7.70 BNC2
chré 154330815 154360815 2.79 543  OPRM1
chr2 229773695 229803695 2.75 6.00 PID1
chr16 23096755 23126755 2.75 5.04 USP31
chr16 23071755 23101755 273 511  USP31
chr7 120983619 121013619 272 3.66 FAM3C
chré 128105815 128135815 2.70 6.05 THEMIS
chr16 32046755 32076755 2.69 3.77 AC142381.1
chr2 98848695 98878695 2.69 435 VWA3B
chré 128055815 128085815 2.68 427 THEMIS
chr7 74558619 74588619 2.68 341 GTF2IRD2B
chr8 145236376 145266376 2.67 431 MROH1
chr7 65883619 65913619 2.67 4.09 TPST1
chré 154305815 154335815 2.67 517  OPRM1
chr16 23121755 23151755 2.64 5.03 USP31
chr2 98823695 98853695 2.63 454 VWA3B
chr7 133983619 134013619 2.62 529 SLC35B4
chr11 16048574 16078574 2.61 527 SOX6
chr10 102039034 102069034 2.58 8.06 BLOC1S2,
PKD2L1
chré 33030815 33060815 2.56 6.90 HLA-DPAT,
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HLA-DPB1
chr7 121008619 121038619 2.56 3.66 FAM3C

* DCAF4L1,
chr4 41985998 42015998 2.55 493 SLC30A9

Supplementary Table 5E: iHS positive selection signals found in Gumuz population.
The mean iHS score for the 30 kb windows is reported and the highest —log(p-value) of
a variant within the window. All the reported iHS scores are above the reported 99.99
percentile thresholds calculated after the simulations. Only protein coding genes are
reported.

* : Population-specific positive selection signals. These signals are above the 99.99
percentile threshold calculated after the simulations that are not found among the 99
percentile of the rest of the populations of study.
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ADDITIONAL FILE 3

Structure of the Ethiopian populations

Principal Component Analysis (PCA) of the five Ethiopian
populations, together with 1000 Genomes Project samples
(Supplementaty Figure 2a), shows PCl (6.7% of variation)
separating the African from OoA populations, and PC2 (3.6% of
variation) distinguishing among the non-Africans. In PCl, the
Northern Africans (Egypt) lie on the left, close to Europeans, and
the sub-Saharan Yoruba on the far right. Ethiopians are widely
spread between these extremes, illustrating their high genetic
variation and complexity mostly due to variable amounts of
Eurasian admixture (58). Interestingly, most of the Ethiopian
populations (all the Afroasiatic speakers, but not the Gumuz) lie the
closest to North Africans (and other non-Africans) of all the African
groups, compatible with their extensive recent OoA admixture.
Although the Afroasiatic samples cluster together, the Gumuz
population lies closer to the Luhya and Yoruba than to any other
samples, showing again the correlation between genetic and
linguistic stratification in Ethiopia.

In order to further understand the Ethiopian samples, we
performed a PCA with only these five populations, the Yoruba and
a European population (CEU). Supplementary Figure 2b shows that
the first component (5.6% of the variation) differentiates European
from African populations, and thus between Afroasiatic and Nilotic
populations, revealing that linguistic affiliation correlates with
genetic similarity in Ethiopia. PC2 (2% of the variation) separates
Gumuz from Yoruba, with the Afroasiatic populations in between.
Among the Ethiopian Afroasiatic samples, Oromo and Ambhara
appear to be the most closely related with a strong overlap in the
PCA.

In an ADMIXTURE analysis of a reduced set of thirteen
populations (the Ethiopian samples, Egyptians and some from the
1000 Genomes Project), the clustering obtained with the best K
value (K=4) showed two similar main components in the
Afroasiatic samples, an Ethiopian component (light blue) at 60-70%
and a second component (dark blue) shared among Europeans and
North Africans. Interestingly, the Nilotic samples (Gumuz) share
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the same 60-70% Ethiopian component but the remaining
component is shared with the Niger-Kordofanian-speaking groups
Yoruba and Luhya, indicating two different genetic components in
sub-Saharan Africans. Almost as significant as K=4 (Supplementary
Figure 3b), K=5 shows additional features. The Gumuz samples
now have a single component (red) whereas the Afroasiatic
populations show in addition a component similar to Europeans
(dark blue), and a North African component (light blue).

SFselect selection analysis — additional examples

We found several windows under positive selection shared between
some of the populations. One example is a window containing
NSUN3 and DHFRLI that is shared between the Amhara, Oromo,
Somali and Gumuz populations with significant scores except for
Oromo that falls close to the 99.99 percentile. It is the highest
scoring protein coding signal in the Gumuz (Supplementary Table
4e). NSUNS3 is expressed in the mitochondria as well acting as an
RNA methytransferase. It interacts with the anticodon stem loop of
mt-tRNAM® and modifies by methylating the cytosine 34. Depletion
of NSUNS3 resulted in the alteration of translation of mitochondrial
proteins as well as cell growth indicating the importance of
epitranscriptomic modifications for mitochondria protein synthesis
(188). A study reported a patient carrying mutations on NSUN3
resulting in a non-functional protein. The patient presented
mitochondrial disease symptoms with an oxidative phosphorylation
deficiency in skeletal muscle (189). Dihydrofolate Reductase 1
(DHFRLI) was previously thought to be a pseudogene but a recent
study demonstrated its functionality and expression in humans
(190). This gene has a high homology with DHFR, the main gene in
charge of maintaining active folate concentrations by the reduction
of dihydrofolate to tetrahydrofolate. A study found that DHFRLI is
localized in the mitochondria that contributes to the de novo
mitochondrial thymidylate biosynthesis pathway and is essential for
mitochondrial DNA (mtDNA) integrity (191). In addition,
expression of DHFRLI mRNA was found elevated in Friedrich’s
ataxia patients that suffer mtDNA damage, indicating that DHFRL]
could be at the base of limiting mtDNA damage (192).
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Among the Somali population we found CYP345 gene among the
top unique genes under positive selection (Supplementary Table 4c)
CYP3A5 encodes a member of the cytochrome P450 super family of
enzymes. The cytochrome P450 proteins are monooxygenases that
catalyse many reactions involved in drug metabolism and synthesis
of cholesterol, steroids and other lipids. The encoded protein
metabolizes drugs as well as the steroid hormones testosterone and
progesterone. Expression of this gene is widely variable among
populations, and a single nucleotide polymorphism that affects
transcript splicing has been associated with susceptibility to
hypertension. A study showed that polymorphisms in CYP34 genes
could modify the response to dietary methyl-mercury exposure
during early life development (193). Moreover, a case control study
in the Han Chinese population showed an association between
CYP3A45 polymorphism and the risk of hypertension (194) but
another study with a Ghanaian population found very a small or no
association (195). A study did not find signals of positive selection
in CYP3A45 in the 1000 Genomes populations, thus the signal that
we find here might be restricted to this population, making a case of
a population-specific adaptation (196).

iHS selection analysis captures recent events of selection —
additional examples

All five East African populations have some of the most significant
variants in a window containing two long intergenic non-coding
RNAs (lincRNAs) AC105393.1 and AC105393.2 (Amhara p<10™"",
Oromo p<10"?, Somali p<10"?, Wolayta p<10™"', Gumuz p<10™%).
We can see in the 1000 Genomes selection browser (197) that even
if the amount of data is low, we also find a signal from CEU, CHB
and YRI, indicating a possible event of selection among the human
species in general. Both lincRNAs are highly expressed in testis
according to the last GTEx release (198).

One of the strongest signals also found in several populations
(Amhara, Oromo, Wolayta and Gumuz) falls in the PPPIRI2B
gene. The signal is found in the middle of the gene where we find a
high density of exons with variants holding extreme p-values <107
in all four populations. PPPIRI12B or MYPT?2 is part of the myosin
phosphatase protein complex that is formed by three subunits: a
catalytic subunit (PPlc-delta, protein phosphatase 1, catalytic
subunit delta), a large regulatory subunit (MYPT, myosin
phosphatase target) and small regulatory subunit (sm-M20). There
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are two isoforms of MYPT, MYPTI1 (widely expressed) and
MYPT2 (specific to heart, skeletal muscle and brain) (199,200).

A very interesting signal that we found in the Amhara and Oromo is
in a window containing the 7PCNI/ gene. TPCNI encodes a
voltage-gated ion two-pore channel that is activated by NAADP
(201). A recent study found that two-pore channels (TPCs) are
crucial for Ebola virus infection by mediating Ebola virus through
the endosomal network into the cytoplasm. By inactivating TPC
function they prevented Ebola virus to get into the cytoplasm and
infect the cell. They further suggested that all filoviruses (e.g. Ebola
and Marburg viruses) require TPCs to infect cells (202).

We have also found that Oromo and Wolayta share a window that
reaches the 99.99 percentile threshold of significance that contains
the gene KCNHS (Supplementary Table 5 Figure 5b). It is the
highest scoring window encoding a protein in the Oromo population
(iHS mean score 3.33 and variants with p<10”") The Amhara and
Gumuz do not reach the 99.99 percentile threshold but the 99.9
(reported in Supplementary Table 1). KCNHS is mostly expressed
in the central nervous system and performs diverse functions
including regulation of neurotransmitter release, heart rate, insulin
secretion, neuronal excitability, epithelial electrolyte transport,
smooth muscle contraction and cell volume (203).

We also report the chromosome 1 histone cluster (HIST2H) with
significant -loglO(p-value) scores among Oromo and Wolayta
(mean iHS scores of 2.55 and 3.01 and variants with p<10~ and
p<10™* respectively) that is also among the top SFselect candidates
in Amhara, Oromo, Somali and Wolayta. It is difficult to
understand why a highly conserved gene region could have been
under positive selection.

We will now focus on the population-specific protein-coding genes
under selection (Supplementary Table 5). For the Gumuz
population, we have found three interesting regions containing
multiple genes that are good candidates of population specific
adaptations. A first region includes BLOCIS2, CHUK and PKD2L1,
a second region contains THEMIS and a third contains genes
encoding T-cell Receptor Alpha Variable (TRAV) locus.

The first of the three regions, spans several windows with mean iHS
significant scores (3.74, 3.45, 3.37) and variants with p<10” and
p<10®. This region contains the biogenesis of lysosome-related
organelles complex 1 subunit 2 (BLOS2 or BLOCIS2) which is a
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protein involved in the biogenesis of melanosomes and other
lysosome-related organelles. BLOCIS?2 is one of the eight subunits
of the protein complex BLOC-1. Five of the eight subunits of
BLOC-1 (dysbindin, Capuccino, pallidin, Muted and Snapin) have
already been shown to produce strong pigmentation phenotypes in
mice (204). In humans, it is known that mutations in BLOC-1
(particularly in dysbindin, BLOS3 and pallidin) produce
Hermansky-Pudlak syndrome which is a genetically heterogeneous
disorder that causes oculocutaneous albinism, prolonged bleeding
and pulmonary fibrosis due to the anomalous vesicle trafficking to
lysosomes, melanosomes and platelet dense granules (205). No
specific phenotypes have been described yet for mutations in
BLOCIS2 but given the strong pigmentation in the Gumuz
population and the high UV-B radiation in Ethiopia it could be an
interesting candidate to study in more detail. In the GTeX database,
there is a considerable number of significant eQTL in skin.

We also find in the same region the CHUK (also named /KK or
IKKA) gene. This gene is a member of the serine/threonine protein
kinase family that regulates NF-kB signalling essential for
lymphoid organogenesis and adaptive immunity (206). NF-kB
family is highly important for the inflammatory responses; its
deregulation can cause a broad range of pathologies (metabolic
diseases, chronic inflammatory diseases, autoimmune disorders and
cancer).

The second genomic region that is a candidate of population-
specific positive selection in the Gumuz contains the thymus-
expressed molecule involved in selection (THEMIS) gene. This
gene plays a crucial role in the positive selection of developing T-
cells. It is only expressed in CD4 ad CD8 thymocytes and at a lower
expression in lymph nodes and spleen (207). It acts early in the T-
cell receptor signalling cascade by attenuating mild TCR signals
that will increase the affinity threshold for activation and allowing
positive selection of T cells with naive phenotypes in response to
low-affinity self-antigens (208).

Lastly, we found evidence of adaptive selection in the third
candidate region specific in the Gumuz. This region contains the T-
cell Receptor Alpha Variable (TRAV) locus, which is in charge of
antigen recognition. Although the mean iHS score per window do
not reach the significance threshold, there are many variants that do
reach significance (p<10'6).
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Another top-scoring signal found only in Oromo contains genes
such as sucrase isomaltase (S/) (Supplementary Table 5b). S7 is
mostly expressed in the intestinal brush border (209) and it is
essential for the digestion of dietary carbohydrates such as starch,
sucrose and isomaltose (210). Congenital sucrase isomaltase
deficiency is a rare hereditary disease that causes chronic diarrhoea
due to the reduction or absence of SI that causes carbohydrate
malabsorption (211).

Unbalanced ancestry regions — additional examples

Interestingly, another region of 1 Mb containing an olfactory cluster
of genes in the genomic coordinate chr6:27200000-28500000
shows a high proportion of African ancestry, especially in the
Amhara (~85%). No clear signals of old or recent selection are
found.
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Abstract

The analysis of adaptive selection of tha Nama, a KhoeSan semi-
nomadic pastoralist from southern African belonging to the deepest
extant human lineage, can give unvaluable an insight into the
evolutionary history of humans. In this study, we have uncovered
the Nama specific positive selection signals accounting for recent
migration events. Interestingly we have found two typical European
signals that have been widely studied, the light pigmentation
SLC24A45 gene and the lactase persistence LCT gene, of which the
mutation in Nama is the Eastern African lactase persistence allele.
Both events represent a clear evidence of selection after admixture.
Additionaly, the evolutionary history of human populations has been
marked by dietary changes in different environments, thus, it is
important to study those adaptations since many worldwide modern
diseases are associated with diet. We have described several
interesting adaptations involving the lipid metabolism and
cardiovascular function and genes clearly related to the body mass
index, along with genes related to some micronutrients (iodine). A
region containing the 7G (thyroglobulin) gene is a good candidate of
an adaptation since Africa has suffered for many years of iodine
deficiency. And much more attention should be payed to
cardiovascular diseases specific for specific African populations.

A very high number of genes with signals of adaptation are those
related to muscle or to connective tissue. Even if the direct
physiological action cannot be established, their accumulation
postulates a population-specific adaptation in relation to muscle
activity. Last but not least, in the class where more candidate genes
are concentrated are those of brain function and development. It
pops up both in the gene ontology enrichment analysis as well as in
the genes in highly selected regions. These findings are in agreement
with previous studies that found many brain specific adaptations
across the human lineage.
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Introduction

The KhoeSan peoples are a wide group of indigenous populations
inhabiting countries from the south of Africa. The term KhoeSan
(khoe means ‘person’ and san means ‘bushmen’ in Khoekhoe)
reflects an ethnological division into two groups: the Khoekhoe and
the San (1). The KhoeSan constitute a unique group of people
because of their subsistence strategies and their linguistic and
genetic background. The KhoeSan languages, which are one of the
four language families in Africa, are characterised by the particular
use of click consonants. Some groups of KhoeSan practice a hunter-
gatherer subsistence strategy, which has been by large the main
model of subsistence of our species during its evolutionary history
but the rarest nowadays. At the genetic level the KhoeSan belong to
the deepest extant human lineage (2), where recent estimates date
the split from the rest of present-day human populations around
300,000 years before present (BP) (3), being thus the deepest
divergence among modern humans.

The genetic structure of the KhoeSan populations is far from being
trivial; it does not simply reflect a correlation between language,
culture or subsistence strategy but rather indicates a correlation with
geography and ecological barriers (e.g. the Kalahari desert) (4).
Several studies agree that present day KhoeSan populations are a
mixture of three different KhoeSan ancestries, Northern (e.g. mostly
represented by Ju|’Hoansi and !Xun), Central (e.g. GJui, Gllana and
Naro) and Southern or Circum-Kalahari KhoeSan (e.g. the Nama,
#Khomani and Karretjie) and the three contain different KhoeSan
family languages, modes of subsistence and cultural practices (4-6).
At the same time that the complex structure of the KhoeSan
populations has been unravelled, events of recent admixture have
been described. The main sources and proportions of this gene flow,
which are unequally distributed among the KhoeSan, were from
East Africa from Bantu-speaking populations and from European
colonists. East African admixture, dated in the last 2000 years (7,8),
is higher among the Khoekhoe groups (2,7,9). This migration not
only introduced new genetic variation in the KhoeSan (in the order
of 23-30% from an East African source) (3) but also suggests that
initial pastoralist practices where introduced in southern Africa by
demic diffusion rather than by cultural diffusion (8-10). This
migrant East African population was already an admixed group
with an average 30% of Eurasian-Levant ancestry, which makes the
ancestors of the nowadays Afro-asiatic populations from Ethiopia
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the probable donor population (3). Later and independently of the
migration of East African populations, there is evidence that the
Bantu-speaking groups reached the south of Africa through two
different waves of the Bantu expansion (11-14). The first wave
represented by the ancestors of the Eastern Bantu-speaking groups
that migrated from western Africa, reached East Africa 3000 BP
and then expanded to southern Africa by 1300 BP. The second
wave was initiated by the ancestors of the Western Bantu-speakers
that migrated through the Atlantic coast from the west to the south
of Africa. The Bantu expansion had a great impact on the
populations of southern Africa at the linguistic, cultural and genetic
level (4,7). Lastly, the arrival of European colonists in the area
some 300 years ago also shaped the KhoeSan genetic background.

The migrations that affected KhoeSan genomes have caused
cultural and lifestyle changes (e.g. adoption of pastoralism and
farming) that have left signatures of positive selection in their
genomes. One of the most studied cases in the KhoeSan (and
probably in worldwide populations) is the lactase persistence (LP)
adaptation. Many studies have focused on LP (10,15), especially in
Europe and East African populations from Tanzania and Kenya
where many LP alleles have been reported (16). In Africa, LP cases
have been described in eastern and southern Africa and the evidence
points towards a demic diffusion of pastoralism from eastern to
southern Africa followed by a selective sweep affecting the lactase
gene region in some particular pastoralist populations (e.g. the
Nama). The arrival of pastoralism in the south from eastern Africa
dates ~2000 BP, the Nama, a pastoralist population, show a 50% of
LP, and their frequency of the LP allele (rs145946881) of eastern
African origin is 33%, way above the expected 10% resulting after
the gene flow of eastern African pastoralists (15). Another
interesting signal of adaptive selection is related to skin
pigmentation. A recent study showed (using Nama and #Khomani
individuals) that the European allele associated with light skin
pigmentation (rs1426654) was introduced after the migration from
eastern Africa of an already admixed population (30% Eurasian,
70% East African) that in turn was carrying the European allele.
Their best-fit model strongly suggests that this allele underwent
strong positive selection after its introduction around ~1500 BP
(17). The influx of infectious diseases by the migrant groups have
most certainly also affected the genetic pool of KhoeSan
populations. Several epidemics such as the flu and smallpox have
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been documented to greatly affect KhoeSan populations leaving
genomic footprints of adaptation in the extant populations (18).
Additionally, a recent study with two 2000 year old ancient south
African samples found recent signals of adaptation in taste receptors
and in groups of genes or pathways related to response to radiation
9).

The complex evolutionary history of the KhoeSan populations,
especially the complex recent pattern of gene flow, makes it a great
challenge to study adaptive selection. There are many methods of
detection of positive selection, but a few that take into account
admixture. The most common method that may account for
admixture is the haplotype based method XP-EHH (19), which uses
a reference population (probable source of gene flow) to remove the
potential spurious effects caused by the haplotypes from the donor
population. Moreover, the newly introduced variation by admixture
can provide the recipient population with a selective advantage.
Many cases of adaptive selection after admixture have been
described (20-22), even with genetic variation from archaic
hominin populations (23-25).

This study is an in-depth analysis, using whole-genome sequences,
of adaptive selection in a pastoralist population from southern
Africa, the Nama. This can provide a better a unique insight into the
evolutionary history of the human species.
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Results

Population structure

The principal component analysis (PCA) separates African from
non-African populations at the first PC (Figure 1A), and shows a
very strong differentiation of the Nama in relation to other Africans
and a high diversity among the Nama individuals, much higher than
for any other population. The fourth PC (Figure 1B) separates two
different African components, the Gumuz as a representative of the
East African gene pool (26) and the Bantu, enclosing two
geographically very distant populations, Zulu from southern Africa
and living mainly in the province of KwaZulu-Nata and the Yoruba
from western Africa, living in Nigeria. The diversity of Nama
individuals encompass both the first, the second and the fourth
components, a sign of the diverse admixture with Eurasian-Levant,
with Bantus and with East Africans.

The admixture analysis (Figure 1A) shows similar results, with a
clear Nama component and two other, separated, African
components, the Bantu (with Yoruba and Zulu, the last having a
small amount of Nama admixture) and Eastern African, with the
Gumuz as the best representative.

To have a better insight in the ancestry of the Nama, we have
performed a more analytical approach. This step is fundamental
both for demographic inference and for reliability of genome
masking.

Adaptive selection analysis

These results give us, under a well-tested demographic model, the
tools to perform an in-depth analysis for adaptive selection signals
in the Nama genome needed because of the recent admixture
between the Nama, Bantu-speaking and European populations. We
therefore have designed the study of adaptive selection in such a
way not to be influenced by admixture neither from Europeans (in a
wide sense, including a both the Levant component and the more
recent arrival of Europeans) nor from Bantu speaking neighbours.
We have first masked (marked as missing data) the European
component (12.8%) from the Nama genomes by LAI analysis.
Then, since the Bantu component of the Nama (10,4%) could also
influence our results, we have used XP-EHH (19), a cross-
population haplotype based method to detect positive selection
using the Zulu population (a Bantu-speaking group from South
Africa) as reference.
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In order to have an overview of the nature of the signals of
selection, we ranked the XP-EHH scores per variant (for each SNP)
and took the 1% most extreme values and annotated them. We also
grouped variants within a 100-kilobase (kb) window and calculated
the mean XP-EHH score, ranked the windows and annotated the
extreme 1%. Tables 1A-B show the summary of the annotation of
the putative selection signals by SNPs and by 100Kb windows. It is
interesting to note the strong amount of selection signals in places
of the genome with no annotation (43%); this fact, similar to what is
found in GWAS studies when the criteria of finding annotation is
strict, may likely be due to a dearth of annotation of the genome,
mainly for regions important for gene regulation. From the 436,250
positions, that represent the top 1% of positive XP-EHH values,
57% of them had a gene annotation. The much higher values when
considering SNPs (Table 1B) indicates that the top high values of
XP-EHH are highly concentrated in cluster, seen as peaks in the
figures and they highly enriched in coding elements, and specially
in protein-coding genes (Table 1B).

After filtering repeated annotations (multiple positions in tandem
could have the same annotation), we obtained a total of unique 2812
coding elements that physically overlaps with the SNPs of the top
1%. From these 2812 coding elements, 70% of them are protein-
coding genes (Table 1C). There is a very strong enrichment of
protein-coding genes (40% of the extreme selection signals) even if
there is a very high amount of positions with strong selection
signals with no annotation. Other elements are also at high
proportion, including a 12.5% of IlincRNA and 5.3% of
pseudogenes among the annotated elements. When considering
windows with strong signals (Table 1D), the proportion of
pseudogenes is much higher, 16.5%, likely due to their proximity to
protein-coding genes.

Enrichment analysis of the XP-EHH putative selection candidates
We next examined if genes with specific functional categories were
overrepresented among the strongest candidates to be under
selection. Overrepresentation analyses are useful methods that give
a functional overview on where selection acted and provide a better
understanding of candidate lists of genes, allowing the detection of
complex adaptations.

We first conducted the analysis with traseR (27), a trait-associated
SNP enrichment tool based on GWAS studies. In Table 2 we can
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see the most significant gene categories and in Supplementary
Table 2B a list of the genes and variants that have been related to
the phenotype that will be discussed later. There is a clear
enrichment mostly related to cardiovascular function, like blood
viscosity (p-adjusted 0.01), coronary disease (p-adjusted 0.01) or
hearth function tests (p-adjusted 0.076) and also to lipid metabolism
such as HDL and LDL cholesterol (p-adjusted 0.04 and 0.06
respectively). These results might be pointing on one hand towards
a recent metabolic adaptation of the Nama with interesting
biomedical implications and on the other hand to cardiovascular
function related genes. Another interesting category is skin
pigmentation (p-adjusted 0.03), discussed later.

We next used WebGestalt (28) to perform a gene based enrichment
analysis with the most common databases of gene functional
categories and pathways: Gene Ontology (Biological Process and
Molecular Function) and KEGG. In Biological Process
(Supplementary table 2), there is a strong enrichment in terms
related to processes of the nervous system, for example nervous
system development (p-adjusted 1.35E-06), cell morphogenesis
involved in neuron differentiation (p-adj 9.64E-06), axogenesis (p-
adjusted 6.21E-05), neuron development (p-adjusted 1.02E-04),
synaptic signalling (p-adjusted 2.03E-02) and sensory perception of
sound (p-adjusted 3.89E-02); in fact 17 out of the 19 top and
significant values are related to the nervous system and the top 11
are directly related to neuron development.

The Molecular Function enrichment (Supplementary table 3) shows
much less extreme cases, with a very strong amount of functions
related to transport or channel activity (16/28 significant cases) like
ion channel activity, transmembrane transporter activity, cation
channel activity, metal ion transmembrane activity, calcium channel
activity. Many other cases refer to binding (9/28) like to calcium
ion, carbohydrate, actin, actinin, ATP, zinc ion, vitamin D or
muscle alpha-actinin. Interestingly we also found sialyltransferase
activity category (p-adj 1.63E-03) and glutamate receptor activity.
The enrichment with KEGG database (Table 3) revealed brain
related categories confirming the Biological Process of Gene
Ontology results (circadian entrainment, glutamatergic synapse,
retrograde endocannabinoid signalling and long-term potentiation)
and insulin secretion (p-adj 3.85E-02).

Some of these categories will be found in the search of the top
regions, but others will not, a fact due to be categories formed by
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genes that have a clear selection signal, but not with an extreme
value.

Regions of interest

We performed a detailed analysis of the main selection candidates
focusing on 100 kb windows with very high XP-EHH scores that
contain clusters of extreme values of XP-EHH per SNP. Figure 4
shows a circular Manhattan plot of XP-EHH of Nama versus Zulu,
and iHS results both for Nama and Zulu, with some annotations.
Table 4 shows the top scoring windows containing protein-coding
genes of special interest that will be discussed; the full list is in
Supplementary tables 4 and 5. A full description of the regions with
the genes and regulatory elements is in the Supplementary text.
Here it is only a short description.

Region 1. 1t includes genes METTL13, DNM3 and VAMP4 (Figure
5), having interesting brain-related functions (29-33) and strong
recent specific adaptation in Nama, likely due to more than a single
selective event. In the region between DNM3 and VAMP4 there are
several regulatory elements (see Supplementary Text) and many
variants at high derived allele frequency in Nama (50%) and absent
in other populations that are located at the most robust selective
sweep of the whole genome; nonetheless, the relationship of their
sequence variation with their functional implications is not well
established.

Region 2. This is a broad region with high selection scores,
encompassing the area around the lactase (LCT) gene and a larger
region at its 5’ (Figure 6A and B). 50% of Nama population is
lactase persistent (LP) (15) but after masking, the European allele
conferring LP (13910C>T) is zero; they have the East African
substitution 14010G>C that confers LP at a frequency of 33%. In
our results, there are not signals of selection coming from the
MCMG6 intron 13, where most regulation signals for LP have been
described (10,16,34,35), but strong signals are found inside the LCT
and in its 5’ region. The extended haplotypes of the region in the
Nama are very similar to those found in East African populations,
like present Amhara (Figure 6C-E and Supplementary Text).

Region 3. Containing mainly gene SLC24A45 (Figure 7A), strongly
associated through rs1426654 with light skin pigmentation in
Europeans, but of minor importance for skin pigmentation in
KhoeSan (36) even if they have a high frequency of the European
allele. It is likely that, besides the selection that drove this allele to a
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high frequency in Nama (17), an adaptive sweep also happened in
the Nama haplotypes (as the Europeans had been masked) in the 5’
region of the gene.

Region 4. A member of the fibrillin gene family, FBN3, (Figure 7B)
is important in maintaining the structure and integrity of the
extracellular matrix in connective tissues (37,38) and in GWAS has
been related to attention deficit hyperactivity disorder and facial
morphology (39,40). The highest scoring variants of this signal
intersect with two cis-regulatory elements (see Supplementary
Text).

Region 5. In this region we find the thyroglobulin (TG) gene
(Figure 7C) that produces the substrate for the synthesis of thyroid
hormones, required for the regulation of metabolism (41). There is
an interesting non-synonymous variant with a high Phred-scaled
CADD score (11.73) among our selected variants, rs73354644
(A2422T), with the highest derived frequency in Nama (0.36), and
absent outside Africa and a top candidate for selection.

Region 6, encompassing mainly the hardly known NCKAPS5 gene
(Figure 7D) that has been associated in GWAS with body mass
index (42). There is a non-synonymous substitution (rs12611515) at
a frequency of 0.80 in the Nama (Supplementary Table 6) with a
very high Phred score of 21, but nothing is known on its possible
phenotype implications.

Region 7 Two strong peaks of XP-EHH high scores correspond
clearly to DDP4 and SLC4A10 genes (Figure 7E). The DPP4 (also
called CD26) product plays a major role in glucose metabolism
(43,44), is an enzyme expressed on the surface of most cell types
and is associated with immune regulation, signal transduction, and
apoptosis; it has been shown to negatively regulate lymphocyte
trafficking, and its inhibition enhances T cell migration and tumour
immunity (45). SLC4A410 gene belongs to a small family of sodium-
coupled bicarbonate transporters (NCBTs) that regulate the
intracellular pH of neurons, and would be crucial to maintain a
faster neuronal excitability (46,47). Related by GWAS to
educational attainment and psychiatric conditions (48,49). There are
two variants in SLC4410 in our data (rs113208259, rs113278723)
with high Phred scores 10 and 19.6 where Nama have very high
derived allele frequencies (both 0.44), even if no phenotypic
information exists for them.

Region 8. It is a region (Figure 7F) corresponding to the 3’ end of
two genes, NPFFR2 (or GPR74) and ADAMTS3. The product of
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NPFFR2 is a member of a subfamily of G-protein-coupled
neuropeptide receptors and this gene is related to metabolism
(regulation of body mass index) via a brain physiological process
(50-56). ADAMTS3 plays an important role in the collagen
synthesis, and is related to height (57,58). Since the strongest peak
of scores lies between both genes, more evidence is needed to
associate the signal of selection to a specific gene.

Region 9. Strong signal overlapping with MRAP2 (Figure 7G) that
regulates food intake and energy expenditure and thus related to
body weight and obesity (59-61). A second peak in the region
corresponds to KIAA1009 (CEP162) gene that acts by specifically
recognizing and binding the axonemal microtubule. The region
contains several regulatory elements for neuronal cells (See
supplementary Text).

Region 10. The main signal corresponds to gene MMP2,
(metalloproteinase 2; Figure 7H), related both to cardiovascular
metabolism and to extracellular matrix maintenance (62). MMP?2 is
one of the most studied metalloproteinases in cardiovascular
research (63,64). There is an interesting variant in a splice site
(rs243834), with very low frequency in Nama in comparison to
other African and non-African populations and has a potential
regulatory function (see Supplementary Text).

Region 11. This region contains the gene CETP, encoding a
cholesteryl ester transfer protein (Figure 7I). It is an important
protein for HDL degradation metabolism since it enables the
transfer of cholesteryl ester from HDL toward triglyceride rich
lipoproteins and LDL and contributing to lower HDL cholesterol
(65).

Region 12. Another region that we have found related to
cardiovascular function contains ZFHX3, a transcription factor that
regulates myogenic and neuronal differentiation (Figure 7J) with
variants that have been related to atrial fibrillation, ischemic stroke
and cardio embolic stroke (66—69). Other variants have interesting
regulatory function in cardiac muscle cells (see Supplementary
Text).

Region 13. This region (Figure 7K) contains TRPM3 that encodes a
member of the family of transient receptor potential channels,
which is mainly expressed in sensory neurons and acts as a sensor
of nociceptive heat (70,71). It is expressed both in the central and
peripheral nervous system. Mutations in the gene cause mental
disabilities (72).
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Discussion

The analysis of adaptive selection of the Nama, a southern African
semi nomadic pastoralist population, has given an insight into the
potentially recent adaptations that this population has undergone.
We have uncovered the Nama specific positive selection signals by
masking the European ancestry haplotypes (and thus excluding any
spurious selection signals that could have originated in the admixed
Europeans), and by applying a cross population test using the Zulu
population as a reference in order to exclude any signals deriving
from populations of Western African Bantu origin. In both cases
the admixture is important and could have given spurious signals.
Interestingly and contrary as we would expect after the masking
process, we have found two typical European signals that have been
widely studied, the light pigmentation SLC2445 gene and the
lactase persistence LCT gene, of which the mutation in Nama is the
Eastern African lactase persistence allele. These two selection
signals are reflecting common events of selection as in both cases
the derived allele comes from an external population (Europe for
SLC24A45, East Africa for LCT) through migration and selection
kept acting on them, towards lactase tolerance for the LCT variant
that was introduced from East Africa, and towards less dark
pigmentation for the SLC24A45 introduced both by the West
Eurasian component of East Africans and the most recent European
colonisation followed by a very strong selective sweep (17). The
variants that we find under positive selection at the 5° end of the
gene are likely to be key in the gene function (Figure 7A and ref
(36). It is interesting to note that the genetic effect does not have to
be through a process of adaptive selection, as sexual selection could
have been acting and could have produced the detected event.

The evolutionary history of human populations has been marked by
dietary changes in different environments that were likely
associated with major cultural shifts such as the advent of
agriculture and pastoralism. It is important to study those
adaptations since many worldwide modern diseases are associated
with diet. In our study we have described several interesting
potential adaptations involving the lipid metabolism (traseR
enrichment analysis, region 11), insulin pathway (KEGG pathway
analysis) and genes clearly related to the body mass index (in
regions 6, 8, 9). In fact a striking number of regions found under
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strong selection have functions associated with the lipid metabolism
and the cardiovascular system. This and the results from the
enrichment analysis clearly support the fact that the Nama have had
many adaptations related to the fat metabolism and cardiovascular
function, the last being a top signal for enrichment and for region
analysis (region 10 and 12). Surprisingly, Africa is the continent
where we find the highest rates of raised blood pressure (73), which
is a major driver of cardiovascular diseases (CVD) but we have not
been able to find data for the Nama.

Why do we find so many genes related to cardio metabolic
functions under strong selection? Are the Nama a sort of exception
among Africans with less CVDs? Are those adaptations conferring
higher rates of CVD? We do not have a good understanding of the
function of the genetic variants that may have been selected for.
More genetic and epidemiological studies in Africa are needed to
understand the genetic basis of such putative adaptations.

Among other high scoring regions, we find adaptations related to
metabolism through hormone synthesis and regulation. The region
that contains the 7G gene could be at the base of an interesting
adaptation related to thyroid hormone and iodine deficiency in
Africa. On the other hand, DPP4, a gene related to the glucose
metabolism, through insulin, has been has been studied to treat
diabetes type 2.

Infection forces are likely to have been important in the adaptation
of human populations. In this study we have found two genes that
may be clearly interpreted (VAMP4 and DPP4) but surprisingly we
don’t find as many genes or strong signals as in other populations.
Finally, in the class where more genes are concentrated are those of
nervous system. It pops up both in the gene ontology enrichment
analysis (in Biological Process, Molecular Function and KEGG
pathways) as well as in the genes in highly selected regions 1, 8, 13
and possibly 7. The strong concentration of nervous system related
categories in the enrichment analysis points to a possible selective
process affecting many different genes even if not in a very strong
fashion, in what could be a case of polygenic selection. More
functional studies are needed to fully understand the functions of
these selected genes.

All in all our study has revealed many potential adaptations in a
KhoeSan pastoralist population from Namibia, considered as one of
the populations of mankind holding the most ancestral variation.
Our findings suggest that, among others, genes important for brain
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function and development, along those of muscle and connective
tissues are those of greatest selective impact for the genes involved.
Others related to dietary and environmental changes have been
crucial in shaping present African genomes, along those related to
specific infectious diseases.

Even if there is a gap in the possibilities of interpreting properly the
signals found here, many novel findings ask for the need of genetic
variation studies in Africa in order to be able to understand the
adaptations and the impact of certain diseases in the African
continent.
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Methods

Summary of the data

This dataset consists of a set of low coverage (4x-8x) Illumina
HiSeq curated sequences from the AGVP (African Genome
Variation Project). The data has been processed, called and filtered
with GATK (74) and phased with SHAPEIT2 (75). No missing
data, no indels, only biallelic sites. All SNPs in the database have
been used.

PCA and ADMIXTURE

To perform the PCA and ADMIXTURE analysis a set of all Nama
individuals and 18 individuals from 11 populations (Zulu, YRI,
Gumuz, Amhara, Oromo, Somali, Wolayta, Egypt, CEU, GBR,
CHB) was used. A minor allele frequency filter of 0.05 was applied
and variants were pruned using the PLINK software (76) with
parameters --indep 50 5 2 to remove the effect of linkage
disequilibrium.

The PCA analysis was done using smartpca from the Eigensoft
6.0.1 software (77). Population structure analysis was performed
with the ADMIXTURE software (78).

Masking of CEU ancestry

SNP ancestry calls were used to mask our data and avoid the
European (CEU) ancestry regions. From the ancestry calls it was
not possible to know which was the specific chromosome of the
pair that contained the European ancestry in each individual of the
AGR data. Hence, regions of CEU ancestry from a chromosome
were masked in both chromosomes.

iHS and XP-EHH analysis

In order to scan for recent selection events we decided to perform
the analysis with the rehh 2.0 program (79) that allows calculating
the iHS and XP-EHH scores (19) per SNP allowing for missing data
(CEU ancestry masked data). Since no population specific genetic
map is available for these populations and given that iHS and XP-
EHH are strongly affected by it when performing the extended
haplotype homozygosity calculations, no genetic map was used to
calculate the statistics.
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Given that our Nama individuals have, beyond the European
component, a Bantu component, iHS results could be influenced by
it. To confirm the Nama ancestry from our selection candidates we
used a cross-population test (XP-EHH) test using Zulu population
from South Africa as a reference. Note that we only analysed the
positive values of XP-EHH since they represent events of selection
in Nama whereas negative values are events that happened in the
Zulu population. Thus the present analysis for the Nama is designed
in such a way not to be influenced by admixture neither from
Europeans nor from Bantu speaking neighbours.

Enrichment analysis of putative selection candidates

Two softwares were used to perform the gene enrichment analysis,
WebGestalt (28) and traseR (27). WebGestalt is a functional
enrichment analysis web tool. We used 1% of extreme positive
scoring positions to perform the analysis. We annotated the
positions with BEDTools Intersect (80) and used the genes found to
run WebGestalt. The background used was all positive positions
mapping the genetic elements. We found in the 1% 2812 coding
elements. The background has 36364 coding elements in total.

By the other hand, traseR performs enrichment analyses of trait-
associated SNPs obtained from GWAS analysis in arbitrary
genomic intervals with flexible options, focusing in trait-associated
SNPs. From the positive XP-EHH values (43,625,000), we took the
1% extreme SNPs (436,250) as putative positions under selection in
the Nama or at least highly enriched. The background used is all the
positions from the positive XP-EHH that have an rsID (35,559,195).
To calculate p-values the binomial test option was used and an FDR
correction was applied to obtain g-values. Only the trait-associated
SNPs (without linkage disequilibrium interpolation) with a GWAS
p-value greater than 5e-8 were used and only reported
overrepresented categories.

Annotation of variants

We used ANNOVAR software (81) to annotate the variants of
interest with different databases such as RefSeq, ClinVar, GWAS
catalogue, dbSNP  and  Phred-scaled @~ CADD  scores
(http://cadd.gs.washington.edu/info). Phred-scaled CADD scores
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follow a logarithmic distribution, therefore a variant with a phred-
scaled CADD score of 10 is in the 10" percentile highest CADD
scores and a score of 20 corresponds to the 1*' percentile. We also
calculated allele frequencies of the Nama and other populations
(Zulu, Gumuz, Amhara, Wolayta, CEU, CHB) to have, for those
positions under selection, comparative allele frequencies in other
populations. To try to unravel the putative regulatory functions of
our candidate regions under positive selection, we have used the
ENCODE Encyclopedia (82) of cis-Regulatory Elements and
SCREEN, the web-based visualization engine
(http://screen.encodeproject.org/).
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Figure 1: Principal Component Analysis of the Nama individuals and a set of

PC1 (6.02%)

Population
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CHB

©  Egypt
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e Oromo
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11 worldwide populations. A 5% minor allele frequency filter and linkage

disequilibrium pruning of the data was done for the analysis (see Methods)
A) Plot of PC1 and PC2 shows the differentiation between African and non-
African populations and a strong differentiation between the Nama and other
Africans. B) Plot of PC1 and PC4 shows that PC4 separates the East African

(Gumuz) and West/South Bantu (YRI and Zulu) components.
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Figure 2: Ancestry proportions per individual inferred from ADMIXTURE (see
Methods). A) ADMIXTURE plot at K=4 and K=5. The ancestry components
obtained describe West Africans (purple), KhoeSan (yellow), East Africa (red),
European (dark blue), East Asia (light blue).
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Figure 3: Painted chromosomes showing ancestry tracts contributed from
ancestral populations in a Nama example individual.
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scores of the Nama and Zulu. The XP-EHH analysis was done with the
European-masked Nama genome and Zulu was used as the reference
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the names of the highest scoring genes from the XP-EHH analysis.
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locus and its regulatory region. The number of differences among haplotypes is
used to perform the clustering of haplotypes, hence haplotypes are plotted from
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Number of differences between the reference non-admixed Nama haplotype and
the haplotypes belonging to the Nama and other populations (Zulu, Gumuz,
Amhara, YRI and CEU) E) Distribution of the number of differences between the
Nama reference and a population. Kruskal-Wallis Test was used to analyse the
differences of distance from the Nama reference according to the population,
significant differences where found (chi-squared = 20.438, df = 4, p=0.00041) and
Wilcoxon test and the statistical significance of the difference between
distributions. Wilcoxon test indicated that the distance of Amhara was significantly
lower than the distance of Zulu (p=0.0013), YRI (0.044) and CEU (p=0.00056).
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Figure 7 A-K: Genomic context of Regions 3 to 13, candidates of positive
selection in the Nama. Each purple bar represents the mean XP-EHH positive
score of a 100 kb window, purple dots correspond to the positive XP-EHH score of
a single genetic position, yellow dots correspond to the absolute iHS scores of the
Nama. Purple dotted lines indicate the 99" percentile thresholds of the positive
XP-EHH scores per 100 kb windows (lower line) and the positive XP-EHH score
per genetic position (upper line), yellow dotted lines indicate the 99" percentile
thresholds of the absolute iHS scores.
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p-adjusted

Odds

taSNP

Trait p-value (FDR) ratio hits taSNP total
Blood Viscosity 3.85e-05 0.011 57 2 6
Coronary Disease 8.99e-05 0.013 41 2 8
coronary gfgfﬁ&hmugh 0.00017 0.016 32 2 10
Skin Pigmentation 0.00048 0.0331 63 1 3
Lipoproteins. HDL 0.00081 0.0448 18 2 17
Lipoproteins. LDL 0.00130 0.0604 38 1 5
Heart Function Tests 0.00190 0.0756 13 2 23
Atrial Fibrillation 0.00252 0.0876 27 1 7

Table 2: Trait enrichment analysis with traseR of the 1% extreme XP-EHH scoring
positions. The most significant GWAS traits are reported with their corresponding p-
values and g-values (obtained from p-values after FDR correction). Odds ratios
were calculated after the number of trait-associated SNP among our selection
candidates (taSNP hits) for a specific trait, the number of trait-associated SNPs for a
trait across whole genome (taSNP total) and the total number of SNPs putatively
under selection and in the reference. EC 3.1.1.47 corresponds to 1-Alkyl-2-
acetylglycerophosphocholine Esterase.

Geneset Ref Obs Exp Ratio P- FDR Description

value
hsa04713 88 25 110 23 90 802° Circadian entrainment
hsa04724 105 28 131 21 >/7® 8928 g tamatergic

-05 -03

synapse Retrograde

hsa04723 90 23 113 20 > 829 3'329 endocannabinoid

B B signalling
hsa04911 74 20 93 22 _5'34719 _3'329 Insulin secretion
hsa04720 59 17 74 23 ?'Sie _3.839 Long-term potentiation

Table 3: KEGG pathway enrichment analysis with WebGestalt using the gene
annotations of the 1% extreme XP-EHH scoring positions. The background to perform
the enrichment analysis was built after annotating all positions with an XP-EHH positive
score. The obtained p-values were then corrected for multiple testing with an FDR.
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Start

Stop

Mean XP-

Max XP-

Region Chromosome window window EHH EHH Rank Gene
chr1 171663805 | 171763805 | 4,64 7,43 1 M\‘/EATA;,LDT’
Region-
¥ chr1 171853805 | 171953805 4,38 6,42 2 DNM3
chri 171568805 | 171668805 2,21 7,01 105 MYOC
chr2 136014022 | 136114022 3,86 5,96 4 ZRANB3
chr2 136489022 | 136589022 3,71 6,00 8 LCT, UBXN4
chr2 136204022 | 136304022 3,30 5,16 11 R3HDM1
MAP3K19,
Region. chr2 135729022 | 135829022 3,22 6,06 12 RABIGAP
2 MCMe,
chr2 136584022 | 136684022 3,09 6,00 15 DARS
chr2 135444022 | 135544022 2,77 5,13 29 TMEM163
ACMSD,
chr2 135634022 | 135734022 2,28 3,85 86 CONT?
chr2 135159022 | 135259022 2,01 4,37 164 MGAT5
SLC24A5,
Region- CTXN2,
) chr15 48423431 | 48523431 1,95 5,00 189 MYEF3
SLC12A1
Re%"’”' chr19 8173367 | 8273367 2,09 5,96 144 FBN3
Region- chr8 134064587 | 134164587 2,63 5,49 44 TG, SLA
5 chr8 133779587 | 133879587 2,43 4,07 67 PHF20L1
Region- chr2 133544022 | 133644022 3,82 6,13 5 NCKAPS5
6 GPR39,
chr2 133354022 | 133454022 1,88 3,88 235 VP
Region- chr2 162614022 | 162714022 2,20 4,85 110 SLC4A10
7 chr2 162804022 | 162904022 2,18 5,41 116 DPP4
Re%b”' chra 73071487 | 73171487 212 515 130 | ADAMTS3
Region- chré 84851015 | 84951015 2,46 6,92 61 KIAA1009
9 chré 84756015 | 84856015 1,95 6,29 188 MRAP2
MMP2,
Region- chr16 55517246 | 55617246 2,34 4,41 78 CAPNS2,
10 LPCAT2
chr16 55327246 | 55427246 1,92 4,34 205 IRX6
Region- CETP,
g chr16 56942246 | 57042246 0,96 3,36 3436 | LerpUDT
Re?';”' chr16 72997246 | 73097246 2,12 5,69 131 ZFHX3
Re19i3°"‘ chr9 73368433 | 73468433 3,12 5,53 13 TRPM3

Table 4 Summary of the candidate positive selection regions. For each region,
rows correspond to a 100 kb window found in the reported selection regions. For
each 100 kb window we report the mean of XP-EHH score, maximum XP-EHH
over all the SNPs found inside, the ranking of the window (number one being the
highest scoring window) and the genes inside the window. We included regions of
interest that either their window mean or maximum XP-EHH score were higher
than the 1 percent per window or per SNP threshold respectively (reported in
Table 1A).
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SUPPLEMENTARY FIGURES

XP-EHH Score

[ T T T T T T T T T T T T T T T T T
Chr Chr1 Chr2 Chr3 Chr4 Chr5 Chré Chr7  Chr8 Chr9 Chr11 Chr13 Chr15 Chr17  Chr19 Chr22

Chromosome

Supplementary Figure 1: Manhattan plot of the XP-EHH analysis of the Nama population. The analysis was done masking the
European haplotypes from the Nama genomes and the Zulu population was used as a reference to avoid admixture biases.
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Trait SNP id Chr Position Gene Annotation Anc Der Zulu Nama Gumuz CHB CEU

rs10518934 chr15 58088064 GRINL1A/ Intergenic A G 015 0.05 0.06 0 0
Blood Viscosity MyZAP
rs10518936 chr15 58090523 ALDH1A2/ Intergenic G T  0.14  0.05 0.06 0 0
POLR2M
Coronary rs12740374 chrl 109817590 CELSR2 UTR-3’ G T 038 054 022 005 031
Disease rs599839 chrl 109822166 PSRC1 NearGene3 G A 076 0.77 067 006 0.35
Coronary rs599839 chrl 109822166 NearGene3 G A 076 0.77 067 006 0.35
Disease PSRC1
through EC SORT1
31147 rs7528419  chrl 109817192 CELSR? UTR-3 G A 060 045 064 095 0.69
Activity
w_% . rs1834640  chr15 48392165 SLC24A5 Intergenic @ G A 0.97 0.54 097 091 0.01
igmentation
Lipoproteins. rs7499892  chr16 57006590 cETp Intron T C 055 0.71 061 079 0.78
HDL rs9989419  chri6 56985139 Intergenic G A 038 065 056 073 055
Lipoproteins. )
DL rs646776 chri 109818530 CELSR2/SORT1 NearGene3¥ T C 054 042 053 095 0.69
ﬂwwm Function 7784776  chr7 46620145 TTC4P1 Intergenic = A G 035 058 022 083 038
ﬂwwm Function 5991014  chr18 42439886 SETBP1 Intron C T 018 006 003 033 042
Atrial rs7193343  chr16 73029160 ZFHX3 Intron T C 012 005 014 064 0.18
Fibrillation

SUPPLEMENTARY TABLES

Supplementary Table 1: Associated SNPs from traseR enrichment reported categories and derived allele frequencies in 7 worldwide
populations.
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Geneset Ref Obs Exp Ratio P-value FDR Description

G0:0005509 583 103 655 1.6 1.59e-06 1.63e-03 calcium ion binding

G0:0008373 20 11 22 4.9 2.23e-06 1.63e-03 sialyltransferase activity

G0:0005216 361 69 40.6 1.7 5.98e-06 1.94e-03 ion channel activity

G0:0015075 735 121 826 1.5 7.59e-06 1.98e-03 ion transmembrane transporter activity

G0:0097367 1846 263 2075 1.3 1.06e-05 2.06e-03 carbohydrate derivative binding

G0:0003779 337 64 379 17 1.59e-05 2.91e-03 actin binding

G0:0022838 374 69 42.0 1.6 2.04e-05 3.42e-03 substrate-specific channel activity

G0:0042805 28 12 3.1 3.8 2.11e-05 3.42e-03 actinin binding

G0:0022857 850 134 955 14 2.28e-05 3.44e-03 transmembrane transporter activity

G0:0005524 1237 184 139.0 1.3 2.46e-05 3.44e-03 ATP binding

G0:0022891 791 126 889 14 2.48e-05 3.44e-03 substrate-specific transmembrane transporter activity
G0:0051393 21 10 24 4.2 3.42e-05 3.49e-03 alpha-actinin binding

G0:0015267 395 70 44 .4 1.6 6.80e-05 6.20e-03 channel activity

G0:0022803 396 70 445 1.6 7.37e-05 6.52e-03 passive transmembrane transporter activity
G0:0003828 6 5 0.7 7.4 9.70e-05 7.87e-03 alpha-N-acetylneuraminate alpha-2.8-sialyltransferase activity
G0:0005261 258 49 29.0 1.7 1.52e-04 1.17e-02 cation channel activity

G0:0022836 279 52 314 1.7 1.59e-04 1.19e-02 gated channel activity

G0:0046914 1107 162 1244 1.3 1.80e-04 1.28e-02 transition metal ion binding

G0:0072509 150 32 169 1.9 2.48e-04 1.68e-02 divalent inorganic cation transmembrane transporter activity
G0:0008324 539 87 60.6 1.4 2.89e-04 1.92e-02 cation transmembrane transporter activity
G0:0008066 26 10 29 3.4 3.04e-04 1.96e-02 glutamate receptor activity

G0:0008270 907 135 1019 1.3 3.09e-04 1.96e-02 zinc ion binding

G0:0046873 379 65 42.6 1.5 3.18e-04 1.97e-02 metal ion transmembrane transporter activity
G0:0005234 19 8 21 3.7 6.03e-04 3.39e-02 extracellular-glutamate-gated ion channel activity
G0:0015085 113 25 127 2.0 6.46e-04 3.49e-02 calcium ion transmembrane transporter activity
G0:0005262 101 23 1.4 20 6.84e-04 3.63e-02 calcium channel activity

G0:0005499 5 4 0.6 71 7.24e-04 3.71e-02 vitamin D binding

G0:0051371 8 5 0.9 5.6 7.45e-04 3.72e-02 muscle alpha-actinin binding

Supplementary Table 3 Gene Ontology Molecular Function enrichment analysis with WebGestalt of the 1% extreme

XP-EHH scoring positions.
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Ra Chromos Start End Mean XP- Max XP-

nk ome window window EHH EHH Gene
1716638 1717638 METTL13,
1 chrt o e 4,64 743 s
1718538 1719538
2 chrt o o 438 6,42 DNM3
4 chr2 1300140 1301140 3,86 5,96 ZRANB3
5  chr2 1335140 1330840 3,82 6,13 NCKAP5
7 chrs 170145031 170155031 3,81 543 RANBP17
8 chr2 136242890 136252890 3,71 6,00 LCT, UBXN4
1 chr2 136222040 136232040 3,30 5,16 R3HDM1
1357290 1358290 MAP3K19,
12 chr2 22 22 322 6,06 RAB3GAP1
13 chri5 54751‘843 548?843 3,21 5,80 UNC13C
14 chro 7330843 7340843 3,12 5,53 TRPM3
15 chr2 1965540 1369840 3,09 6,00 DARS, MCM6
20 chrs 1070131 1070131 3,01 5,41 FBXL17
21 chr22 4168970 “1 73970 2,95 5,38 TEF, ZC3H7B
22 chr3 234;497 235;497 2,94 5,89 UBE2E?2
23 chr7 1 5%144798 158&798 2,94 6,99 ESYT2, NCAPG2
2%  chr3 3987497 3997497 2.89 7,92 MYRIP
29 chr2 1351440 1355440 277 513 TMEM163
34 chri2 4968831 4978831 274 4,85 PRPH, C1QL4,
1 1 TROAP,
DNAJC22,
SPATS?2
5 s 8165458 8173458 272 5,06 INE704
36 chr22 4159470 4169470 271 5,27 CHADL,
9 9 L3MBTL2,
AL035681.1,
RANGAP1
38 chr2 136222990 136232990 2,65 4,49 R3HDM1
42 chr15 5488343 5498343 2,64 4,98 UNC13C
43 chr1g 7048663 7053663 2,64 5,95 NETO1
44 chrs 134807645 134;7645 2,63 5,49 TG, SLA
45  chr8 8589458 8592458 2,63 453 RALYL
46 chri8 1478663 1482663 2,62 4,01 ANKRD30B
49 chri8 1210063 1220663 2,58 4,05 ANKRD62
50  chrs 1070081 1077081 2,58 5,20 FBXL17

Supplementary Table 4 Ranking of XP-EHH scores per 100 kb windows
containing protein coding genes. The SNPs have been grouped in regions of
100Kb taking the mean and maximum XP-EHH score to have an overall view of a
window.
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. Start Stop Mean XP- Max XP-
Region | Chromosome window window EHH EHH Rank Gene
METTL13,
. chri 171663805 | 171763805 4,64 743 1 VAMPS
Re%'on‘ chrt 171853805 | 171953805 4,38 642 2 DNM3
chr 171568805 | 171668805 2,21 7,01 105 MYOC
chr2 136014022 | 136114022 3,86 5,96 4 ZRANB3
chr2 136489022 | 136589022 371 6,00 8 LCT, UBXN4
chr2 136204022 | 136304022 3,30 5,16 1 R3HDM1
Region chr2 135729022 | 135829022 322 6,06 12 AZ’AAB’Z%’;] g’1
2 chr2 136584022 | 136684022 | 3,00 6,00 15 Homs.
chr2 135444022 | 135544022 2,77 513 29 TMEM163
ACMSD,
chr2 135634022 | 135734022 2,28 3,85 86 CONT?
chr2 135159022 | 135259022 2,01 4,37 164 MGAT5
SLC24A5,
Region- CTXN2,
’ chri5 48423431 | 48523431 1,95 5,00 189 MYEF3,
SLC12A1
Re%‘"”‘ chr19 8173367 8273367 2,09 5,96 144 FBN3
Region- chr8 134064587 | 134164587 2,63 5,49 44 TG, SLA
5 chrg 133779587 | 133879587 2,43 4,07 67 PHF20L1
Region- chr2 133544022 | 133644022 3,82 6,13 5 NCKAP5
6 GPR39,
chr2 133354022 | 133454022 1,88 3,88 235 vPDT
Region- chr2 162614022 | 162714022 2,20 4,85 110 SLC4A10
7 chr2 162804022 | 162904022 2,18 541 16 DPP4
Region-
: chré 73071487 | 73171487 2,12 515 130 ADAMTS3
Region- chré 84851015 | 84951015 2,46 6,92 61 KIAA1009
9 chré 84756015 | 84856015 1,95 6,29 188 MRAP2
MMP2,
Region- chr16 55517246 | 55617246 2,34 4,41 78 CAPNS2,
b LPCAT?2
chr16 55327246 | 55427246 1,92 4,34 205 IRX6
Region- CETP,
o chr16 56942246 | 57042246 0,96 3,36 3436 HERPUDA
Re?'z""' chr16 72997246 | 73097246 2,12 5,69 131 ZFHX3
Re$'3°"' chr9 73368433 | 73468433 3,12 5,53 13 TRPM3
Region- chr 170403115 | 170503115 3,81 543 7 RANBP17
14 chrs 170213115 | 170313115 2,57 547 51 GABRP
Region- PPILZ,
s chr22 22024709 | 22124709 1,82 6,06 284 YPEL,
MAPK1
Region- ZC3H7B,
b chr22 41689709 | 41789709 2,95 538 21 TER
Re?'f"‘ chrig 70436630 | 70536630 2,64 5,95 43 NETO1
Re?;""' chr20 40847955 | 40947955 1,89 4,95 233 PTPRT
Region- chr3 125219972 | 125319972 | 2,03 5,28 158 Ot
PSRCT,
Region- chr 109818805 | 109918805 1,67 4,35 427 SORTY,
% MYBPHL
chr 109723805 | 109823805 1,26 4,73 1307 CELSR2
chr15 58018431 | 58118431 1,88 5,38 234 POLR2M
Region- GCOM1,
o chri5 57828431 | 57928431 1,43 3,44 823 YZAD
chri5 58303431 | 58403431 1,08 2,79 2248 ALDH1A2
Region- NTN1,
5 chr17 8855457 | 8955457 1,14 5,00 1860 PIK3RS
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Supplementary Table 5 Summary of the candidate selection regions. For each
region, rows correspond to a 100 kb window found in the reported selection
regions. For each 100 kb window we report the mean of XP-EHH score and
maximum XP-EHH over all the SNPs found inside. We included regions of interest
that either their window mean or maximum XP-EHH score were higher than the 1
percent per window or per SNP threshold respectively (reported in Tables 2a and
b). We also report the name of the genes found and the ranking of the mean XP-
EHH for each window (the number one being the highest scoring window).
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Supplementary Table 6 Non-synonymous variants within the 1% extreme XP-

EHH scores. The allele frequencies are reported for 7 different populations and the
mean distance between Nama and the rest. We averaged the difference between
the allele frequency of the Nama and the allele frequency of each the populations

in the table.
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SUPPLEMENTARY TEXT

Regions of interest

Region 1. The first, top-scoring window found among the Nama
contains several genes: METTLI13, DNM3 and VAMP4. The top
signal is found between VAMP4 and METTLI3, with XP-EHH
scores uncommonly high along the region (Figure 5). We find
histone marks, many differentiated variants (derived allele
frequency in Nama 0.5 and 0 in Amhara, Wolayta, Gumuz, CEU,
CHB) and several eQTLs such as the highest XP-EHH scoring
variant (in rs60956160, decribed in Brain — Cerebellum as an eQTL
with a p-value 2e-9 for DNM3 and in Spleen with a p-value 9.6e-7
for METTLI13). The intergenic region between VAMP4 and
METTLI3 has clear signs of being a regulatory region where the
Nama underwent a selective sweep. There is very limited
information about the function of methyltransferase Like 13
(METTL]13). It has been reported abnormal METTL13 expression in
several human cancers since METLLI3 is the dimethyltransferase of
eEF1A which stimulates protein synthesis in cancer cells (1). It is a
possible tumour suppressor gene related to bladder cancer since it
has been found lower expressions of the gene during late stages of
the disease and during tumour progression (2) which in turn is
supported by a study where they found that depletion of METTLI3
inhibits proliferation of several cancer lines (1).

Dynamin 3 (DNM3) is a GTPase necessary for endocytosis and
neurotransmission localized postsynaptically (3) and it is
differentially expressed in the central nervous system (4). It has
been associated with obsessive-compulsive disorder without a
genome-wide significant p-value (5). Moreover, it has also been
shown that DNM3 is over-expressed in Sézary syndrome patients
(6), a rare CD4+ cutaneous T-cell lymphoma.

Vesicle associated membrane protein 4 (VAMP4) is involved in the
docking and fusion of synaptic vesicles with the presynaptic
membrane. Activity-dependent bulk endocytosis is the prevalent
form of synaptic vesicle endocytosis during intense neuronal
activity and VAMP4 has been identified as an essential promoter of
it (7). It also has been associated in GWAS studies with and
hippocampal atrophy (8), but none of the variants described in this
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study reached genome-wide significance. Additionally, it has been
shown that VAMP4 plays an essential role mediating vesicular
eukaryotic interactions at the chlamydial inclusion, an organelle
formed by the obligate intracellular pathogen to survive inside the
eukaryotic cell (9,10).

All in all, we find that this region is highly differentiated in the
Nama compared to other worldwide populations and is the top
scoring region that we found in our analysis. Even if the function of
the genes inside this block is not completely understood, we have
found VAMP4 and DNM3 that point to a recently brain specific
adaptation that is largely supported by our enrichment analysis
presented earlier where we have found DNM3 in several of the
reported neuronal related categories.

Region 2. We observe a very broad region with high XP-EHH and
iHS selection scores in chromosome 2, encompassing the area
around the lactase (LCT) gene and a larger region at its 5° (Figure
6A and B). It is known that 50% of Nama population is lactase
persistent (LP) (11) so it is an interesting region to consider. Many
studies have focused on the study of LP, especially in Europe and in
East African populations from Tanzania and Kenya (12), reporting
several candidate variants conferring lactase persistence. Given that
the European haplotypes were masked in our dataset, this signal
cannot be an artefact generated by the already described strong
selection in Europeans around the same area. In fact, we find that
the European associated LP derived allele 13910C>T (rs4988235) is
found in 5 out of 78 haplotypes (frequency of 0.06) in the raw
dataset, and after masking for European ancestry we found a
frequency of 0. The main East African mutation 14010G>C
(rs145946881), first described in populations from Tanzania and
Kenya (12) and found at 55% in Massai population (13), is at an
allele frequency of 33% in the Nama in our data, suggesting an
event of demic diffusion of pastoralism from eastern Africa (14,15)
and having been diffused in many Khoesan populations and been
under selection after admixture (11). There are other East African
variants that have been reported: 13907*G (rs41525747) described
as “marginally” associated with LP, 13915*G (rs41380347; (12)
and 14009T>G (rs869051967; (16). None of these variants seem to
play a role in LP in the Nama since all of them are in an ancestral
state. All the five variants described belong to the regulatory region
of LCT, located in intron 13 of the neighbour MCM6 gene. In our
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results, there are not signals of selection coming from this particular
intron as seen in Figure 6B, but strong signals are found inside LCT
and in its 5’ (as in supplemental material of (14).

Our results indicate a LP in the Nama driven by the Eastern African
mutation 14010G>C through an event of positive selection after
admixture, but we do not observe a signal of selection in the
regulatory region in intron 13 of MCM6. Our results, with the
highest peaks within LCT suggest the existence of adaptive
mutations that could be playing an important role for LP among the
Nama. We have found in this extensive signal of positive selection
an active enhancer (Z-Score of 3.59 H3k27ac in neuron cells in the
ENCODE database) in an intron of LCT gene (red box in Figure
6B). TRIM28 is a transcription factor that binds in this region.
There are two variants that are highly differentiated that could be
driving the signal, rs79633114 (frequency in Nama 0.46, Zulu 0.32,
Amhara 0.48) and rs12373779 (frequency in Nama 0.59, Zulu 0.32,
Amhara 0.48). Both variants show top XP-EHH scores of 5.6 and 6.
Moreover, we have used haplostrips (17) to cluster by distance the
haplotypes of the 100 kb region around the LCT gene (hgl9
coordinates 2:136544418-136643577) using a non-admixed Nama
haplotype as reference and a set of worldwide populations. In
Figure 6C we observe that 69 haplotypes have less than 10
differences with the reference Nama. As expected, 35 are from
Nama individuals but 16 from Ambhara individuals, 7 from Gumuz,
5 from CEU, 4 from Zulu and 2 from YRI. One should expect a
similar number of differences over different populations but in our
case, we observe significant differences between populations
(Kruskal-Wallis Test chi-squared = 20.438, df = 4, p=0.00041). In
particular, that the haplotypes of the Nama individuals share with
Ambhara a significant lower number of differences in comparison to
the Zulu (9.6% of differences in the Amhara and 16,1% in the Zulu
over 543 variants, Wilcoxon test p-adjusted = 0.0013) (Figure 6E).
Same results are found for the YRI, and CEU comparisons with
Amhara (15% and 16% Wilcoxon test p-adjusted = 0.044 and
0.00056). This could be an indicator of an admixture event with an
Ambhara-like population from Ethiopia, as already mentioned in (6).
But the fact that neither the Amhara nor the Gumuz from Ethiopia
carry the Eastern African allele of LP (in fact, the allele is not found
in any individual) suggests that this allele arose after the initial
migration of Afroasiatic populations from Ethiopia into Kenya and
Tanzania (16).
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Region 3. Another interesting signal is found in a region containing
genes SLC24A45, SLC12A41 (Figure 7A). SLC24A5 is a well-known
gene that has been strongly associated with skin pigmentation
especially in European populations. Although we see a clear
selection signal on the 5’ end of SLC24A45 (with several variants
that have been associated to skin pigmentation in Africans (18)), we
do not find the European ancestry light skin allele (rs1426654)
among the variants under selection with XP-EHH or iHS analyses.
Nonetheless, the frequency of the derived allele is quite high in the
Nama, 0.46. It is a quite unexpected high allele frequency given the
amount of European ancestry in the Nama genome, suggesting that
an event of selection in the region happened after admixture as
already described in (19).

We also find a clear selection signal in SLC1241 (Figure 7A). This
gene encodes for a Na-K-Cl cotransporter (NKCC2) expressed in
kidney where it reabsorbs sodium, potassium and chloride from
urine into the blood (20). Loss-of-function mutations in this gene
cause Bartter syndrome type 1, a disease that causes plasma volume
reduction, polyuria, hypotension and metabolic alkalosis among
others (21). Interestingly, another study found that rare
heterozygous mutations in this gene leads to a blood pressure
reduction and protects from hypertension, highlighting that a
probable combined effect of rare independent mutations could
explain blood pressure variation in populations (22).

Region four. Another member of the fibrillin gene family, FBN3, is
among our candidates of adaptive selection (Figure 7B). FBN3 is
important in maintaining the structure and integrity of the
extracellular matrix in connective tissues and contribution to the
regulation of TGFB family of growth factors. It is expressed in early
development and it is not found among rodents but among cow,
sheep, dog, swine, chick, zebrafish and primates (23,24). Genetic
variation in the gene has been linked to polycystic ovary syndrome
(25) and in a GWAS analysis it has been related to attention deficit
hyperactivity disorder and facial morphology (26,27). We find a
nonsynonymous substitution (rs7246376) at a high frequency in
Nama (0.7), Zulu (0.47), CEU (0.13); no strong consequences are
expected (Phred score 6.13). We also find rs57295135, a lung and
thyroid eQTL (p-values 6.1e-90 and le-120 respectively) that
decreases FBN3 expression with a very high XP-EHH value of
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4.35. Interestingly, this variant is at higher frequency in African
populations (Nama 0.74, Zulu 0.80, Gumuz 0.90, CEU 0.55). The
highest scoring variants of this particular signal (chr19:8207452-
8208396) intersect with two  cis-regulatory  elements
(EH37E0480711 and EH37E0480712) that have both high Z-scores
of H3K4me3 in myoepithelial of mammary gland female adult
(2.61) and H3K27ac in hepatocyte (3.22) indicating active
promoters and enhancer marks.

Region five. In next interesting region we find the thyroglobulin
(TG) gene (Figure 7C). It is a substrate for the synthesis of thyroid
hormones T3 and Ty, the latter being the main thyroid hormone. The
synthesis of T4 is a two-step process: first, there is an iodination of
specific tyrosine residues from TG and secondly a coupling of two
doubly iodinated tyrosines to the same TG glycoprotein. Therefore,
iodide availability is crucial for this synthesis process. Thyroid
hormones are needed in every step of human life; during foetal
development it is indispensable for neuronal differentiation and
from childhood to adulthood it is required for the regulation of
metabolism. This is why a reduced iodine intake can cause
irreversible neuronal abnormalities, hypothyroidism and goitre. The
TG protein contains 66 tyrosine residues, which 10 to 15 are
iodinated depending on iodine intake. A TG protein will form
around 3 or 4 thyroid hormones (28). The prevalence of iodine
deficiency in Africa was quite high till around 1990. Nowadays,
iodine deficiency is no longer a health problem since the
introduction of iodized salt. Conversely, there has been an increase
of 60% of Grave’s disease in South Africa (29) during the last 11
years. The most affected individuals are urban dwellers that recently
migrated from iodine deficient areas.

There is an interesting non-synonymous variant with a high Phred-
scaled CADD score (11.73) among our selected variants,
1s73354644 (A2422T), which has been associated with thyroid
dyshormonogenesis, but without clear evidence. We find the highest
derived frequency in Nama (0.36), then Zulu (0.28), Gumuz (0.06),
CEU and CHB with frequencies of 0. The variant is also found
among the top 1% candidates for iHS, supporting the evidence of
selection. The variant is located at the end of the protein in the
cholinesterase-like domain (ChEL). ChEL domain is crucial since it
stabilizes TG and is a molecular carrier for the transport along the
secretory pathway of TG. Missense mutations have been found in
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the ChEL domain, specifically p.A2215D was found to decrease
dramatically TG protein in comparison to TG mRNA and the
protein was cornered intracellularly leading to a congenital
hypothyroidism (30).

Region 6. There is a high signal in chromosome 2 where two genes
are found. NCKAP5 and close to GPR39 (Figure 7D). Not much
information is available about NCKAP5 gene function, not even in
other organisms. It has a paralogue, NCKAPSL that regulates
microtubule organization and stabilization (31). NCKAPS5 has been
associated in several GWAS with height, body mass index,
palmitoleic acid levels, hypersomnia and bipolar disorder (32-36).
Interestingly, we find a non-synonymous mutation (rs12611515) at
a frequency of 0.80 in the Nama (Table 6) with a very high Phred
score of 21; Unfortunately, nothing is known on its possible
phenotype implications.

GPR39 is a zinc-dependent G-protein-coupled receptor member of
the ghrelin receptor family. lon zinc is an agonist of GPR39 and
may be involved in regulation of body weight, gastrointestinal
mobility, hormone secretion and cell death. This gene is mostly
active in intestines, prostate and salivary glands. Some studies
associate GPR39 in the pathogenesis of human gastric
adenocarcinomas (37). Other studies relate down-regulation of
GPR39 to zinc-deficiency that leads to depressive-like behaviours
(38). Since zinc deficiencies can cause a broad number of
symptoms and neurological deficiencies this particular region could
provide an interesting adaptation in the Nama.

Region 7 We find in the following region two peaks of XP-EHH
high scores corresponding clearly to DDP4 and SLC4A410 genes
(Figure 7E). DPP4 (also called CD26) is expressed on the surface
of most cell types and plays an important role in glucose
metabolism by regulating the degradation of incretins like
Glucagon-like peptide-1 (GLP-1). GLP-1 and glucose-dependent
insulinotropic polypeptide (GIP) are hormones secreted by the
enteroendocrine cells of the gut in response to the ingestion of
nutrients. These incretin hormones, so called because they increase
insulin secretion, are key modulators of pancreatic islet hormone
secretion and, thus, glucose homeostasis. The glucoregulatory
effects of incretins are the basis for new therapies currently being
developed for the treatment of type 2 diabetes mellitus (T2DM)
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(39). Drugs that inhibit dipeptidyl peptidase-4 (DPP-4), a ubiquitous
enzyme that rapidly inactivates both GLP-1 and GIP, increase
active levels of these hormones and, in doing so, improve islet
function and glycemic control in T2DM (40). This gene is also
involved in the negative regulation of lymphocyte trafficking, and
its inhibition enhances T cell migration and tumour immunity (41).
SLC4A410 or NBCn2 gene belongs to a small family of sodium-
coupled bicarbonate transporters (NCBTs) that regulate the
intracellular pH of neurons, the secretion of bicarbonate ions across
the choroid plexus, and the pH of the brain extracellular fluid (42).
Among the potential functions of the gene, it has been shown in
mice that the knockout (KO) of NBCn2 leads to a slow bicarbonate
dependent pH recovery from an intracellular acid load in
hippocampal CA3 region cells of mouse. Since a faster pH recovery
after neuronal firing leads to a faster recovery of neuronal
excitability, SLC4A10 would be crucial to maintain a faster
neuronal excitability. Secondly, it has been described that SLC4A10
could be playing a role in cerebrospinal fluid (CSF) secretion
because KO mouse exhibit CSF secretion flaws (43). In agreement
with the mentioned functions, a case of complex partial epilepsy has
been associated with a chromosomal translocation involving
SLC4A10 (44) and other cases of chromosomal deletions involving
more genes than SLC4A410 have been also described (45). Other
disruptions of SLC4A410 have been found in autistic patients (46).
Moreover, two genome-wide significant variants from SLC4A410
have been found in GWAS of educational attainment and
schizophrenia (47,48). SLC4A410 is found among many neuronal
related categories in our enrichment analysis with WebGestalt.
Finally, there are 2 interesting variants in SLC4410 in our data
(rs113208259, rs113278723) with high Phred scores 10 and 19.6
where Nama has derived allele frequencies of 0.44, Zulu 0.18,
Gumuz, Amhara and Wolayta ~0.1 and out of Africans CHB and
CEU have a frequency of 0. No phenotypic information exists for
any of them.

Region eight. A specific region in chromosome 4 (Figure 7F) shows
high scoring variants where we find NPFFR2 (or GPR74) and
ADAMTS3. NPFFR2 is a member of a subfamily of G-protein-
coupled neuropeptide receptors. The receptor is activated by
neuropeptides A-18 (NPAF) and F-8-amide (NPFF). The main
studied function of NPFF is the ability to regulate opioid systems
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(49) but it is also known to regulate other physiological processes
such as the cardiovascular system, response to stress or reward and
food intake (50-54). NPFFR2 has been described as a novel
candidate gene for regulation of body mass index by affecting
adipocyte lipolysis, in fact it has been found in a Swedish cohort a
NPFFR?2 haplotype that protects against obesity (55). Thus this
gene could be related to metabolism via a brain physiological
process.

The other gene in this location, ADAMTS3 belongs to the ADAMTS
family (disintegrins and metalloproteinases with thrombospondin
motifs), is a member of the procollagen aminopropeptidase
subfamily and plays an important role in the collagen synthesis.
Collagen is the most abundant protein of the connective tissue in
humans that supports tissues, confering tensile strength and
elasticity. The collagen precursor, procollagen, is a homo or hetero-
trimer flanked by amino and carboxy propeptides that have to be
removed to allow the assembly of trimers that will conform
collagen fibrils. The amino-propeptide is processed by the
proteinases ADAMTS2, 3 and 14 (56). A study reported ADAMTS-
3 and 16 high levels in women with recurrent miscarriage in
comparison with healthy controls. Such result might be explained
by a deficient remodelling of the extracellular matrix of the
endometrium and result in an impaired implantation (57). In a
GWAS study, a variant (rs9993613) of this gene has been
associated with height with a p-value 5e-24 (58).

Region nine. Moreover, we find another region related to body
weight (Figure 7G). Melanocortin receptor accessory protein 2
(MRAP2) modulates signalling of melanocortin receptors in vitro
such as melanocortin 4 receptor (MC4R) that regulates food intake
and energy expenditure. The expression of MRAP2 is located
especially in brain and plays an important role in the regulation of
energy homeostasis (59). A study revealed that mice with deletion
of Mrap?2 develop severe obesity at a young age probably because
of the subsequently alteration of Mc4r and perhaps other MCRs.
They also found in humans with severe early onset obesity four rare
potentially pathogenic variants in MRAP2, suggesting a potential
role of MRAP2 in body weight regulation in humans as well (60).
Another study described an association of two nonsynonymous
MRAP2 mutations to obesity (61), supporting the hypothesis of
MRAP?2 implication in obese patients.
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A second peak in the region corresponds to the KIAA1009
(CEP162) gene, which is required to promote assembly of the
transition zone in primary cilia. Acts by specifically recognizing
and binding the axonemal microtubule (62).

We have found a region of high scores that contains an
experimentally tested enhancer (hs2063 located in chr6:84761493-
84763345) that is expressed in hindbrain and the somites of
embryos. Moreover, the ENCODE database also reports high Z-
scores for active promoter marks (H3K4me3) in neurons (2.95). A
specific variant is found in this enhancer region rs73479099 at an
allele frequency of 0.35, which is not found in any other population
(except Zulu at an allele frequency of 0.14).

Region 10. Another example of region under putatively positive
selection related to cardiovascular metabolism is matrix
metalloproteinase 2 (MMP2) or gelatinase A, which is an enzyme
associated with tissue remodelling and repair, cleaving extracellular
matrix components such as collagen type IV (Figure 7H).
Fibroblasts from the dermis and leukocytes are the major sources of
MMP2 although we find MMP2 in other tissues such as vascular
tissues and cardiac myocytes (63). MMP2 is involved in many
physiological and pathological processes, such as angiogenesis,
tissue repair, inflammation, in tumour invasion and metastasis (64).
MMP2 is one of the most studied metalloproteinases in
cardiovascular research since a study showed that MMP2 was
activated after a myocardial ischemia-reperfusion injury (65). The
active form of MMP2 targeted intracellular proteins within de
cardiac cells inducing myocardium injuries and contractile
dysfunction. In fact a study showed that patients undergoing I/R
injury during a coronary bypass surgery had a fast increase in
myocardial MMP2 and MMP9 activity (66). There is an interesting
variant in a splice site, rs243834, which the derived allele G is
associated  with  osteolysis-nodulosis-arthropathy  spectrum
disorders. Nama has by far the lowest derived allele frequency
(0.09) compared to other populations (Zulu: 0.32, Gumuz: 0.58,
Ambhara and Wolayta: 0.5, CHS: 0.65 and CEU: 0.51). This variant
is in the top 0.5% scoring in the Nama and has high Z-scores (4.26)
of active enhancer marks H3K27ac and DNase, indicating a clear
regulatory activity of this variant.
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Region 11. This region in chromosome 16 contains the gene CETP
encoding a cholesteryl ester transfer protein (Figure 7I). It is an
important protein for high density lipoporteins (HDL) metabolism
since it enables the transfer of cholesteryl ester from HDL toward
triglyceride rich lipoproteins and low density lipoproteins (LDL)
and contributing to lower HDL cholesterol (67). It is known from
epidemiological studies that LDL cholesterol is a risk factor for
coronary heart disease and that HDL cholesterol is cardioprotective
(68). Interestingly, CETP inhibitors reduce LDL cholesterol and
increase HDL cholesterol. In fact, CETP deficiency is associated
with elevated plasma levels of HDL cholesterol and low levels of
LDL cholesterol causing a high-density lipoprotein deficiency.
Many pharmacological studies have focussed on finding CETP
inhibitors for over a decade to treat dyslipidemic coronary heart
disease patients but none of them reached enough efficacy. Almost
all loss-of-function mutations of CETP are found in East Asia but
their phenotypic consequences are not clear even if it has been
found that HDL is higher in countries such as Japan ad their
prevalence of coronary heart disease low (69). Moreover, this
region is found in our enrichment results in the trait category of
Lipoproteins, LDL.

Region 12. Another region that we have found related to
cardiovascular function contains ZFHX3, a transcription factor that
regulates myogenic and neuronal differentiation (Figure 7J). ZFHX3
knockdown in atrial myocytes causes dysregulation of calcium
homeostasis and increased atrial arrhythmogenesis, which might
contribute to the occurrence of atrial fibrillation (70). It has been
associated with atrial fibrillation in Europeans (71), and in Chinese
Han (72). A study of Icelandic population revealed that the variant
rs7193343-T (the ancestral variant) is significantly associated with
atrial fibrillation, ischemic stroke and cardio embolic stroke (73). In
our data, Nama has the lowest frequency of T-allele (0.05)
compared to other populations such as Zulu (0.12), Gumuz (0.14),
Amhara (0.07), Wolayta (0.12), CHB (0.64) and CEU (0.18).
Another interesting intronic variant, rs73594727, that has a very
high Phred score of 20.1 is found in Nama at the highest derived
allele frequency (0.5) followed by Zulu (0.37), Gumuz (0.08),
Amhara (0.02) and Wolayta (0.17) and CHB and CEU (0). This
particular variant is in a very high peak of scores (chr16:73001773-
73030279), where we find several cis- regulatory elements (35
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elements) indicating a high level of regulatory activity of this
region. In particular 6 out of the 35 elements have very high Z-
scores (>3.39) in cardiac muscle cells of active enhancer marks
H3K27ac. These findings, together with the fact that the region is
under strong positive selection and the enrichment in cardiac
function categories from enrichment results, indicates a Nama
specific adaptation related to heart function.

It is interesting to note that a study found that African Americans
had a lower incidence of atrial fibrillation and that an increasing
European ancestry was associated with an increased risk in African
Americans (74).

Region 13. This region (Figure 7K) contains TRPM3, a member of
the family of transient receptor potential channels. It is a non-
selective calcium permeable channel that is expressed in sensory
neurons, pancreatic B-cells, kidney and vascular smooth muscle
(75-77). In sensory neurons, it has been demonstrated that TRPM3
acts as a sensor of nociceptive heat in sensory neurons that is
activated from a temperature of 40° C (78) and in mice the Trpm3
knock-out show deficiencies in avoidance of noxious heat (76). In
vascular smooth muscle cells from patients, a study showed that
TRPMS3 is involved in cell contraction, cytokine secretion and that
its activity is repressed by cholesterol, a main driver of
atherosclerosis (77). This gene mediates calcium entry potentiated
by calcium store depletion. When trying to unravel molecular and
cellular differences in brain organization between human and
nonhuman primates, TRPM3 was found to be human-specific
down-regulated in the amygdala, which is located in the brain an
plays an essential role in memory, decision-making and emotional
reactions (79). Mutations in the gene can also cause mental
disabilities (80).

There are several cis-regulatory elements (EH37E1297900 to
EH37E1297905) with high XP-EHH values in the region
chr9:73478924-73483708 (with very high XP-EHH values, see
Figure 7K) that have high Z-scores of active promoter marks
(H3K4me3) specially in retinal pigment epithelial cell (>5) and
endothelial cell of umbilical vein newborn (>4) and in kidney foetal
cells.
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Abstract

The functional interpretation of signals of positive selection from
genome-wide scans is a necessary step towards the validation and
understanding of the adaptive mechnisms of human adaptation.
Nonetheless, very few studies engage in this arduous task due to the
technical considerations and the need of an interdisciplinary
approach. Previous work show that the TRPP3 gene has been a
target of positive selection in the Gumuz from Ethiopia. Two
nonsynoymous subsitutions were found at high frequency and were
predicted to be damaging (rs17112895 and rs7909153). In this study,
we perform a functional follow-up study of a candidate of adatpation
in order to understand the underlying molecular mechanisms that
lead to the increase of reproductive fitness in a population. For that,
we performed electrohpysiological and phenotype-genotype analysis
of TRPP3. The analysis revealed an impaired function of the channel
driven by both substitutions with no effect on membrane expression.
We next examined the putative consequences on the sour taste
recognition threshold of individuals carrying both substitutions but no
effect was detected. All together this study provides a first functional
insight into a target of positive selection in the Gumuz.
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Introduction

In evolutionary biology the detection and interpretation of the
footprints of adaptive selection is a very promising and interesting
topic, as it may pinpoint where in the genome a selective sweep has
happened, driven by an event of positive (also called adaptive)
selection. The interesting point is that it is a fully blind process of
recognizing where in the genome adaptation has happened. These
studies may be undertaken at several levels, one of the most
powerful and interesting being the recognition of population
specific adaptations that may be interpreted as phenotypic
adaptations (Scheinfeldt and Tishkoff 2013; Fan et al. 2016;
Booker, Jackson, and Keightley 2017). There are some well-known
cases for which the adaptation has been fully interpreted, from the
detection of the signal to the specific genetic change and into the
adaptive phenotype, like the lactase persistence (Tishkoff et al.
2007; Enattah et al. 2002), the adaptation to high altitudes
(Simonson et al. 2010; Beall et al. 2010; Huerta-Sanchez et al.
2013; Yi et al. 2010), taste (Campbell et al. 2014), diet (Fumagalli
et al. 2015) and some others. Thanks to the massive production of
genomic data, it has been possible to undertake whole genome
scans of positive selection for several populations. Nonetheless, for
many cases, the detection of a selection signal is far for being
interpreted. First because in many cases there are a large proportion
of signals lying in genome regions without functional annotation
and likely being related to regulatory elements; second because it is
difficult to pinpoint the specific causal variants, due to the lack of
precision of the selection footprints; and last because of the general
difficulty of making causal relationships between genotype and
phenotype, a fact in common with most of GWAS studies.

In a study of selection in several populations from Ethiopia (Walsh
et al, in press) several interesting signals were uncovered using two
different selection tests, SFselect (Ronen et al. 2013), that detects
mainly ancient signals as it is based in changes in the site frequency
spectrum, and iHS (Sabeti et al. 2002), a test based in the extension
on linkage disequilibrium and that detects recent events that are
mainly population-specific. One of the top signals of positive
selection of the iHS analysis was a region in the long arm of
chromosome 10 (Fig. 1) that contains the TRPP3 (also called
PKD2L1I) gene. This signal is found specifically in one Ethiopian
population, the Gumuz, a Nilo-Saharan-speaking population
unaffected by the admixture from the Levant that is typically found
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in other Ethiopian populations (Pagani et al. 2012). In fact there is a
strong overlapping between the signal and the gene and, what is
more interesting, there are two exonic non-synonymous variants in
the gene that have a very strong iHS values and that present a very
strong population differentiation and a high derived allele frequency
in the Gumuz, rs17112895 and rs7909153 both at a frequency of
0.70. In non-African populations, the allele frequency of the derived
allele is zero.

TRPP3 belongs to the TRPP subfamily of ion channels that are
characterized by large extracellular domains (Su et al. 2018).
TRPP3 forms a Ca’  permeable channel in a homotetrameric
structure or in a heterotetrameric structure together with PKD1L3.
TRPP3 has a voltage-sensing domain formed by the S1 to S4
transmembrane alpha helices, the pore domain is formed by the S5
and S6 helices and the polycystin domain (PD). The variants are
located in the PD and in the intracellular linker between the S2 and
S3 alpha helices (Fig. 2). This channel is activated by an off-acid
response (Inada et al. 2008), voltage and osmolality. The
PKD2L1/PKDIL3 complex is expressed in a subset of taste
receptor cells in specific taste areas (Ishimaru et al. 2006) and has
been identified as a candidate for sour taste in mammals (Huang et
al. 2006). In humans, two patients with sour taste ageusia have been
reported and neither had detectable PKD2L1 transcripts (Huque et
al. 2009). Sour taste is one of the five basic tastes. And although
other tastes have a clear evolutionary purpose (sweet indicates
carbohydrate rich food, salty taste sodium, bitter potentially
poisonous and umami protein rich), sour tasting remains unexplored
in humans. One of the main hypotheses of the evolutionary sour
tasting function is that it could warn against the acidic ingestion of
rotten or immature fruit (DeSimone, Heck, and DeSimone 1981).
Even if the tasting function of TRPP3 is the most widely studied,
two other functions have been described. The first one, in zebrafish,
Trpp3 is expressed in cerebrospinal fluid-contacting neurons and
required for the responses to pressure and maintenance of spine
curvature (Sternberg et al. 2018). Zebrafish that do not express
Trpp3 present an exaggerated spine curvature similar to human
kyphosis. Lastly, a recent paper showed that TRPP3 knockout mice
promotes mitochondrial calcium overload in cardiomyocytes (Lu et
al. 2018). Moreover, a high salt induced diet on knockout mice led
to cardiac hypertrophy and dysfunction, revealing the inhibitory
effect of TRPP3 on cardiac hypertrophy.
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Besides the external phenotype, what is more intriguing is to which
extent the two non-synonymous substitutions affect the
electrophysiological properties of the ion channel.

In this study we depart from the selection footprint in the genome,
recognize the gene TRPP3 as the selection target, with two non-
synonymous variants, and use molecular physiology techniques to
recognize the alterations produced by the two substitutions. Finally,
in trying to link genotype and external phenotype we try to find
differences in sour taste recognition.
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Materials and Methods

c¢DNA constructs

cDNA of the human TRPP3 wild-type (WT) channel, cloned into
the plasmid pCMV6-AC-GFP was obtained from OriGene,
Maryland, United States. TRPP3 mutant channels (R278Q, R378W
and R278Q/R378W), were generated by site-directed mutagenesis
of the human WT TRPP3 cDNA (GenScript Corporation,
Piscatway, NJ, USA). cDNA of mouse PKDIL3, cloned into
pDisplay vector was a gift from Dr. Yong Yu (Department of
Biological Sciences, St. John's University, 8000 Utopia Parkway,
Queens, New York, 11439, USA). All cDNA clones were
sequenced previously to the study in order to confirm their integrity.
Heterologous expression

HEK293 cells were transfected using a linear polyethylenimine
(PEI) derivative, the polycation ExGen500 (Fermentas Inc.,
Hanover, MD, USA) as previously reported (eight equivalents
PEI/3.3 ng DNA/dish) (Izquierdo-Serra et al. 2018). Co-transfection
was performed using the ratio for GFP-fused TRPP3 (WT or either
mutant R278Q, R378W, or R278Q/R378W), and PKD1L3 cDNA
constructs of 1:1. Transfected cells were incubated for 24 h and
seeded on 35 mm diameter dishes Poly-D-Lysine-coated (Sigma).
Experiments were performed 48 h post-transfection at room
temperature (22-24°C).

Whole-cell patch-clamp recordings and electrophysiological
analysis

Patch electrodes had a resistance of 2 MQ when filled with a pipette
solution containing (in mM): 80 CsMES, 20 NaCl, 2 MgCl,, 10
HEPES and 5 BAPTA (pH 7.4, adjusted using TrisBase).
Osmolarity was adjusted to 300 mOsm/l adding D-mannitol.
Recordings were performed at two different extracellular pH values,
7.4 or 9. In the first case, the external bath solution contained (in
mM): 150 NaCl, 2 CaCl,, 10 HEPES (310 mOsm/l and pH 7.4,
adjusted using Tris-base). The basic external bath solution
contained (in mM) 150 NaCl, 2 CaCl, and 10 TAPS (310 mOsm/I
and pH 9, adjusted using Tris-base). All chemicals were obtained
from Sigma-Aldrich.

TRPP3 activity was assessed using the whole-cell configuration of
the patch-clamp technique on GFP-positive HEK293 cells 48 h after
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co-transfection of PKD1L3 with cDNA encoding wild-type (WT),
R278Q, R378W or R278Q/R378W TRPP3 channels. Whole-cell
cationic currents were evoked by the application of 400 ms step
pulses from -100 to +160 mV in 10 mV increments followed by a
200 ms postpulse to -100 mV. Besides, spontaneous single-channel
currents were also recorded in the whole-cell configuration by using
a 40 ms gap-free protocol at several negative holding-potentials (-
60 mV, -80 mV and -100 mV). All recordings were obtained with a
D-6100 Darmstadt amplifier (List Medical, Germany), sampled at
10 kHz and filtered at 1 kHz. The pClamp8 or pClamp10.5 software
(Molecular Devices, Sunnyvale, CA, USA) was used for pulse
generation, data acquisition and subsequent analysis. By employing
Fetchan and pStat softwares, the amplitude of single-channel
currents was measured as the peak-to-peak distance in Gaussian fits
of amplitude histograms. Channel activity (NP,, where N is the
number of channels and P, is the open probability of a single
channel) at negative voltages was calculated by dividing the mean
current amplitude of recordings lasting 40 s by the single-channel
amplitude obtained from the same traces.

Immunofluorescence

Transfected cells were incubated with ConcanavalinA-Rhodamine
(Molecular Probes Ref C860) for 20 minutes, rinsed with PBS and
fixed with PFA 4%. For immunofluorescence staining cells were
fixed 24 or 48 hours post-transfection with paraformaldehyde 4%
for 30 minutes. Upon thorough rinsing, cells were treated with a
blocking solution of 5% bovine serum albumin (BSA) and 3%
foetal bovine serum with or without triton 0,1% (for
permeabilization). Anti-GFP antibody was incubated overnight and
Alexa-488 secondary antibody was used for detection. DAPI was
used for nuclear staining.

Confocal imaging was performed to detect membrane expression of
the GFP in the membrane (shown as ConA-Rho staining) using the
Leica SP5. One plane was acquired every 3 um and maximal
projection was reconstructed.

Statistical analysis

Data are presented as the means + S.E.M. Statistical tests included
one-tail Student’s t-test, one-tail Mann-Whitney U-test, Kruskal-
Wallis test followed by Dunn post hoc test, or one-way ANOVA
followed by Bonferroni's post hoc test, as appropriate. Differences
were considered significant if P < 0.05.
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Sour taste sensitivity test

A modified Harris-Kalmus test (Harris and Kalmus 1949) was
designed to determine the recognition threshold of sour taste of
individuals.

Citric acid (CA) or E-330 was used as stimuli since it is a harmless
food additive which maximum doses are catalogued as “quantum
satis” after BOE-A-2002-3366. The citric acid used for this study
was bought from Sigma-Aldrich with reference C0759.

The stimuli used were solutions of CA in Millipore-filtered,
deionized water. They are prepared less than a week in advance of
use, stored under refrigeration in amber glass bottles and warmed to
room temperature before use. Water blanks are Millipore-filtered
deionized water stored and handled the same way. The CA
concentrations ranged from 5x10”° mM to 1 mM in a 5x10° mM
step.

During each trial, subjects received a 10 mL sample in a medicine
cup. After holding the sample in their mouth for at least 5 seconds
the subjects attempted to identify the quality of taste (sweet, sour,
bitter, salty, water). Subjects rinsed at least twice with deionized
water. The threshold run begins with the lowest concentration.
Subjects sampled each concentration once in ascending order until
they identify the target quality “sour”. This is the suprathreshold
quality.

We next ensure that the subjects experienced a reliable taste
sensation with a sorting task. Subjects receive 3 samples at the
concentration at which they identified the target quality with 3 more
blank samples. All 6 samples are presented at the same time in a
random position. The subjects are asked to sort 3 cups into “tastes”
and 3 cups into “waters”. If the subject can correctly sort the 6
samples in 2 consecutive trials, the threshold run ends. If a subject
fails to sort correctly the sorting task is repeated at the next higher
concentration. The concentration that first allows successive correct
sorts is the taste quality recognition threshold.

Sample collection, DNA extraction and genotyping

After having written informed consent from the participants, we

obtained a saliva sample from which DNA was extracted using
NaCl 6M solution and subsequently precipitating the DNA on
isopropanol. Genotyping was performed through Sanger sequencing
of PCR fragments. The primers used for the PCR are the following:
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Target

Forward primer

Reverse primer

rs17112895
and rs7909153

50
AAGATGACCACCAGGTCCAG-3’

5.
TTGATACGTGGAGCAGCAAG-3’

rs7909153

5’-
GTCAGAAGGAGGGCTTAGGG-3’

5’-CTGATCCGCTATGTCAGCAA-
30

rs17112895

50
GCACCTCCTGTAGCTGGAAA-3’

57
CATTGCCTTGGGAGATGAAC-3’

The primers used for sequencing are:

Sequencing Primers

Seql Reverse 5°-ACTGAAACTCAAATGTAAATCTG-3’
Seq2 Forward 5’-CATGCACAAGAGACGGGAAC-3’
Seq3 Reverse 5’-CATTGCCTTGGGAGATGAAC-3’

Ethical approval

The study of sour test sensitivity, with reference number
2018/8294/1, was approved by the ethical committee CEIm-Parc de
Salut MAR and written informed consent to participate in the study

and for the saliva donation was obtained from all participants.
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Results

Impaired function of the TRPP3 double mutant

In order to characterize the functional consequences of the two
TRPP3 non-synonymous genetic variants (R238Q and R378W)
under strong positive selection in the Gumuz population from
Ethiopia, we compare channel activity of the wild-type (WT)
TRPP3 channel with that of channels carrying either the double
substitution (R238Q/R378W) or the single substitutions (R278Q or
R378W). For that purpose, we performed whole-cell patch-clamp
recordings on GFP positive HEK293 cells co-transfected with
PKDIL3 and GFP-fused TRPP3 channels (TRPP3-GFP). We
measured robust channel activity in response to voltage changes in
cells expressing WT TRPP3. As previously reported (Shimizu et al.
2009), they exhibited outwardly rectifying currents with large tail
currents after repolarization to -100 mV at extracellular pH 7.4 (Fig.
3A). Besides, recordings at extracellular pH 9.0 revealed largest
TRPP3 steady-state and tail currents (Fig. 3B), as reported before
for HEK293 cells expressing only TRPP3 channels in the absence
of PKDIL3 (Shimizu et al. 2011). The average current-voltage
relationships for WT steady-state currents and tail currents at each
test pulse and pH condition are shown in Fig. 3E-H. Furthermore,
we also found that at extracellular pH 9 the deactivation time course
of WT TRPP3 tail currents was accelerated when compared to the
extracellular pH 7.4 condition, another known effect of
alkalinisation on TRPP3 tail currents (Shimizu et al. 2011).

The presence of the double mutation R278Q/R378W reduced the
amplitude of both TRPP3 steady-state and tail currents recorded at
pH 7.4 when compared to the WT channel (Fig. 3C, 3E and 3QG).
Moreover, unlike the response of the WT channel to alkalinisation,
currents through the double mutant TRPP3 channel were not
enhanced at the extracellular pH 9 condition (Fig. 3D, 3F and 3H).
When recorded at pH 7.4, TRPP3 steady-state and tail currents
through the R278Q mutant channel were of similar magnitude to
those found for the WT channel (Fig. 3E, 3G). However, no
significant increase in R278Q TRPP3 current amplitude neither
faster deactivation kinetic was observed at pH 9 (Fig. 3F, 3H,
Supplementary Fig. 1B, 1D).

The presence of the single substitution R378W also impaired
TRPP3 channel activity at pH 7.4, as observed for the double
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mutation R278Q/R378W (Fig. 3E, 3G). Yet, R378W TRPP3
steady-state and tail currents were slightly but significantly largest
at pH 9 (Fig. 3F, 3H).

Because of the low open probability of TRPP3 at hyperpolarized
potentials and the large amplitude of the single channel currents it is
possible to record spontaneous single-channel activity in the whole-
cell configuration (Shimizu et al. 2009, 2011). Under these
experimental conditions, we observed that the alkaline condition
(pH 9) only increased the open probability (NPo) of the

WT channel (Fig. 4A-C). Besides, as observed for macroscopic
TRPP3 steady-state and tail currents, WT and the R278Q channels
showed similar activity only at extracellular pH 7.4, whereas
the open probability of R378W and R278Q/R378W channels is
lower at both neutral (pH 7.4) and alkaline (pH 9) conditions
when compared to the WT channel (Fig. 4A-C). As reported before
(Shimizu et al. 2011), WT TRPP3 showed similar single-
channel conductance at extracellular pH 7.4 and 9, and it was not
altered in the mutant TRPP3 channels (Fig. 4D-E).

To test whether the decrease in channel activity produced by the
double mutation R278Q/R378W was due to altered trafficking to
the plasma membrane, we evaluated the level of co-localization of
both, the ectopically-expressed WT and that with the double
substitution TRPP3-GFP channels with the plasma membrane
marker concanavalin A. We observed a similar pattern for the
plasma membrane expression of both channels (Fig. 5). Altogether,
in agreement with the extreme Combined Annotation Dependent
Depletion (CADD) scores (over 23) of the two genetic variants
(R278Q and R378W) that suggest a potentially strong effect at
protein level, our data indicate that they, both alone and in
combination, exert loss-of-function effects on TRPP3 channels.
Thus, substitution R278Q, at the most external a-helix of the
extracellular polycystin domain (Hulse et al. 2018), impairs TRPP3
activation by alkaline pH. Substitution R378W, at the intracellular
linker between transmembrane domains S2 and S3 of the voltage
sensor, strongly reduces channel activity at both neutral (pH 7.4)
and alkaline (pH 9) conditions but still show some degree of
activation in response to alkalinisation. Double substitution R278Q/
R378W TRPP3 channels show both low activity and impaired
modulation by alkaline pH.

Phenotypic analysis
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After demonstrating that both substitutions impair the function of
TRPP3, we next examined the possible phenotypic differences
related to sour tasting between individuals carrying the substitutions
and individuals not carrying them. For that, we recruited a total of
44 individuals of Western African (13), Ethiopian (14) and
European (18) ancestry, genotyped form both TRPP3 variants (not
all individuals have been genotyped, see Table 1) from a saliva
sample, determined their sour recognition threshold and individuals
were also asked to fill a qualitative questionnaire related to sour
tasting foods. For some of the individuals the saliva pH was also
measured. The Ethiopian sampled populations were of Amhara and
Oromo ancestry, none of the individuals had a Gumuz ancestry.

All individuals were either, double homozygous for the ancestral
alleles (27), double homozygous for the derived alleles (1), or
double heterozygous (3) indicating that both loci are in strong
linkage disequilibrium. All individuals (4) carrying a derived state
of an allele are of African origin, as expected by the general
population allele frequencies, that have a zero allele frequencies
outside Africa. The limited number of individuals carrying the
derived alleles mirrors the low population allele frequencies of the
variants within African (Ethiopians and West Africans) populations.
No significant sour recognition differences were observed between
the three populations (Fig 6A, Kruskal-Wallis chi-squared = 1.20,
df = 2, p-value = 0.549) or between the three different observed
genotypes (Fig 6B, Kruskal-Wallis chi-squared = 1.19, df = 2, p-
value = 0.552). The limited sample size of individuals carrying the
derived alleles is not optimal to apply a statistical test, but at this
level we cannot claim any threshold difference related to the two
TRPP3 substitutions.

We report a significant positive correlation between saliva pH and
recognition threshold (Fig 6C, Pearson’s r=0.42, p-value=0.026).
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198

Populatio Sampl pH Recognitio R278Q R278 R378W R378 Genotyp
n e n Q w e
WA S1 - 0.3 CGA/CG R/R CGG/CG R/R ADHom
A G
WA S2 - 0.15 CGA/CG R/R CGG/CG R/R ADHom
A G
WA S3 - 0.15 CGA/CG R/R CGG/CG R/R ADHom
A G
WA S4 - 0.15 - - CGG/CG R/R -
G
WA S5 - 0.25 CGA/CG R/R CGG/CG R/R ADHom
A G
WA S6 - 0.3 CGA/CG R/R CGG/CG R/R ADHom
A G
WA S7 - 0.35 CAA/CG QR - -
A
WA S8 - 0.35 CGA/CG R/R CGG/CG R/R ADHom
A G
WA S9 - 0.25 CAA/CG QR - - -
A
WA S10 - 0.15 CGA/CG R/R - - -
A
* WA S11 - 0.3 CGA/CG R/R CGG/CG R/R ADHom
A G
WA S12 - 0.25 CAA/CG QR TGG/CG W/R DHet
A G
EU S13 - 0.25 - - - - -
EU S14 7 0.35 - - - - -
EU S15 - 0.3 CGA/CG R/R CGG/CG R/R ADHom
A G
EU S16 6.2 0.3 CGA/CG R/R CGG/CG R/R ADHom
5 A G
EU S17 6.5 0.35 CGA/CG R/R CGG/CG R/R ADHom
A G
EU S18 7 0.25 CGA/CG R/R CGG/CG R/R ADHom
A G
EU S19 - 0.15 CGA/CG R/R CGG/CG R/R ADHom
A G
EU S20 6 0.25 CGA/CG R/R - - -
A
EU S21 6.2 0.2 CGA/CG R/R CGG/CG R/R ADHom
5 A G
EU S22 6.7 0.2 - - - - -
5
EU S23 6 0.25 - - CGG/CG R/R -
G
* ET S24 7 0.2 CAA/CA Q/Q TGG/TG W/W DDhom
A G
ET S25 8.5 0.15 CGA/CG R/R CGG/CG R/R ADHom
A G
ET S26 6.5 0.2 CGA/CG R/R CGG/CG R/R ADHom
A G
* ET S27 5.5 0.2 CAA/CG QR TGG/CG W/R Dhet
A G
ET S28 8 NA CGA/CG R/R CGG/CG R/R ADHom
A G
EU S29 5 0.1 - - - - -
EU S30 7 0.25 CGA/CG R/R CGG/CG R/R ADHom
A G



* WA S31 7 0.15 CAA/CG Q/R TGG/CG W/R DHet
A G
EU S32 7 0.15 CGA/CG R/R CGG/CG R/R ADHom
A G
EU S33 7 0.2 CGA/CG R/R CGG/CG R/R ADHom
A G
EU S34 6 0.25 CGA/CG R/R CGG/CG R/R ADHom
A G
EU S35 8.2 0.45 CGA/CG R/R - - -
5 A
EU S36 8 0.25 CGA/CG R/R CGG/CG R/R ADHom
A G
ET S37 6.7 0.3 CGA/CG R/R CGG/CG R/R ADHom
5 A G
ET S38 6.5 0.2 CGA/CG R/R CGG/CG R/R ADHom
A G
ET S39 8 0.45 CGA/CG R/R CGG/CG R/R ADHom
A G
ET S40 7 0.2 CGA/CG R/R - - -
A
ET S41 7.5 0.25 CGA/CG R/R CGG/CG R/R ADHom
A G
ET S42 6 0.2 CGA/CG R/R CGG/CG R/R ADHom
A G
ET S43 6 0.1 CGA/CG R/R CGG/CG R/R ADHom
A G
ET S44 6.5 0.25 - - CGG/CG R/R -
G
Table 1
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Figure Legends

Figure 1. Genomic context of the region containing TRPP3 from
the positive selection analysis (iHS and Fst). Each light blue bar
represents the absolute mean iHS of a 30 kb window, each blue dot
corresponds to the —logl0(p-value) of a single variant. The left y-
axis corresponds both to the normalized mean absolute iHS score
per window and the —log10(p-value) per variant. Blue dotted lines
indicate the 99.99th percentile thresholds of the absolute mean iHS
per 30 kb windows (lower line) and the —log10(p-value) per variant
(upper line) obtained from extensive neutral simulations. Black dots
correspond to the Fst values between the Gumuz and CEU
population; the right y-axis indicates the scale of Fst values.

Figure 2. Schematic representation of TRPP3 topology in the
cellular membrane. TRPP3 has a voltage-sensing domain formed
by the SI to S4 transmembrane alpha helices, the pore domain is
formed by the S5 and S6 helices and the polycystin domain (PD).
The variants are located in the PD and in the intracellular linker
between the S2 and S3 alpha helices.

Figure 3. Loss of TRPP3 function induced by mutations R278Q
and R378W.

(A-D) Representative whole-cell currents from HEK293 cells co-
transfected with cDNAs encoding PKD1L3 and wild-type (WT) or
double mutant (R278Q/R378W) TRPP3-GFP and exposed to either
extracellular pH 7.4 or pH 9.0, as indicated. Currents were elicited
by step pulses from -100 to +160 mV in 10 mV increments with a
postpulse to -100 mV, and normalized by cell size (membrane
capacitance). Red boxes show tail currents after membrane
repolarization to -100 mV. (E-H) Average current-voltage (I-V)
relationships for steady-state currents (E, F) and instantaneous tail
currents (G, H) at each test pulse in HEK293 cells expressing
PKDIL3 and wild-type (WT) or mutants (R278Q, R378W,
R278Q/R378W) TRPP3-GFP and exposed to either extracellular
pH 7.4 or pH 9.0, as indicated. Area under the I-V curves (AUCs)
were calculated for statistical analysis (only values at positive
voltages were taken under consideration for steady-state I-V
curves). Obtained AUC values for steady-state currents were: WT at

pH 7.4 (e, n=14) 1515.841933; WT at pH 9 (A, n=17)
3213.9+444.2; R278Q at pH 7.4 (®, n=9) 1375.6:184.3; R278Q at
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pH 9 (A, n=10) 1663.9+291.7, R378W at pH 7.4 (®, n=5)
492+72.5; R378W at pH 9 (A, n=6) 1102.3£176; R278Q/R378W
at pH 7.4 (®, n=10) 620.3+100.4; R278Q/R378W at pH 9 (4, n=6)
856.1+132.5. Obtained AUC values for instantaneous tail currents
were: WT at pH 7.4 (®, n=14) -6177.3£523.7; WT at pH 9 (A,
n=17) -10882.7+1437.6; R278Q at pH 74 (e, n=9) -
5563.5£1010.1; R278Q at pH 9 (A, n=10) -5034+920.5; R378W at
pH 7.4 (e, n=5) -1860+218.1; R378W at pH 9 (A, n=6) -
2992+538.2; R278Q/R378W at pH 7.4 (®, n=10) -2005.8+229.2;
R278Q/R378W at pH 9 (A, n=6) -1979.2+117.5. "P<0.05,
"P<0.01 and "P<0.001 (when compared to the corresponding
TRPP3 channel at pH 7.4; one-tail Student’s t-test or one-tail Mann-
Whitney U-test, as appropriate); *P<0.05, **P<0.01 and
*#%¥p<0.001 (when compared to the WT channel at the
corresponding extracellular pH condition; Kruskal-Wallis, followed
by Dunn post hoc test).

Figure 4. Effect of mutations R278Q and R378W on
spontaneous TRPP3 single-channel activity.

(A) Representative single-channel activity of wild-type (WT) or
double mutant (R278Q/R378W) TRPP3 channels in whole-cell
recordings obtained at negative membrane potential (-80 mV) from
HEK293 cells co-transfected with cDNAs encoding PKDI1L3 and
wild-type (WT) or double mutant R278Q/R378W TRPP3-GFP, and
exposed to either extracellular pH 7.4 or pH 9.0, as indicated.
Arrows indicate the zero current level. (B, C). Average channel
activity (NPo) in whole-cell recordings obtained at negative
membrane potentials (-60, -80 and -100 mV) from HEK293 cells
co-transfected with cDNAs encoding PKDI1L3 and wild-type (WT)
or mutants (R278Q, R378W, R278Q/R378W) TRPP3-GFP, and
exposed to either extracellular pH 7.4 or pH 9.0, as indicated.
"¥P<0.0001 (when compared to WT channels at pH 7.4; one-tail
Mann-Whitney U-test); ***P<0.001 (when compared to the WT
channel at the corresponding extracellular pH condition; Kruskal-
Wallis, followed by Dunn post hoc test). (D, E). Average single-
channel slope conductances at negative potentials (between -60 mV
and -100 mV) obtained in whole-cell recordings from HEK293 cells
co-transfected with cDNAs encoding PKDI1L3 and wild-type (WT)
or mutants (R278Q, R378W, R278Q/R378W) TRPP3-GFP, and
exposed to either extracellular pH 7.4 or pH 9.0, as indicated. No
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significant differences were found between WT and mutant TRPP3
channels or between pH conditions (one-way ANOVA, P=0.2664).
Single-channel conductance values (in pS) for the different TRPP3
channels were: WT at pH 7.4 (®, n=12) 137.8£17.1; WT at pH 9
(A, n=14) 201.7+20.1; R278Q at pH 7.4 (e, n=9) 180+13.7,
R278Q at pH 9 (A, n=7) 189.4+35.3; R378W at pH 7.4 (®, n=3)
155.94£35.6; R378W at pH 9 (A, n=7) 222.7+30.4; R278Q/R378W
at pH 7.4 (®, n=4) 139.5+46.3; R278Q/R378W at pH 9 (4, n=4)
217.9+73 4.

Figure 5. Substitutions R278Q and R378W do not modify the
plasma membrane expression level of heterologously expressed
TRPP3 channels.

(A, B) Overlaid confocal images of HEK293 cells co-transfected
with cDNAs encoding PKDIL3 and wild-type (WT) or double
mutant R278Q/R378W TRPP3-GFP (as indicated) showing similar
membrane expression (green) of both channels. Plasma membrane
was stained with rhodamine-labeled concanavalin A (ConA-Rhod,
red).

Figure 6. Genotype-phenotype analysis of the sour recognition
thresholds.

(A) Sour recognition threshold of the three sampled populations,
Ethiopia (ET), West Africa (WA), Europe (EU). No significant
threshold differences are observed between populations. (B)
Genotype analysis of individuals and recognition thresholds. 0
indicates that both alleles are found in ancestral homozygous state,
1 both alleles are heterozygous, 2 both alleles are derived
homozygous. No significant differences are found between the
different genotypes. (C) Positive correlation between saliva pH and
sour recognition threshold.

Table Legends

Table 1. Summary of the sampled individuals for the sour taste
phenotypic analysis.

The table reports individuals’ ancestry, Ethiopian (ET), West
African (WA) or European (EU), sample number, sour recognition
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threshold, saliva pH and genotype for both variants. Individuals
carrying derived alleles are marked with an asterisk (*).
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lll. DISCUSSION
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The work in this thesis was made possible thanks to the efforts of
the scientific community to make genome data and analysis tools as
a public resource for research. More importantly, this thesis
wouldn’t have been possible without the attempt of scientists to
overcome the inadequate representation of African populations in
genetic studies.

The transcendence of Africa in human evolutionary history is clear
from linguistic, archaeological, paleoanthropological and genetic
studies. Strong evidence points to Africa as the cradle of
Humankind and genetic studies show a complex genetic structure
and the highest levels of genetic diversity of African populations.
The complex geographical, ecological and climatic diversity of the
current African continent and major paleoclimatic shifts (e.g. the
“Green Sahara” in the early Holocene) through time are other
factors that make African populations extremely interesting in the
study of human adaptation. Thus, African populations are excellent
for understanding the complex evolutionary history of human
populations.

This thesis is focused on two key locations for human evolutionary
history, eastern and southern Africa.

Adaptation in Ethiopian populations

The first work of this thesis focused on Ethiopian populations,
mainly Afro-asiatic and Nilo-Saharan groups. As previous studies
suggested, our results show that Eastern African populations exhibit
a match between genetic and linguistic structures. This is further
supported by the genome-wide scan of positive selection where
closely related populations (Afro-asiatic) share the highest number
of selection candidates, whereas the Afro-asiatic and the Nilo-
Saharan (Gumuz) share the least. We unravelled putative genetic
adaptations by applying two methodologies to capture a wide time-
depth of putative positive selection events and took special care
with the possible effects of admixture. The positive selection scan
captured, in all studied populations, signals of adaptation in genes
related to folate metabolism and UV radiation. We also found
signals related to defence against pathogens, which is a very
common type of signal since organisms have to constantly adapt to
new pathogens.
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Although we covered a total of five populations that included three
branches of Afro-asiatic and one representative of Nilo-Saharan
linguistic family, the genetic diversity in Ethiopia is far from being
completely sampled and studied. In our study we couldn’t address
the adaptation to high-altitude, which is one of the most studied
cases of adaptive selection in Ethiopians since the Amhara and
Oromo samples were not populations living at high-altitude.

Adaptation in the Nama, a KhoeSan population

The aim of the second work of this thesis is to get insights into the
KhoeSan population. The KhoeSan, the indigenous populations
from southern Africa, are one of the most interesting modern human
populations. Some KhoeSan groups still practice a hunter-gatherer
lifestyle and belong to the deepest extant human lineage. Their
genetic structure does not correlate with language, subsistence
strategy or culture, reflecting a complex demographic history. In
particular, this thesis focuses on the Nama, a semi-nomadic
pastoralist population. Recent migrations from Bantu-speaking
individuals, East Africans and Europeans have shaped the Nama
genomes. We implemented XP-EHH in European-masked Nama
genomes using the Zulu population as a reference to detect and
interpret signals of positive selection. We have found strong
positive selection signals in the LCT loci that show high similarity
with the Amhara haplotypes, which is an indicator of the migration
from East Africa that brought pastoralism practices into southern
Africa. Moreover, we have also found SLC2445 as a candidate of
adaptive selection. A recent study pointed the European light skin
allele as being under recent strong positive selection. Since we have
worked with the masked European component of the genomes we
did not find such signal but our results indicate a selective sweep at
the 5’ region of this gene. Dietary and environmental shifts during
human evolutionary history are at the base of other selection signals
that we find related to diet and metabolism such as the 7G gene and
categories related to lipid metabolism in the enrichment analysis.

Functional validation of a positive selection candidate

The third work of this thesis consists in a functional follow-up study
of a putative target of adaptive selection in the Gumuz population
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from Ethiopia. The signal of adaptation falls in a region containing
TRPP3, a gene encoding an ion channel expressed in diverse tissues
(taste buds, central nervous system, cardiomyocytes among others).
Two nonsynonymous mutations were found at high-derived allele
frequency and predicted to be damaging. The electrophysiological
analysis (patch-clamp) revealed significant differences between
wild type TRPP3 and the double mutant TRPP3 which activity is
impaired by both mutations. What we couldn’t demonstrate was
which specific phenotype is increasing the reproductive fitness of
the individuals. We tested the effect of both substitutions in sour
taste recognition. Our results suggest that there are no differences
between populations in the recognition of sour taste. We did not
detect any difference between genotypes either even if the sample
size of the individuals carrying derived mutations was very low
(mainly because the variants segregate at very low frequency
outside the Gumuz population). In consequence, TRPP3 is not
likely to be the primary actor in sour taste recognition since
individuals carrying substitutions that strongly alter the function of
the channel have the same recognition thresholds as the rest.
Nonetheless, it remains to be tested whether the aversive pathway
or the detection threshold of sour taste remain unaltered. Finally,
other possible phenotypes involving other tissues where TRPP3 has
been demonstrated to have an essential role represent other potential
adaptive targets to be studied.

Future research

There are still many questions to be answered about African
evolutionary history. A more comprehensive sampling of present
day African populations (more samples and additional populations)
is required to unravel the full spectrum of genetic diversity of
humans. An increased availability of ancient genomes would have
the potential to cover the gaps about African pre-farming
populations since the current African genetic landscape mirrors
recent migratory events throughout the continent. These advances in
African population history will enable researchers to construct new
hypothesis and build better demographic models of human history.

Although many studies focus on the detection of footprints of

adaptive selection, the specific mechanisms by which the biological
function provides an increased reproductive fitness remain
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unknown. The need for an interdisciplinary approach, integrating
different layers of omics data and follow-up functional studies are
essential to validate the signals of positive selection and have a full
understanding of the mechanisms of human adaptation.
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