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Abstract

The human colonization of worldwide landmasses occurred through
complex patterns of dispersal and admixture. At the same time, the survival
in the different areas of the world depended on the adaptation to new
habitats that imposed novel selective challenges. With the advent of high-
throughput genotyping technologies and dense catalogues of human genetic
variation, the demographic history of many human populations has been
unraveled from genomic data, with important implications in medical
genetics. However, several human groups are yet to be genetically
characterized. These incomplete past histories include the determination of
ancestries of the current Cuban population, as well as the origins and
dispersal of European Romani, whose demographic history is aimed to be
reconstructed in this work. Finally, the present study also aims to describe
the genetic basis and evolution of one of the most striking human

phenotypes, the African Pygmy height.
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Resumen

La colonizacién humana de las diferentes masas continentales se produjo
mediante complejos patrones de dispersién y mezcla. La supervivencia en las
diversas regiones del planeta ha dependido de la adaptacion a las presiones
selectivas impuestas por los nuevos habitats. Con el desarrollo de tecnologias
de genotipado masivo y las bases de datos de la diversidad genética humana,
la historia demografica de muchas poblaciones humanas, y sus implicaciones
médicas, han sido descritas. Sin embargo, algunas poblaciones todavia no
han sido caracterizadas genéticamente. Por ejemplo, tanto la descomposicién
de la ancestrfa genética de la poblacién cubana actual como los origenes y la
dispersion de los gitanos europeos siguen siendo historias incompletas que se
han reconstruido en esta tesis. Finalmente, este estudio también tiene como
objetivo describir la evolucion y las bases genéticas de uno de los fenotipos

humanos mas llamativos, la altura de los pigmeos africanos.
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Preface

This thesis was developed in the midst of the post-genomic era. After the
completion of the highly valuable reference human sequence, the burst of
high-throughput genotyping technologies allowed the systematic survey of
genetic variation in worldwide human populations. For the first time, the
possibility to study population-specific demographic and adaptive histories at

the genomic level was opened up.

The genomic inferences on human origins can yield to amazing discoveries.
Recently, a strict out-of-Africa model was replaced with the exciting
discovery that we carry genes from extinct hominins. Not only as a species,
but also at population and individual level, the reconstruction of our origins
has received important social attention, as witnessed by the increasing

popularity of recreational genetic ancestry testing and scientific blogs.

Making the phenotypic interpretation of the genetic code is an important
requirement for fulfilling the promises of medical genetics. However, in face
of the bulk of genomic data, scientists realized about the poor functional
understanding of the genome. Making the link between genomes and
phenotypes with current technologies is not straightforward. Population
genetics field opens the exciting possibility to scan the whole genome to find
molecular footprints of selective events and shed light into the mechanistic
basis of adaptation. Indirectly, this approach can provide very valuable
phenotypic information and point at genomic basis of important

evolutionary traits.

By producing new valuable data and taking profit of that accumulated so far,
this work aims to reconstruct interesting instances of human population
histories such as those of Cuban and European Romani, as well as to find
the genetic basis of the African Pygmy height while exploring its adaptive

value.
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INTRODUCTION

1.1. Forces shaping genetic variation

The goal of population genetics is to understand the forces that generate and
maintain genetic diversity within species. Understanding the mechanisms of
action of these forces enables the building of models to explain observed
diversity patterns and to infer past processes. The ultimate force that
generates variation is mutation; recombination creates new allele
combinations, whereas demography (genetic drift and migration) and natural
selection change the allele frequencies through time. In this section, these

evolutionary forces will be briefly described.

1.1.1. Mutation

Mutation (any permanent change in the DNA molecule) is the force that
provides the raw material on which other evolutionary forces act. From an
evolutionary point of view, only genomic changes that are heritable and pass
through the germ-line are of interest. Ranging from single base changes to
large chromosomal events, different types of mutations can be defined
depending on the type of structural change in the DNA (see Figure 1 for an
overview). At the population level, a variant found above 1% of frequency is
called “polymorphic”, “common” if its prevalence is higher than 5% and

“rare” otherwise.

a) Point mutations

Point mutations or single nucleotide polymorphisms (SNP) are substitutions
of a single base, in which one nucleotide is exchanged for another. SNPs are
the most common type of mutations and are typically binary markers, i.e.
biallelic. In average, two humans differ in 1 in 1,000 nucleotides and, at the
time of writing, there were 41 million known SNPs in humans (dbSNP build
135). Nevertheless, this number is expected to rise in the next few years with

the ongoing wave of resequencing studies.
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Base substitutions from one pyrimidine (C and T) to another pyrimidine or
from a purine (A and G) to a purine are called “transition”. Exchanges from
pyrimidine to a purine or vice versa are called “transversion”. Within a
population, the allele with the highest prevalence is called “major allele”
whereas the other is considered the “minor allele” and its frequency is
known as MAF (“Minor Allele Frequency”). In addition, if the ancestral state
of the position is known, the young allele is called “derived” in opposition to
the “ancestral” allele. Finally, several types of SNPs can be distinguished
regarding the functional implications of the point mutations in the open
reading frame. When a SNP happens in a region that does not codify for
proteins is called “non-coding”. A “coding” SNP can be “non-synonymous”
if the mutation alters the amino acid (“missense” if it changes the amino
acid, “nonsense” if it truncates the protein, “frameshift” if it introduces a
change in the reading frame, see Figure 1) or “synonymous” if the mutation
is silent and the protein sequence remains unchanged due to the redundancy

of the genetic code.

Since genomic mutation rates are usually low (u=1.2x10% per generation
(The 1000 Genomes Project Consortium 2011)), it is unlikely that any
mutation at a given position have recurred over the time-scale of the
evolution of modern humans. Consequently, and despite some known
exceptions (i.e. the HVS-I in the control region of mitochondrial DNA, with
p = 4x10°¢ per generation (Soares et al. 2009)), it can be assumed that point
mutations show identity by descent (IBD) rather than identity by state (IBS).
That is, if two chromosomes show the same allele it is more likely that they
have inherited it from a common ancestor. This is the reason why SNPs are
sometimes referred to as unique event polymorphisms (UEPs). Thus, the
infinite site model is suitable for point mutations since it assumes that the
genome is infinitely long so that each mutation occurs in a previously non

mutated site (Kimura 1969).
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b) Insertions and deletions

Currently, the term “indel” is applied to insertion-deletion variations in
DNA that are smaller than 50 base pairs (bp) in length (Alkan et al. 2011).
One type of indels are short tandem repeats (STR or microsatellites), which
are arrays of consecutive repeats of 1-6 bp units. STRs are ubiquitous in
cukaryotes, and especially in mammal genomes (Levinson and Gutman
1987). Human Y-chromosome STRs are widely used in forensics, paternity
tests, and genealogical DNA testing. Specifically, they take profit of the
typically high mutation rates of indels (u=0.9x10* per generation
(Zhivotovsky et al. 2004)) that results in highly diverse patterns in
evolutionary short time periods. For STR data, stepwise mutation model
(SMM) (Di Rienzo et al. 1994; Ohta and Kimura 1973) is more appropriate,
as it considers that the allele length increases or decreases in a number of bp

in each mutation.

{a} Point mutations and small deletions (b) Chromesomal abnermalities
Wild-type sequences Inversion
AMING N phe Arg Trp lle  Ala Asn-C
acid ez g AB B c AB [BE E
mANA 5-ULUU CGA UGG AUA GCC AAU-3 | e M —b =
DNA 3-AAA GCT TAT 3 TTAE

5-TTT CGA TGG ATA Deletion

A B cC D E A B E
| g —

<

Balanced translocation

Nonsense

AAA G AB C D E A B C B2
5-TTT CGA I "
M-Phe Arg s
W X ¥, F WX Y D E
Frameshift by addition -
3 AAA e 1] ey 5
BTTT TGE §
N-Phe Arg Trp Insertion
Frameshift by deletion AB BB E AB & XD E
GCTA | =i
g —
I\' WX ¥ z z
\T-3 1] e e e

Figure 1. Types of mutations in the DNA. Altered nucleotides and amino acids
are highlighted in green and purple. From Lodish et al. (2000).

¢) Structural variation
Structural variants are genomic rearrangements larger than 50 bp (Alkan et

al. 2011). These include deletions, novel insertions, mobile-clement
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transpositions, duplications, and translocations. The advent of genome-
scanning technologies showed that structural variants were unexpectedly
abundant in the human genome, revealing that the human reference
sequence was incomplete regarding structural variation (Kidd et al. 2008). In
the past years we have witnessed an unprecedented increase of orders of
magnitude in the discovery of structural variants (Alkan et al. 2011). Despite
not being covered in this work, advances in the understanding of structural
variation in the near future are likely to make important contributions in the

study of human adaptation and disease susceptibility (Iskow et al. 2012).

1.1.2. Recombination

Most of our genome is biparentally inherited (except the mitochondrial
DNA and the non-recombinant parts of the Y and X chromosomes) and
undergoes the process of recombination. Recombination is the mechanism
by which maternal and paternal homologous chromosomes align and
exchange segments during meiosis. Therefore, different alleles are reshuffled
making new combinations in the same DNA molecule, named haplotype. A
basic consequence of recombination is linkage disequilibrium (LD). That is,
some haplotypes may be more frequent than expected from the relative
frequencies of the alleles. Recombination rates are not uniform across the
genome and the presence of recombination hotspots shapes the genome in a
block-like manner, with blocks showing high internal LD separated by other
blocks by low LD between them (Reich et al. 2001).

Nevertheless, LD not only depends on recombination, but also on the
mutational history as outlined in Figure 2. Since LD is responsible for
genomically linked loci to share a common evolutionary history, the
evolutionary forces that shape variation, such as drift and selection, can also

leave a footprint on LD patterns. Finally, gene flow between two populations
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presenting differences in allele frequencies also creates LD after the

admixture event (Pfaff et al. 2001).

A)
1 2
L — - — Locus 1 -
e i s et ] m -
e — -
— ., (8| © 0 -
Eeee—————
———— — O 0 6
—— —
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1 2
B e S Locus 1 =m
e —
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—— i—
——— — D= 1 e BN wm
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Figure 2. Scenarios of linkage disequilibrium (LD). The figure shows three
different cases of LD and the behaviour of D’ and r? statistics (widely used LD
measures). Images in the left column represent the allelic states of two loci. The
middle column represents the 2x2 contingency table of haplotypes and the resulting
7 and D’ statistics. The right column represents a possible tree responsible for the
observed LD present. A) Absolute LD exists when two loci share a similar
mutational history with no recombination. Both 72 and D’ equal 1. B) LD can result
when mutations occur on different lineages without recombination between the loci.
Notice the large difference in measures of LD as calculated by 72 and D’. C) Linkage
equilibrium is produced when there is recombination between loci, regardless of
mutational history. In this situation, both % and D’ equal 0. From Flint-Garcia et al.
(2003).
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1.1.3. Genetic drift

In an imaginary population of infinite size without mutation, migration or
natural selection, allele frequencies remain the same from one generation to
another. However, real populations are of finite size and each generation
represents a sampling from the previous one, introducing stochastic
variation. Genetic drift (Wright 1931) can be defined as the joint effect of
randomness in the birth and death of individuals in a population. This
includes the sampling of gametes from one generation to another, the
variation in the number of offspring by carriers of different alleles or the
variation in the number of those that survive to reproduce. This stochastic
force makes allele frequencies fluctuate in time until alleles are ultimately lost

or fixed.

The basic model for reproduction in a finite population is the Wright-Fisher
model (Fisher 1930; Wright 1931). The populations are assumed of constant
size (N), with random mating and non-overlapping generations. In this
model, the N individuals that will form the following generation are obtained
by sampling 2N independent gametes from the current population by
binomial sampling. The only factor that affects the allele frequencies in the
future generation is the current allele frequency. In spite of the unrealistic
assumptions and the randomness of the process, the Wright-Fisher model
provides a complete description of how allele frequencies drift in
populations with time (Figure 3). Genetic drift is closely related to
population structure as, after divergence, populations fix different alleles by
chance. Indeed, natural populations typically show certain degree of isolation
(limited gene flow among subpopulations) and consequently, members of
the same subpopulation are more closely related on average than those from

different subpopulations.
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The model also predicts that the magnitude of genetic drift (the speed of
allele loss or fixation) is directly related with the population size (N) that is
being sampled. The smaller the population, the higher the probability of new
mutations to reach fixation (equal to its frequency = 1/2N). A more useful
measure of magnitude of drift effects is provided by the effective
populations size (N.) (Wright 1931). N. represents the size of a Wright-
Fisher population that experiences the same amount of genetic drift as the
one observed in the population of interest. Therefore, N. allows the
comparison of drift effects experienced by different populations
(independently of current population sizes) or different loci in the genome
(such as mtDNA, with a fraction of ' transmitted copies than that of
autosomes). The average time of fixation can be calculated as t = 4N,
generations (KKimura and Ohta 1969). Populations that undergo demographic
events such as founder episodes and population bottlenecks experience

strong drift processes, and exhibit reduced levels of genetic diversity.

Allele frequency

Generation

9(x)

B
0 1 0 1 0 1
Allele frequency, x

Figure 3. Genetic drift and population structure. The figure illustrates the
implications of random genetic drift in different subpopulations undergoing the
process of repeated sampling. The top figure shows how allele frequencies in each
subpopulation change erratically, making them drift apart with time. Bottom figure
shows that the variance of the distribution of allele frequencies in the
subpopulations increases over time. From Hartl and Clark (1980).
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1.1.4. Migration

Migration is the movement of individuals among subpopulations. This
results in gene flow between them, decreasing their genetic differentiation.
Several mathematical models have been proposed for migration. The island
model (Wright 1931) assumes a meta-population splits into different equal
sized demes with equal migration rates; the stepping-stone model (Kimura
and Weiss 1964) introduces the idea of geographic structure by allowing gene
flow only between geographically adjacent demes. Finally, in the isolation by
distance model (Wright 1943), genetic similarity is a function of the
geographical distance between the demes. Nevertheless, these models are
necessarily simpler than actual human migration patterns, where migrants
may not be a random sampling of the subpopulation as regards to sex, age or

kinship (Jobling et al. 2004).

1.1.5. Natural selection

Natural (Darwinian) selection can be defined as the heritable variation in
reproductive success. That is, different genotypes provide different capacities
to survive and reproduce in a certain environment (fitness). Adaptation is the
movement of a population towards a phenotype that best fits the current
environment (Fisher 1930). Importantly, selection acts on the phenotype and
not on the genotype, which apart from genetic interactions may also involve

environmental factors.

The relative fitness of the fittest genotype compared to the competing others
is called selection coefficient (s). Different types of selection can be defined
depending if the fitness of the carrier of the genotype is reduced by the
effect of selection (negative) or increased (positive). In those scenarios, the
allele frequencies of the selected alleles will tend to decrease or increase
respectively during generations. Balancing selection is a type of selection that

favours balanced polymorphism in time, increasing variability in the

10
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population. This includes cases of overdominant selection (when the
heterozygote is the fittest genotype) and frequency-dependent selection
(highest fitness when a genotype is at low frequencies). Even weak selective

forces can cause appreciable changes in allele frequencies over generations.

1.1.6. Interplay between evolutionary forces

“Survival of the fittest”, Herbert Spencer , 1864

“Survival of the luckiest”, Motoo Kimura, 1989

As molecular data started to accumulate in the 60s, the observed amount of
polymorphism exceeded the expected value under the strong selectionist
view dominant at that time. Kimura posed an explanation with the neutral
theory of molecular evolution (1968), which states that the vast majority of
the observed genomic variation is neutral (no fitness effect) and governed by
genetic drift. The model allows a role of negative selection to eliminate the
deleterious mutations that may appear in functional regions, but considers

that positive selection events are rare.

According to this theory, the amount of expected polymorphism can be
predicted from the interplay between mutation and drift. The expected
diversity found in a diploid population that is in mutation-drift equilibrium
(in balance between newly generated alleles by mutation at rate pu and those
lost by drift) is the population mutation parameter theta, 6 =4N.u. Theta can
be estimated by different methods based on different aspects of genetic
diversity such as the number of alleles, the number of segregating sites (S),
the observed homozygosity, and the number of pairwise differences (m).
While these measures should give the same value under neutrality, different
demographic and selective factors may alter the expectations of these

measures. Thus, the neutral theory provides the theoretical background for

11
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modelling the effects of demography (next section) and for detecting

departures of the model to infer selection (section 1.3).

12
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1.2. Inferring demographic history from variation

As shown in the previous section, population genetics provides the
theoretical background on how different processes shape genomic diversity.
In the current post-genomic time, models such as the coalescent and new
statistical methods have been successfully applied to infer past demographic

events from genomic data.

1.2.1. The coalescent theory

The coalescent theory (Hudson 1990; Kingman 1982) provides a
mathematical description of the genetic ancestry of a DNA sample (gene
genealogy) as we move backwards in time. The sample is assumed to evolve
according to a neutral Wright—Fisher model. Going back in time two random
lineages can merge in the same ancestor (coalescence event). The process
continues until the whole sample coalesces in a single common ancestor,
which is an efficient approximation to the ancestor of the entire population
(Figure 4a-c). There are two key parameters in this process. The first is the
rate of coalescence, which is inversely proportional to the population size,
and the second is mutation rate. Since variation does not affect fitness, the
structure of the tree and mutation can be treated separately in two random
processes (mutations are superimposed forwards on the generated tree). This
feature makes the process much more efficient from a computational point
of view. The pattern of polymorphism in the sample will entirely depend on
the shape of the genealogy, which is determined by genetic drift. The
incorporation of recombination into the model provokes that linked

fragments have different genealogies (Figure 4d).
The coalescent has become the reference model for demographic inferences

in population genetics. Coalescence simulations are based on thousands of

plausible gene genealogies generated stochastically under a specified

13
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evolutionary model that are used to estimate demographic parameters or to

assess the role of different evolutionary forces (see section 1.2.3).
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Figure 4. The coalescent. A. Each row represents a generation, where each blue
circle is a DNA fragment. B. Ancestry of a sample from the present day (six
fragments) is traced back in time, as indicated in red. C. The most recent fragment
from which the entire sample is descended is known as the ‘most recent common
ancestor’ (MRCA), and the time at which it appears is known as the ‘time to the
most recent common ancestor’ (TMRCA). D. The coalescent with recombination.
Lines bifurcate, as well as coalesce, as we move back in time. The genealogy for
three copies of a fragment is shown. In event 1 the green lineage undergoes
recombination and splits into two lineages, which are then traced separately; in event
2 one of the resulting green lineages coalesces with the red lineage, creating a
segment that is partially ancestral to both green and red, and partially ancestral to red
only; in event 3 the blue lineage coalesces with the lineage created by event 2,
creating a segment that is partially ancestral to blue and red, and partially ancestral to
all three colours; in event 4 the other part of the green lineage coalesces with the
lineage created by event 3, creating a segment that is ancestral to all three colours in
its entirety. As shown, the recombination event induces different genealogical trees
on ecither side of the break. From Marjoram and Tavaré (2006).
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1.2.2. Analyzing population structure
Genetic substructure can reveal genetic affinities among populations and
reflect past demographic histories such as episodes of population splits,

founder events, isolation, admixture, and migration.

Apportionment of genetic variation

As introduced in section 1.1.3, the division of a meta-population in partially
isolated subpopulations results in differential fixation and lost of alleles. This
process will cause an excess of homozygotes (and a deficiency of
heterozygotes) in the meta-population compared to random mating
expectations (Wright 1951). Different statistics have been proposed to

measure population genetic differentiation (see Rosenberg et al. (2003)).

Among these, the inbreeding coefficient Fsr (Wright 1951) is a widely used
measure of how genetic diversity is apportioned among different sub-
populations. It is computed as Fsr = (Hr — Hs)/Hr, where Hy and Hs ate the
expected heterozygosity in the meta and subpopulation respectively. An
alternative definition of Fsr is the probability that two alleles sampled at
random from an ancestral population are identical-by-descent. That is, the
probability that two alleles share a common ancestor within the
subpopulation compared to the meta-population without intervening
migration or mutation. Therefore, Fsr can be also defined in terms of
coalescence times between alleles (Slatkin 1991). Another widely used
measure is the Analysis of Molecular Variance (AMOVA) (Excoffier et al.
1992). AMOVA is also applied to apportion the variance between and
among sub-populations, but it can be applied to both allele frequency and

molecular data.

How is genetic diversity distributed among human populations? The Fsr

values for resequencing data between Africans and Europeans is ~0.071 (see
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Table 1), which means that 7.1% of the variance in allele frequency is found

between sub-populations whereas the rest 92.9% is harboured within.

ASN YRI
CEU 0.052 0.071
ASN - 0.083

Table 1. Fst between continental groups from resequencing data. Average Fsr
values from ~15 million SNPs in human populations of European (CEU), African
(YRI), and Asian (ASN) ancestry (The 1000 Genomes Project Consortium 2011).

These numbers clearly show a notion that was popularized by Richard
Lewontin in the 70s: most human genetic diversity lies within populations
and not between populations. A main conclusion of Lewontin’s study (1972)
was that ethnic classification was genetically meaningless, which has been
lately appointed as the “Lewontin’s fallacy” (Edwards 2003). In spite of
being due to a small proportion of our genome, genetic data is indeed very
informative to classify individuals into subpopulations. This is possible due
to substructure: allele frequencies at different loci are correlated within
populations. As Figure 5 illustrates, the cumulative information provided
over several loci permits to assess the classification of genetic diversity in

different groups.
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Figure 5. Probability of misclassification according to the number of loci. This
example assumes two populations with frequencies of 0.3 and 0.7 for a given locus.
The probability of misclassification of individuals into populations based on this
locus is 0.3, and the proportion of the variability within groups is 0.84 as in
Lewontin’s data. However, as the number of loci increases (same frequencies) the
probability of misclassification rapidly becomes negligible. From Edwards (2003).
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Dimensionality reduction methods

Dimensionality reduction techniques were among the first statistical methods
applied in human genetic studies to study structure (Cavalli-Sforza 1960).
The objective of these methods is to summarize data with multiple variables
(possibly correlated) into a few uncorrelated synthetic variables. These
methods provide a simplified but more comprehensible picture of the
information in the data, so that the relationships among objects (genotypes,
individuals, or populations) can be revealed. In front of other methods, their
advantages are that, first they are exploratory (they do not assume any
specific genetic model), and second, they are reasonable in computational

terms (Jombart et al. 2009).

The application of Principal component analysis (PCA, based on allele
frequency data) and Multidimensional scaling plot (MDS, based on genetic
distances) to study human genetic structure has become extremely popular.
Typically, the objective is to represent graphically the genetic relationships
between individuals on a plot so that the projected coordinates approximate
the original genetic similarities (see Figure 6A). In spite of some limitations
(.e. different demographic processes can give same projections), these
projections inform about the underlying genealogical history of the samples
(McVean 2009). This implies that demographic inferences such as migration,
geographical isolation, and admixture can be made from the study of these
plots. Nevertheless, interpreting migration from gradients and wave patterns
from such plots can be problematic because human genetic similarity

typically decays with geographic distance (Novembre and Stephens 2008).

Clustering algorithms
Clustering methods aim to assign objects (such as individuals or populations)
into clusters or groups that are more genetically similar to each other than to

those in other clusters. Several clustering algorithms have been developed,
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such as STRUCTURE (Falush et al. 2003; Pritchard et al. 2000) and
ADMIXTURE (Alexander et al. 2009). One basic difference between these
algorithms and previously shown dimensionality reduction techniques is that
these are model-based, and the ancestry coefficients are parameters of a
statistical model. K ancestral populations are assumed, each of which is
characterized by a set of allele frequencies at each locus. Then, each sampled
individual is assigned to a population or populations (if admixture is
detected) optimizing Hardy-Weinberg and linkage equilibrium of the loci
within populations. Typically, the value of K is unknown and several values
of K are explored to choose that with the best fit to the data. Applications of
these methods include the determination of population structure, assigning
individuals to populations, and identifying migrants and admixed individuals.

See Figure 6B for a typical result of these algorithms.

Another clustering method that is used in population genetics is Neighbor-
Joining (Saitou and Nei 1987). In this case, the objective is to display
graphically the genetic distances by drawing a bifurcating un-rooted tree (see
Figure 6C). Neighbor-Joining is a computationally efficient method that aims
to build the tree with the “minimum evolution” (the shortest sum of branch

lengths).

The main virtue and fault of the use of clustering algorithms in population
genetics is the classification of genetic variation in discrete groups. This can
be very interesting in an attempt to categorize human genetic variation, but
also can be lead to misinterpretation in biological terms since the actual
mating patterns of human populations rarely show sharp discontinuities (see

(Weiss and Long 2009) for further discussion).
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Figure 6. Examples of population structure analyses. A. MDS representation of
genetic distances between individuals based on 512,762 autosomal SNPs in 443
HGDP-CEPH individuals (see section 1.4.5 for sample information). B. Population
ancestry inferred by STRUCTURE for the same set of individuals. Each individual is
shown as a thin vertical line partitioned into K coloured components representing
inferred membership in K genetic clusters. C. Neighbour-joining tree of population
relationships. Modified from Jakobsson et al. (2008).
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1.2.3. Bayesian inference of evolutionary parameters

The coalescent theory has boosted the development of model-based
methods that allow making inferences on how genetic data was generated.
Bayesian methods incorporate prior knowledge on the parameters and
update this knowledge conditioned on the observed data in the posterior

distribution (see illustrative example in Figure 7).

Sequence data

ACGATCGAT...... ATAT
ACGATCGAA. . .... ATAR + Model
ACGATCGAT. ..... ATAT

Prior distribution of Probability of data given

the mutation rate () the mutationrate (likelihood

function)
P E P
Low High Low High

c]

|

Posterior distribution of
the mutation rate

P /\
L High
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Figure 7. Model-based analysis in the Bayesian framework. The figure shows
an example in which the aim is to estimate the mutation rate based on a set of
mitochondrial DNA sequence data. The coalescent without recombination could be
a good model to generate simulations using the mutation rates in the sequenced
region (prior distribution n(6)). The posterior distribution for the parameter 6 will be
proportional to the product of the prior distribution and the likelihood (the
probability of the data over the range of all possible mutation rates). From Marjoram
and Tavaré (2000).

Approximate Bayesian computation
However, most models of evolution are sufficiently complex that the
likelihood of the observed data given the model is unknown (Marjoram and

Tavare 2006). Taking profit of the fact that simulating genetic data is
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relatively easy thanks to coalescent simulators such as ms (Hudson 2002) or
cosi (Schaffner et al. 2005), a solution is to generate data given a prior
distribution of the parameters, and then assess how often simulated data is
similar to the observed dataset. As the “approximate” word suggests,
approximate Bayesian computation (ABC) methods are based on using
summary statistics to evaluate the similarity between simulated and observed
datasets. Thus, ABC methods allow relatively easy implementation of
complex demographic scenarios using high amount of data not

computationally feasible with other methods.

There are different proposed implementations of the ABC framework. The
basic algorithm is the rejection algorithm (Tavare et al. 1997). The first step
of the rejection algorithm consists of simulating millions of multilocus data
sets. The simulations have identical sample size and loci number than the
data set under study, and the parameters used are randomly sampled from
prior distributions. In a second step, the simulated and observed datasets are
compared by a series of summary statistics, and the similarity is quantified by
means of a distance. In a third step (rejection step), those simulations with a
similarity above (or distance below) a threshold to the observed data are
retained, whereas the rest are discarded. The parameters that produced the
ascertained simulations are a sample from the posterior distribution of the

parameters given the observed data.

Other implementations of ABC based on the rejection algorithm have been
proposed. For example, regression-weighted ABC (Beaumont et al. 2002)
performs an additional step after the rejection. Because not all the
simulations are identically close to the observed data, weighted ABC
performs a weighted regression of the parameters on the distance of the

summary statistics of the previously retained simulations (Figure 8).
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Figure 8. ABC regression-weighted algorithm. A parameter value, 0;, is sampled
repeatedly from its prior distribution to simulate a dataset, y;, under a model. Then,
from the simulated data, the value of a summary statistic, S(y;), is computed and
compared with the value of the summary statistic in the observed data, S(yo), using a
distance measure. If the distance between S(yo) and S(y;) is less than e (the so-called
‘tolerance’), the parameter value, 0;, is accepted. The plot shows how the accepted
values of 0; (points in orange) are adjusted according to a linear transform, 0;* = 0; —
b(S(y) — S(yo)) (green arrow), where b is the slope of the regression line. After
adjustment, the new parameter values (green histogram) form a sample from the
posterior distribution. From Csilléry et al. (2010).

Using the same philosophy underlying the rejection algorithm, a Markov
Chain Monte Carlo (MCMC) algorithm has also been proposed for ABC
(ABC-MCMC (Marjoram et al. 2003)). In this particular implementation of
the ABC, the MCMC chain is started at one accepted simulation (below a
certain proposed distance threshold). New parameters are proposed based
on a proposal distribution. If the distance of the simulated data is below the
threshold, then the chain moves to the new proposed parameters with
probability proportional to its prior likelihood. Otherwise, it remains in the
previous position of the parameters. By applying these steps iteratively, the

posterior distributions of the parameters of interest are explored.
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1.2.4. Phylogeography: mtDNA and Y-chromosome

In the last 20 years, many surveys of human demography were based on the
study of non-recombinant loci. The two most widely used non-recombining
systems in our genome are the mitochondrial DNA (mtDNA) and the non-

recombinant part of the Y-chromosome (NRY).

The main clades (haplogroups) in the genealogical tree of the mtDNA and
NRY are defined by SNPs and are assigned alphanumeric designators.
Within each haplogroup, the haplotypes are related descendant mtDNA
sequences or NRY STR haplotypes that evolve at higher rates allowing
within haplogroup diversity comparisons. One of the most interesting
characteristic of the uniparental markers is their well-resolved
phylogeography (i.e. the geographic distribution of these haplogroups, see
Figure 9). These trees provide a phylogeography at maximum molecular
resolution, meaning that the amount of geographically informative positions
that can be revealed in contiguous sequence fragments is higher than in other
loci in the genome (Underhill and Kivisild 2007). Contrasting with generally
low mutation rates and larger effective population sizes in the nuclear
genome, the highly variable mtDNA and the NRY provide maximum
information in the time window of interest for most of the human
migrations around the globe (i.e. the last 200,000 years (Underhill and
Kivisild 2007)).

Since they are uniparentally transmitted, these loci reflect maternal (mtDNA)
and paternal (NRY) demographic histories and are therefore unique for the
study of sex-biased demographic events. This interesting feature allows the
study of both local cultural practices (i.e. patrilocality versus matrilocality) as

well as sex differential large-scale migrations (Wilkins 2000).

23



DEMOGRAPHY AND GENETIC ADAPTATION

However, one cannot neglect that both molecules harbour important genes,
which suggests that at least negative selection (if not also positive) may have
had a role on the observed diversity. This could invalidate the main
assumption that present patterns of diversity were shaped by neutral forces,
which is essential to draw population history inferences. Nevertheless,
evidence for differential selection among different clades has been
inconclusive, and the extent to which the distribution of mtDNA and NRY

variation has been shaped by environmental factors remains to be assessed.

Finally, it is important to bear in mind that these two loci represent less than
2% of the genome. Due to the stochastic nature of the genealogical process,
their trees may provide limited insights into the underlying demography from
which they originated. To obtain a more comprehensive view of the
demography history of a population, more loci might be needed. In any case,
the study of mtDNA and NRY have constituted very successful to infer
instances of human demographic history. Among these, studies on our
African origins, continental migration routes, pre-historical expansions as
well as historical migrations have been consistent with studies on multiple

autosomal loci.
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Figure 9. Geographical distribution of the major (A) mtDNA and (B)
NRY clades. Each major clade (haplogroup) is assigned a colour reflecting its
position in the phylogeny, and its frequency in population samples from broad
geographical regions is shown in the pie charts. Respectively from Jobling et al.
(2004) and Jobling and Tyler-Smith (2003).
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1.3. Inferring adaptation from genomic variation

The investigation of natural selection and genetic adaptations in humans
holds a central place in anthropology, human genetics, and evolutionary
biology. In the past few years, we have witnessed an explosion of surveys of
recent and ongoing natural selection. The development of large-scale
genotyping technologies has generated an unprecedented amount of genetic
data that allowed the scan of the entire human genome for signals of
adaptation without the need of previous biological hypotheses. Hence, an
important motivation for providing detailed selection maps stems from the
idea that inferences about selection can provide important functional

(phenotypic) information.

As humans colonized most of the world’s landmasses, they encountered
diverse habitats including savannas, forests, tundra, and deserts. The new
environments imposed adaptive challenges regarding temperature, diet, and
altitude among others. In addition, some cultural revolutions such as
agriculture and cattle farming implied strong selective pressures for many
human populations that recently (~10 kya) changed their ancestral lifestyle as
hunter-gatherers. The study of targets of positive selection has generated
much excitement in light of the possibility of finding the genetic basis of
human uniqueness and gaining knowledge of population-specific adaptive

phenotypes.

1.3.1. Methods for detecting classical selective sweeps

As a new advantageous mutation is driven to fixation because of positive
selection, it leaves a footprint known as “selective sweep” or “hard sweep”.
This signal is characterized by a drastic reduction in variation and an increase
in linkage disequilibrium as the beneficial allele drags out the linked neutral
variants to high prevalence (Mainard Smith and Haigh 1974) (see Figure

10A). With time, and due to the action of recombination, the effect on the
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strength of linkage disequilibrium will diminish at larger distances from the
beneficial mutation, being stronger near the selected allele. Eventually, new
mutations will restore the diversity lost by the “hitchhiking” event,

producing a skew of the site frequency spectrum towards rare alleles.

Detecting the signature of natural selection essentially consists of
distinguishing the patterns of variation shaped solely by demographic history
from those that are also influenced by natural selection. The assumption is
that most polymorphisms are neutral and governed by the stochastic effects
of genetic drift (in agreement with the neutral theory), whereas positive
selection is a locus-specific force. Because of its simplicity (it does not relay
on neutral simulations based on models with uncertain reliability), the use of
genome-wide empirical distributions has become very common in positive
selection scans (Akey et al. 2002). Nevertheless, certain demographic
scenarios (such as changes in population size and population subdivision)
can produce confounding signals that difficult the identification of selective
sweeps. Therefore, the power to detect selective sweeps depends directly on
its strength (which determines the speed in frequency increase) and the time

elapsed since the selective event.

Different genetic methods have been developed to detect selective sweeps at

intra-species level (schematized in Figure 10B):

a. Long range haplotype methods. These methods search for recent and
strong sweeps by identifying frequent haplotypes with high
homozygosity extending over large regions. The most widely used
statistics for incomplete sweeps are the extended haplotype test (EHH)
(Sabeti et al. 2002) and the derivative integrated haplotype score (iHS)
(Voight et al. 2000). To detect complete sweeps in inter-population
comparisons the most used method is the Cross Population Extended

Haplotype Homozygosity test (XP-EHH) (Sabeti et al. 2007).
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Tests based on population differentiation. Positive selection can create
allele frequency differences between subpopulations under different
selective pressures. When a locus shows extraordinary levels of
substructure compared to the genome-wide baseline, this can be
interpreted as evidence for positive selection (Lewontin and Krakauer
1973). For instance, Akey and colleagues (2002) proposed candidate
genes that showed extreme Fsr values with respect to the distribution of

the statistic genome-wide.

Tests based on the frequency of derived alleles. If neutral, derived alleles
are expected to be found at lower frequencies than the ancestral ones
(Watterson and Guess 1977). In a selective sweep, derived alleles that are

linked to the beneficial mutation can be hitchhiked to high frequency.

Site frequency spectrum (SES) based methods. These methods aim to
detect the loss of diversity in the vicinity of the beneficial allele (at high
frequency) and an excess of new mutations that will accumulate with
time. Several classical methods are based on the skew of the site
frequency spectrum including Tajima’s D (Tajima 1989) and Fu and Li’s
D* (Fu and Li 1993). Interestingly, the reduction of diversity lasts longer
in time than other types of signatures (referred as “Heterozygosity/rare
alleles” in Figure 10B). However, these tests are more vulnerable to the
confounding effect of demography (i.e. an expanding population

increases the fraction of rare alleles).
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Figure 10. Signatures of selective sweeps. A. Hard and soft sweep. The
horizontal blue lines represent haplotypes, the red lines indicate regions that are
identical by descent (IBD) and the red circles indicate alleles that are favoured. In the
monogenic model (hard selection, left panel), selection drives a new mutation to
fixation, creating a large IBD region. In the polygenic model, and prior to selection
red alleles exist at modest frequencies at various loci across the genome. After
selection, the genome-wide abundance of favoured alleles has increased, but in this
cartoon they have not fixed at any locus. In this example, at some loci selection has
acted on new variants, creating signals of partial sweeps at those loci. From Pritchard
et al. (2010). B. Time scales for the signatures of selection. A rough estimate of how
long cach signature is useful for detecting selection in humans is shown. Adapted
from Sabeti et al. (2000).
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1.3.2. Adaptation beyond classical sweeps

The methods described previously have allowed the identification of some
interesting cases of adaptation in humans. For instance, selected variants in
the lactase gene L.CT confer the ability to digest milk in adults of herding
European and African populations (Bersaglieri et al. 2004; Tishkoff et al.
2007), and the EPAS gene is involved in the recent adaptation to high
altitude in Tibetans. However, it has been recently shown that few
adaptations in humans actually occurred under the classical sweep model
(Hernandez et al. 2011). This suggests that the well-known cases of positive
selection are among the scant low-hanging fruits reachable by current
methods based on hard sweeps. Therefore, most adaptations must have
occurred under other modes of “soft sweeps”, such as selection on standing
variation or polygenic selection. Indeed, classical models in artificial and
natural selection in the quantitative genetics literature are based on polygenic
adaptation. In addition, genome-wide association studies (GWAS) have
highlighted the extreme polygenic basis of many human traits. Adaptation
through “soft sweeps” can be very efficient without large allele frequency
shifts in each locus, without leaving the sweep footprint (Pritchard et al.
2010) (see Figure 10A). Therefore, the signature of adaptation in highly
polygenic traits may be difficult to distinguish from stochastic signals. This
will probably requite the incorporation of phenotypic and/or environmental

variables to the genetic analyses (Pritchard and Di Rienzo 2010).
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1.4. Human genetic variation

Our species shows relatively less genetic variation than other primates, and
the genetic differences found among human populations are also low
(Fischer et al. 2006). These patterns of variation are explained by our species’
origins and dispersal described below. Also in this section, the demographic
histories of three human groups analyzed in the present thesis are
introduced: Cubans, European Romani, and African Pygmies. Finally, the
populations and data available in public catalogues of human genetic

variation will be described.

1.4.1. Origin of Anatomically Modern Humans

The fossil record supports that the transition to anatomically modern Homo
sapiens occurred in Africa and that by ~200,000 years ago the basic modern
morphology was already established (Tattersall 2009). The most accepted
model in the last decades is known as the “Recent African Replacement
model” which posits that modern humans evolved in Africa and then spread
and replaced all other existing hominins. The extreme alternative model,
known as the “Multiregional model”, proposes that the transition from erectus
to sapiens took place independently in different places in the Old World in
different times. Genetic data accumulated since the strong debate between
the two models in the 80s has consistently supported the recent African
model. The genetic evidence can be summarized in higher levels of diversity,
weaker LD structure and more private alleles in Africans (Conrad et al. 2000;
Jakobsson et al. 2008; Tishkoff et al. 2009), whereas non-Africans show a
subset of the African diversity that is partitioned geographically reflecting

serial founding events (Ramachandran et al. 2005).
Two recent landmark papers describing the genomes of extinct hominins,

the Neanderthals (Green et al. 2010) and Denisovans (Reich et al. 2011), led

to the exciting discovery that modern humans have admixed with other
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species from the genus Homo. Specifically, the genomes of non-African
human populations harbour around 1-4% of Neanderthal ancestry, whereas
Near Oceanians (New Guineans and Bougainville Islanders) received an
extra 4-6% of their genomes from Denisovans (Figure 11). In addition,
further admixture events with unknown hominins have been suggested. For
instance, some genomic features of African hunter-gatherers are better
explained by archaic admixture with an African hominin around 35 kya
(Hammer et al. 2011). Apart from challenging an strict African replacement
model of the origin of our species, these findings also open the possibility
that some adaptations in humans were due to genes acquired from our

archaic relatives (Abi-Rached et al. 2011).

Africa Europe Asia Oceania

— 30 kya

— 40kya

— 80kya

— 200 kya

— 600 kya

— 800 kya

— 1.800 kya

Current Biology

Figure 11. Hypothetical evolutionary relationships among modern humans,
Neanderthals, and Denisovans. Red artrows mark genetic evidence of
interbreeding among different hominin populations. Black arrows mark suggested or
possible additional gene flow. From Lalueza-Fox and Gilbert (2011).
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1.4.2. The peopling of Cuba

Human migrations during the colonial times dramatically changed the
genetic landscape in some areas of the world. America is one of those
regions, where Native Americans, European colonizers and African slaves

have contributed to the current gene landscape of the continent.

Two different Native American groups were settled in Cuba when the
Spaniards arrived in 1492: Ciboney hunter-gatherers and agriculturalist
Tainos (Dacal-Moure and Rivero de la Calle 1986). The ancestors of both
groups are believed to have arrived in the island around 7 and 3 kya
respectively, in two migration waves originated in the Orinoco Valley in
South America (Lalueza-Fox et al. 2003). As in other regions in the
Caribbean, the arrival of Europeans triggered a fast and drastic demographic

decline of the Native peoples in Cuba.

The slave trade to Cuba began by the 16" century and lasted until the
Spanish Abolition Law in 1880. The estimates on the total number of
African slaves brought to the island ranges between 700,000 (Curtin 1969)
and 1,300,000 (Pérez de la Riva 1979). Historical records on the African
regions where these peoples where enslaved are scarce but mainly point at
West and South-east Africa. During these centuries, Spaniard immigration

was also constant, especially from the Canary Islands.

Although the admixture process from populations originated in different
continents is obvious in the extant Cuban population, the amount of
admixture and the possible bias in contribution between males and females
have not been assessed so far. In addition, although the Native Cuban
populations went extinct soon after the arrival of the Europeans, the

possibility of finding native genes in the current Cubans remains open.
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1.4.3. The demographic history of European Romani (Roma)

The Romani are the largest minority group in Europe with more than 10
million people according to the Council of Europe (Roma and Travellers
Division 2010). However, the censuses on the Romani people are usually
considered to underestimate the real number. Because of their socio-
economically marginalized condition, many countries are reluctant to
recognize the Romani as an ethnic group. At the same time, the Romani
usually avoid self-identification to avert stigmatization. There are different
terms that are used for the Romani: ‘Gyspy’, ‘Gitano’, ‘Cigano’, ‘Ijito’, ‘Sinti’,
‘Romanichal’ etc. The terms ‘Roma’ or ‘Romani’ are preferred, as others can

be considered derogatory or do not include all Romani groups.

The Romani society is built on ‘groups’ that present strong identity and rules
of endogamy. These are based on several complex factors such as traditions,
trades, languages and religions. As a consequence of the high degree of
socio-cultural differentiation among Romani groups, the identification as

Romani depends ultimately on self-assignation (Hancock 2002).

The Romani lack written historic or genealogic records that testify their
origins. Therefore, historic, linguistic, and genetic sources are especially
valuable to reconstruct the history of the Romani. Linguistic studies first
located the origin of the Romani in the Indian continent (Fraser 1992;
Liégeois 1994). According to these sutveys, the proto-Romani speaker
population left India between 5% and 10t centuries and moved westwards
through the Indus Valley, Persia, Armenia, and Turkey before arriving at
Europe (Fraser 1992). The first record of the Romani in Europe locates
these itinerant peoples in the Thrace area (currently divided in Bulgaria,
Greece and Turkey) in the 11t century (Fraser 1992). By the 14 century, the
Romani were widely established in the Balkan region, rapidly spreading

throughout all Europe during the next century (see Figure 12).
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Genetic evidence confirmed the origin of the European Romani in India
(Gresham et al. 2001). This study based on uniparental markers found that
45% of the paternal and 26% of the maternal haplogroups could be ascribed
to the Indian subcontinent (Gresham et al. 2001). In addition, the low
diversity and high internal genetic differentiation found suggested episodes
of strong drift due to founding events and strong endogamy. Finally, the
finding of non-Romani European lineages in the Romani indicated

admixture with European hosts.
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Figure 12. Proposed migration route of the Romani from India to Europe.
Dots indicate the cities where the Romani were first recorded. Modified from
Kenrick (2007).

As observed in other isolated founder populations, the Romani show high
incidences of genetic diseases that are rare in surrounding populations.
Several studies have shown that certain Mendelian diseases (some of them
previously unknown, see Table 2) are caused by few mutations that affect
many individuals from different geographic areas, strongly indicating a

common origin and a founder effect (Kalaydjieva et al. 2001).
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Disorder OMIM” Inheritance Map Gene Mutation
Location

Primary congenital 231300 AR 2p21 CYPIBI E387K

Glaucoma

Galactokinase 230200 AR 17q24 GKI1 P28T

Deficiency

Polycystic kidney 173900 AD 4921-q23 PKD2 R306X™

Disease

Hereditary motor and 601455 AR 8q24 NDRGI RI48X

Sensory neuropathy-Lom

Hereditary motor and 605285 AR 10q23

Sensory neuropathy-Russe

Congenital cataracts facial 604168 AR 18qter

dysmorphism neuropathy

Limb girdle muscular 253700 AR 13q12 SGCG C283Y

dystrophy type 2C

Congenital myasthenia 254210 AR 17pl13 CHRNE 1267 delG

Glanzmann 273800 AR 17q21 ITGA2B IVSI5DS,

Thrombasthenia G-A+l

Table 2. Mendelian disorders in the Romani caused by private founder
mutations. From Kalaydjieva (2001).

Opverall, genetic studies have been very useful to confirm the Indian origins
of the Romani. However, details on the origin of the Romani within India
remain unclear. Neither the geographic location of the parental Indian
population nor the timing nor the magnitude of the founder event have been
unraveled. In addition, the admixture relationships between each Romani
population and the current (Huropean) and past (Middle Eastern) host
populations have not been fully explored. Finally, the fine-scale genomic
description of the Romani has not been attempted, which could unravel the
implications of the demographic history and social customs in their disease

status.
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1.4.4. Demographic and adaptive history of African Pygmies

The term “Pygmy” is used in anthropology to refer to several worldwide
populations that show average adult male height below 155 cm (Cavalli-
Sforza 1986). Despite the word Pygmy’ could be considered pejorative,
there is no alternative term to include the, at least, 15 different ethno-
linguistic groups (around 300,000 to 500,000 people, see Figure 13) that live

on hunter-gathering in the Central African rainforest (Ohenjo et al. 2000).
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Figure 13. Pygmy peoples of Central Africa. From Ohenjo (20006).
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African Pygmies share the territory with non-Pygmy agriculturalist groups,
mostly Bantu speakers. The Pygmy and their neighbour agriculturalist groups
maintain symbiotic relationships based on the exchange of forest products
for cultivated foods and iron tools (Sayer et al. 1992). The contact between
the two groups is believed to have existed for the last 4 ky (Cavalli-Sforza
1986). During this time the Pygmies adquired their neighbour’s language
(Bantu, Sudanic or Adamawa-Ubangian). Even though intermarriages
between Pygmy and non-Pygmies exist, these are mostly limited to Pygmy
females and non-Pymgy males (Cavalli-Sforza 1986; Quintana-Murci et al.

2008).
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Genetics has been revelatory in disentangling the population history of
Central Africa, where archaeological evidence are scarce. Together with the
Southern and Eastern African Khoisan, Central African Pygmies are located
at the root of the tree of all human populations (Jakobsson et al. 2008; Li et
al. 2008). Recent genetic studies based on autosomal and mtDNA data have
revealed that the common ancestor of the Pygmies and Bantu agriculturalist
split around 60 kya and that the Western and Eastern Pygmy groups
separated around 20 kya (Batini et al. 2011; Patin et al. 2009).

Why are Pygmies small? Anthropologists have recurrently addressed this
question in the last 20 years. Yet, the underlying genetic and physiological
factors, as well as the evolutionary forces that act on this trait remain
unknown. The Pygmy phenotype is associated with hunter-gatherer
populations that inhabit the tropical rainforests not only in Africa, but also in
America and Asia (see Figure 14A). This association has been interpreted as
adaptation to tropical rainforests. It has been argued that a decreased size
would involve less heat production and a more effective thermoregulation
(Cavalli-Sforza 1986). Other explanations relate to a more efficient mobility
in dense forests (Diamond 1991) and less caloric demand (Shea and Bailey
1996). More recently, a life-history based study suggested that the Pygmy
stature could be consequence of strong selective pressures acting on an
earlier onset of reproduction (Migliano et al. 2007). The high mortality rates
in the Pygmies would overcome the detrimental effects of eatly growth
cessation and the consequent short stature. In any case, the convergent
evolution of the Pygmy phenotype in different continents with similar
ecosystems suggests that the phenotype is strongly adaptive (Perry and
Dominy 2009). Possibly, the identification of the genetic variants that
participate in the genetic architecture of the phenotype will help elucidating

its putative adaptive value.
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Figure 14. African Pygmy phenotype. A. Association of the human Pygmy
phenotype with tropical rainforest habitats. Approximate locations of small-bodied
hunter-gatherer populations, with mean adult male stature estimates. The smallest
modern human statures (mean adult male height < 155 c¢m) are always associated
with tropical rainforests (red circles). Some hunter-gatherer populations occupying
savanna-woodlands (black circles) are also relatively small, such as the Hiwi of the
Venezuelan llanos, the Hadza of Tanzania and the !Kung San of Botswana and
Namibia. Precipitation data are from the Tropical Rainfall Measuring Mission
(Goddard Space Flight Center, National Aeronautics and Space Administration;
http://trmm.gsfc.nasa.gov). B. Efe male, Democratic Republic of Congo. Modified
from Perry and Dominy (2009).
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1.4.5. Public resources of human DNA variation

The considerable amount of genomic data accumulated in the last years
provides an excellent soutce to study current and past demographic patterns
as well as adaptive histories in several human populations. In this section I
will introduce three public resources: the HGDP, HapMap, and 1,000

Genomes Project.

The objective of the Human Genome Diversity Project (HGDP, (Cavalli-
Sforza et al. 1991)) was to provide with a good representation of native
populations worldwide (many of them isolates) to study human evolution.
An important achievement of the HGDP Project was the establishment of
the Human Genome Diversity Cell Line Panel, HGDP-CEPH (Cann et al.
2002), consisting of cultured lymphoblastoid cell lines from 1,050 individuals
in 52 populations from the five continents (see populations in Figure 15).
The HGDP collection was the first worldwide human DNA catalogue that
was available to not-for-profit researchers. These samples have been
included in numerous genetic studies on dense STR (Rosenberg et al. 2005;
Rosenberg et al. 2002) and SNP data (Jakobsson et al. 2008; Li et al. 2008)

which are publicly accessible and have been used in this thesis.

The primary objective of the International HapMap Project (The
International HapMap Consortium 2003) was to develop a haplotype map of
the human genome to study common patterns of human DNA sequence
variation. The description of the haplotype structure was aimed to provide
the basis of LD based association studies for complex diseases (Goldstein
and Weale 2001). The publicly available HapMap dataset has become a very
useful source to study human demography and selection (Barreiro et al.
2008). After the second phase, over 3.1 million SNPs were characterized in
270 individuals from four populations (European Americans, Japanese, Han

Chinese and Yoruba from Nigeria). In addition, in the last release (HapMap
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3) 1.6 million SNPs were genotyped in a total of 1,184 individuals from 11

global populations, including admixed populations such as the Mexican

“mestizos” and African Americans (see Figure 15).

Figure 15. HGDP-CEPH and HapMap sample locations. White and blue
circles respectively. 1-Bantu, 2-Mandenka, 3-Yoruba, 4-San, 5-Mbuti, 6-Biaka, 7-
Mozabite, 8-Orcadian, 9-Adygei, 10-Russian, 11-Basque, 12-French, 13-North
Italian, 14-Sardinian, 15-Tuscan, 16-Bedouin, 17-Druze, 18-Palestinian, 19-Balochi,
20-Brahui, 21-Makrani, 22-Sindhi, 23-Pathan, 24-Burusho, 25-Hazara, 26-Uygur, 27-
Kalash, 28-Han (S. China), 29-Han (N.), 30-Dai, 31-Daur, 32-Hezhen, 33-Lahu, 34-
Miao, 35-Orogen, 36-She, 37-Tujia, 38-Tu, 39-Xibo, 40-Yi, 41-Mongola, 42-Naxi,
43-Cambodian, 44-Japanese, 45-Yakut, 46-Melanesian, 47-Papuan, 48-Karitiana, 49-
Surui, 50-Colombian, 51-Maya, 52-Pima, 53-Yoruba (YRI), 54-Han (CHB), 55-
Japanese (JPT), 56-USA European (CEU), 57-Luhya (LWK), 58-Maasai (MKK), 59-
USA Chinese (CHD), 60-USA Gujarati (GIH), 61-Toscani (TSI), 62-USA Mexicans
(MXT), 63-USA Africans (ASW). Modified from Cavalli-Sforza (2005).

The design of the HapMap SNP discovery had important consequences on
different aspects of genetic data. The SNPs were first identified by direct
sequencing of a small panel of individuals and subsequently genotyped in a
larger panel. Therefore, and given that the probability of discovery of an
SNP depended on its allele frequency, this procedure prioritized common
alleles introducing a substantial bias in the site frequency spectrum. This
ascertainment bias results in the overestimation of heterozygosity and

population subdivision in HapMap data (Clark et al. 2005). Importantly, this
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needs to be considered when trying to do population genetic inferences with
HapMap data or any commercial SNP arrays based on the HapMap SNPs,

with special emphasis in certain populations (Figure 16).
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Figure 16. Ascertainment bias in SNP databases. Number of SNPs in the
HapMap data (green) compared with those discovered by resequencing 40 intergenic
regions in 90 individuals from 6 ethnic groups (Wall et al. 2008) and that were not
present in the HapMap data (orange), categorized by derived allele frequency. a.
Data from all ethnic groups combined. b. SNPs discovered in Mandinka compared
with Yoruba (YRI).c. SNPs discovered in Basque compared with CEU. d. SNPs
discovered in Han Chinese compared with Han (CHB). From Teo et al. (2010).

The “successor” of the HapMap Project is the 1,000 Genome Project,
launched at 2008 and expected to be finished by 2012. This project aims to
fully sequence the genomes of 2,500 individuals from 27 populations, so that
the full spectrum of human polymorphism can be described. The project has
been encouraged by the possibility that rare variants (mostly population
specific) could be important to explain the “missing heritability” of complex
diseases (Bustamante et al. 2011). Undoubtedly, complete resequencing data
will also constitute an important resource to study human evolution, free of

ascertainment bias (Gravel et al. 2011).
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OBJECTIVES

The objective of this work is to use genetic diversity data to learn about past

demographic events and the history of natural selection in some human

populations. Specifically:

The information provided by uniparental markers in the Cuban population is

used to:

1.

2
3.
4

Identify the geographic origin of the ancestors of current Cubans
Determine if genes of Native Cubans persist in Cuban genetic legacy
Quantify the genetic contribution of each parental population

Study sexual asymmetry in the contribution of parental populations

Genome-wide data in the European Romani is surveyed with the aim to:

5.

Y 0o N

Locate and date the origin of the European Romani in the Indian
subcontinent

Quantify the magnitude of the founder event

Study the migration route followed by the European Romani

Quantify the admixture between European Romani and European hosts

Determine fine-scale population structure of the European Romani

. Study the impact of the demographic history and social customs of the

Romani on the prevalence of Mendelian and complex diseases

The genome-wide patterns of African Pygmy and non-Pygmy populations

are analyzed with the objective to:

11.

12.

13.

Gain insights on the genetic architecture of the Pygmy height by
developing a new statistic that incorporates phenotypic information
Provide with a list of candidate genomic regions with strong evidence
for having a role in the trait

Model the demogtaphic history of the African Pygmies to assess the role

of natural selection in the evolution of the candidate regions
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Summary

The Romani, the largest minority group in Europe with approximately 11 million
people [1], constitute a mosaic of languages, religions and lifestyles while strong
social organization makes them identifiable from other European peoples. Early
linguistic [2] and recent genetic studies [3-7] have located the Romani origins in
India. However, a genome-wide perspective on Romani origins, their fine-scale
population structure and a detailed reconstruction of their demographic history
are yet to be provided. Here we show by using genome-wide data from 13
Romani groups collected across Europe that the Romani Diaspora constitutes a
single founder population which originated in north-western India ~1.1 thousand
years ago (kya). We demonstrate that the initial founder event from India and
secondary bottlenecks during their European dispersal from the Balkans
(estimated ~0.7 kya) together with concurrent genetic isolation and differential
admixture with non-Romani Europeans, all account for the strong population
substructure and high levels of homozygosity observed within the European
Romani. Inferred patterns of gene flow with non-Romani Europeans indicate that
the Romani endogamous practices varied through space and time. Furthermore,
we show that the Indian origins of the European Romani may play a role in their
differential prevalence of complex diseases, and that their unique demographic
history increases the risk of potentially harmful alleles. Overall, our findings help
to complete the demographic history of Europe and highlight medical

implications of the Romani genetic heritage.
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Resultsand Discussion

Recently, the fine-scale genetic substructure of Europeans has been
deciphered by use of genome-wide data [8-10]; however, these studies did not
include the Romani, the largest minority group in Europe. Furthermore, important
details of the Romani population history such as the location, dating and
magnitude of the Out-of-India event, or their relationships with other populations
remain elusive thus far. Such an exhaustive genetic reconstruction is not only
relevant for a better understanding of the demographic history of the Romani
people, and of Europeans in general, but also to evaluate the potential medical
implications of the Romani demographic history. To address these issues we
studied the genome-wide diversity of European Romani by analyzing ~800,000
single nucleotide polymorphisms (SNPs) in 152 individuals of 13 Romani groups
collected from eastern, western and northern parts of Europe (supplementary
Figure 1). We survey this data in the context of 3,313 individuals from non-
Romani European [8], Indian [11], Middle Eastern [12, 13], and other worldwide
populations [13, 14] (supplementary Table 1).

A first multidimensional scaling (MDS) plot based on identity-by-state
(IBS) distances between pairs of worldwide individuals locates the European
Romani within the west Eurasian cline (supplementary Figure 2). To disentangle
the genetic influence of the populations located geographically between India and
Europe, we estimate the proportion of ancestral populations for each individual
using ADMIXTURE [15]. Atk = 2, a genetic continuum from India to Europe is
observed, where the Indian ancestral component dilutes westwards but appears
higher in the Romani than in non-Romani Europeans and the Middle Easterners
(supplementary Figure 3). An additional ancestral component is obseved3at
in Pakistani, Iragi Kurds, Qatari and individuals from the Caucasus as well as in
southern non-Romani Europeans, but not in the European Romani. This finding
may indicate either that the sampling coverage of the actual Romani migration
route is incomplete in our study, or that the European Romani received
considerable linguistic but not genetic influx from populations in the Near and
Middle East. The latter is in agreement with the lack of historical records

testifying a long presence of the Romani in the Middle East [2], and would
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suggest a rapid rather than gradual migration of the Romani people from India to
the region of the Byzantine Empire.

After discarding a major genetic influence from the Middle East with the
previous analyses, we built a second MDS considering only the European Romani
and the two putative parental populations i.e., non-Romani Europeans and
Indians. The first dimension distinguishes non-Romani Europeans from Indian
individuals, whereas the second dimension separates the European Romani from
both of their putative parental groups (Figure 1). Although some European
Romani individuals are dispersed towards non-Romani Europeans, indicative of
recent genetic admixture; most European Romani cluster towards Indians,
suggesting a single founding event with considerable genetic isolation. A
Neighbor-Joining [16] (NJ) tree using Weir and Cockerhangrsdistances [17]
between pairs of populations confirms this finding. All European Romani groups
cluster together and separately from Indians and non-Romani Europeans, except
for the Welsh Romani who cluster with non-Romani Europeans from the British
Isles (Figure 2). An Analysis of Molecular Variance (AMOVA [18]) shows that
population branches are significantly longer within the European Romani than
within the non-Romani Europeans and the Indians, reflecting strong genetic
isolation among the European Romani (see legend Figure 2). The proportion of
ancestral populations for each individual by ADMIXTUREat 2 identifies one
ancestral component exclusively present in Indians and European Romani; the
other component being shared between European Romani, non-Romani
Europeans, and Indians (Figure 3). The presence of Western Eurasian ancestry in
Indo-European and, to a lesser extent, Dravidian speaking Indian populations is in
agreement with their demographic history [11]. kAt 3 (bestk determined by
means of cross-validation, supplementary Figure 5) a Romani-specific ancestral
component encloses completely the Indian and partially the Western Eurasian
components present in the European Romani. The median membership of the
Romani component is above 60% (minimum 61% in Spain and maximum 99% in
Ukraine), except again for the Welsh Romani, who show minimal Romani
membership (ranging from 0 to 15%). In contrast, almost a quarter of all
European Romani individuals show considerable non-Romani European

component (above 30%), although the individual variance of this component is
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high, suggesting recent genetic admixture. At highernew Romani ancestral
components arise, which are more frequent in the Balkan Romani (supplementary
Figure 6 for morek-s). Notably, the diversity in these Romani ancestral
components within each population decays linearly with geographic distance
from the Balkans (supplementary Figure 7). Following a serial founder effect
colonization model [19], this pattern supports the Balkan area as the source of all
European Romani. Moreover, these new ancestral components reveal strong
genetic affinities among geographically dispersed European Romani groups such
as those from Central Europe, the Baltic region, and from Iberia.

To further confirm these affinities, we ran HAPMIX [20] to identify the
segments of Indian and non-Romani European origin in the European Romani
genomes. The analyses based on SNPs of Indian ancestry (see MDS and NJ tree
in supplementary Figure 8), thus avoiding the genetic influence of non-Romani
Europeans, confirm that the western (Spanish and Portuguese) and northern
(Estonian, Lithuanian) European Romani shared the Out-of-Balkans migration
route. Therefore, and in contrast to the strong correlation between geography and
genetic diversity observed in non-Romani Europeans [8, 9], the migration route is
the major determinant of the genetic affinities among the European Romani.
Additionally, we use the non-Romani European segments identified by HAPMIX
to study the temporal dynamics of admixture between the European Romani and
non-Romani Europeans. Recent admixture is expected to produce individuals
with long tracks of the non-Romani European component as well as others with
no traces of admixture in the same population, while with time recombination
will shorten and spread these admixed chromosomes across the population. We
detect low presence of non-Romani European ancestry in the Balkan Romani but
also long fragments in some Romani individuals from Bulgaria and Croatia
(supplementary Figure 9), indicating a recent and ongoing shift in social rules.
Oppositely, northern and western European Romani groups (such as those from
Lithuania, Portugal, and Spain) show higher non-Romani European admixture but
in shorter chromosomal tracks, suggesting older patterns of admixture in those
European Romani that shared the out-of-Balkan migration.

We next performed analyses based on approximate Bayesian

computation (ABC [21]) to determine the location and timing of the major events
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in the Romani demographic history (see models tested in supplementary Figures
10 and 11). Our genome-wide data link the origin of the proto-Romani population
with the Indo-European speaking populations from north-western India (Kashmiri
Pandit, Tharu, and Meghawal account for 40% of the posterior probability).
Notably, this highlighted geographic region in India encloses the Punjab area that
was suggested previously as source of the Romani by anthropological, linguistic
[22], and mtDNA [7] evidence (see supplementary Note 1). We further date the
Out-of-India founder event circa 1.1 kya and identify a severe reduction of ~50%
of the proto-Romani effective population size. Furthermore, we detect secondary
bottleneck events during the dispersal of the Romani across Europe. Specifically,
the Balkan and western European Romani (using Bulgaria and Spain as
respective proxies) show a recent split around 0.7 kya, reducing the effective
population size of these groups to only one third of the size of the parental Indian
population (see Figure 4). These results, which are in agreement with historical
records [2], point at cumulative drift during the serial founding events as one of
the forces driving the extensive genetic differentiation observed in the European
Romani, regardless of their recent origin.

Accordingly, the comparison of autozygosity levels among populations
confirms the major Out-of-India and Out-of-Balkans founding events in the
Romani history. In particular, we find more and longer homozygous
chromosomal segments (runs of homozygosity, ROH) in the European Romani
genomes compared to the ancestral Indian and non-Romani European genomes.
The ROH patterns are also informative regarding social practices. Particularly,
the pervasive presence of very large ROH tracks (>20Mb) indicates that
consanguineous marriages are common in all European Romani groups (see
supplementary Table 2 and supplementary Figure 10). A particular case is
reflected by the Welsh Romani, who despite showing a predominant genome-
wide non-Romani European ancestry also display extensive ROHs. The finding
of typically Indian mtDNA lineages in Welsh Romani samples (data not shown)
confirms their at least partial Romani origin. Thus, our data suggests that either
the Welsh Romani admixdd situ with non-Romani Europeans and afterwards
underwent strong isolation, or they received genetic admixture with an already

isolated local population, such as the so called Native Travellers [23].
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Since extensive homozygosity can result in a higher frequency of
harmful recessive mutations, increasing the risk for both Mendelian and complex
diseases [24], we aimed to evaluate possible medical implications due to the
uniqgue demographic history of the Romani. We first test whether there is an
increase of homozygote genotypes for alleles in non-synonymous (ns) SNPs in
the European Romani genome compared to their putative parental populations
non-Romani Europeans and Indians. In contrast to the moderate enrichment
(~1.1) found when the whole ns SNP spectrum is considered, we observe a three-
fold excess of homozygotes in the European Romani for the rarest allele in the
parental populations (MAF <0.05, see supplementary Note 2). To which extent
these alleles represent a putative health threat is unknown. However, this result is
consistent with purifying selection being less effective in removing slightly
deleterious alleles during bottlenecks and founder events. Interestingly, several
mainly recessive monogenic diseases caused by private mutations have been
described in the Romani people [4]. Next, we analyze the frequency of SNPs
associated with complex diseases by recent genome-wide association studies
(supplementary Note 3). In four out of five studied cardiovascular/metabolic
diseases, the average risk allele frequencies (RAF) of 202 associated SNPs is
significant larger in the European Romani than in the non-Romani Europeans. In
contrast, the same pattern of larger RAF as observed in the European Romani is
also found in the Indians. Noteworthy, some genes involved in these traits show
signs of recent positive selection in Indians [25]. It is tempting to speculate here
that these disparities in metabolic disease prevalence may be explained by 'thrifty’
genetic variants [26] of Indian origin that are detrimental under a western
lifestyle. However, this result is preliminary as the bulk of heritability for these
diseases remains undiscovered.

The present study constitutes the most comprehensive survey so far on
the genetic characterization of the European Romani. Based on our findings, the
genetic origins of the European Romani can be ascribed to the north-western
Indian pool around 1.1 kya with a more recent contribution from non-Romani
Europeans that varies both temporally and geographically. The founder and
bottleneck effects together with endogamy explain the large levels of genetic

differentiation and account for the excess of potentially harmful alleles in the
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Romani. Intriguingly, the Indian origins of the Romani may be informative to
understand the differences in complex disease prevalence compared to other
Europeans. As this first genomic survey foresees, the current burst of medical

genomics holds promising for improving the health status of the Romani people.

Experimental Procedures

Blood and buccal samples were collected with informed consent from
unrelated volunteers who self-identified as Romani. All DNA samples were
genotyped on Affymetrix 6.0 arrays. We performed the analyses with 152
samples that showed no signs of genetic relatedness and to 807,002 autosomal
SNPs with no evidence for problematic genotyping. For some analyses we
merged our data with Affymetrix 500K data from non-Romani European samples
[8], Affymetrix 6.0 data from Indians [11] and Middle Eastern populations
genotyped on Affymetrix 500K [12] and Affymetrix 250K [13], and worldwide
populations on Affymetrix 250K [13] as well as with HapMap [14] data. This
merged dataset contained 196,927 autosomal SNPs. lIdentity-by-state (IBS)
distances and runs of homozigosity (ROH-s) were computed by PLINK v1.07
[27]. Multidimensional scaling (MDS) plots and correlation tests were computed
by R [28]. Neighbor Joining trees [16] based on Weir and Cockerhagm’s F
distances [17] were drawn with the PHYLIP package 3.69 [29]. Analysis of
Molecular Variance (AMOVA) [18] was performed with Arlequin version 3.11
[30]. Genetic ancestry proportions for each individual were estimated by
ADMIXTURE software [15]. HAPMIX [20] was used to infer the chromosomal
segments of non-Romani European and Indian ancestry in the Romani genomes.
Competing demographic models were studied by Approximate Bayesian
Computation [21] to infer demographic parameters. For more experimental and

analysis details see supplementary materials.

Supplemental I nformation
Supplemental Information includes additional experimental procedures, results,

and discussion.
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FigureLegends

Figure 1. Multidimensional scaling plot of European Romani, non-Romani
European and Indian individuals (see Figure S4 for more details on Indian and

non-Romani European individual samples).

Figure 2. Neighbor-Joining tree based on Weir and Cockerharg sliBtances
among European Romani, non-Romani European and Indian populations.

The thickest branches have at least 95% bootstrap support, and the branches of
intermediate thickness have at least 75% support in 1,000 bootstrap samplings.
According to AMOVA analysis, 2.71% of the genetic variation was present
within the Romani (2.16% without considering the Welsh Romani), 0.47% within
non-Romani European and 2.42% (1.54% without Chenchu) within Indian groups
(all p-values <0.0005).

Figure 3. Population structure of European Romani, non-Romani European and
Indian individuals as inferred by ADMIXTURE.

Each vertical bar represents an individual and the proportion of each individual to
the k ancestral components is shown in colours. Linguistic classification of the
Indian populations is (in same order as in the figure): Austro-Asiatic (Santhal and
Kharia), Indo-European (from Kashmiri Pandit to Satnami) and Dravidian (from

Chenchu to Kurumba).

Figure 4. Reconstructed demographic history of the European Romani.

The width of the branches is proportional to the estimated effective population
sizes (East Asia 2417 chromosomes, India 3028, proto-Romani 1680, Spanish
Romani 1090, Bulgarian Romani 1056, and hon-Romani Europeans 2965). Arrow
width indicates migration rates (non-Romani Europe to India 0.0003, East Asia to
India 0.0004, non-Romani to Bulgarian Romani 0.036, non-Romani to Spanish
Romani 0.04, in units of fraction of migrant chromosomes from the donor
population per generation). Time of the demographic events estimated using a

generation time of 25 years.
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DISCUSSION

In this section, I will discuss the findings of this thesis and interpret them in
terms of the inference of demography and adaptation from genomic data.
The first sections will focus on the new insights into the demographic history
of the Cuban (section 4.1.1) and Romani people (section 4.1.2). Next, lessons
learnt from the methods applied on demographic inference will be discussed
(section 4.1.3). Finally, the results on the adaptive history of the Pygmy
phenotype will be interpreted within the context of the past and future of

selection scans (section 4.2).

4.1. Demographic history

4.1.1. Cuban demographic history

Our analyses on Cuban mtDNA provide evidence that genes from extinct
Native Cubans are currently segregating in the population in much higher
frequency than previously thought. Our study provides a rough estimate of
~16.5% of genome-wide Native ancestry in Cubans (average of 0 and 33%
in Y-chromosome and mtDNA respectively), that contrasts with previous
findings. A previous study detected a maximum of 4% of native
mitochondria in Cuba (Torroni et al. 1995), but it was focused on a single
province in the west of Cuba. Alegre et al. (2007) analyzed the HLA locus in
68 Cubans and estimated <5% of Amerindian alleles. However, this estimate
could be less reliable than ours considering the functional role of HLA in the
immune system and the important role of infectious diseases in the
decimation of Native Cubans. Therefore, our estimates on the amount of
native contribution to current Cuban gene pool seem the most trustful ones
so far, and contrast with the previous believes that Amerindian genetic

ancestry in Cuba is negligible.

This result is per se interesting as it allows deepening in the population history

of the Cuban people, but our finding also has medical implications.
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Controlling for possible spurious associations in GWAS conducted on
heterogeneous groups such as the Latinos in the USA is of vital importance
(Choudhry et al. 2006). In addition, as observed in studies of asthma
pharmacodynamics (Corvol et al. 2009), gene interactions may depend on the
ancestry of the population. Any future genetic study conducted on
individuals of Cuban ancestry should take this possible source of

stratification into consideration.

It was also very interesting to confirm genetically that men and women
contributed differentially regarding ancestry. As previously observed in other
regions in America (Batista dos Santos et al. 1999; Carvajal-Carmona et al.
2000) genetics has been useful to learn from the social and political
implications in mating patterns in the colonial Cuba. Whereas the
Amerindian and African ancestries observed in the current population were
inherited mostly from women, the contribution of the European ancestry

was much larger in the paternal line.

We used the control region of the mtDNA to contrast the geographic origin
of the African slaves and Buropean settlers inferred from genetics to that
from historical records. We identified Spain, and especially the Canary
Islands, as the main European contributor to the current Cuban gene pool
and West Africa as the main source of African slaves brought to the island.
Unfortunately, the phylogenetic resolution in the HVS-I was insufficient to
locate the origin of the Native Amerindian lineages in the American
continent. Shortly, we will be able to learn more on the genome of one of
the Caribbean Native population in Columbus’ times. The Taino Genome
Project (which is currently ongoing within the 1,000 Genomes Project), aims
to reconstruct the genomic features of this population from 70 modern
Puerto Ricans (Bustamante et al. 2011). This study may provide definitive

clues on the origin of the Taino peoples in the American continent.
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4.1.2. Demographic inferences on European Romani

North-West Indian origins

For the first time, we compile data that representatively covers the Indian
subcontinent to test the origin of the proto-Romani population. We first
approach this by means of the phylogeographic information of lineages
belonging to M haplogroup of the mtDNA (section 3.2). The advantage of
this approach is that in absence of recombination, and knowing that the M
haplogroup is of Indian origin, the M lineages (if with enough
phylogeographic resolution) should point at their geographical origin in
India. Of course, the limitation lies in the assumption that the origin of these

lineages is pointing at the origin of the whole Romani population.

Next, we used genome-wide SNP data (section 3.3) to locate the origin of
the Romani within the Indian subcontinent (Figure 17A). Yet, it is important
to account for the genetic structure of Indian populations. Specifically, Reich
et al. (2009) showed that Indian populations could be accurately modelled as
mixtures of two ancestral populations: Ancestral North Indian ancestry ANI
(representing the West-Eurasian ancestry present in Europe, Middle East
and Central Asia) and Ancestral South Indian ancestry ASI (genetically
between ANI and East Asians). Accordingly, most Indian populations
showed a west-Eurasian component in our analyses (see ADMIXTURE plot
in section 3.3). Therefore, the recent non-Romani European admixture
present in Romani populations could bias the Indian origin analysis, pointing
at the Indian population with highest ANI ancestry as the source population.
Consequently, we included migration from Europeans (CEU) to Indians
prior to the split of the Romani in the model to test the origin of the Romani

in India (Figure 17B).
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Figure 17. Samples and model used in the ABC on Romani origins. A. Map of
India showing the state of origin and linguistic affiliation of the 25 groups included
in our study (originally from Reich et al. (2009)). B. Schematic representation of the
model used in ABC to estimate the Indian parental population in the Romani. Fixed
parameters (and values) are shown in gray; the unknown parameters are shown in
blue. This model explicitly considers migration from Europe to India prior to the
split of the Romani to avoid that recent admixture between European hosts and

Romani would bias the results.
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Implementing complex models is not straightforward (see section 4.1.3).
Still, we obtained consistent results with both approaches (mtDNA and
whole-genome data). These confirmed the linguistic theories supporting a
North-West Indian origin of the European Romani (most probably an Indo-
European speaker population around Punjab and Rajasthan states). The use
of genome-wide data permitted to date the founding event around 1.1 kya.
This estimate was within the wider dates obtained from the dating the M5al

lineage in the mtDNA.

Nevertheless, a more exhaustive representation of geography, linguistic and
social strata in North-West India may be critical to exactly point at the
current Indian population that is more genetically similar to the ancestral
proto-Romani population. Future studies will show if the Romani originated
from populations with similar anthropological features such as the Jat
(Hancock 1987), as suggested by a recent study that found the same
mutation causing primary congenital glaucoma (PCG) in the Punjabi Jat and

European Romani families (Ali et al. 2009).

Genetic differentiation of the European Romani

Despite the relatively recent split from the parental Indian population, the
European Romani show large genetic differentiation compared to current
Indians. The mtDNA sequence data suggested lower maternal effective
population sizes in the Romani versus non-Romani European and Indians.
With genome-wide data we could quantify these differences. The founding
bottleneck event in the proto-Romani group as well as the secondary
bottlenecks that occurred during the settlement events in Europe (~0.7 kya)
explain the severe reduction of the N. observed in the European Romani
groups of around 1/3 compared to the patrental Indian population. The small
effective population sizes, together with genetic isolation as testified by the

long runs of homozygosity, explain the important genetic differentiation of
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the Romani versus Indians, as well as the large genetic distance between

European Romani groups.

The observation that the Romani genomic affinities increase with the
geographic distance from the Balkan area is compatible with an initial
colonization of the European continent from Southeast Europe, and a
further expansion by subsequent series of founding events. In agreement
with linguistic data (Fraser 1992), the strong genetic affinities found between
geographically dispersed Romani populations (such as Iberian and Baltic
Romani) are indicative of the accumulation of genetic drift in the consecutive

migration waves after leaving the Balkan area.

This finding allows to predict that non-Balkan groups not yet characterized
genetically are likely to represent a subset of the genetic diversity present in
South-East Balkans, with strongest genetic affinities with the Romani
populations from Eastern Central Europe (such as Hungarian and Slovakian
Romani). Further studies are needed to describe the apportionment of
genetic diversity in the different linguistic (such Vlax versus non-Vlax

(Gresham et al. 2001)) or the religion groups in the Balkan area.

Admixture estimates

The amount of recent gene flow that the Romani received from their
European hosts from autosomal data was estimated by means of
ADMIXTURE software (Alexander et al. 2009). In K=3, the three ancestral
components were identified as Indian, non-Romani European and Romani
ancestral populations. In the case of the mtDNA, the admixture estimates
were based on the identification of Romani founder lineages, which were
defined as being frequent in the Romani and rare in hosts. Hence, those
lineages not identified as founder provide a maximum-bound of admixture

with hosts (see Figure 18A, in gray). In fact, the procedure followed to
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identify founder lineages could overestimate the degree of admixture in the
Balkans, as Balkan-specific lineages could be lost in other Romani
populations. The autosomal data confirmed that the admixture estimates
based on mtDNA were more accurate out of the Balkans (Spain, Portugal,
and Lithuania). Oppositely, autosomal estimates of admixture in Bulgaria and
Hungary confirmed the estimates from mtDNA as theoretical maximum
bound, and suggested these could be actually much lower (see Figure 18B).
Interestingly, these results suggest that the autosomal and maternal

demographic histories are not divergent.

Autosomal data revealed an interesting pattern regarding gene flow with
European hosts. The Romani groups that migrated out of the Balkans
present more gene flow in their genomes, but in the form of short genomic
fragments reflecting old admixture events. In contrast, several Balkan
populations who in average have been historically stricter in endogamy rules
present ongoing admixture, as testified by long chromosomal segments of
European origin. This result indicates that during the expansion throughout
Europe the Romani relaxed their endogamy practices during a short period,
and that the current marriage rules can change from one Romani group to

anothet.

Finally, we discarded extensive gene flow with populations geographically
located in the proposed migratory path of the proto-Romani population
towards the European continent. This result is in agreement with the poor
influence of the Arabic in the Romani language, which locates the Romani
migtration before the Islamic conquests in the Middle East. Nevertheless, our
results are in odds with the substantial proportion of Iranian (Kurdish and
Persian) and Armenian loan words in the European Romani language (Fraser

1992). This result may indicate either that the sampling coverage of the
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Figure 18. Admixture estimates obtained for European Romani populations
that were analyzed for both mtDNA (A) and autosomal data (B). The mtDNA
estimates were obtained based on the identification of founder Romani lineages
based on the HVS-I (section 3.2). Admixture estimates for the whole-genome data
were obtained by ADMIXTURE software (Alexander et al. 2009) (section 3.3).
Although the sampling differed between the two studies, the Indian founder lineages
M in datk blue) in the mtDNA should indicate an approximated minimum
threshold for the Indian ancestry in autosomal data in K=2 (dartk blue). The
percentage of non-founder lineages in the mtDNA (in gray) should indicate an
approximated maximum limit to the percentage of recent non-Romani European
ancestry in genome-wide data (K=3, in gray). As expected on how the founder
lineages were identified, the admixture estimates from mtDNA between Romani and
hosts should be more accurate (more similar to genome-wide data) with distance
from the Balkans (see text).
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actual migration route is incomplete in our study, or that the Romani
received important cultural but not genetic influx from the populations
during the stays in those regions. For instance, some linguists believe that the
influences of Iranian and Armenian languages in the Romani could have
happened already in Anatolia, since these languages (but not Arabic) were
spoken in the Byzantine Empire (Matras 2002). This hypothesis would
reconcile the linguistic evidence, the lack of historical records testifying a
long presence of the Romani in the Middle East, and the genetic data we
provide. Together, these evidence would favour a rapid migration from India
to the Byzantine Empire rather than a gradual migration from India to

Byzantium (Matras 2002).

Implications for complex and Mendelian diseases

The relatively high frequencies at disease mutations are a priori not easily
explainable invoking only negative selection (Nielsen et al. 2007). Previous
genetic studies on Mendelian diseases showed that the Romani founder
event and endogamy practices explain the finding of the same mutations
(most previously unknown) in geographically dispersed Romani groups that
cause high prevalence of Mendelian disorders (Kalaydjieva et al. 2001).
Accordingly, in our population-based study we find that the European
Romani present a three-fold enrichment for non-synonymous (ns) SNPs in
homozygous genotypes in the frequency bins of MAF <0.05 compared to
the two parental groups. This excess of potentially damaging alleles suits with
the expectations from a population that underwent serial bottleneck events,
where purifying selection is less effective in removing these alleles
(Lohmueller et al. 2008; Ohta 1973). In addition, considering the inferred
past and observed current population size of the Romani (around 11 million
people), this recent expansion may also have increased the non-synonymous

excess in the Romani genomes (due to the genetic code, most new SNPs will
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be ns), which purifying selection may not have had enough time to adjust

(Lohmueller et al. 2008).

Notably, our finding does not only apply to Mendelian disorders but can also
be extended to complex diseases. We found that the Romani show higher
frequency at SNPs associated to metabolic/cardiovascular diseases that also
present larger prevalence in the Romani. The bottleneck events, as previously
shown, seem a reasonable factor for explaining prevalence differences
between Europeans and Romani. Nevertheless, Indians also show higher
prevalence of these diseases (which does not seem to be explained by strong
bottleneck events in Indians), and some of the genes involved in metabolic
disorders show signs of positive selection in Indians (Metspalu et al. 2012).
These pieces of evidence suggest the thrifty gene hypothesis (Neel 1962)
could hold for metabolic diseases in European Romani. However, caution is
needed as the bulk of missing heritability remains yet to be discovered and
future GWAS may unravel other disease variants in individuals of non-

European ancestry.

The results shown in this thesis constitute the most comprehensive survey so
far on the genetic characterization of the European Romani. These results
have implications in anthropology, forensics, ancestry testing, and medical
genomics. For instance, we noticed the presence of Romani ancestry in some
European individuals that self-identified as non-Romani (see MDS plot in
section 3.3), which could be a potential source of stratification in association
studies done in countries with high Romani census. Finally, and similar to
other founder populations, the European public health policies can largely
benefit from the genomic characterization of the population history of the

Romani.
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4.1.3. Lessons about methods in demographic inference

Role of uniparental markers

The putative action of selection on mtDNA and Y-chromosome could
invalidate certain inferences depending on the time and geographical scale
considered. For instance, selection could challenge estimates of age or size of
the populations (Balloux 2009). In this section, I will discuss the validity of

the inferences drawn from these markers in this thesis.

The phylogeography provides a very powerful tool to do very fast and
unambiguous inferences on the ancestry of a sample. For instance, in section
3.1 the uniparental markers allowed the identification of the continental
ancestries in Cuba just identifying the diagnostic mutations with strong
phylogeographic information, without the need of any further analyses.
Another important use of the phylogeography of mtDNA was in section 3.3
where we analyzed genome-wide SNP data in the Romani. Despite having
interrogated almost a million of markers, we could not be certain about the
Romani origin of the Welsh samples. Since their genomes showed extensive
European ancestry, we could not distinguish between the following two
scenarios: i) the Welsh Romani admixed extensively with a European host
population, i) they were of European ancestry and acquired a nomadic
lifestyle as in the case of native Travellers. The identification of mtDNA
lineages of Indian origin (M lineages) unambiguously identified that the

maternal ancestors of some Welsh Romani came from India.

Other inferences done in this thesis could be questionable. For instance, we
inferred differences in population size comparing mtDNA diversity in
Romani vs. non-Romani Buropeans, but a non-neutral scenario could bias
the estimates. However, the finding of decreased effective population size is
expected in a founder population, whereas differential selection in the last

millennium between European Romani and non-Romani mtDNA genes is

125



DEMOGRAPHY AND GENETIC ADAPTATION

less plausible. Another delicate matter in mtDNA analyses is to assume the
TMRCA estimates of single lineages as the age of foundation of the entire
population. However, we observed that the diversification of the Mbal
lineages is private to the Romani, and that it shows a star-like network. Thus,
we assumed that the timing of their diversity may provide an upper limit of
the origin of the proto-Romani population. The ages obtained by dating the
mtDNA Mb5al lineages match with the estimates based on the autosomal

ABC as well as with historical records.

Contrasting the phylogenies of human mtDNA and Y-chromosome to those
obtained from the rest of the genome seems an imperative step to definitely
assess the role of selection on these markers. In any case, acknowledging that
these two uniparental loci are insufficient to infer the complete demographic
history of a population does not mean these are dispensable. The study of
mtDNA and Y-chromosome will continue being valuable to infer
demographic histories in the current context if the advantages and

disadvantages of their study are reasonably weighted up.

Inferences from genome-wide SNP data

Obviously, obtaining the genotypes of several thousands of unlinked
markers provides a much powerful picture of the demographic history of a
population. However, the studies based on commercial SNP arrays are not
exempt from important limitations. One of the biggest challenges faced in
inferring demographic parameters for the European Romani (section 3.3)
and African Pygmies (section 3.4.) has been the SNP ascertainment bias.
This was especially critical in the case of the Romani, since the observed
genetic differentiation between the parental populations (non-Romani
Europeans and Indians) is low. Although we could recover most parameters

with acceptable accuracy, the estimation of parameters that rely more on rare
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variants (such as migration rates) can be limited by the effect of

ascertainment bias.

In addition, ascertainment bias could also affect the identification of Indian
and European ancestries in the Romani genomes (which we tried by
different algorithms such as ADMIXTURE (Alexander et al. 2009) and
HAPMIX (Price et al. 2009)). If we consider that the SNPs genotyped in
commercial chips maximize the diversity within non-Romani Europeans, the
power to detect European ancestry should be increased against the Indian
one. Similarly, within the genomic regions of Indian origin, we could be
more empowered to detect those from Ancestral North Indian (ANI)
segments than Southern (ASI) ones. If we additionally take into account that
the Indian segments are expected to be shorter (the last mating between
Indians and Romani occurred >1.1 kya), it may explain why the
identification of Indian fragments from these SNP set could be more

difficult.

Interesting efforts have been made to provide a panel of SNPs with clearly
documented ascertainment scheme. For instance, the Harvard HGDP-

CEPH panel (http://www.cephb.fr/en/hgdp/) is a set of >600K SNPs

commercialized recently by Affymetrix that is designed for demographic and
selections studies, allowing also the comparison with archaic hominins and
apes. Considering the decreasing costs of genotyping, the possibility to study
population history with the same accuracy as it would come from deep
sequencing with perfect readout of alleles (Lu et al. 2011) is very appealing

and should be preferable in similar studies in the future.

The implementation and testing of complex demographic models by
approximate Bayesian computation is far for being ‘as simple as ABC.
Depending on the informativeness of the genetic data and the complexity of

the model, model testing and parameter estimation by ABC can become a
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tedious process of trial and error. Usually, after implementing the model, the
user may revise it after testing the fit of the data to the model. This may
imply adding or eliminating summary statistics or enclosing the range of the
prior distributions. The steps to obtain the posterior distributions may also
imply different options. This includes the type of distance between the
simulated and the observed data, and the ABC algorithm chosen. And last,
but not least, models need to be oversimplications of reality to be tractable
but sufficiently complex to generate good fit to the data. Of course,
comparing different models and obtaining good fit to the data does not

preclude the possibility that others not included could present a better fit.

Nonetheless, ABC methods provide a flexible and powerful framework to
infer demographic histories with other applications, such as the study of the
molecular signatures of positive selection as shown in section 3.4. ABC
algorithms are likely to be improved in the near future and may adapt well to
the increasing quantity and complexity of molecular data (Csillery et al. 2010;
Marjoram and Tavare 2006). An interesting methodological contribution of
the work presented in this thesis is the use of the distance between
multidimensional scaling plots as a summary statistic in ABC studies. Given
the demographic information that these plots can provide on the population
history of the samples (McVean 2009; Novembre and Stephens 2008), this
statistic could outperform others that involve more drastic loss of

information.
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4.2. Positive selection scans, phenotypes and adaptations

Searching the genetic basis of Pygmy height

The first studies of genetic adaptations such as the HbS variants and malaria
resistance (Allison 1954) were based on the comparison of the distribution
of variants on candidate genes and the distribution of a phenotype or an
environmental variable hypothesized to mirror a selective pressure.
However, during the last years, most surveys have based only on genetic
evidence and ignored the phenotypic or the environmental factors associated
to adaptations. This was mainly due to two reasons. Firstly, the collection of
phenotypic data is generally expensive and time consuming. Secondly, the
development of high throughput genotyping technologies permitted the scan
of signatures of adaptation in the whole genome without the need of a priori

hypothesis.

These studies have allowed important development of methods to capture
molecular signatures of positive selection. However, if the phenotypic or
environmental factors are not included in the analyses, it is challenging to
pose hypotheses on the functional target of selection. If the function of the
candidate gene or region is not well known (which is usually the case) the
distinction between actually selected signals and false positives (regions that
show extreme value of the statistic considered due to drift effects) can be

difficult.

In section 3.4. we propose the Conditional I, statistic as a new approach for
searching the genetic basis of differentiated phenotypes. The method has
one main assumption: the genomic regions responsible for a population-
differentiated trait must show population association with that phenotype.
Being ours a population-based approach with low sample sizes, only
phenotypes with a limited set of causal variants with moderate to large

phenotypic effects could be detected. Nevertheless, this could be the
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scenario for many adaptive phenotypes. The adaptive scenario seems
plausible for Pygmy phenotype given the large population differences in
height observed between Pygmy and non-Pygmy populations (30 cm in
average between a Maasai and a Mbuti Pygmy) and the probable role of

positive selection in the evolution of the phenotype.

The incorporation of the phenotypic (or environmental) information in
population genetic analyses aimed to study positive selection is highly
desirable. First, the incorporation of this piece of information is expected to
reduce the number of false positives in the candidate list. As more
populations with divergent demographic histories are considered in the
analysis, the number of SNPs that show a distribution similar to that of the
phenotype without any causality in the trait is expected to be smaller.
Second, the additional information provided by the phenotype helps in the
functional interpretation of the results. For instance, it improves posterior
analyses conducted on the candidate list, such as functional enrichment or
pathway analysis. This was observed in our results, as the pathways identified
by the two statistics one considering only genetic differentiation, the other
considering also phenotypic covariation, were different. Interestingly, the
pathways identified by incorporating the phenotypic information made more

a priori biological sense.

However, a definitive distinction between true and false positives is
impossible only with population genetic evidence. Further studies on a
model system or iz vitro cell cultures may be necessary to provider further
evidence that variants at these regions influence height through bone
homeostasis, as we suggest. Alternatively, new studies based on resequencing
data and larger sample sizes may help confirming or discarding the role of
these regions in the Pygmy stature as well as annotating the exact causal

variants.
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Phenotypes and adaptations

“If all you have is a hammer, everything looks like a nail”

Abraham Maslow, 1966. The psychology of science.

In these years in which we are learning much about the molecular signatures
of positive selection, it seems that we unconsciously try to justify all trait and
functional differences by means of selective arguments. We may need to
recover Gould and Lewontin’s (1979) idea that functional differences are not
necessarily adaptive. Body-parts, physiological systems, or molecular
pathways are not isolated parts that can evolve independently. Thus, traits
are under functional constraints, and the fitness of an individual will depend
on the trade-off between the improvement of one trait and the simultaneous

compromise on other traits.

For instance, the Pygmy stature has classically been interpreted as adaptive
(.e. the rainforest-adaptation hypotheses). However, as suggested by
Migliano et al. (2007), the Pygmy low stature may not be adaptive itself.
Instead, Pygmies could have strong selective pressures for an eatly onset of
reproduction because of high adult mortality rates, being the short stature a
(undesirable) consequence of the adaptation for an eatlier puberty. Certainly,
it is difficult to justify that early growth cessation could be beneficial itself, as
according to the life-history theory, larger adult sizes imply higher fertility
and reduced offspring mortality (Charnov 1993). This invokes for a need to a
compensatory force. The authors show that the Pygmy fertility curves are
shifted towards earlier ages, which within a context of high adult mortality

rates, would offset the negative effects of short stature (see Figure 18).

131



DEMOGRAPHY AND GENETIC ADAPTATION

a b 0.4
£ ~
2 x
bl € 0.3 -
o)~ -
S X 2
53 S
S £
2o 2 |
2 o © 0.2
S e s
2 < a
=T »
=T 0.1
o g o
8 & .
[
]
& 8 0 — % e
0 15 30 45 60 75 10-14 20-24 30-34 40-44 50
age (years) age intervals (years)

Figure 18. Age-specific survivorship (a) and age-specific fertility (b) for
different human Pygmies. Pygmy populations: Eastern African Pygmies (gray
triangles, dashed line), Western African Pygmies (gray triangles, solid lines), Aeta
(black triangles, solid line), Batak (black circles, solid line), and Agta (open triangles,
solid lines). Non-pygmy populations: Kung (gray square, solid line), Ache (cross,
dashed line), Massai (open squares, dashed line), Turkana (black square, dashed line),
and chimpanzees (open circles, solid lines). The geographic locations of the Pygmy
populations are shown in Figure 14. From Migliano et al. (2007).

Despite being indirectly, Migliano et al.’s hypothesis also involves the role of
adaptation in the emergence of the phenotype. However, could the African
Pygmy phenotype have evolved under other forces rather than positive
selection? In theory, the trait could be ancestral and be maintained by
purifying selection (acting on height or on another pleiotropic trait).
Alternatively, and against the anthropological evidence and our results
shown in section 3.4, it could be a product of genetic drift with no effect on
fitness. Genetic drift plays an important role in the emergence of populations
(since these typically involve population bottlenecks) and could potentially
explain differential distributions of tall or short alleles between populations
(Visscher et al. 2010). Nevertheless, our approach based on a differentiation-
based statistic could be still valid in this case, since the method does not

strictly search for selective sweeps.

132



DISCUSSION

Concluding remarks

The objective of this work was to decipher demography and adaptation in
human populations from genomic data. Thanks to the recent technical,
theoretical, and methodological developments, the study of human
demography is in an effusive moment, as exemplified in this thesis with the
detailed reconstruction of the Cuban and European Romani population
histories. Indeed, the field holds promising future prospects. The availability
of the complete spectrum of allele frequencies via resequencing will provide
an unprecedented resolution of the human genetic structure at micro-
geographical scales. Together with the improvements of ancient DNA
techniques revealing the genomes of archaic hominins as well as of humans
from different times, an exciting epoch in the study of human demographic

history seems guaranteed.

The biggest promise of the genomic era is to interpret the phenotypic
outcome of our genomes. In this work, a new statistic that incorporates
population phenotypic data into the genetic analyses is suggested to
specifically target the genomic regions associated to the Pygmy height. The
gathered indirect but promising functional evidence suggest that these
genomic regions may underlie the phenotype. Unfortunately, a more
complete functional annotation of these regions is necessary to elaborate
consistent hypothesis on the evolutionary implications of the Pygmy stature.
Accordingly, the finding of the genetic basis of complex phenotypes, as
reflected by genome-wide association studies, is more challenging than
thought a few years ago. Without functional information, most regions in
candidate lists from population-based selective scans run the risk of

remaining unnoticed.

The results shown in this thesis provide strong evidence that the regions

associated to the Pygmy phenotype have evolved under positive selection.
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However, the models on which current selection methods are based may not
be accurate for unravelling the adaptive evolution of many other interesting
traits. Although the community has identified this pitfall, methodological
advances are necessary to tackle with polygenic and epistatic adaptation,
including that from standing variation. As proposed in this work, these
future methods ought to incorporate the phenotypic data in the genetic
analyses. With the immediate availability of full genome sequences, a deeper
characterization of human phenotypic variation seems urgent for future

advances.
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