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“When we can fell assured that all the individuals of the same 

species, and all the closely allied species of most genera, have 

within a not very remote period descended from one parent, 

and have migrated from some one birthplace… then… we shall 

surely be enabled to trace in an admirable manner the former 

migrations of the inhabitants of the whole world.” 

 

Charles Darwin, On the Origin of Species by Means of Natural 

Selection (1859), pp. 486–487 
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Abstract 
 
Natural selection has played an important role in shaping human genetic variation, 

thus, finding variants that have been targeted by positive selection can provide 

insights about which genes influence human phenotypic variability. In this work we 

conduct a genome-wide survey of protein-coding genes comparing humans, 

chimpanzees, and closely related species in order to detect the fraction of genes 

undergoing positive selection on the human lineage, and further investigate 

intraspecific variation in a subset of candidate genes in the search of recent selective 

events in worldwide human populations. Our results suggest that most of the genes 

implicated in selective events during early human evolution differ from those 

involved in recent human adaptations, implying distinct selective pressures during 

varying stages of human evolutionary history. We also found three genome regions 

with evidence of recent positive selection, which were dissected to propose targets of 

selection and discuss on the possible underlying selective pressures in each case. 

Resumen 
 
La selección natural ha moldeado de forma importante la variación genética humana, 

por lo que encontrar variantes que hayan sido seleccionadas positivamente puede dar 

indicios acerca de los genes que determinan la diversidad fenotípica humana. En este 

trabajo comparamos los genes del genoma humano, del chimpancé y de varias 

especies cercanamente emparentadas para detectar aquellos genes bajo selección 

positiva en el linaje humano, y posteriormente evaluar la variación intraespecífica en 

un subconjunto de genes con la intención de buscar eventos de selección reciente en 

poblaciones humanas de todo el mundo. Nuestros resultados sugieren que la mayoría 

de genes implicados en eventos selectivos durante la evolución temprana del hombre 

no son los mismos que aquellos involucrados en adaptaciones humanas recientes, lo 

que implica la existencia de diferentes presiones selectivas a lo largo de las distintas 

etapas de la historia evolutiva humana. También encontramos tres regiones genómicas 

con evidencias de selección positiva reciente, las cuales fueron analizadas en 

profundidad para proponer posibles dianas de selección y discutir las presiones 

selectivas subyacentes en cada caso. 
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Preface 
 

 It is quite exciting, and challenging, to write a thesis about natural selection 

when the scientific community and the society is talking about it the most, and of 

course they are: 200 years ago today (on February 12, 1809) Charles Darwin was 

born. He postulated that all species of life have evolved over time from common 

ancestors through the process he called natural selection. His famous book On the 

Origin of Species by Means of Natural Selection was published in 1859 so that 

besides the bicentenary of Darwin’s birth, this year commemorates the 150th 

anniversary of the publication of a theory that still influences modern research today. 

This thesis focuses on natural selection in humans, but at the same time it tries 

constantly to put in context the position of our species within nature. This obeys to 

methodological reasons but also, and more importantly, to my intention of stressing 

the importance of transmitting a broad view of ourselves in which we acknowledge to 

be just a little branch of the tree of life. 

This may seem an obvious idea for most biologists, but within medical circles this is 

not yet a common concept as the study of the human body is usually intended to solve 

health problems and not to understand the underlying mechanisms that 

physiologically (and pathologically) make us the way we are and, thus, set us apart 

from other forms of life on Earth. The answer to these intriguing issues must be 

sought in the light of biology and evolution, which before starting this PhD I mostly 

ignored. 

Back in late 2002, while seated in the middle of the campus of the Mexican 

University of Guadalajara, right after completing my medical studies, I was reading a 

book about Mendel’s biography. The way he ended up establishing the basic laws of 

inheritance by means of his hybridization experiments in peas, or the way in which 

Darwin reasoned his theory triggered by his 5-year voyage on the HMS Beagle, was 

telling me how personal circumstances greatly influence scientists’ future steps. 
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Then, I suddenly started wondering: if I had the privilege of choosing the research 

field to which devote myself, what question would I like to answer? So I wrote two 

questions in the last page of the book as a personal commitment to find some place 

where to learn how to answer them, one of which was: “what make us humans?”. So 

without even knowing that fields such as “biological anthropology” or “evolutionary 

genetics” existed, I started a personal journey that led me to end up getting married to 

a physical anthropologist, and writing a PhD thesis about human evolutionary 

genetics. 

This document is therefore not only the presentation of a number of results obtained 

during five years of work, but also the compilation of what I have learned during this 

time, so that I hope it will be consulted by future students and possibly may help to 

encourage them to get involved in this fascinating field. 

For this reason, besides trying to provide as complete as possible information about 

the current state of the most recent advances, I intentionally also tried to keep the 

main concepts as basic as possible, so that researchers and students from a broad 

spectrum of disciplines can go through the text and hopefully find it useful. 

In the first part, an overview is given about human origins based on genetic evidence, 

followed by an introduction to human genetic variation including the recent 

generation of genome-wide catalogues of variation. Next, the main concepts of the 

evolutionary processes shaping diversity are explained with particular remarks 

relevant to the study of human populations. From here on, the thesis focuses on 

natural selection, particularly on positive selection. The most widely used methods for 

detecting selection in humans are then reviewed and some examples of positive 

selection in the human genome are given. This part is intentionally divided into 

methods (and examples) based on interspecific divergence and intraspecific 

diversity because subsequent presented results consist on the separate analysis of 

divergence and diversity in a set of candidate genes. By doing so, we address natural 

selection occurring at different stages of human evolutionary history. Finally, we 

derive conclusions based on our results about specific adaptive changes occurring in 

human populations and argue how these may contribute to define our species and in 

some cases to differentiate particular populations around the world. 
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This work is a small piece of knowledge towards the end of providing some new 

insight about the genetic basis of human adaptation, whose traces have been imprinted 

in our genomes for ages, but only since very recently we are able to explore them at 

the molecular level. 

 

Barcelona, February 2009  
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1 Human Origins 
 

We humans have inevitably an anthropocentric view of nature. We see ourselves as 

unique in comparison to other living organisms. Indeed, after thousands of years of 

evolution, humans have become the most dominant primate species on Earth. An 

incomparable capacity for culture has allowed us to grow in number, to extend our 

range to almost all regions of the planet, and to impact⎯for better and for worse⎯the 

lives of many other animals, plants, and ecosystems. This raises the question of what 

processes during human evolution have led to such a clear distinction between our 

species and other forms of life. In other words, what makes us humans? 

A straightforward and fascinating aspect of human uniqueness is the same fact of 

contemplating questions such as the one posed above. For answering it, however, we 

definitely need to step back and take a broader view of ourselves. Although unique, 

we are just one of many millions of living species on the planet, and to understand 

ourselves, we need to understand the evolutionary history that we share with all forms 

of life on Earth, from the Last Universal Common Ancestor (LUCA) to our closest 

living relatives. First, it is clear that humans are not at the top of evolution neither 

more evolved than other living organisms, as some misconceptions in popular 

thinking point out. Instead, all modern species are equally derived from their common 

ancestors in terms of time (see Figure 1). 

All living beings are adapted to their present ecological niches. Natural selection is 

ongoing, and as a consequence important adaptive changes have taken place in all 

organisms. All the phenotypes and genes of organisms alive today derive from 

ancestors that can be traced back in time. Most of these features have been shaped by 

the environmental challenges faced by these organisms and their ancestors. It is 

thanks to our shared evolutionary heritage with every other species on the planet that 

comparative analyses with bacteria, yeasts, flies, worms, fish, mice or chimpanzees, 

have much to say about ourselves. 
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Figure 1: A phylogenetic tree showing that all living organisms share a common ancestor
some time in the past. Contemporary species shown here are just representative examples
of each clade (adapted from (Jobling et al. 2004 )). 

 

To understand how genomes evolve, it is important to know how the species carrying 

the genomes are related to each other, that is, their phylogeny. 

 

1.1 The Human Lineage 

We are one of the ~300 primate species that currently live on Earth. Within primates, 

we share the group of hominoids with our closest living relatives: the apes. The apes 

in turn include the gibbons and orangutans in Asia, and the gorillas, chimpanzees, and 

bonobos in Africa. The phylogeny of the hominoids is generally accepted (see Figure 

2), in which we observe that the African apes are more closely related to humans than 

the orangutans. Early evidences for that date back to 1863, when Thomas Huxley 

stated: “it is quite certain that the Ape which most nearly approaches Man, in the 

totality of its organization, is either the Chimpanzee or the Gorilla” (Huxley 1863). 



INTRODUCTION 

  5

Figure 2:  Illustration of  the divergence of human and ape species. Approximate dates of
divergence  are  given,  from  left  to  right,  for  orangutan,  gorilla,  human,  bonobo  and
chimpanzee (adapted from (Paabo 2003)). 

 

However, it remained unclear for a long time whether chimpanzees or gorillas are 

closer to humans. Nowadays, deoxyribonucleic acid (DNA) complete sequences of 

both human and chimpanzee genomes are available, and the gorilla genome project is 

ongoing; hence this question can be addressed from a genomic perspective. Humans 

are ∼98.8% similar to chimpanzees at the nucleotide level (Consortium 2005a) and 

the majority of regions in our genome are indeed most closely related to chimpanzees 

and bonobos, although a non-trivial fraction is more closely related to gorillas (Chen 

et al. 2001). This is because the speciation events that separated these lineages 

occurred so closely in time that genetic variation in the first ancestral species, from 

which the gorilla lineage derived, survived until the second speciation event between 

the human and chimpanzee lineages (Enard and Paabo 2004). The estimation of 

divergence times between primate groups is more controversial than the phylogeny 



INTRODUCTION 

 6

because dating is based on paleontological data which has uncertainties associated 

with fossil calibration points. Nevertheless, it seems clear that the human evolutionary 

lineage diverged from that of chimpanzees about 4-6 million years ago, from that of 

gorillas about 6-8 million years ago, and from that of the orangutans about 12-16 

million years ago (Chen et al. 2001; Glazko and Nei 2003) (see Figure 2). By no 

means, however, this implies that we were alone in our evolutionary lineage. Many 

other species existed, but eventually became extinct. We are then the only surviving 

species of a formerly rich and diverse Homo lineage. For example, molecular 

information is available from Homo neanderthalensis remains. Neanderthals lived in 

Europe and western Asia until about 30,000 years ago. Mitochondrial (mt) DNA 

sequence data indicates that Neanderthals carried mtDNA sequences that fall outside 

the variation of modern humans and that diverged approximately 500,000 years ago 

(Lahr and Foley 1998) (see Figure 3). Thus, although extinct, they are the group of 

hominids most closely related to contemporary humans. 

 

Figure 3: Schematic representation of the relationship between the population history of 
humans and Neanderthals based on a mtDNA genealogy  (adapted  from  (Lahr and Foley 
1998)). 



INTRODUCTION 

  7

An ongoing project aimed at sequencing the Neanderthal genome has recently 

completed the first draft version (AAAS press release, February 12, 2009), which will 

allow closer, and previously impossible, genome-wide comparisons to our genome. 

In comparison to genetic data from chimpanzees, gorillas, and orangutans, humans 

display lower levels of intraspecific diversity (Kaessmann et al. 2001). As discussed 

in more detail later, humans differ on average at only 1 of every 500-1,000 

nucleotides between chromosomes. This degree of diversity is less than what typically 

exists for instance among chimpanzees; which is surprising because humans are by far 

much more numerous and because humans are distributed over the entire world 

whereas chimpanzees and other apes are more restricted in their distribution. One 

explanation for this is that humans can be traced back on time to a small population 

that expanded in the relatively recent past, which is a concept directly related to the 

different theories of modern human origins and their subsequent dispersal. 

 

1.2 Dispersal of Modern Humans 

Approximately 100,000 years ago the planet was inhabited by a morphologically 

heterogeneous group of hominids: Homo neanderthalensis in Europe, Homo erectus 

in Asia, and Homo sapiens in Africa. Around 30,000 years ago, most of this diversity 

had disappeared: only anatomically modern humans were occupying the entire Old 

World. How did this transition occur? 

Early models proposed that human “races” were distinct biological species that 

originated independently with no gene flow between them (Gould 1981). Later 

models based on the fossil record, such as the Multiregional Origin model, propose 

that after the migration of H. erectus out of Africa ∼0.8 to 1.8 million years ago, there 

has been parallel evolution from H. erectus to H. sapiens among geographically 

dispersed populations, with limited gene flow between populations (Wolpoff 1996). 

In contrast to these models, which predict that populations from distinct geographic 

regions have been differentiating over long periods of time, the genetic data 

accumulated over the past two decades overwhelmingly support the Recent African 

Origin model, also called the Out of Africa model (Cann et al. 1987; Vigilant et al. 

1991). According to this model, all non-African populations descend from an 
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anatomically modern H. sapiens ancestor that evolved in Africa ∼200 thousand years 

ago (Kya) and then spread and diversified throughout the rest of the world starting 

∼50-100 Kya, replacing any archaic Homo populations still present outside of Africa, 

such as H. neanderthalensis in Europe and H. erectus in Asia (Stringer and Andrews 

1988). Thus, the Out of Africa model predicts a recent common African ancestor with 

subsequent recent expansions after the initial migration(s) out of the African continent 

∼100 Kya (see Figure 4). 

Figure 4: Models of  recent human evolution. These diagrams  illustrate  two  contrasting
models of modern human origins, both beginning with H. erectus shortly after 2 MYA and
leading  to  contemporary  humans.  Horizontal  arrows  indicate  gene  flow  between
populations.  Blue  lines  denote  ancestors  of modern  humans  and  gray  lines  represent
lineages that became extinct. The Multiregional Model is now very much a minority view
and, thus, no longer one of the serious models (adapted from (Jobling et al. 2004 )). 

 

As humans colonized the world (see Figure 5), populations diverged and thus 

differentiated genetically. Hence the dispersal of modern humans can be inferred from 

extant diversity of different parts of our genome (i.e., autosomes, mtDNA or the Y 

chromosome). Indeed, the history of human expansions into Australo-Melanesia (∼60 

Kya), Europe (∼45 Kya), Asia (∼35 Kya), the New World (∼15-20 Kya), and the 

Pacific (∼3 Kya) is genetically supported by patterns of allele frequency variation 

(Cavalli-Sforza et al. 1994). This begs the question of how much genetic variation 

occurs within humans; which in agreement with our curiosity at any level, means that 

we want to understand what make us unique, not only as species but also as 

individuals. For discussing about that, some basic concepts about the structure and 

variation of the human genome need to be reviewed. 
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Figure 5: World map of the dispersal of modern humans. Starting in Africa, arrows indicate migrations with approximate dates (years ago). Ice sheets 
and low sea levels of circa 18,000 years ago are also shown. This illustration is orientative and not necessarily reflects the accuracy of all studies carried 
out to date (adapted from (Stringer and Andrews 2005)). 

  9
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2 Human Genetic Variation 
 

Our genome consists of about 3 billion nucleotides, which are the monomeric 

subunits making up the DNA molecule. Nucleotides vary in their bases, which can be 

adenine (A), guanine (G), cytosine (C) or thymine (T). It is the sequence of these four 

different nucleotides that carries the genetic information, which have been passed 

down to us from our ancestors. In every generation, several of these nucleotides are 

affected by mutations in the male and female germ-line so that subsequent generations 

receive slightly different versions of the ancestral genomes. Single nucleotide 

polymorphisms (SNPs) represent by far the majority of these variants (Build 129 of 

dbSNP database contains ∼15 million SNPs, of which 6.5 million are validated), so 

that common estimates initially pointed that all humans are ∼99.9% identical at the 

nucleotide sequence level (Przeworski et al. 2000; Reich et al. 2002). Nonetheless, 

this may be an overestimate since genomes can differ in many other ways. Bits of 

DNA ranging from a few to many thousands of bases (Kb) can get lost (deletions), 

added (insertions), or turned around (inversions). Even more, there are structural 

variations, known as copy number variants (CNVs), that change the number of copies 

of a gene or any piece of DNA (see Figure 6).  

 

Figure 6: Examples of structural variations in the genome. Rectangles represent segments 
of DNA and letters A to D schematically illustrate different genes (adapted from (Pennisi 
2007)). 
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Therefore, current estimates range from ∼99.6 to 99.8% of genome-sequence identity 

between humans (Feuk et al. 2006). The genetic variation contained in the remaining 

0.2–0.4%, in spite of representing a very small fraction of the total genome, is enough 

to ensure most of our individual uniqueness at the DNA level. Both structural variants 

and SNPs may be equally important in modern population genetics, however, given 

the nature of the data presented in this work, a more detailed background will focus 

on SNP variation as we move further on. 

 

2.1 SNPs 

As briefly introduced above, SNPs are the smallest unit of polymorphism and the 

most common one in the human genome. A SNP is said to be present at a particular 

nucleotide site if the DNA molecules in the population frequently differ in the alleles 

observed at that position. For example, some DNA molecules in a population may 

have an A at a particular site, whereas others in the same population may have a C at 

the same site. Most SNPs are biallelic, that is, two alleles or forms for the 

polymorphism exist. The most frequent is usually referred to as “major allele” and the 

other as “minor allele”. Most SNPs occur in DNA of no known function, but common 

variants also occur in coding regions of genes, altering amino acid sequences of 

proteins (see Figure 7), and in regulatory regions that affect gene expression. 

 

Figure 7: Example of a nonsynonymous SNP affecting  the structural conformation of  the 
encoded  protein  (hypothetically  denoted  as  Protein  X)  (modified  from  educational 
resources of the Genetic Science Learning Center, University of Utah). 
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Coding SNPs that result in amino acid replacements are known as nonsynonymous 

SNPs, which will be referred to as CNS (Coding Non-Synonymous) in the chapters of 

results of this work. On the contrary, synonymous SNPs (CS or Coding Synonymous) 

are those present in coding regions but that do not result in an amino acid replacement 

when the sequence is translated into protein. Unlike synonymous and most noncoding 

SNPs, nonsynonymous SNPs together with functional SNPs in regulatory regions, are 

believed to possibly have a straightforward effect on the phenotype, and may 

therefore be important for the adaptation of the organism. 

 

2.2 Haplotypes 

A haplotype is a unique combination of alleles along a given stretch of a single 

chromosome. The variation found along chromosomes is often structured in blocks of 

haplotypes, which vary in length both among populations and genome regions. These 

“haplotype blocks” are likely to result from the fact that recombination (the 

reshuffling of chromosome segments that occurs during meiosis, that is, the formation 

of gametes), tends to occur in certain areas of the chromosomes more often than in 

others (Daly et al. 2001). Such areas have been referred to as “recombination 

hotspots” (see section 3.1). Two areas of the genome are exceptional (i.e., mtDNA 

and the non-recombining region of the Y chromosome), since they are not reshuffled 

during the formation of gametes. In the rest of the genome, although the extension of 

haplotype blocks depends on the methods used to define them, they are typically 5–

200 Kb in length, and as few as four to five common haplotypes account for most of 

the variation in each block (Paabo 2003) (see Figure 8). 

The catalogue of haplotypes for every block makes up the “haplotype map” of the 

human genome. Since 2005 this haplotype map is available for three different human 

populations as a result of the International HapMap Project (Consortium 2005b), 

which is currently in the phase of increasing the number of populations up to eleven 

(HapMap phase 3). Before discussing in more detail the influence that this and other 

ongoing projects are having in modern population genetics, a basic concept –directly 

related to the existence of haplotype blocks– needs to be reviewed. 
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Figure  8:  Schematic  representation  of  a  haplotype  block.  For  simplicity,  no more  than 
three  SNPs  are  illustrated  along  the  DNA  sequence.  Note  that,  out  of  eight  possible 
haplotypes,  only  four  of  them  account  for  all  the  variation  found  in  the  population 
(modified from resources of the Genetic Science Learning Center, University of Utah).  

 

2.3 Linkage Disequilibrium 

Before defining linkage disequilibrium (LD), it is convenient to explain what linkage 

equilibrium is. For that, a simple example will be given. Assume the presence of two 

SNPs in a DNA sequence, where the alleles of SNP 1 (A/G) are present in 30% and 

70% of the population respectively; and SNP 2 (C/T) has frequencies of 70% and 

30% respectively. If recombination has acted long enough on the DNA sequence to 

exchange information between chromosomes, the frequencies of the haplotype A–C 

will be 0.30 x 0.70 = 0.21, those of the haplotype G–C will be 0.70 x 0.70 = 0.49 and 

so on (see Figure 9). In other words, haplotype frequencies are equal to the product of 

allele frequencies (i.e., there is linkage equilibrium). Conversely, if there are 

nonrandom associations between alleles due to their tendency to be coinherited more 
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often than other combinations, the two SNPs are said to be in linkage 

disequilibrium. Measures of LD include D (Lewontin 1964), |D’| and r2. Both |D’| 

and r2 are calculated in a way that complete or perfect LD equals 1, indicating that the 

two alleles have not been separated by recombination. However, r2 –defined as the 

squared correlation coefficient between two loci– is less affected by small sample 

sizes than |D’| and thus is one of the most widely used measures. 

Figure 9: Linkage disequilibrium illustration. An example of two SNPs that at either in 
linkage equilibrium (random association of alleles according to allele frequencies shown 
in black) or linkage disequilibrium (nonrandom association of alleles shown in red) 
(adapted from (Kaessmann and Paabo 2002)). 

LD is basically the result of reduced recombination between loci, reflecting that not 

enough time has elapsed since the mutations arose for recombination to shuffle them 

around and reach linkage equilibrium. Therefore, the extent of LD is extremely 

informative about the evolutionary history of the sample being analyzed. In fact, 

many studies have demonstrated that there is extensively more LD outside Africa than 

what has been found in African populations (Calafell et al. 1998; Kidd et al. 2000; 

Reich et al. 2001; Tishkoff et al. 1996), meaning that the gene pool in Africa is older 

than that outside Africa, reinforcing the theory of an African origin of modern 

humans. 

Besides varying among populations, LD also differs between different parts of the 

genome. As a consequence of the probability of recombination events, LD typically 

declines with increasing physical distance between SNPs, meaning that far-apart loci 
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are not expected to be in strong LD. On the other hand, closely related SNPs typically 

show high values of LD between them. 

This fact has important implications, as a limited set of SNPs, by being in LD with 

other SNPs in their vicinity, would be enough for capturing indirectly most of the 

variation in a given region or even in the whole genome. Moreover, the same 

approach would enable anonymous markers (i.e., SNPs with unknown effect on gene 

function) to serve as proxies to tag functional variants associated with a particular 

phenotype, for instance a complex disease. The construction of a genome-wide 

catalogue of such markers, known as tagSNPs, was a strong motivation for the 

launching of the International HapMap project, as tagSNPs would facilitate the 

conduction of large-scale genetic association studies of human diseases. 

The HapMap project took advantage of the existence of LD to genotype with a few 

millions of markers the whole genome in three human populations (see below). Such 

approach allowed avoiding the much more expensive and time-consuming task of 

resequencing the complete genomes of the studied individuals. Nonetheless, current 

genotyping and sequencing technologies are surprisingly becoming almost equally 

accessible, so this situation may change in the near future. Actually, as of November 

2008, current sequencing efforts aimed at producing finer catalogs of human variation 

(Kaiser 2008) are already generating resequencing data equivalent to >1,000 x 

coverage of the human genome. Such dramatic change has occurred in less than 10 

years since the initial draft of the human genome was announced, proving that the 

scales of generating and analyzing data are rapidly increasing (and do not seem to 

stop). Next, some of the main projects influencing the genomic era and the way we 

currently conduct our research will be reviewed. 

 

2.4 Catalogs of Human Variation: from The Human Genome to 1000 
Genomes 

Since the completion of the Human Genome Project (HGP), research focused on 

human genetic variation has intensified. The first draft of the human genome 

sequence was provided by two independent sequencing efforts (Lander et al. 2001; 

Venter et al. 2001). Far from consisting in a single sequence of the human genome, it 



INTRODUCTION 

  17

was a mosaic of many different genomes. Therefore, the project yielded about 4 

million SNPs that were discovered as the differences between individual sequences 

arose during the assembly. 

As a complement of the Human Genome Project, the Human Genome Diversity 

Project (HGDP) was proposed in 1991 by a group of geneticists led by Luca Cavalli-

Sforza and Allan Wilson. The HGDP project, aimed at collecting, analyzing, and 

making available for research a broad set of human samples from al around the globe, 

unfortunately did not achieve large-scale success due to ethical and political 

problems. Nevertheless its greatest achievement has been the establishment of a 

diversity panel of 1,064 cell lines (Cann et al. 2002). 

In 2003 the International HapMap project was launched, with the primary goal of 

developing a haplotype map of the human genome that describes the common patterns 

of genetic variation. As part of phase I and II of the project, approximately 3.9 million 

SNPs have been genotyped in 270 individuals from three different human populations 

(Consortium 2005b). The samples came from an African population in Nigeria 

(Yoruba), a mostly Utah (U.S.) population of European ancestry, and a sample drawn 

from the Japanese and Han Chinese populations. The third phase of the project 

(HapMap 3) comprises 1,301 samples (including the original 270 individuals) from 

11 populations. Newly introduced ancestries include Gujarati Indians and individuals 

of Mexican ancestry. HapMap 3 data, however, is not as dense as that available for 

the three original populations. Besides providing a wealth of information about the 

patterns of LD in human populations, the HapMap data set constitutes a valuable 

resource for many SNP-based studies in human populations. 

Other catalogs of human variation have been generated, such as the Perlegen data set, 

which consists in a survey of human genetic variation by genotyping 1.6 million 

SNPs in 71 Americans of European, African, and Asian ancestry (Hinds et al. 2005). 

A more recent survey (Li et al. 2008) analyzed a smaller number of SNPs (~650, 000) 

but in a considerably larger set of samples (1,043 individuals from 51 populations of 

the HGDP-CEPH Diversity Panel) consisting in the highest resolution map of 

worldwide human genetic diversity to date. 

At the same time, sequencing efforts of complete human genomes have been ongoing. 

In May 2007, DNA co-discoverer James Watson’s genome sequence was deciphered 
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by massively parallel DNA sequencing (Wheeler et al. 2008). Whereas in November 

2008, two groups revealed individual genome sequences of a Yoruba man from 

Ibadan, Nigeria (Bentley et al. 2008), and of a Han Chinese individual (Wang et al. 

2008); and this time for a small fraction of the cost of the human genome’s first drafts 

or subsequently published editions (Consortium 2004). 

The most recent and ambitious collaborative effort is the so-called 1000 Genomes 

Project, which is the natural consequence of the HapMap Project in the search of a 

deeper characterization of human genetic variation. The latter includes only the most 

common variants (i.e., SNPs present in at least 5% of the population), whereas the 

1000 Genomes project intends to find essentially all SNPs and detectable CNVs that 

occur at >1% of frequency in each of multiple human population samples. In order to 

do so, the project will involve the sequencing of complete genomes of at least one 

thousand individuals from around the world. By accomplishing this, the 1000 

Genomes project will create the most detailed catalogue of human polymorphism. The 

first official data from a series of pilot projects is expected to be released in January 

2009 (Kuehn 2008). 

It is essential then to think about “the human genome” not as a single and steady 

entity across humans, but in terms of diversity as a unique mosaic of sequences, 

which ultimately make us individuals. 

 

2.5 Global Patterns of Genetic Variation 

Much has been learned about the worldwide distribution of human variation since 

genetic data is available. Evidences come from different types of markers and data 

range from small fractions of the genome, such as the X, the Y chromosome or the 

mtDNA, to genome-wide surveys.  

In agreement with a genetic bottleneck occurring at the time of migration of modern 

humans out of Africa, most results point to the existence of higher levels of genetic 

variation in African populations than in non-Africans (Tishkoff and Verrelli 2003). 

Additionally, Africans have the largest number of population-specific alleles and non-

Africans carry only a fraction of the genetic diversity that is present in Africa 

(Calafell et al. 1998; Kaessmann et al. 2001; Quintana-Murci et al. 1999). Although 
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some exceptions to this pattern do exist, in which higher variability has been found in 

Europeans, they may be biased because the polymorphisms (mainly RFLPs –

Restriction Fragment Length Polymorphisms– and few SNPs) were first identified in 

non-African populations (Kidd et al. 2004). 

Populations also differ with respect to the organization of haplotypes and linkage 

disequilibrium. Levels and patterns of LD depend on gene-specific factors, such as 

mutation and recombination, as well as demographic factors that have a genome-wide 

effect, such as population size, population structure, founder effect and admixture. 

Numerous studies of LD between SNPs show greater extent of LD in Eurasians than 

in Africans and still greater LD in Native Americans (Gabriel et al. 2002; Kidd et al. 

2000; Reich et al. 2001). This pattern of LD is consistent with human demographic 

history; ancestral African populations have had more time for recombination and 

mutation to reduce LD. The bottleneck associated with the expansion of modern 

humans out of Africa resulted in many African haplotypes being lost, leading to 

greater LD in non-African populations. Another bottleneck, associated with the 

expansion into the Americas, is reflected in the even higher amounts of LD in this 

region. In agreement with this, Jakobsson et al. (2008), by genotyping 525,910 SNPs 

in a worldwide sample of 29 populations, have demonstrated that increasing LD is 

observed with increasing geographic distance from Africa, supporting the hypothesis 

of a serial founder effect for the out-of-Africa spread of human populations.  

Therefore, we can conclude that, within the human gene pool, most variation is found 

in Africa and what is seen outside Africa is as subset of the variation found within 

Africa (see Figure 10). 
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Figure 10: A schematic genomic map of  the world showing  that human genetic diversity 
decreases outside of Africa. Each colored tile represents a common haplotype. Africa has 
more tiles than found on other continents and ones that correspond to haplotypes found 
nowhere  else  (Illustration  by  Martin  Soave/University  of  Michigan  based  on  data  by 
(Jakobsson et al. 2008)). 

 

2.6 Genetic Substructure 

Humans, as a species, are extremely similar at the genetic level and the variability that 

does exist is distributed following a pattern of gradients, rather than discrete clusters, 

of allele frequencies that extend over the entire world (Lao et al. 2008; Novembre et 

al. 2008; Serre and Paabo 2004). Therefore, there is no reason to assume that major 

genetic discontinuities or “races” exist between different continents. Isolation by 

distance is the norm structuring human populations because humans do not mate at 

random; individuals living in the same geographic region and sharing a language are 

more likely to mate with each other than with individuals from more distant regions. 

Although mobility (and therefore admixture) is becoming increasingly common 

today, historically it has not been the case. This means that, populations have 

differentiated over time due to genetic drift and other processes. 

The classic measure for partitioning genetic variance within and between populations 

is Sewall Wright’s molecular fixation index (FST), a statistic ranging from a value of 

zero (no differentiation) to a value of one (no shared genetic variation) (Wright 1969). 

Estimates of FST (or equivalent measures) within and between main geographic 

regions (e.g. Africa, Europe and Asia) typically range from 0.11 to 0.23 for different 

types of autosomal polymorphisms, indicating that only 11–23% of observed 

variation is due to differences among populations (Tishkoff and Kidd 2004). 
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Overall, despite their worldwide distribution, humans show low levels of 

differentiation (see also section 4.2.3.) 

As briefly anticipated along this section, several evolutionary processes interact for 

shaping the observed patterns of genetic diversity, which will be reviewed in more 

detail next. 
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3 Evolutionary Forces Shaping Diversity 
 

For evolution to occur there must be a change in allele frequencies from one 

generation to another. If this is not the case, a population is said to be in Hardy-

Weinberg equilibrium, which means that the allele frequencies in one generation can 

predict the genotype proportions in the next generation, as a result of the absence of 

processes modifying diversity. In nature, however, real populations are under the 

operation of one or more evolutionary forces capable of shaping genetic variation. 

 

3.1 Mutation and Recombination 

Without mutation, there would be no evolution. Defined as any heritable change in 

the genetic material of an organism, mutation is the ultimate source of genetic 

variation. Mutations range from single base changes to small insertions, duplications, 

and deletions to chromosomal changes such as translocations and the formation of 

polyploids. Base substitutions, or point mutations, occur when there is a change from 

one base pair to another at a single position in the DNA sequence. Using one DNA 

strand as a reference, there are 12 possible point mutations as each base can change to 

any of the three other bases. There are two forms of DNA bases structurally different, 

purines (G and A) and pyrimidines (C and T). Changes from one purine to another or 

one pyrimidine to another are referred to as transitions, whereas changes from a 

purine to a pyrimidine or vice versa are called transversions (see Figure 11). 

 
Figure 11: Schematic drawing of the possible transition and transversion mutations. 
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Transition mutations occur at a much higher rate than transversions, in part because 

they distort the DNA double helix less than substituting a purine for a pyrimidine or 

vice versa. In contrast, transversions create either purine-purine or pyrimidine-

pyrimidine pairs, which go against the base-pairing rules of double-stranded DNA, 

and thus are more likely to be recognized by the DNA proofreading and repair 

machinery. In turn, this reduces the rate of transversions compared to transitions. 

Because of the high fidelity of such DNA repair mechanisms, heritable (i.e., non 

somatic) mutations are relatively rare for individual nucleotides; however, given the 

size of the human genome, they are inevitable in every replication cycle of the germ-

line. If the probability of mutation per nucleotide pair in humans is 10–9 per 

generation, and the human genome contains approximately 3 × 109 nucleotide pairs, it 

can be estimated that there would be an average of three new mutations in each 

human gamete, and therefore, each human zygote would carry six new mutations 

(Hartl and Clark 2007). In a sense it can be said then that we are all mutants. 

New combinations of existing alleles can be generated through the process of genetic 

recombination, which takes place during meiosis when mixing occurs between 

different parental chromosomes (see Figure 12). Meiotic recombination is a 

consequence of sexual reproduction, and enhances the ability of populations to adapt 

to their environment trough the combining of advantageous alleles at different loci. 

Recombination increases haplotype diversity, and the haplotype structure is therefore 

affected. Empirical studies in humans and model organisms have revealed that 

recombination rates are not uniform along a segment of DNA. Chromosomal 

crossovers appear to be concentrated in hotspots between which lie haplotype blocks 

of low or no recombination in which LD is usually maintained (see Figure 12). At 

larger scales, recombination rates are often low near centromeres and high near 

telomeres. Fine-scale maps of recombination rates have identified more than 25,000 

recombination hotspots across the human genome, together with motifs and sequence 

contexts that play a role in hotspot activity (Myers et al. 2005). 

Both, mutation by creating new alleles and recombination by reshuffling them, are the 

main processes by which genetic variation is created, providing the raw material on 

which selection and the other evolutionary forces can act. 
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Figure 12: Recombination hotspots and the shaping of haplotype structure in the genome. 
Top: Illustration of a chromosomal crossover during meiosis (adapted from (Alberts et al. 
2007).  Middle:  Populational  recombination  rate,  measured  in  centiMorgan  (cM)  per 
Megabase  (Mb),  over  physical  distance.  Bottom:  schematic  plot  of  the  corresponding 
pattern  of  LD.  Red  squares  denote  high  LD  between  pairs  of markers  (modified  from 
(Clark 2005)). 

 

3.2 Genetic Drift 

Once mutations arise different outcomes are possible. They can be lost, maintained, or 

become fixed (when all chromosomes carry the same allele). The expected fate of 

mutations in natural populations is partly determined by randomness. Because each 

generation represents a finite sample from the previous one, chance alone can change 

allele frequency between generations solely through the stochastic process of 

sampling. This evolutionary process is known as random genetic drift.  

The magnitude of genetic drift is directly related to the size of the population being 

sampled. For example, alleles with the same initial frequency (e.g. 0.5) will become 
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either fixed or lost much more rapidly in small populations (e.g. N = 25) than in larger 

ones (e.g. N = 250 or 2,500), where they will persist over generations with more or 

less subtle fluctuations in frequency depending on population size. In other words, the 

smaller the population size, the greater the genetic drift (see Figure 13). 

 

Figure  13:  Genetic  drift  in  populations  of  different  sizes  (modified  from  (Graur  and  Li 
2000)). 

 

It is important to make a distinction between the census size of a population (N) and 

the effective population size (Ne), which is almost always substantially less than the 

former and it is the actual quotient used to measure the magnitude of genetic drift. For 

example, the actual size of the human population is approximately 6.5 billion people, 

whereas the effective population size is only about 10,000 breeding individuals 

(Harpending et al. 1998; Kaessmann et al. 1999). Although Ne estimates vary among 

different parts of the genome, this sharp contrast is another reflection of the reduced 

diversity of our species (Chimpanzees’ Ne, for instance, is about 35,000 (Kaessmann 

et al. 2001)). This is partly due to a recent expansion from a founder population in 

humans. 

Demographic processes, such as population bottlenecks and founder effects result in a 

reduced ancestral population size which affects present-day variation. Founder effects 

imply the genetic separation of a subset of the diversity present within the source 

population and bottlenecks refer to the reduction in size of a single, previously larger, 

population with the consequent loss of prior diversity (see Figure 14). Since founder 

effects relate to the process of colonization, human genetic diversity patterns, as 

discussed in section 2.5, have been strongly shaped by drift as modern humans 
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colonized the world, not to mention the effects of the bottleneck associated with the 

out-of-Africa expansion. This means that, in the recently expanded human population, 

the effective population size is still largely determined by the smaller ancestral 

population sizes in our past. 

 

Figure 14: Bottlenecks and founder events. Circles of different colors represent different 
alleles. Both events result in a loss of genetic diversity due to reduced population sizes in 
the past (adapted from (Jobling et al. 2004 )). 

 

By far the most likely outcome for a new allele is that it will be lost by drift, as 

opposite to becoming fixed, which is a rare event. But population size directly affects 

the probability and rate of fixation. The fixation probability of an allele in the absence 

of selection is equal to its frequency in the population (a new allele would have a 

frequency of 1/2N). Thus the smaller the population, the higher the probability of 

fixation and the faster a new mutant becomes fixed. These concepts will be discussed 

in relation to selection in section 3.4. 

As opposite to mutation, genetic drift eliminates diversity. Consequently, in a 

population where no other forces are acting, both mutation and drift will reach an 

equilibrium in which the number of novel variants (generated by mutation) is 

balanced by the number of lost variants (eliminated by drift). Such mutation-drift 

equilibrium leads to a stable diversity level in the population (referred to as the 

neutral parameter, θ or “theta”). Nonetheless, as discussed next, other forces such as 

migration and selection are capable of changing allele frequencies and thus modifying 

diversity. 
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3.3 Migration 

Most populations are spread over large areas and can be divided into smaller 

subpopulations within which individuals tend to mate as they share the same local 

habitat. When such population structure exists, there is some genetic differentiation 

among the subpopulations, meaning that the allele frequencies between them are 

different (measurable by several fixation indices or F-statistics, such as FST discussed 

in section 2.6). But subpopulations are rarely completely isolated. If there is 

movement of individuals from one place to another (i.e., migration) and they leave 

descendents, gene flow is said to occur. 

Such movement of genes from place to place has a simple effect: it makes different 

parts of a population more similar to each other. Acting alone, gene flow will 

eventually homogenize the population. In the presence of random genetic drift, it 

limits how much genetic divergence can take place. As opposing forces, migration 

and drift can reach an equilibrium state where differentiation among subpopulations 

remains constant over time. 

To illustrate this, imagine a set of small populations or demes, which all start with the 

same allele frequencies. If these are isolated from each other, then they will drift apart 

until eventually different demes will be fixed for different alleles. Now, if each deme 

receives a fraction of immigrant genes (m) from some other deme in every generation, 

the exchange of genes will tend to make the demes more similar and will balance the 

diversifying effects of random drift (see Figure 15). 

 

Figure 15: Migrationdrift equilibrium. With the exchange of genes with a pool of migrants, 
allele frequencies in individual demes (red circles) fluctuate at random over time, but the 
population  as  a  whole  reaches  a  statistical  equilibrium  (adapted  from  (Barton  et  al. 
2007)). 
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Another important effect of gene flow is that it can create linkage disequilibrium by 

the mixing of populations. In a mixed population, there will be an excess of 

haplotypes considered as characteristic of the various parental populations, which will 

be reflected in the increase of LD. Depending on the rate of migration, gene flow can 

be a potent source of LD. 

Clearly, the spatial distribution of humans all over the world is structured in 

subpopulations, with different barriers to movement and with varying densities and 

environmental conditions. Such global pattern of a structured human population stirs 

up interesting questions like whether populations adapt to local environments or how 

do favorable alleles spread over wide populated areas. These questions involve 

selection, the core concept of this work, which will be discussed next. 

 

3.4 Natural Selection 

Natural selection is the only process that leads to adaptation. The way it shapes 

diversity is actually manipulating it. When inherited variants cause the organisms to 

differ in their ability to survive and reproduce (i.e., fitness), there is a generational 

change in which those individuals with the fittest variants will tend to leave more 

offspring and, consequently, those variants will tend to increase in frequency. In this 

way the population becomes progressively better adapted to the environment. 

First postulated by Darwin in The Origin of Species in 1859, natural selection was not 

widely recognized as the key evolutionary process until almost a century later. Today, 

150 years later, it forms the basis of modern evolutionary theory. Nonetheless, 

Darwin’s concept of natural selection has been made more formal and quantitative; as 

well as it has been incorporated into models describing the change in allele frequency 

under selection. 

Models of selection compare the relative fitness of a genotype with that of other 

genotypes competing for the same resources. Mutations that reduce the fitness of the 

carrier are subject to negative selection, also known as purifying selection since they 

tend to be removed from the population. Alternatively, mutations that increase fitness 

undergo positive selection, and therefore tend to increase rapidly in frequency. 

Because both processes shift the overall makeup of the population, either by favoring 
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one allele over another or acting against unfavorable or deleterious mutations, they 

belong to the model of directional selection (see Figure 16). 

Alternative models consider the interaction between alleles to determine the impact of 

mutations on the fitness of the genotypes (consider for example QQ, PQ, PP). Thus, 

situations like overdominance, underdominance, and codominance, refer to when the 

advantage is conferred to the heterozygote, the two homozygotes or one homozygote, 

respectively. When selection acts on quantitative traits, overdominance can be 

understood as selection that favors intermediate trait values; this acts to reduce 

variation and thus is called stabilizing selection. As opposite to this, underdominance 

would be related to diversifying selection, which favors extreme phenotypes (i.e. traits 

in the tails of the distribution) and consequently tends to increase variation (see 

Figure 16). 

 

Figure 16: Different models of selection. In each model, arrows point towards the favored 
genotype or trait respectively and gray curved lines follow the level of fitness across each 
distribution. With discrete alleles, each extra copy of the favored allele increases fitness, 
and  with  quantitative  traits,  fitness  increases  steadily  as  the  favored  trait  increases 
(modified from (Barton et al. 2007)). 
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In particular, overdominance creates a balanced polymorphism, although this is not 

the only mechanism by which balanced polymorphisms can be generated. 

Alternatively, Frequency-dependent selection whereby the frequency of a genotype 

determines its fitness (i.e. rare alleles are favored), also does. Both models then 

belong to what is referred to as balancing selection, which maintains polymorphism 

in the population. 

A well documented case of balancing selection in humans is sickle-cell anemia, which 

is prevalent in many populations at risk for malaria infection (Allison 1954). The 

disease is caused by an allele of the Hemoglobin-B gene (HBB) that codes for an 

altered form of hemoglobin (HbS), which confers an abnormal curved shape to red 

blood cells. Homozygous individuals for HbS suffer from severe anemia and usually 

do not survive. Despite this, the HbS allele is maintained at a relatively high frequency 

in areas where malaria is endemic, such as Africa, the Middle East, and India, because 

heterozygous individuals (HbS/HbA) have only a mild form of the anemia but are quite 

resistant to malaria. Homozygous for HbA are not anemic but, on the other hand, are 

the most vulnerable to severe malaria. This observation strongly supports that the 

HBB gene has been the target of selection for malaria resistance (Currat et al. 2002; 

Ohashi et al. 2004). 

Malaria has been acting as a selective pressure on the human genome over the last 

∼10,000 years, so that other genes, like G6PD, show evidence for selection mediated 

by malaria. This and other examples of selection in the human genome will be 

discussed in section 5. 

The fate of selected genes depends to a great extent on genomic context. When 

mutations are undergoing selective fixation, they tend to drag flanking variation with 

them through a process of genetic hitchhiking (Smith and Haigh 1974). The 

hitchhiking effect occurs for a simple reason: if two alleles at different loci are in 

linkage disequilibrium, then positive selection for one of them will cause both to 

increase. This results in a reduction in the genetic variation for a region surrounding 

the selected target. This phenomenon, known as selective sweep, leaves several 

characteristic molecular signatures whose recognition is essential for detecting 

selective events in the genome (see Figure 17 and section 4). 



INTRODUCTION 

 32

 

Figure 17: Schematic representation of a selective sweep with recombination. Horizontal 
bars  represent  chromosomal  regions with  neutrally  segregating  alleles  (red  dots);  the 
dark  chromosome  is  the one  carrying  the  adaptive  allele  (blue dot). During  the  sweep, 
neutral alleles closely linked to the beneficial allele also rise in frequency (middle). After a 
complete sweep, all variation in the region has been eroded except for the new mutations 
subsequently arising (right) (adapted from (Kelley and Swanson 2008)). 

 

In order to contextualize selection even more, two additional considerations are worth 

to mention. First, that selection acts on the phenotype, not on the genotype, and the 

total phenotype is determined by many genes that interact with each other as well as 

with numerous environmental factors. Second, that selection does not act alone; there 

is a complex interplay among the different evolutionary forces. It has been discussed 

that mutation, recombination and migration increase diversity, random genetic drift 

decreases it, and selection can do either of them.  

 

Now, some of these mechanisms are opposing forces and tend to balance each other, 

so diversity can eventually reach equilibrium. Interesting patterns then will be seen 

when the interplay of these forces is able to depart from neutrality. 

 

In 1968 Motoo Kimura proposed that most polymorphisms observed at the molecular 

level are selectively neutral, so that they are maintained in the population by a balance 

between mutation and random genetic drift. The frequencies of neutral alleles are not, 

therefore, determined by natural selection. Consequently, many polymorphisms may 

have no particular significance in the adaptation of the organism. These principles 

form the basis of the neutral theory of molecular evolution (Kimura 1968; King and 

Jukes 1969). This theory was developed on the basis of protein polymorphism data, 

but the model applies to nucleotide sequence data as well.  
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With the recent flood of DNA sequence availability it has been possible to statistically 

test the neutral theory against real data, and consequently, numerous evidences that 

selection is also importantly acting started to deluge the scientific literature. The 

neutral theory, therefore, serves as a well-understood null hypothesis, and deviations 

from it may reflect the action of selection. 
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4 Methods for Detecting Selection 
 

How to detect the action of natural selection? How to discover species-specific 

changes or even local adaptations of populations? It is all about time. Natural 

selection has been acting in nature for millions of years and its direct observation is 

mostly not possible, so that the action of selection has to be mainly inferred. 

In humans, this has triggered a special interest as detecting selective events may allow 

us to identify the functional traits –and the genes underlying them– that set us apart 

from other species, or those that differentiate populations around the world. 

Selection tests then seek to identify genes or genomic regions that have responded to 

the selection pressures acting in past populations that ultimately made us who we are 

today. This process, depending on when and how strongly occurred, leaves different 

signatures in the genome, which we can recognize at the molecular level by analyzing 

extant patterns of variation. 

There are different ways to classify the growing list of methods for detecting 

selection. Many of them compare the observed diversity to that expected under 

neutral evolution, so that they are referred to as neutrality tests. This can be done by 

using differences between species (interspecific divergence) or by using 

polymorphism within species (intraspecific diversity). Some other methods compare 

variation both within and between species. This classification (based on whether the 

tests look at divergence, diversity or both) will be followed as different signatures of 

selection are being described. Other characteristics, like the different time scales over 

which they persist or whether they are detectable using DNA sequence data or SNP 

data, will be discussed along their description. 

 

4.1 Signatures from Interspecific Divergence 

Although only about 1.5% of the mammalian genome codes for proteins (Lander et al. 

2001; Waterston et al. 2002), protein-coding regions are of obvious importance for the 

organism (see section 2.1). They tend to be highly conserved (i.e., not variable) across 

species, and thus, homologous sequences from multiple species (i.e., orthologous) can 
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be aligned together enabling the identification of species-specific genetic changes; 

some of which, interestingly, may be of functional relevance (Carroll 2003; Olson and 

Varki 2003). 

In the case of our species, a human-specific change is that one that took place at some 

point on the human evolutionary lineage and that is present in all currently living 

humans (i.e., that it is fixed among humans). By analyzing one human and one 

chimpanzee DNA sequence, as well as one or preferably more outgroups (i.e., species 

that are known to diverge earlier than those being studied), one can establish that a 

change occurred on the human lineage (see Figure 18). In order to establish that it is 

fixed among humans, several individuals from various regions of the world may be 

needed. However, given the divergence time of ~6 million years between humans and 

chimpanzees, chances are that a genetic change is specific to humans in more than 

80% of the cases if only one human is analyzed (Enard and Paabo 2004). This 

probability increases drastically if the change is observed in several humans (e.g. as 

few as 10 sampled chromosomes can increase to 96.4% the probability of being fixed) 

(see Figure 18). 

 

Figure 18: Genealogy of a humanspecific change as expected under the neutral model. A 
genetic change occurring in the phylogenetic branch leading to humans (between points 1 
and 2) can be defined as humanspecific. Here, a nucleotide substitution from C (ancestral) 
to A (derived) is depicted (adapted from (Enard and Paabo 2004)). 
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Now, to test whether a genetic change has been driven to fixation by positive 

selection in a given lineage, several hypotheses have to be examined. When 

comparing DNA sequences between species, positive selection can be inferred by 

testing whether more functional changes occurred in a putatively positively selected 

region than expected from the neutral mutation rate. The most common method 

following this approach is the Ka/Ks test (Kimura 1983 ) which evaluates the 

proportion of different nucleotide substitutions (i.e., synonymous versus 

nonsynonymous) in comparison with other lineages. This method allows the 

pinpointing of specific genes undergoing accelerated protein evolution in specific 

lineages, which is one of the strongest signatures of positive selection. 

 

4.1.1 High proportion of function‐altering mutations 

As opposite to silent (or synonymous) changes, nucleotide substitutions that alter 

protein function (e.g. nonsynonymous) are usually deleterious, or at least 

disadvantageous, and thus less likely to become fixed. Over a long period of time, 

however, the action of positive selection can increase the fixation rate of beneficial 

function-altering mutations, leading to an accelerated accumulation of amino acid 

substitutions on the targeted protein. 

The Ka/Ks ratio (sometimes denoted dN/dS or ω in different contexts) is the ratio 

between the rate of nonsynonymous substitutions (Ka or dN) and the rate of 

synonymous substitutions (Ks or dS). Each rate is calculated per nucleotide site and so, 

in the absence of any selective pressure, the ratio is expected to equal 1. When genes 

are constrained by purifying selection they accumulate a higher proportion of silent 

changes, so Ka/Ks is smaller than 1. However, if the action of positive selection has 

favored several amino acid replacements between closely related species, then Ka/Ks 

can be larger than 1. However, the extent of positive selection can be greatly 

underestimated by simply counting cases where Ka > Ks over the entire gene. The 

gene as a whole may be under strong selective constraint but a particular region or 

domain may have evolved under positive selection. Therefore, it is mostly more 

convenient to use a model in which rates of amino acid evolution (as measured by ω) 

vary from codon to codon. Such models are referred to as site models and those 

allowing variation in ω among lineages and sites at the same time are known as 
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branch-site models (Yang and Nielsen 2002; Zhang et al. 2005). The latter is thought 

to be one of the most powerful approaches to detect rapidly evolving sites within 

protein-coding sequences of the genome. 

Although similar tests can be applied to noncoding sequences, such as the ζ parameter 

(Wong and Nielsen 2004) or the Ks/Ki ratio (Chamary et al. 2006) where Ki refers to 

the intronic substitution rate, they fall outside the scope of this work and therefore 

will not be discussed in detail. 

The signature detected by the Ka/Ks test persists over a large range of evolutionary 

time scales (i.e., many millions of years), as it results from the total divergence 

accumulated in each sequence since splitting from their common ancestors. When 

applied to human sequences and closely related species, this method can reveal the 

possible genes that played an important role during the early stages of our evolution 

(see Figure 19). 

 

 

Figure 19: Schematic representation of the time scales over which different signatures of 
selection  persist  in  the  human  genome.  Different  adaptive  events  involving  crucial 
episodes of our evolutionary history (arrows) can be detected depending on the observed 
signature. Number (1) indicates signatures based on interspecific divergence, and number 
(2) those based on intraspecific diversity (adapted from (Sabeti et al. 2006)). 



INTRODUCTION 

  39

4.2 Signatures from Intraspecific Diversity 

Different patterns of variation within species can reveal deviations from the neutral 

theory, and so indicate signatures of selection. In this approach, instead of sampling 

just one individual from each of several species, a large sample of individuals is 

collected from a population of a single species. Moreover, unlike the Ka/Ks test, 

methods based on intraspecific diversity are not robust to demographic factors, as 

within-species variation is strongly affected by population history (e.g. population 

subdivision or population bottlenecks), giving rise to patterns compatible with both 

the action of selection and that of demography. 

For example population bottlenecks, in a similar way to a selective sweep (see section 

3.4), lead to a drastic reduction of genetic variation. This is because individuals will 

tend to share recent ancestry as many lineages trace back to coalesce in the short time 

when the population was small. Given their similar effects on variation, a selective 

sweep and a population bottleneck could be undistinguishable using data from a 

single locus. However, in the case of a selective sweep, such reduction in genetic 

variation should be localized to a particular genomic region (around the favorable 

mutation that is undergoing fixation); whereas, in contrast, a population bottleneck is 

expected to affect all parts of the genome in the same way. Therefore, we can 

distinguish the action of selection from demographic events by comparing patterns of 

variation across many genes.  

Both selection and demography shape the frequency distribution of polymorphic 

nucleotide sites within the population, also known as the site frequency spectrum, in 

which we can look for several interesting skewed distributions. Selection against 

deleterious mutations (i.e., negative selection) will increase the fraction of mutations 

segregating at low frequencies in the sample. Conversely, positive selection will tend 

to increase the fraction of mutations segregating at high frequencies but at the same 

time, especially when a selective sweep has been created, it will also increase the 

fraction of rare alleles. Both selective sweeps and negative selection have roughly the 

same effect in the leftmost part of the spectrum (i.e., an excess of rare alleles) but in 

the latter there is an absence of high-frequency alleles (see Figure 20). 
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Figure 20: Summary of the effect of selection on the  frequency spectrum. Note that both 
negative  selection  and  a  selective  sweep  can  have  a  similar  effect  on  the  leftmost 
frequency  classes  (i.e.  an    excess  of  rare  alleles). The  former, however,  does  not  allow 
mutations to segregate at high  frequencies (reflected by the absence of mutations  in the 
rightmost  frequency  classes)  (adapted  from  (Nielsen  2005);  spectra  are  based  on  data 
presented therein). 

 

4.2.1 Excess of rare alleles 

In section 3.4 it was described how the neighboring region of a beneficial mutation 

favored by selection is affected by the so-called hitchhiking effect. Therefore, a 

selective sweep not only causes the selected variant to rise in frequency but also 

brings closely linked variants with it (see Figure 17). This eliminates diversity in the 

vicinity with a variable extent that obviously depends on the strength of selection and 

the level of LD in the region. After that, new mutations tend to restore diversity, but 

are initially at low frequency. Overall, the signature consists of a region of low 

genetic diversity, with an excess of rare alleles. 

Usually, methods detecting this kind of signature are based on DNA sequences, as 

this type of data allows capturing the whole spectrum of variation; although SNP data 
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can also be exploited in the search of these signals (e.g. MAF analysis; see below). 

Commonly used statistics include Tajima’s D (Tajima 1989) and related tests such as 

Fu and Li’s D and D* (Fu and Li 1993), as well as Fu and Li’s F and F* (Fu 1996, 

1997). 

Tajima’s D statistic compares two estimates of θ (see section 3.2), based on the 

number of segregating sites (S) and nucleotide diversity (π), respectively. Since 

different estimates of θ should be equal under neutrality, Tajima’s D is expected to be 

zero. Significant positive values indicate balancing selection or population 

subdivision, whereas negative values indicate positive selection or population 

expansion.  

As mentioned above, the extent of reduced genetic diversity caused by a selective 

sweep –as reflected in Tajima’s D or in variable sites (S) for instance–, correlates with 

the extent of LD in the region. As LD is increased around the beneficial allele, both 

Tajima’s D and S remain low; whereas variability is restored as LD decreases further 

away from the location of the sweep (see Figure 21). 

 

Figure 21: Illustration of the effect of a selective sweep on genetic variation. All statistics 
are based on simulated data and scaled so that the expected value under neutrality equals 
one (see text for details) (adapted from (Nielsen 2005)). 
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Because mutation is rare and new mutations take time to drift to high frequencies 

under neutral evolution (~1 million years in the human population), it is estimated that 

reduction in genetic diversity can persist in the human genome for up to ~250,000 

years (Sabeti et al. 2006). It is actually the signature with the oldest time scale among 

those detectable from intraspecific data (see Figure 19). This is particularly important 

because such a time scale comprises, with no doubt, the origins of modern humans. 

 

4.2.2 High‐frequency derived alleles 

Different related methods take into account the ancestral state of genetic variants. 

When a particular polymorphism exists, for instance in humans, is rarely expected to 

have occurred in other primates at the same base. Therefore, the ancestral and derived 

states of a SNP can be determined by looking at the genome of closely related species, 

assuming that the mutation occurred after the two species diverged. In humans, this 

task has been facilitated by the availability of the chimpanzee genome sequence 

(Consortium 2005a) and the growing data from additional primate genomes (see 

Figure 22). 

 

Figure 22: Ancestral state determination of a SNP. The ancestral allele is inferred from the 
allele present  in closely related species. Here, a T (ancestral) to C (derived) transition  is 
assumed to underlie the T/C polymorphism observed in humans (adapted from (Jobling et 
al. 2004 )). 
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Since they are younger, derived alleles under neutrality are usually expected to be 

present at lower frequencies than ancestral alleles. However, in a selective sweep 

scenario, any derived allele linked to a beneficial allele can hitchhike to high 

frequency; creating a signature of a region with an excess of high-frequency derived 

alleles. This can be formally tested with Fay and Wu’s H statistic (Fay and Wu 2000), 

which applies to DNA sequence data.  

For SNP data there is an alternative approach that, although not considered a formal 

neutrality test, may capture this signature of selection as it explores the proportion of 

high-frequency derived alleles above a certain threshold (usually 0.8) within a given 

genomic region. Similarly, this approach can also be applied to detect an excess of 

rare alleles (see section 4.2.1) by exploring the proportion of low-frequency minor 

alleles below a certain threshold (usually 0.1) along physical distance. In this work, 

these approaches are referred to as Derived Allele Frequency (DAF), and Minor 

Allele Frequency (MAF) threshold analyses, respectively. 

The derived-alleles signature persists for a shorter period than the rare-allele signature 

discussed above because high-frequency derived alleles rapidly drift to fixation. This 

allows therefore the detection of selective events occurring in the last ~80,000 years 

of human history, predating the dispersal of modern humans (see Figure 19). 

 

4.2.3 Differences between populations 

Allele frequency variation between populations is largely determined by random 

genetic drift (see section 3.2). However, when a locus is subjected to positive 

selection in a geographically restricted population, the allele frequencies around the 

selected locus can change rapidly, leading to a high degree of population 

differentiation in the genome region subjected to selection (Lewontin and Krakauer 

1973). Therefore, relatively large differences in allele frequencies between 

populations (at the selected allele itself or in surrounding variation) may reflect the 

action of local positive selection. 

Commonly used statistics to detect this kind of signature include the FST fixation 

index, which is the proportion of the total genetic variance explained by the 

differences among populations (see section 2.6). FST can be calculated for haplotypes 
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(when sequence data is available or genotype data is phased), as well as for single 

markers (e.g. SNPs) by means of a locus by locus analysis of molecular variance 

(AMOVA). Empirical studies in humans (Barbujani et al. 1997; Jorde et al. 2000) 

have demonstrated that most of the autosomal genetic variation (i.e., ~85%) occurs 

between individuals within the same population, and that smaller fractions of 

variation are due to differences between populations within the same continent (i.e., 

~5%) and between different continents (i.e., ~10%). Overall, this apportionment of 

human variation results, on average, in a worldwide FST value of approximately 0.15 

(see Figure 23), which has become an informal but useful reference to predict 

possible values reflecting unexpected levels of population differentiation. 

 

Figure 23: Apportionment of human genetic variation. The sum of the variation between 
populations  from  the  same  (~5%)  and  different  (~10%)  continents  is  roughly  ~15%, 
which  equals  the  expected  worldwide  FST  value  for  human  autosomes.  Results  from 
mtDNA and the Y chromosome may differ (adapted from (Boyd and Silk 2004)). 

 

A statistical test of neutrality could be constructed by comparing the value of the FST 

statistic at a candidate locus with the distribution of values expected for a null neutral 

model of subdivided populations. In humans, however, is not easy to provide an 
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appropriate null model of population structure; so that an empirical approach is 

usually taken in which the value of the FST statistic at the candidate locus is compared 

with the distribution of the statistic observed for a large set of independent loci. 

Population differentiation mainly arises when populations are at least partially 

isolated reproductively. Hence, signatures in the human genome based on differences 

between populations, are likely to correspond to events that occurred after the major 

migrations out of Africa some 50,000 to 75,000 years ago (see Figure 19). 

 

4.2.4 Long unbroken haplotypes 

When a mutation appears, it arises on an existing background haplotype characterized 

by complete LD between the new mutation and all linked polymorphisms. Over time, 

new mutations and recombination reduce the size of this haplotype such that, on 

average, older mutations (which may be either common or rare) will be found on 

smaller haplotypes (i.e., with short-range LD between the mutation and linked sites). 

Younger (and thus typically rare) mutations are usually associated with long-range 

haplotypes. However, beneficial mutations favored by selection can rise in frequency 

rapidly enough to prevent recombination from breaking down the extension of LD in 

the region. Therefore, selective sweeps create a signature of an allele showing both 

high frequency and long-range associations (see Figure 24). 

 

Figure  24: Relation  between  the  extension  of  LD,  as measured  by  EHH,  and  frequency. 
Values from regions under neutrality (green dots) tend to fall within the typical “L” shaped 
distribution of EHH, allowing values that contradict this tendency to stand out (red dot). 

 



INTRODUCTION 

 46

Measures for the extension of LD include the Extended Haplotype Homozygosity 

(EHH) and its many related statistics. One of the first and most popular statistical tests 

implementing EHH was introduced by Sabeti et al. (2002), which is known as the 

long-range haplotype (LRH) test. This test interrogates a particular core region and 

computes EHH at increasing distances from both sides of the core, at which EHH is 

expected to decrease more or less gradually depending on the LD extension of each 

haplotype (see Figure 25). It is the comparison of EHH, at a particular distance from 

the core, between the different haplotypes associated with the same core that results in 

relative EHH (REHH), which in turn is corrected for the frequency of the haplotype in 

the population. By analyzing many core haplotypes a distribution of REHH versus 

frequency can be obtained and contrasted against a background (empirical or 

simulated) distribution, so that statistical significance can be tested for outlier 

haplotypes (see Figure 24). An extension of the LRH test was introduced by Voight 

et al. (2006) with the integrated haplotype score (iHS) which basically integrates EHH 

under the curve of LD decay, eliminating the ambiguity of interrogating haplotype 

cores at particular distances. 

 

Figure 25:   Cartoon of a onesided bifurcation plot of core haplotypes. Each node (SNPs) 
represents an opportunity  for haplotypes  to bifurcate; EHH  thus  is  the probability, at a 
given  distance,  that  two  random  chosen  chromosomes  carrying  the  core  haplotype  of 
interest  are  identical  by  descent  for  the  entire  interval  from  the  core  region.  Example 
values are  shown  for  intuitive orientation only.  Illustration originally  crafted by Martin 
Sikora/Pompeu Fabra University, and slightly modified herein. 
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Both the LRH test and the iHS statistic are based on the comparison of EHH between 

alleles within a population, and thus, are powerful methods for identifying alleles that 

have been driven to intermediate frequencies by positive selection. However, such 

intrapopulation comparison has low power when the selected allele is at high 

frequency (see Figure 26), and becomes impossible when the selected allele is fixed. 

Therefore, this approach lacks power to detect selective sweeps that have resulted in 

near or complete fixation of an allele in a population, and hence may fail to detect a 

significant fraction of loci that have experienced local positive selection. 

Overcoming this caveat, new alternative EHH-based statistics, such as XP-EHH 

(Sabeti et al. 2007) and Rsb (Tang et al. 2007), compare the decay of EHH of an 

individual SNP site, rather than that of an allele, between populations. For instance, 

Rsb also integrates the area under the curve of the LD decay into a single integrated 

EHH (iEHH). Then, the iEHH of a particular site is compared between different 

populations to obtain Rsb (relative iEHH of a site between populations). Extreme 

values suggest that positive selection has differentially favored one particular 

population increasing its iEHH at a given locus. Again, statistical significance can be 

assigned by comparing the observed values with a, preferentially genome-wide, 

background distribution of the statistic, allowing to control for the genomic EHH 

pattern of each population. This approach is particularly sensitive to detect fixed 

selected variants or partial selective sweeps near fixation (see Figure 26). 

 

Figure 26: Estimated power for different EHHbased statistics. Rsb (not directly tested) is 
analogous to the XPEHH statistic, so that it is expected to follow a similar pattern (dashed 
line) (adapted from (Sabeti et al. 2007)). 
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Capturing the complete decay of LD over distance usually requires the analysis of 

long stretches of DNA, which currently are more effectively and less costly covered 

with SNPs. Thus, selection tests designed to detect long-range haplotypes are mainly 

based on SNP data. Actually, an interrogated core region can consist of a single SNP 

(like the example in Figure 27), allowing the investigation of many markers over a 

densely covered candidate region. 

Since we ignore beforehand the allele frequency of the positively selected variant, if 

any, an optimal approach is one in which different available statistics are combined in 

order to fully grasp the possible stages of selective sweeps imprinted in our genomes 

(see Figure 27). 

 

 

Figure 27: Complementary EHHbased approaches to detect selected variants at different 
frequencies. Advantageous mutations may be captured at different stages of their way to 
fixation  (schematically  represented  on  top).  When  still  segregating  at  intermediate 
frequencies  they  can  be  detected  by  statistics  that  compare  EHH  between  alleles  in  a 
population (bottom left); whereas when already fixed (or nearly so) they are more likely 
to be detected by statistics comparing EHH between different populations (bottom right). 
The  left panel shows  the decay of EHH of  the  two alleles of a SNP  in a European sample 
(adapted  from  (Voight  et  al.  2006)).  The  right  panel  shows  the  decay  of  EHH  per  site 
(EHHS) of a SNP in three different populations (adapted from (Tang et al. 2007)). 
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Finally, and maybe more important, is to consider that long-range haplotypes persist 

for relatively short periods of time (up to ~30,000 years), because recombination 

rapidly breaks down the haplotype. Therefore, tests based on this signature have 

widespread applicability in humans because local adaptive evolution is thought to 

have been particularly important over the past ~10,000 years, as humans changed 

from hunter-gatherers to an agriculture-based subsistence and encountered different 

pathogens and new environments in different regions of the world (see Figure 19). 

 

4.3 Joint Polymorphism and Divergence Tests 

So far, different selection tests have been discussed separately for those looking at 

differences between species and those looking at variation within them. However, 

methods combining information of both have also been developed. 

Under neutrality, diversity within species and divergence between species should be 

proportional to each other, because both are due to mutation and drift. The neutral 

theory predicts that the ratio of divergence to polymorphism should be the same for 

all kinds of change. Thus, if this ratio is higher for nonsynonymous changes than for 

synonymous changes, it can be inferred that positive selection has established 

adaptive amino acid differences between the species. 

The most widely used test following this approach is the McDonald–Kreitman test 

(McDonald and Kreitman 1991), which quantifies the comparison of the divergence 

to polymorphism ratio between different kinds of change. Sites are classed as 

polymorphic (P) or as divergent (D) positions correspondingly. Divergent positions 

that are nonsynonymous and synonymous are denoted Dn and Ds respectively 

(analogous to Ka and Ks described in section 4.1.1). Similarly, polymorphic positions 

are denoted Pn and Ps as appropriate. If both synonymous and nonsynonymous 

changes were neutral, the ratio of divergence to polymorphism should be the same for 

both: Dn/Pn = Ds/Ps. However, if Dn/Pn >> Ds/Ps, the action of positive selection is 

assumed. This can be tested through a simple contingency table (see Table 1). The 

McDonald–Kreitman test can be applied systematically across many genes to give an 

overall estimate of the fraction of divergence caused by selection. 
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The Hudson-Kreitman-Aguadé (HKA) test (Hudson et al. 1987) also compares 

within-species polymorphism and between-species divergence, but between two (or 

more) loci. If they are evolving under the neutral model, the levels of divergence and 

polymorphism should correlate at both loci. Thus in this case, the null hypothesis of 

neutrality can be tested at a chosen locus by comparing it with polymorphism and 

divergence data at a neutral control locus in the same two species (see Table 1). 

 

Table 1: Contingency tables for both McDonaldKretiman and HKA tests. 

McDonald-Kreitman (MK) Test a 

   

 Fixed Polymorphic  

Synonymous Ds = 17 Ps = 42 Ratio = 0.4 

Nonsynonymous Dn = 7 Pn = 2 Ratio = 3.5 

 

Hudson-Kreitman-Aguadé (HKA) Test b 

 

 Fixed Polymorphic  

Locus 1 18/324         (5.6%) 8/79          (10.1%) 

Locus 2 210/4052     (5.2%) 9/414        (2.18%) 

 Roughly equal 4-fold difference 

a Data from McDonald and Kreitman (1991) on the Adh (Alcohol dehydrogenase) locus in 
Drosophila  species  (D. melanogaster, D.  simulans, and  the outgroup D.  yakuba). Fisher’s 
exact test gives a p value of 0.0073. Arrow indicates the direction of the ratio. 

b Data from Hudson et al. (1987) on silent variation of the Adh locus and a 4Kb 5’ flanking 
region  (locus 1 and 2 respectively)  in D. melanogaster and D. sechellia. The resulting X2 
statistic gives a p value of 0.014. Arrow indicates the direction of the comparison of both 
divergence and polymorphism between locus 1 and 2. 



INTRODUCTION 

  51

Because it detects the increase of interspecific nonsynonymous substitutions (relative 

to intraspecific nonsynonymous polymorphisms), the signature of selection captured 

by the McDonald–Kreitman test has a similar time scale than the Ka and Ks test (i.e. 

many millions of years). Conversely, the HKA test can detect situations in which, 

while divergence is maintained roughly equal between two unlinked loci, large 

differences in polymorphism occur. Such signature is thus comparable to that 

captured by other statistical tests based on a reduction in genetic diversity, hence 

persisting over similar time scales (see Figure 19 and Table 2). 

 
Table 2: Some of the commonly used selection tests and the molecular signatures they 
detect. 

Data Test Applicable 
to 

Signature of 
selection 

Signature’s 
age 

Interspecific 
Divergence 

Ka/Ks (dN/dS) ratio tests Sequence data 
High proportion of function-
altering mutations 

Millions of years 

Intraspecific 
Diversity 

Tajima’s D 

Fu and Li’s D and D* 

Fu and Li’s F and F* 

MAF threshold analysis 

Sequence data Reduction in genetic 
diversity / excess of rare 
alleles 

<250,000 years 

SNP data 

Fay and Wu’s H 

DAF threshold analysis 

Sequence data Excess of high-frequency 
derived alleles 

<80,000 years 
SNP data 

FST fixation index and 
other F-statistics 

Sequence data or 
SNP data 

Extreme differences 
between populations 

<50,000 to 75,000 
years 

LRH test / iHS statistic 

XP-EHH / Rsb statistic 
SNP data Long-range haplotypes <30,000 years 

Divergence 
and Diversity 

McDonald-Kreitman test Sequence data 
Higher divergence to 
polymorphism ratio in 
function-altering sites 

Millions of years 

HKA test Sequence data 
Different correlation of 
polymorphism and 
divergence between loci 

<250,000 years 
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An important consideration is that methods based on DNA sequence data take 

advantage of the whole spectrum of allele variation in the sample, whereas SNP-based 

genotyping studies may be biased depending on the strategy and the population used 

for discovering such SNPs. A frequency-specific ascertainment bias may result from 

the fact that the SNP discovery panel is often small, so that common SNPs are more 

likely to be discovered in comparison with rare SNPs (Clark et al. 2005). 

 

Overall, the application of these tests (see Table 2) produces a set of candidate genes 

for further inquiry into the connection between genotypic and phenotypic variation. 

Many of them, either as individual genes or as a functional category of genes, have 

already been reported in a number of different species. The following section then 

reviews some of the main examples described in humans. 
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5 Evidences of Selection in the Human Genome 
 

After discussing the theory of the different signatures of selection, one obviously 

wonders which genomic regions, and therefore which traits, have been influenced by 

natural selection in humans. Both negative and positive selection play an important 

role for conserving biological functions or allowing new ones to spread, respectively. 

However, much attention has focused on positive selection because it leaves a clear 

footprint of evolutionary adaptation at the molecular level. 

An increasingly large body of evidence for positive selection in the human genome 

has been described, either by comparative studies of differences between species or 

by means of intraspecific studies of variation within humans. This section will 

provide a very partial list of the many cases reported to date, as it is only aimed at 

illustrating with a few examples these two approaches and at introducing their 

connection with the work presented here. 

 

5.1 Comparative Studies 

Most comparative studies focus on protein-coding genes, either following a candidate 

gene approach or screening large sets of coding sequences on different species. This 

allows the identification of loci undergoing positive selection on the human lineage 

leading from the ancestor of humans and chimpanzees to modern humans, which may 

underlie human-specific adaptations. 

For instance, cognition and the ability to communicate through language are attributes 

that set humans apart from other species. The study of a family with severe 

deficiencies in language skills allowed the identification of a gene (i.e., FOXP2) that 

influences human speech (Fisher et al. 1998). FOXP2 is a transcription factor that is 

highly conserved, mutations in which have been associated with speech and language 

disorders (Lai et al. 2001; MacDermot et al. 2005). Sequence comparison between 

species revealed only four amino-acid changes in the phylogeny of extant primates 

and other mammals (Enard et al. 2002), two of which occur on the human lineage (see 

Figure 28). This relative acceleration in the protein evolution of this gene along the 

human lineage led the authors to suggest the action of positive selection, which they 
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supported with additional evidence (i.e., negative Tajimas’D and Fay and Wu’s H 

values) compatible with a selective sweep occurring during the last ~200,000 years, 

that is, around the emergence of anatomically modern humans. 

 

Figure  28:  Nucleotide  substitutions  on  the  FOXP2  gene  as  described  by  Enard  and 
colleagues  (2002). Bars  represent mutations  over  the  primate  phylogeny  and  for  each 
lineage  the number of aminoacid changes (grey boxes)  is  indicated over  the number of 
silent nucleotide changes (adapted from (Enard et al. 2002)). 

 

Using ancient DNA techniques, Krause and colleagues (2007) sequenced the two 

human-specific derived alleles of FOXP2 in Neanderthal DNA. Their results revealed 

that these changes are also present in the Neanderthal sequence, suggesting that they 

may have been fixed or segregating in the ancestral population prior to the human-

Neanderthal split, which for nuclear genomic sequences is estimated to have occurred 

~0.5 million years ago (Green et al. 2006; Noonan et al. 2006), well before the 

emergence of modern humans. 

One interpretation is that the FOXP2 gene may have been selected twice during 

human evolution, but it remains unclear whether the human selective sweep on this 

gene is actually associated with these two early amino-acid changes. Other functional 

variants or new splicing forms of the gene could be involved, but no evidences about 

such alternative explanations have been published so far. 

Brain size is another distinct trait of H. sapiens (i.e., 1,350 cubic centimeters on 

average), which is proportionally larger than that of any other animal. Several genes 

have been described as specific regulators of brain size, mutations in which lead to 
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microcephaly, a condition in which the brain is severely reduced in size (Bond et al. 

2002; Jackson et al. 2002). For at least two of them, namely the abnormal spindle 

homologue microcephaly-associated gene (ASPM) and the Microcephalin gene 

(MCPH1), phylogenetic analyses have revealed signatures of positive selection in the 

lineage leading to humans (Evans et al. 2004; Kouprina et al. 2004; Wang and Su 

2004). In two additional studies aimed at investigating whether positive selection has 

continued to operate on these genes after the emergence of anatomically modern 

humans, ASPM and MCPH1 have been proposed to have unusually long haplotypes 

and extensive geographical variation within humans, which are both signatures of 

recent ongoing selection (Evans et al. 2005; Mekel-Bobrov et al. 2005). However, the 

consistency of their results remains controversial (Currat et al. 2006; Yu et al. 2007) 

and the demonstration that these patterns arose as a result of positive selection related 

to increased brain size remains unclear (Nielsen et al. 2007). 

Other examples of individual genes that might underlie human-specific adaptations 

include genes involved in behavior and cognition, such as the monoamine oxidase A 

gene (MAOA) (Andres et al. 2004; Gilad et al. 2002), and genes associated with male 

reproduction, such as the sperm protamine 1 gene (PRM1). The latter, though, shares 

signals of rapid evolution with other higher primates but not with the rest of mammals 

(Rooney and Zhang 1999; Wyckoff et al. 2000). 

Beyond the analysis of single genes, comparative studies have also provided insights 

into positive selection acting on gene families. The largest one in mammalian 

genomes is constituted by the olfactory receptor (OR) genes, which underlie the 

capacity for odor perception. Several studies have revealed that different evolutionary 

forces shape the OR gene repertoires of humans and that of great apes. For example, 

Gilad and colleagues (2003b) reported that humans have accumulated mutations that 

disrupt OR coding regions roughly 4-fold faster than any other primate species, 

suggesting a human-specific loss of OR genes. As a possible explanation the authors 

argued that humans do not rely on their sense of smell as much as apes. In spite of 

this, using a variant of the McDonald-Kreitman test, Gilad et al. (2003a) found 

suggestive evidence that positive selection acted on intact OR genes in humans but 

not in chimpanzees, perhaps in response to human-specific sensory needs. This could 

be caused by the larger difference in lifestyle between humans and apes than among 

other primates, leading to novel human olfactory functions. In such study, however, 
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the signature of selection could not be precisely attributed to single OR genes but 

rather broadly to OR gene clusters. A functional characterization of any specific target 

of selection was thus not provided. 

 

5.1.1 Genome scans for positive selection between species 

With the increasing availability of complete genomes from different organisms over 

the past few years, comparative studies have been able to move from the analysis of 

single genes or a few of them, to the screening of the entire set of annotated genes on 

the whole genome between a variety of species. 

In one pioneer study of such genome-wide scans, Clark et al. (2003) used a variant of 

the branch-site model by Yang and Nielsen (2002) to analyze 7,645 orthologous gene 

trios from human, chimpanzee, and mouse in order to infer positive selection on the 

human lineage. They identified 178 genes with more amino acid changes taking place 

on the human lineage than expected (p < 0.01), providing the first list of genes and 

functional categories about which further studies could formulate interesting 

hypotheses related to selected phenotypes during human evolution. Some of those 

genes, indeed, constituted the target of the initial analysis of this work (see Materials 

and Methods below). However, further improvements of the branch-site models 

(Zhang et al. 2005) suggested that previously available tests were unable to 

distinguish between relaxation of selective constraint and positive selection, and thus 

false detection of positively selected genes was frequent (Zhang 2004). 

Using a codon-based model, Nielsen et al. (2005) performed a larger scale study on 

13,731 human-chimpanzee orthologs. In total, 35 genes were found to have 

significantly (p < 0.05) elevated dN/dS ratios, implying the action of positive selection. 

However, such two-way comparison did not enable them to determine whether 

selection occurred in the human lineage, the chimp lineage of both. Additionally, they 

investigated intraspecific variation of the top 50 genes with the strongest evidence for 

selection by resequencing them in 20 European-Americans and 19 African-

Americans. The authors found an excess of high-frequency derived alleles for 

nonsynonymous mutations in the top genes data set, and some of them, such as the 

olfactory receptor OR5I1, stood out as having particularly high levels of 
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polymorphism according to the HKA test, supporting the presence of selective 

pressures acting on these genes. 

Bustamante et al. (2005) performed a complementary study by analyzing 11,624 

protein-coding genes that were sequenced in 20 European-Americans, 19 African-

Americans, and one chimpanzee. As in the Gilad et al. study (2003a), they applied the 

MK-PRF method (a variant of the McDonald-Kreitman test based on the Poisson 

random field model) to compare levels of polymorphism within humans with the 

levels of divergence between chimpanzee and human for all informative loci. Overall, 

304 out of 3,277 informative loci for positive selection (i.e., genes with at least four 

variable sites) showed significant (p < 0.05) evidence for adaptive evolution, whereas 

813 out of 6,033 informative loci for purifying selection (i.e., genes with at least two 

variable sites) were classified as significantly negatively selected. 

In general, these genome-wide studies allow the identification of distinct functional 

gene categories with an increased likelihood of having experienced positive selection 

on the human lineage. Mostly genes involved in immune-related functions, sensory 

perception (especially olfaction), and reproduction (especially spermatogenesis), 

among others. 

Later genome scans have taken advantage of the availability of the complete sequence 

of the chimpanzee genome (Consortium 2005a). Besides the sequence itself, this 

study provided an initial comparison with the human genome. As for the analysis of 

protein-coding regions, the comparison focused on 13,454 pairs of human and 

chimpanzee genes with unambiguous 1:1 orthology. The authors assessed the rate of 

evolution for each gene by means of KA/KS and KA/KI ratios and observed 585 genes 

(4.4%) with KA/KI > 1, suggesting rapid evolution. 

Arbiza and colleagues (2006a) compared a similar set of genes (i.e., 13, 198 

orthologs) but in a larger number of species (i.e., human, chimp, mouse, rat, and dog) 

focusing on the distinction between genes involved in positive selection from those 

under relaxation of selective constraints. Using the improved branch-site models 

developed by Zhang et al. (2005), they tested for positive selection in human, in 

chimp, and in their ancestral lineage since the divergence from murids. They reported 

108 human and 577 chimp positively selected genes according to the more stringent 

branch-site test for positive selection. Over-represented functional categories in 



INTRODUCTION 

 58

human in relation to chimp include genes related to G-protein coupled receptors and 

sensory perception. 

The most recent genome scans maintain the scale of the number of genes analyzed 

and the models by means of which the dN/dS ratio test is applied, but provide the 

inclusion of closer outgroups and/or larger phylogenies. For example, Bakewell et al. 

(2007) analyzed 13, 955 genes of humans and chimps using the macaque monkey as 

the outgroup. They reported 154 genes showing significant (p < 0.05) signals of 

positive selection in the human lineage and 233 genes in the chimp lineage. On the 

other hand, Nickel et al. (2008) created a database that contains the results of different 

tests for positive selection along the human lineage in 13,721 genes with orthologs in 

multiple mammalian species including the orangutan (i.e., human, chimp, orangutan, 

macaque, mouse, rat, rabbit, dog, cow, armadillo, elephant, tenrec and opossum). The 

results of the strict branch-site test include 244 and 152 genes within the 0.05 and 

0.01 significance thresholds, respectively. 

The usage of the orangutan and macaque genomes as outgroups improves the correct 

assignment of differences to the human and chimpanzee lineages. However, the 

identification of human-specific genetic changes that occurred during the last few 

hundred thousand years, that is, when fully anatomically and behaviorally modern 

humans appeared, will remain limited until a more closely related genome sequence, 

such as the Neanderthal genome, is available for comparison (Green et al. 2006). 

The following table summarizes some of the main genome scans for selection 

performed by comparative studies involving the human genome. 
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Table 3: Genomewide scans for selection in humans from comparative studies. 

Study Data Species  Applied test Year 

Clark et al. 7,645 genes 

Human 

Chimp 

Mouse 

dN/dS testb 2003 

Nielsen et al. 

13,731 genes 
Human 

Chimp 
dN/dS testc 

2005 

50 genes Human (N=39) 
Derived alleles 

HKA test 

Bustamante et al. 11,624 genes 
Human (N=39) 

Chimp 
MK-PRF methodd 2005 

Chimp genome 
projecta 13,454 genes 

Human 

Chimp 

Ka/Ks ratio 

KA/KI ratio 
2005 

Arbiza et al. 13,198 genes 

Human 

Chimp 

Mouse 

Rat 

Dog 

dN/dS test 

Testing for both 
PS and RSCe 

2006 

Bakewell et al. 13,955 genes 

Human 

Chimp 

Macaque 

dN/dS testf 2007 

Nickel et al. 13,721 genes 
From 8 to 13 
mammalian 
speciesg 

dN/dS testh 2008 

 
a The International Chimpanzee Sequencing and Analysis Consortium study. 

b Using a modified branchsite model (Model 2 of the cited study). 

c Using a codonbased model. 

d This is a variant of the classic McDonaldKreitman test. 

e Tests for Positive Selection (PS) and Relaxation of Selective Constraints (RSC) based on 
branchsite models implemented in PAML. 

f Using branchsite models implemented in PAML. 

g Out of 13,721 genes, 12,905 had at least a portion of the sequence represented in at least 
eight of the following species: human, chimp, orangutan, macaque, mouse, rat, rabbit, dog, 
cow, armadillo, elephant, tenrec and opossum. 

h Using  all  available models  implemented  in PAML  v3.14b,  including  strict branch  test, 
relaxed branchsite and strict branchsite tests. 
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5.2 Intraspecific Studies 

While comparative studies have highlighted putative genetic changes underlying 

human-specific traits (e.g., language capacity, brain size, etc.), which are shared 

among all human populations owing to shared selective pressures during human 

speciation, intraspecific studies of human genetic variation have been able to identify 

a number of loci involved in recent selective sweeps (up to ~250,000 years), which 

may underlie population-specific adaptations depending on the geographic 

distribution of the selective forces acting within humans. 

One of the best-understood examples of geographically restricted adaptation in 

humans is lactose tolerance in European populations. Lactose is the only nutritionally 

significant carbohydrate in milk, and most mammals, including humans, lose the 

capacity to metabolize it after weaning from breast milk mainly because lactase 

production stops. Accordingly, lactase nonpersistence appears to be the ancestral state 

in humans and is typical in most world populations (Swallow 2003). However, 

persistence of lactase into adulthood is common in populations where dairy products 

became a staple food (e.g., northern Europeans), allowing them to digest milk. 

Therefore, it has long been suspected that the lactase gene (LCT) had been the target 

of recent positive selection after the domestication of cattle around 10,000 years ago 

(Bersaglieri et al. 2004; Hollox et al. 2001; Myles et al. 2005). Indeed, Enattah et al. 

(2002) reported that differences in LCT expression in adults are caused by a C/T SNP 

located about 14 Kb upstream of the gene (−13910). Haplotypes carrying the allele 

associated with lactase persistence segregate at high frequencies in Europeans and 

extend over long stretches of the genome, that is, up to 1 cM or about 1 Mb (see 

Figure 29). Interestingly, Tishkoff et al. (2007) described in sub-Saharan African 

populations that use dairy farming, three novel SNPs (G/C −14010, T/G −13915, and 

C/G −13907) located also upstream of LCT that appear to increase its transcription in 

vitro. These variants are also associated with high-frequency haplotypes in regions of 

extended LD, indicating that recent positive selection has rapidly increased the 

frequency of several different LCT variants independently in populations from at least 

two parts of the world. 
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Figure 29: Extended haplotype homozygosity (EHH) around the LCT core region containing 
the −13910C/T variant (black bar) for a Europeanderived sample. Left: The extension of 
longrange  core  haplotypes  is  shown  for  each  chromosome  in  cM.  Core  haplotypes 
containing  the  persistenceassociated  allele  (−13910T)  are  shown  in  red,  and  those 
containing  the  nonpersistence–associated  allele  (−13910C)  are  shown  in  blue.  Right: 
Haplotype  frequency  and  relative  EHH  for  the  persistenceassociated  haplotype  at  LCT 
(red  symbol),  in  comparison with  10,000  sets  of  simulated  data  (gray  symbols).  Both 
adapted from (Bersaglieri et al. 2004). 

 

Infectious diseases are among the most important selective agents acting on the 

human genome. Malaria is of particular interest as numerous genes have shown 

evidence for selection mediated by some of the four types of the disease, being 

Plasmodium falciparum malaria the most deadly one. Most of the human genes that 

are thought to provide reduced risk from malarial infection are expressed in red blood 

cells, which are required by the parasite to develop and multiply. In addition to sickle-

cell anemia (discussed in section 3.4), other resistance mechanisms have been 

documented. One of them is associated with deficiency of the enzyme glucose-6-

phosphate dehydrogenase (G6PD), which is required for supplying energy to 

erythrocytes. Deficiency alleles of the G6PD gene cause a number of 

hemopathologies, but this is counterbalanced by the advantage of conferring 

resistance to malaria. Thus, the G6PD locus shows signatures of positive selection 

consisting of reduced variability and long-range haplotypes (Sabeti et al. 2002; 

Saunders et al. 2002; Tishkoff et al. 2001; Verrelli et al. 2002). 
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Variation at the Duffy blood group locus (FY) has also been associated with resistance 

to malaria infection, in this case to P. vivax malaria. Carriers of the Duffy null allele 

(FY*O) do not express a membrane protein on the red blood cells to which the 

parasite binds to invade the erythrocytes. This allele differs from the ancestral FY*B 

allele by a single noncoding mutation in the promoter of the FY gene that prevents 

transcription. As a result, FY*O homozygotes are resistant to this variety of malaria 

(Livingstone 1984). Allele frequencies at this locus illustrate an extreme case of 

population differentiation, as the FY*O allele is fixed or nearly so in most sub-

Saharan Africa and is virtually absent elsewhere (see Figure 30). This is consistent 

with the notion that this allele underwent a complete selective sweep in sub-Saharan 

African populations, additionally supported by the presence of an excess of high-

frequency derived alleles near the FY gene  (Hamblin and Di Rienzo 2000; Hamblin 

et al. 2002). 

 

 

Figure 30: Geographical distribution of the FY*O allele, which confers resistance to P. vivax 
malaria, showing extreme population differences  in allele  frequency (colorcoded scale). 
The  FY*O  allele  is  prevalent  and  even  fixed  in many  African  populations,  but  virtually 
absent outside Africa (adapted from (Sabeti et al. 2006)). 
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Skin pigmentation is a polygenic phenotype; the architecture of the genes involved 

has been largely dissected much better than for any other such complex character 

(Rees 2003 and references therein). Although it has traditionally been used to define 

human races, skin color actually varies more or less continuously world-wide (see 

Figure 31 and section 2.6 for a brief discussion about genetics and race). Dark skin is 

thought to be the ancestral phenotype, it protects against the damaging effects of UV 

radiation. However, UV light is required for synthesis of vitamin D, and in higher 

latitudes, where UV levels are lower, dark-skinned individuals suffer from vitamin D 

deficiency. Thus, it is plausible that pale skin has evolved in higher latitudes to avoid 

bone softening diseases derived from hypovitaminosis D. Human skin pigmentation 

has a complex genetic basis involving several genes. An early study examined 

variation at the melanocortin 1 receptor (MC1R) locus, which influences variation in 

skin and hair color, reporting evidences for different selective pressures between 

Africans and non-Africans (Harding et al. 2000). More recently, the human homolog 

of a gene (SLC24A5) that influences pigmentation in zebra fish was found to have an 

alanine to threonine amino-acid replacement at position 111 that explains about one-

quarter of the difference in pigmentation between Europeans and Africans (Lamason 

et al. 2005). The light pigmentation allele is fixed or nearly fixed in Europeans and 

the SLC24A5 gene region exhibits low diversity levels. Other signatures of selection 

for lighter pigmentation outside Africa, such as high FST values and long-range 

haplotypes, have been found in a number of candidate genes including OCA2, MATP, 

DCT, ASIP, KITLG, and TYRP1 among others (Izagirre et al. 2006; Lao et al. 2007; 

Myles et al. 2007; Norton et al. 2007; Sulem et al. 2007). 
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Figure 31: A world map  showing  that  variation  in human  skin  color  is  associated with 
levels of UV  irradiation, which are higher near  the equator. Data  for native populations 
collected by R. Biasutti prior to 1940 (adapted from (Barsh 2003)). 

 

Other examples of genes that have a signature for selection in different human 

populations include those involved in response to pathogens, such as HLA class I and 

class II genes (Hughes and Yeager 1998), resistance to human immunodeficiency 

virus, such as the cis-regulatory region of CCR5 (Bamshad et al. 2002; Sabeti et al. 

2005), drug metabolism, such as CYP1A2 (Wooding et al. 2002), alcohol metabolism, 

such as ADH1B and ALDH2 (Oota et al. 2004; Osier et al. 2002), dietary calcium 

uptake, such as TRPV6 (Hughes et al. 2008), color vision, such as OPN1LW (Verrelli 

and Tishkoff 2004), and taste perception, such as the bitter-taste receptor TAS2R16 

(Soranzo et al. 2005). 
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5.2.1 Genome scans for recent positive selection within humans 

Unlike candidate gene approaches, in which particular genes are identified a priori as 

candidates on the basis of functional information, whole genome scans for selection 

intend to detect loci under positive selection without such prior knowledge. Because 

the screening of polymorphisms is done genome-wide, they can be used equally well 

to detect selection in non-coding and protein-coding regions, but the results are 

usually interpreted in terms of predictions for annotated genes. 

The vast majority of intraspecific genome scans for selection in humans are based on 

SNP data, although one of the first genome-wide studies used 332 STRs in Africans 

and Europeans to detect candidate regions influenced by local natural selection 

(Kayser et al. 2003). In a contemporary study, Akey et al. (2002) interrogated 26,500 

SNPs in African-Americans, European-Americans and East Asians for signatures of 

selection and found 174 candidate genes based on FST values. 

In 2005, the HapMap project (Consortium 2005b) and Perlegen Sciences (Hinds et al. 

2005) provided two of the main catalogues of human genetic variation in which most 

of the later genome scans for selection were based on. The HapMap project initially 

provided polymorphism data for ~1 million SNPs in 270 individuals from three 

different human populations (see section 2.4), whereas the Perlegen dataset consisted 

of ~1.5 million SNPs genotyped in 71 individuals from three human populations of 

similar ancestry as HapMap (see section 2.4). Important differences between the two 

datasets include that HapMap individuals, with the exception of Utah residents of 

European ancestry, were sampled from native populations; whereas Perlegen samples 

are all from American citizens. The latter, though, is known to be less affected by 

ascertainment bias towards common variants (Clark et al. 2005). In the HapMap 

phase I publication, different signatures of selection were explored including 

population differentiation, site frequency spectrum distortions (low 

heterozygosity/rare alleles), and the LRH test. The analysis revealed 926 SNPs in 27 

genes for which differentiation among populations was more extreme than for the FY 

locus. On the other hand, in the Perlegen scan FST and LD extension were only 

evaluated in terms of whole-genome patterns. 



INTRODUCTION 

 66

Over the past few years, a number of genome-wide studies, aimed at detecting 

different signatures of selection, have applied different statistical tests either to 

HapMap data, Perlegen data or both (see Table 4). 

Genome scans applying tests based on site frequency spectrum include the Carlson et 

al. (2005) study and the Williamson et al. (2007) scan for recent adaptive evolution. 

The former used a sliding window analysis of Tajima’s D across the human genome 

to identify Contiguous Regions of Tajima’s D Reduction (CRTRs), whereas the latter 

introduced a composite-likelihood approach (i.e., the composite likelihood ratio 

(CLR) test) to localize recent complete selective sweeps at a fine scale (i.e., within 

100 Kb windows). Both studies analyzed the Perlegen data set. Carlson et al. (2005) 

identified seven, 23, and 29 CRTRs in populations of African, European and Chinese 

descent, respectively. Williamson et al. (2007) identified 101 regions with strong 

evidence of recent positive selection, within which new and previously reported genes 

of biological interest were found, including clusters of olfactory receptors, 

pigmentation genes, heat shock genes and immune system genes. Of special interest 

for the work presented here, is the identification of a gene (VPS37C) as the closest 

target of the estimated position of the sweep within one of such top selected regions in 

the Chinese sample. 

Genome scans for selection derived either from the HapMap project or Perlegen data, 

and focused on population differentiation have been mostly based on FST (see section 

4.2.3). Weir et al. (2005) estimated FST values for autosomic SNPs using both 

Perlegen and Phase I HapMap data; Myles et al. (2008) introduced an algorithm that 

identifies genomic regions containing SNPs with extreme FST using Perlegen data; 

and Barreiro et al. (2008) used Phase II HapMap data to analyze the degree of 

population differentiation in a denser SNP dataset. Together, these studies have 

identified a fraction of loci that may contribute to large phenotypic differences 

between populations, many of which have likely experienced positive selection. 

Finally, a number of EHH-based statistics have been used to scan the whole genome 

for signatures of recent positive selection. These include the integrated haplotype 

score (iHS), initially applied to Phase I HapMap data (Voight et al. 2006); the LRH 

test adapted for whole genome analysis (WGLRH test) applied to genotype data from 

Asian, Caucasian and African-American populations analyzed with a 100K SNP array 
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(Zhang et al. 2006); and the LD decay (LDD) test applied to both Perlegen and Phase 

I HapMap data by Wang et al. (2006). It is important to note that these scans made 

use of methods designed for detecting incomplete selective sweeps (i.e., in which the 

favored allele still segregates at intermediate frequencies). In agreement with this, the 

authors have found significant signatures of selection for known cases, such as the 

LCT and G6PD genes, as well as for new candidates, such as cytochrome P450 genes, 

among many others. 

On the other hand, genome scans applying statistical tests designed to detect nearly or 

complete selective sweeps (i.e., in which the favored allele has reached fixation) have 

appeared more recently in the literature and are thought to be complementary to the 

above mentioned. These include the Tang et al. (2007) study, in which a novel 

between population EHH statistic (i.e., Rsb) was applied to interrogate both Perlegen 

and HapMap datasets. Kimura et al. (2007) reported an analogous method, the ratio of 

haplotype homozygosity between populations (rHH and rMHH), which they used to 

scan Phase I HapMap data only. As for the writing of this thesis, the last EHH-based 

genome-wide scan for selection appeared along the publication of the Phase II 

HapMap data (Frazer et al. 2007), which Sabeti and colleagues (2007) used to apply 

the Cross Population Extended Haplotype Homozygosity (XP-EHH) test, analogous 

to Rsb, to detect complete selective sweeps. Although they also exploited Phase II 

HapMap data to apply the aforementioned iHS and LRH test. Combining these 

evidences they found more than 300 candidate regions, and focusing on the twenty-

two strongest candidates for selection, they scrutinize the regions to identify possible 

targets of selection. The authors highlight three pairs of genes with different 

biological functions that have apparently undergone positive selection in the same 

population: LARGE and DMD, both related to Lassa virus infection (Kunz et al. 

2005a; Kunz et al. 2005b), in West Africa; SLC24A5 and SLC45A2, both involved in 

skin pigmentation (Graf et al. 2005; Lamason et al. 2005), in Europe; and EDAR and 

EDA2R, both involved in development of hair follicles (Botchkarev and Fessing 

2005), in Asia. 
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Table 4: Genomewide scans for selection in humans from intraspecific studies. 

Study Data and 
samples 

Explored 
signature 

Applied 
test 

Sensitive to 
detect 

Year 

Kayser et al. 
332 STRs 
23 Africans 
48 Europeans 

Population 
Differentiation 

RST a 

Geographically 
restricted sweeps 

2003 

Akey et al. 

26,530 SNPs 
42 Afr-American 
42 Eur-American 
42 East Asian 

FST 2002 

Perlegenb 

1,586,383 SNPs 
23 Afr-American 
24 Eur-American 
24 Han Chinese 

FST 2005 

HapMapb 

1,007,329 SNPsc 
90 YRId 
90 CEUd 
45 CHBd 
45 JPTd 

FST 

2005 
Long-range 
haplotypes LRH test Incomplete 

sweeps 

Weir et al. Perlegen data 
Phase I HapMap 

Population 
Differentiation 

FST 

Geographically 
restricted sweeps 

2005 

Myles et al. Perlegen data FST 2008 

Barreiro et 
al. 

Phase II 
HapMape FST 2008 

Carlson et 
al. Perlegen data 

SFS 
distortionsf 

Tajima´s Dg Nearly completed 
or complete 
sweeps 

2005 

Williamson 
et al. Perlegen data CLR test 2007 

Voight et al. Phase I HapMap 

Long-range 
haplotypes 

iHS statistic 

Incomplete 
sweeps 

2006 

Wang et al. Perlegen data 
Phase I HapMap LDD test 2006 

Zhang et al. 

116,204 SNPs 
42 Afr-American 
42 Caucasian 
37 Asian 

LRH test 
(WGLRH) 2006 

Tang et al. Perlegen data 
Phase I HapMap Rsb statistic 

Nearly completed 
or complete 
sweeps 

2007 

Kimura et al. Phase I HapMap rHH statistic 2007 

Sabeti et al. Phase II HapMap 

XP-EHH 
statistic 

2007 
iHS statistic 
LRH test 

Incomplete 
sweeps 
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a Analogous to the FST statistic for Short Tandem Repeats (STRs) data 

b These studies are not primarily intended to perform a scan for selection, so the applied 
tests referred here concern the analysis of positive selection only. 

c Refers to Phase I HapMap data 

d  Abbreviations  refer  to  samples  from  the  following  populations:  Yoruba  in  Ibadan, 
Nigeria; Utah residents, USA, from the Centre d’Etude du Polymorphisme Humain (CEPH) 
collection; Han Chinese in Beijing, China; and Japanese in Tokyo, Japan. 

e Phase II HapMap data includes 3,107,620 SNPs genotyped in the same 270 individuals. 

f Site Frequency Spectrum distortions (e.g. excess of rare alleles). 

g  A  sliding window  analysis was  applied  to  identify  Contiguous  Regions  of  Tajima’s  D 
Reduction (CRTRs). 

 

Together, genome scans for selection within humans and between species, have 

identified, as of late 2006, nearly 2,500 genes as putative targets of positive selection 

in humans (Biswas and Akey 2006), the majority of which had not been previously 

evaluated as candidates. Direct comparison among studies is difficult because of 

differences in experimental design, which explains the low concordance between 

results (Nielsen et al. 2007). Interestingly, selection signatures are frequently reported 

to be confined to a single population rather than shared among populations, 

reinforcing the importance of disentangling the selective pressures that acted on 

earlier stages of our evolutionary history (as revealed by comparative studies) from 

those acting on human populations after the emergence of modern humans or even 

after their out-of-Africa dispersal, about which intraspecific studies can give insights. 

For instance, with the exception of the Nielsen et al. (2005) genome scan of human-

chimpanzee orthologs with further resequencing of the top candidate genes in 39 

human individuals, few studies, if any, have intentionally investigated intraspecific 

variation of several human genes with previous evidences of positive selection from 

comparative studies. In such study, the authors took advantage of the availability of a 

large set of human-chimp orthologs, but such limited comparison (i.e., between two 

species only) precluded them from identifying human-specific changes. In addition, 

although having the advantage of possessing resequencing data, this corresponded to 

as few as 39 individuals from two different populations and only two signatures of 

recent positive selection were analyzed in their candidate set of genes. 
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Further studies performed with a larger number of species with subsequent analysis of 

all detectable signatures of recent positive selection in a comprehensive diversity 

panel of human populations, would enable to address additional issues such as 

whether positive selection has continued to operate within humans on a candidate set 

of genes once they have acquired human-specific genetic changes. 

 

In summary, the continued collection of genotype data from large-scale projects has 

been useful for conducting studies of single genes as well as complete genome scans 

to detect evidence for positive selection in humans. However, more focused studies to 

test specific hypothesis or to follow up on previously reported results will have an 

important place in reconstructing the overall history of selective pressures among 

human populations. 
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The work presented in this thesis is aimed at the comprehension of the diversity and 

evolution of particular genes that might have played an important role during early 

human evolution. Two alternative outcomes can be envisaged, either these genes are 

still evolving adaptively within human populations, or they show no evidences of 

recent positive selection, probably as a result of a primary implication in defining 

human-specific traits prior to the emergence of anatomically modern humans. 

 

The objective of this work, then, is to study the human genetic variation, with 

particular interest of detecting recent selective sweeps, in a set of genes undergoing 

positive selection on the evolutionary lineage leading to modern humans since the 

split from the chimpanzee lineage. For this, the project involved two main steps: first, 

the conduction of a genome-wide comparative study in order to detect the fraction of 

genes undergoing accelerated protein evolution on the human lineage, and second, the 

further investigation of intraspecific variation by genotyping a limited number of 

candidate genes in human populations distributed world-wide. The specific aims 

concerning the aforementioned steps are: 

 

Specific Aim 1. To identify the fraction of protein-coding genes of the genome 

with significant evidence of having been subject to positive selection on the 

human lineage by comparison with closely related species. 

To this end, we made use of both previously reported lists of positively selected genes 

available at the time of the beginning of the study, and public databases to retrieve all 

annotated coding sequences in several species to perform our own calculations (the 

complete list of genes derived from the latter can be found in Appendix 1). 

 

Specific Aim 2. To analyze the global patterns of genetic variation within humans 

in a subset of candidate genes derived from Specific Aim 1 in order to scan for 

signatures of recent positive selection. 

To accomplish this goal, we decided to SNP-genotype more than 1,000 individuals 

from 39 different human populations representing global human diversity. Then, in 

order to ensure that our analyses encompass a comprehensive time scale over which 



OBJECTIVES 

 74

selective sweeps involving recent human history may have occurred, we decided to 

apply at least one method for testing each signature of selection detectable from 

polymorphic data (see methods for detecting selection from intraspecific diversity 

within section 4.2 for review). 

The results are presented separately for the main set of candidate genes (Chapter 1) 

and for two single candidate genes (Chapters 2 and 3), in which besides the SNP 

data from 39 populations, DNA resequencing data was also gathered from two and 

three additional populations, respectively (see Materials and Methods for details). 

 

Specific Aim 3. To evaluate, when possible, the functional impact of putatively 

selected variants in those candidate genes, if any, showing clear evidences of 

being involved in a recent selective sweep in human populations. 

The main purpose here is to add valuable information about the possible phenotypic 

effects on protein structure and function of the genetic changes presumably favored 

by selection, which ultimately may help to elucidate the underlying selective pressure 

acting on these candidate genes. In Chapter 2 of the Results section we give an 

example of this, and in Chapter 1 we functionally characterize, to a more limited 

extent, a particular genomic region surrounding the strongest candidate for selection. 
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Selection of Candidate Genes 

Three separate analyses were performed for choosing candidate genes based on 

different phylogenetic approaches, which provided a total of 30 genes that were 

genotyped in human samples. 

 

In the first analysis, seven genes were selected from the Human-Chimp-Mouse 

orthologous gene trios reported by Clark et al. (2003) as positively selected in the 

human lineage. To infer non-neutral evolution in these genes the authors applied a 

modified branch-site model (referred to as Model 2 in their publication), based on the 

method described by Yang and Nielsen (2002). It is technically important to take into 

account that the human-chimp gene alignments were not constructed using the 

chimpanzee genome assembly (which was not available at that time), but by 

sequencing essentially all human exons in one male chimpanzee at Celera Genomics. 

For the inclusion of candidates in our study, we focused on genes from different 

functional categories to evaluate a wide range of possible selective pressures, and 

spanning no more than 300 Kb to enable dense SNP coverage. Additionally, we 

decided to include the LCT gene, for which there is sufficient evidence of a recent 

selective sweep detected from polymorphic data within humans (see section 5.2), so 

we could validate our own approach by genotyping this gene in our samples. Table 5 

summarizes the eight genes that were chosen in this first analysis. 

 

For the second analysis, we used the publicly available database of alignments from 

the Clark et al. study to detect positive selection in the human branch following 

complementary models for Phylogenetic Analysis by Maximum Likelihood (PAML). 

Specifically, 7,645 Human-Chimp-Mouse alignments were used to compute dN/dS 

ratios according to the strict branch-based model of the codeml program implemented 

in the PAML package (Yang 1997). A likelihood ratio test (LRT) was constructed by 

comparing a model that allows positive selection on the (human) foreground lineage 

(i.e., Model 2 allowing free dN/dS ratios for branches), with a model that does not 

allow such scenario of positive selection (i.e., Model 3 with dN/dS ratio for the human 

branch fixed to 1). Preference was given to alignments with: i) dN/dS ratio > 1 in the 

human branch for Model 2, ii) dN rate ≥ 0.0035 for the human branch in Model 2, and 
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iii) a known gene symbol annotated in the human genome. A total of 45 genes met 

these criteria, although none of them had a p value < 0.05 for the LRT test of Model 2 

vs Model 3. Statistically significant signals from branch models are known to be rare 

at a genome-wide scale (Sabeti et al. 2006) as multiple selected changes in a gene are 

required before it will stand out against the background neutral substitution rate. This 

would be in agreement with the absence of significant values in our results. In spite of 

this, based on polymorphic information available in public databases such as HapMap 

and dbSNP, we were able to extract a representative subset of 11 candidate genes to 

be genotyped in human samples (see Table 6). 

 

In the third analysis for selecting candidate genes, we took advantage of the 

availability of the complete Chimp genome sequence (Consortium 2005a), to 

construct new human-chimp gene alignments including not only Mouse, but also Rat 

and Dog genomes as outgroups of the phylogeny. For each species, all annotated 

coding sequences as of March 2006 were downloaded from the Ensembl database 

obtaining nearly 12,000 Human-Chimp-Mouse-Rat-Dog orthologous genes, out of 

which, 9,170 resulted to have a unique best-reciprocal match according to BLAST, 

and were therefore included to construct the alignments using ClustalW (Thompson et 

al. 1994). To test for positive selection in the human lineage, the LRT referred to as 

Test 2 of the improved branch-site model described by Zhang et al. (2005), was 

applied using the codeml program implemented in PAML v3.14. In this test, each 

codon is assigned to one of four assumed classes of sites. Site class 0 includes codons 

that are conserved throughout the tree (0 < ω0 < 1). Site class 1 includes codons 

evolving neutrally throughout the tree (ω1 = 1). Site classes 2a and 2b include codons 

that are conserved or neutral on the background branches, but evolving under positive 

selection on the foreground branch (ω2 > 1). These parameters constitute the 

alternative hypothesis of the test (see Figure 32). The null hypothesis is the same 

model but with ω2 = 1 fixed. The likelihood (λ) of the data fitting each of these 

hypotheses is computed separately for each gene. The LRT then compares both 

likelihood values, in which significant differences, as revealed by a χ2 distribution, 

strongly suggest the action of positive selection on the foreground lineage (see Figure 

33). 
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Figure 32: Simplified explanation of  the branchsite model  implemented by Zhang et al. 
(2005). Left: Schematic  representation of a Human  (H)Chimp  (C)Mouse  (M) phylogeny 
indicating the background and foreground branches when testing for positive selection in 
the human lineage. Right: A hypothetical codon (ATG) and the four site classes to which it 
can be assigned. The parameters inside the table correspond to the alternative hypothesis 
of the LRT. 

 

The LRT provided a total of 52 genes with significant (p < 0.01) differences between 

the null and alternative models and up to 88 at the 0.05 significance level (listed in 

Appendix 1 of this thesis). However, a strict quality control was applied before the 

inclusion of candidate genes for further analysis in the study. In order to control for 

alignment errors, each significant candidate (p < 0.05) was manually rechecked, and 

those having large gaps or excessive mismatches were removed from the study. On 

the remaining candidates, preference was given to alignments with ω > 1 for site 

classes 2a and 2b in the alternative model, and posterior probability of evolving under 

positive selection ≥ 95% for at least one codon, according to the Bayes Empirical 

Bayes (BEB) analysis implemented in PAML. A total of 15 alignments passed the 

quality control, out of which, only eleven had a reviewed gene symbol and known 

function in the human genome, thus, they were included for further investigation of 

intraspecific variation within humans. Table 7 summarizes this set of candidate 

genes. 
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Table 5: Candidate genes selected in the first analysis: from Clark et al. (2003). 

Symbol Gene name Chr. Size (kb) SNPs Biological function p-value 

EYA4 Eyes absent homolog 4 
(Drosophila) 6 288 41 Sensory perception 

(Vision) 0.00348 

DIAPH1 Diaphanous homolog 1 
(Drosophila)  5 103.9 24 Gametogenesis 0.02010 

TECTA Tectorin alpha precursor 11 88.1 25 Sensory perception 
(Hearing) 0.00002 

GSTZ1 Glutathione transferase zeta 1  14 10.5 20 Amino acid metabolism  0.00090 

ALDH6A1 Aldehyde dehydrogenase 6 
family, member A1 14 24.3 15 Nucleic acid metabolism 0.02720 

BCKDHA 
Branched chain keto acid 
dehydrogenase E1, alpha 
polypeptide 

19 27.2 17 Aminoacid metabolism  0.00464 

FOXI1 Forkhead box I1    5 3.8 21 Sensory perception 
(Hearing) 0.00287 

LCT Lactase 2 49.3 25 Lactose metabolism  

Number of SNPs refers to successfully genotyped SNPs, functional classification is based on 
PANTHER biological processes, and Pvalues are as reported by Clark et al (2003) of their 
Model 2 for detecting positive selection in the human lineage (except for LCT). 

 
Table 6: Candidate genes selected in the second analysis: branch model (PAML). 

Symbol Gene name Chr. Size SNPs Biological function dN dN/dS 
AIRE Autoimmune regulator 21 12.3 16 Immune response 0,0056 19,18 

CLDN8 Claudin 8  21 2.0 9 Cell structure and 
motility 0,0043 86,60 

CST2 Cystatin SA 20 2.9 9 Protein metabolism 
and modification 0,0240 1,14 

DACT1 Dapper homolog 1, antagonist 
of beta-catenin (xenopus) 14 10.1 12 Multicell. organismal 

development 0,0043 10,81 

GIP Gastric inhibitory polypeptide 17 10.0 9 Carbohydrate 
metabolism 0,0046 137,68 

HCLS1 Hematopoietic cell-specific Lyn 
substrate 1 3 29.4 14 mRNA transcription 

regulation 0,0062 548,48 

IL15RA Interleukin 15 receptor, alpha 10 25.8 21 Immune response 0,0138 41,05 

IL1RL2 Interleukin 1 receptor-like 2 2 52.3 22 Immune response 0,0047 2,73 

MRPL35 Mitochondrial ribosomal 
protein L35    2 13.3 13 mRNA transcription 

regulation 0,0059 1,84 

OR5I1 Olfactory receptor, family 5, 
subfamily I, member 1 11 0.9 11 Sensory perception 

(Olfaction) 0,0066 1,94 

TMPRSS2 Transmembrane protease, 
serine 2 21 43.6 19 Protein metabolism 

and modification 0,0080 1,65 

Size is indicated in Kb, number of SNPs refers to successfully genotyped SNPs, functional 
categories are based on PANTHER biological processes, and dN and dN/dS values are for the 
human branch according to the applied branch model (see text for details). 
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Table 7: Candidate genes selected in the third analysis: branchsite model (PAML). 

Symbol Gene name  Chr. Size SNPs Biological function ω 2ΔL p-val 
GFRA3 GDNF family receptor alpha 3 5 22.2 20 Glycobiological activity 999 10.6 0.0012 

PTGER4 Prostaglandin E receptor 4 5 13.8 20 Immune response (skin) 625 10.2 0.0014 

HDHD3 Haloacid dehalogenase-like hydrolase 
domain containing 3 9 2.6 19 Glycobiological activity 999 10.1 0.0014 

LHPP Phospholysine phosphohistidine 
inorganic pyrophosphate phosphatase 10 152.3 26 Phosphate metabolism 999 9.8 0.0017 

CA14 Carbonic anhydrase XIV 1 7.3 17 Carbon metabolism 999 8.7 0.0032 

OR2A14 Olfactory receptor, family 2, subfamily 
A, member 14 7 0.9 16 Sensory perception 

(Olfaction) 137 7.1 0.0077 

VPS37C Vacuolar protein sorting 37C 11 31.2 22 Endosomal transport 
(including viral budding) 620 6.8 0.0091 

MRC2 Mannose receptor, C type 2 17 64.9 23 Endocytosis (inlcuding 
binding of HIV) 88.5 6.5 0.0111 

USP2 Ubiquitin specific peptidase 2 11 25.4 22 Cell cycle regulation and 
apoptosis 126 5.8 0.0161 

OR5G1P Olfactory receptor, family 5, subfamily 
G, member 1, pseudogene  11 0.8 17 Sensory perception 

(Olfaction) 217 5.7 0.0168 

ADI1 Acireductone dioxygenase 1 2 21.6 21 Amino acid metabolism 82.5 5.0 0.0256 

 
Notes: Size is in Kb, SNPs are successfully genotyped SNPs, functional categories are based 
on PANTHER biological processes, ω values are  for  site classes 2a and 2b  in  the human 
branch, 2ΔL is the twice difference of likelihoods between null and alternative models, and 
pvalues are for the corresponding LRT (see text for details). 

 

With the availability of the complete sequence of the Chimpanzee genome, we 

decided to consider as reliable analyses only those carried out on multiple sequence 

alignments based on the chimp genome assembly (CHIMP2.1, Mar 2006). Therefore, 

we intentionally reanalyzed the 19 candidate genes that were already genotyped in 

human samples (derived from the first and second analyses), by retrieving from 

Ensembl (Mar 2006) their corresponding orthologous sequences for three (Human-

Chimp-Mouse) and five (Human-Chimp-Mouse-Rat-Dog) mammalian species. 

However, no significant results could be recovered for these genes after applying a 

number of different methods, including the initial branch model and the improved 

branch-site model in PAML; neither after retrieving Ka/Ks ratios reported by The 

Chimpanzee Sequencing and Analysis Consortium (2005) from the human-chimp 

genome-wide comparison. 

In consequence, we could no longer treat these particular set of 19 genes as a single 

group of candidates sharing the common feature of undergoing accelerated protein 

evolution in the human lineage. Nonetheless, single genes showing interesting 
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patterns of intraspecific variation, namely OR5I1 and FOXI1, were further studied as 

individual candidates and their results are presented in Chapter 2 and 3 respectively 

of the Results section of this thesis. 

On the other hand, the remaining set of 11 genes (derived from the third analysis), 

was indeed considered as a highly consistent group of fast-evolving genes due to i) 

the reliable source of the alignments ii) the quality control described above, and iii) 

the replication of similar results in a number of independent studies (see Discussion 

for details). Therefore, they constitute the set of genes that better responds to the aims 

and scope of this work, so they are presented in the first chapter of results of this 

thesis. An overview summarizing the followed workflow for studying both 

interspecific divergence and intraspecific diversity in these genes is shown in Figure 

33. 

 

 

Figure 33: Workflow overview for the analysis of human genetic variation in fastevolving 
genes.  First  (top),  following  a  genomewide  approach,  we  performed  a  phylogenetic 
analysis  by  maximum  likelihood  between  closely  related  species  to  test  for  positive 
selection  in  the  human  branch  (see  text  for  details).  Second  (bottom),  following  a 
candidate gene approach, we explored a number of signatures of recent selective sweeps 
detectable  from  intraspecific  SNP data  in human populations  from different  geographic 
regions  of  the  world  (shown  picture  is  orientative  only;  see  below  for  details  about 
samples and populations included). 
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DNA Samples 

For investigating global patterns of SNP variation in all candidate genes we analyzed 

the Human Genome Diversity Cell Line Panel (HGDP-CEPH) (Cann et al. 2002), 

which contains 1,064 DNA samples from individuals belonging to 51 different 

populations distributed worldwide (see Figure 34). This set of populations represents 

most of the complete human genetic diversity, as reported by Rosenberg et al. (2002). 

Unless otherwise stated, all population analyses presented throughout this thesis are 

based on the HGDP-CEPH diversity panel; however, the subset of DNA samples used 

differs from the originally reported by Cann et al. (2002) in two aspects: on the one 

hand the initial 51 populations were regrouped into 39 study populations based on 

geographic and ethnic criteria to maximize sample sizes; the resulting 39 populations 

were in turn grouped into 7 major continental regions for the purpose of analysis in a 

substantial part of the work (see Table 8 and below for details). On the other hand, 

following recommendations reported by Rosenberg (2006), a number of atypical, 

duplicated and deducted first-degree related individuals were removed from the 

original panel, resulting in the so-called H971 standardized subset, whose sample 

sizes adjusted to our 39 study populations are given in Table 8. 

 

Details about the regrouping of 51worldwide populations are as follows: Tuscans and 

Bergamese were grouped into North Italians; Uygur, Tu, and Xibo populations were 

combined as Northwest Chinese; Daur, Hezhen, Mongolian, and Oroqen populations 

as Northeast Chinese; and Dai, Lahu, Miaozu, Naxi, She, Tujia, and Yiku as South 

Chinese (see Figure 35). For the remaining populations, we conserved the original 

organization of the HGDP-CEPH diversity panel. The total number of populations 

was thus 39. The seven geographical regions in which they were further grouped are: 

Sub-Saharan Africa (SSAFR), Middle East-North Africa (MENA), Europe (EUR), 

Central-South Asia (CSASIA), East Asia (EASIA), Oceania (OCE) and America 

(AME) (see Figure 34). 
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Figure  34:  Geographic  location  of  the  51  populations  (red  crosses)  of  the  HGDPCEPH 
diversity panel and the ir further grouping into 7 continental regions in which they were 
further  grouped  (dashed  blue  lines).  Labels  for  continental  regions  are  as  in  Table  8. 
World map modified from (Cann et al. 2002). 

 

 

 

Figure 35: Partial view of  the world map  in Figure 34  showing  the grouping of Chinese 
populations  included  in  the  HGDPCEPH  diversity  panel.  Red  crosses  indicate  HGDP 
populations accounting for the original set of 51 populations, whereas dashed lines denote 
those  combined  to  result  in our 39  study populations. NonChinese populations are not 
labeled but shown for geographical reference. 
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Table 8: HGDPCEPH diversity panel populations and sample sizes for the H971 subset. 

Continental area Country / region HGDP population Study population N 
Sub Saharan Africa 
(SSAFR) 

South East Africa Bantu Bantu 19 
Central African Republic Biaka Pygmies Biaka Pygmies 27 
Democratic Rep. of Congo Mbuti Pygmies Mbuti Pygmies 13 
Senegal Mandenka Mandenka 24 
Namibia San  San  6 
Nigeria Yoruba Yoruba 22 

Middle East-North 
Africa (MENA) 

Algeria (Mzab) Mozabite Mozabite 29 
Israel (Central) Palestinian Palestinian 50 
Israel (Negev) Bedouin Bedouin 47 
Israel (Carmel) Druze Druze 44 

Europe (EUR) France French French 28 
France Basque Basque 24 
Orkney Islands, UK Orcadian Orcadian 15 
Italy Sardinian Sardinian 28 
Italy Bergamese North Italian 21 
Italy Tuscan 
Russia Caucasus Adygei Adygei 17 
Russia Russian Russian 25 

Central-South Asia 
(CSASIA) 

Pakistan Balochi Balochi 24 
Pakistan Brahui Brahui 25 
Pakistan Burusho Burusho 25 
Pakistan Hazara Hazara 23 
Pakistan Kalash Kalash 24 
Pakistan Makrani Makrani 25 
Pakistan Pathan Pathan 24 
Pakistan Sindhi Sindhi 24 
North China Uygur Northwest Chinese 29 
North China Xibo 
North China Tu 

East Asia (EASIA) North China Daur Northeast Chinese 38 
North China Hezhen 
North China Mongola 
North China Oroqen 
South China Dai South Chinese 67 
South China Lahu 
South China Miaozu 
South China Naxi 
South China She 
South China Tujia 
South China Yizu 
China Han Han 44 
Siberia, Russia Yakut Yakut 25 
Cambodia Cambodian Cambodian 10 
Japan Japanese Japanese 29 

Oceania (OCE) Bougainville Melanesian Melanesian 13 
New Guinea Papuan Papuan 17 

America (AME) Mexico Pima Pima 14 
Mexico Maya Maya 22 
Colombia Colombian Colombian 7 
Brazil Karitiana Karitiana 14 
Brazil Surui Surui 9 

Total  51 39 971 
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Besides the HGDP-CEPH diversity panel, additional smaller sets of populations were 

analyzed for gathering resequencing data in two specific candidate genes, namely 

OR5I1 and FOXI1, presented in Chapters 2 and 3 of the Results section, 

respectively. In the former we analyzed resequencing data for 20 European Americans 

and 19 African Americans available in the OR5I1 gene (Nielsen et al. 2005) and 

provided by C. Bustamante (Cornell University); whereas in the latter we present 

results from resequencing the FOXI1 gene in 20 European, 20 Asian, and 20 African 

samples obtained from Coriell Cell Repositories (Camden, NJ, USA). The ancestry of 

these individuals is the same as the CEU, ASN and YRI HapMap samples (see 

Chapter 3’s Materials and Methods for details). 
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SNP Selection 

Detailed information about the specific SNPs analyzed in each part of the project is 

given in Materials and Methods sections throughout the different Chapters of Results 

of this thesis. However, it is worth to describe here the common rationale for choosing 

SNPs that was applied to all candidate genes investigated in this work. 

In order to capture most of the variation along each gene, including possible 

functional variants and neighbor regulatory elements, we densely covered all 

candidate region as follows: one SNP was selected every 5-10 Kb inside the gene and 

up to ± 30 Kb, slightly increasing marker density over the closest vicinity in both 

flanking regions. Then, one SNP was added every 40 Kb up to ± 200 Kb, resulting in 

~400-Kb genotyped regions (see Figure 36). Preference was given to SNPs with a 

minor allele frequency (MAF) over 10%, which were compiled from HapMap 

(Release 20 Jan 2006) and dbSNP (Build 125 Oct 2005) databases. Additionally, most 

coding non-synonymous SNPs (CNS) and other functional SNPs were included 

regardless of their allele frequency or validation status. Predicted functional SNPs 

were identified using PupaSuite web-based SNP analysis tool (Conde et al. 2006). A 

total of 566 SNPs were successfully genotyped covering 30 candidate genes (see 

Tables 5 to 7). 

 

 

Figure 36: Schematic representation of a given candidate gene densely covered with SNPs 
according to the rationale applied in this work (see text for details). The horizontal arrow 
points  the  transcriptional  direction  of  the  gene,  green  squares  represent  exons,  and 
dotted  line between them a  large  intron. Blue arrows are SNPs  inside the gene, whereas 
black arrows denote flanking SNPs, and red arrows represent coding and functional extra 
SNPs. 
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In order to capture the complete decay of LD around each candidate gene, and thus be 

able to successfully apply EHH-based methods to detect selection, the analyses on 

twelve 400-Kb candidate regions were extended up to 2 Mb using public genotype 

data for the Infinium Human Hap650Y BeadChip available in the same samples from 

the HGDP-CEPH diversity panel (Li et al. 2008). Genotypes were downloaded in 

bulk from the Stanford Human Genome Center website. Twelve gene-centered 

regions spanning ~2 Mb were delimited based on NCBI build 36.1 coordinates and 

extracted for further analysis. Although the array provides a substantial increase both 

in marker density and length coverage, it may not capture a substantial fraction of the 

functional variation in our candidate genes, so we decided to merge the SNPs from 

both 400-Kb and 2-Mb regions into a single mixed dataset (see Table 9 for details). 

Genotypes from overlapping SNPs were considered only once after crosschecking for 

consistency. The average number of SNPs per candidate region increased to 460, and 

a total of 5,522 SNPs spanning ~24 Mb of the genome were analyzed.  

 

Table 9: Intersection of our SNP data set with publicly available data in the same samplesa 

Gene 
region 

Genotyped 
(400 Kb) 

650K array    
(2 Mb) 

Mixed 
dataset 

Extra SNPs in (due to) 
2 Mb (our SNPs) 400 kb (650K) 

CA14 17 163 175 12 40 
GFRA3 20 253 266 13 32 
HDHD3 19 655 663 8 90 
LHPP 26 642 655 13 162 
MRC2 23 246 261 15 49 
ADI1 21 663 679 16 84 
OR2A14 16 357 371 14 61 
OR5G1P 17 410 423 13 80 
PTGER4 20 480 493 13 54 
USP2 22 391 408 17 67 
VPS37C 22 403 420 17 64 
FOXI1 21 693 708 15 153 
Total 244 5356 5522 166 936 
Average 20 446 460 14 78 
a  The  intersection  of  successfully  genotyped  samples  (i.e.,  961  and  1,043  respectively) 
resulted in 949 individuals in most of the cases. This subset of genes is limited to those in 
which the analysis was extended up to 2 Mb using publicly available genotype data from 
the 650K SNP array, namely  the 11  fastevolving genes  (Chapter 1) and  the FOXI1 gene 
(Chapter 3). 
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SNP Genotyping   

After applying the rationale for choosing SNPs described above, a total of 653 SNP 

markers were selected to genotype 1,064 DNA samples, thus an intermediate-

throughput scale genotyping technology was chosen (i.e., SNPlex Genotyping System 

from Applied Biosystems). A total of 566 SNPs were successfully genotyped in at 

least 961 individuals of the H971 HGDP subset, resulting in a success rate of 86.7%. 

 

The SNPlex technology is based on the Oligonucleotide Ligation Assay (OLA) 

(Landegren et al. 1988), which uses a set of three oligonucleotides, in combination 

with a thermostable Taq DNA ligase enzyme, to discriminate SNP alleles. The pair of 

allele-specific oligonucleotides differs by a 3’-terminal discriminatory nucleotide 

corresponding to the SNP alleles. The locus-specific oligonucleotide is designed to 

anneal immediately 3’ to the target SNP. The oligonucleotides are allowed to 

hybridize to target DNA in the presence of the ligase, and when a pair of perfectly 

matched oligonucleotides is immediately juxtaposed to form a duplex with the target 

DNA, they are covalently ligated together. The number of ligation products is then 

increased to detectable levels by thermal cycling of the OLA reaction Finally, to 

discriminate allele-specific ligation products, their electrophoretic mobility is 

modified by adding fluorescently labeled probes, so they can be distinguished by 

running on a capillary sequencer. An overview of the genotyping pipeline is given in 

Figure 37. 

 

The SNPlex genotyping platform can achieve relatively high levels of multiplexing, 

genotyping up to 48 SNPs in a single reaction (i.e., up to a 48-plex level). We 

designed multiple sets of OLA oligonucleotiedes following the SNPlex assay pipeline 

for optimizing multiplexing, which resulted in a total of 14 different pools of SNPlex 

probes. Allele separation was performed on an Applied Biosystems 3730 DNA 

analyzer. The system analysis software collected and provided raw data, and both 

quality metrics and allele calling were reviewed using GeneMapper Software 3.5 (see 

Figure 38). 
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Figure 37: Genotyping pipeline of  the Oligonucleotide Ligation Assay  (OLA).Top  right: A 
pair  of  allelespecific  oligos  (red/green)  and  a  single  locusspecific  oligo  (blue)  are 
permitted to hybridize the target, which is heterozygous for the A/G SNP shown here (see 
text for details). 

 

 

Figure 38: Allele calling (left) and genotype clustering with Cartesian (middle) and Polar 
(right) plotting using GeneMapper Analysis Software v3.5 (adapted from (De la Vega et al. 
2005)). 
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Chapter  1:  Interrogating  fast‐evolving  genes  for  signatures  of  recent 

positive selection in worldwide human populations. 

 

Andrés Moreno-Estrada, Kun Tang, Martin Sikora, Tomàs Marquès-Bonet, Ferran 

Casals, Arcadi Navarro, Francesc Calafell, Jaume Bertranpetit, Mark Stoneking, and 

Elena Bosch. 

 

(Submitted to Molecular Biology and Evolution) 

 

 





RESULTS 

  97

Interrogating fast-evolving genes for signatures of recent positive selection in 
worldwide human populations 

To be submitted as Research Article 

 

Andrés Moreno-Estrada1, Kun Tang2,3, Martin Sikora1, Tomàs Marquès-Bonet1,4, 

Ferran Casals5, Arcadi Navarro1,6, Francesc Calafell1,7, Jaume Bertranpetit1,7, Mark 

Stoneking3 and Elena Bosch1,7 

 
1 Institut de Biologia Evolutiva (UPF-CSIC), Departament de Ciències Experimentals 
i de la Salut, Universitat Pompeu Fabra, Barcelona, Spain. 
2 CAS-MPG Partner Institute for Computational Biology, Shanghai Institutes for 
Biological Sciences, Chinese Academy of Sciences, Shanghai, China  
3 Department of Evolutionary Genetics, Max Planck Institute for Evolutionary 
Anthropology, Leipzig, Germany. 
4 Department of Genome Sciences, University of Washington, Seattle, USA. 
5 Ste Justine Hospital Research Centre, Department of Pediatric, Faculty of Medicine, 
University of Montreal, Montreal, Quebec H3T 1C5, Canada 
6 Institució Catalana de Recerca i Estudis Avançats (ICREA) i UPF 
7 Centro de Investigación Biomédica en Red de Epidemiología y Salud Pública 
(CIBERESP), Barcelona, Spain. 

 

Corresponding author: Elena Bosch, Institut de Biologia Evolutiva (UPF-CSIC), 
Departament de Ciències Experimentals i de la Salut, Universitat Pompeu Fabra,  

C/ Dr. Aiguader 88, 08003 Barcelona, Spain. 

Tel. +34 93 316 0841 

Fax. +34 93 316 0901 

E-mail: elena.bosch@upf.edu 

 

Key words: Accelerated Evolution, Recent Positive Selection, SNP Data, Extended 

Haplotype Homozygosity, Population Differentiation, Human Genome Diversity 

Panel. 

Running head: Recent selection on fast-evolving genes



RESULTS 

 98

 Abstract 

Different signatures of natural selection persist over varying time scales in our 

genome, revealing possible episodes of adaptative evolution during human history. 

Here, we identify genes showing signatures of ancestral positive selection in the 

human lineage and investigate whether those genes have been evolving adaptatively 

in extant human populations. Specifically, we compared more than 11,000 human 

genes with their orthologs in chimpanzee, mouse, rat and dog and applied a branch-

site likelihood method to test for positive selection on the human lineage. Among the 

significant cases, a set of 11 genes were then further explored for signatures of recent 

positive selection using SNP data. We genotyped 223 SNPs in 39 worldwide 

populations from the HGDP Diversity panel and supplemented this information with 

available genotypes for up to 4,814 SNPs distributed along 2 Mb centered on each 

gene. After exploring the allele frequency spectrum, population differentiation and the 

maintainance of long unbroken haplotypes, we found signals of recent adaptative 

phenomena in only one of the 11 candidate gene regions. However, the signal of 

recent selection in this region may come from a different, neighbouring gene (CD5) 

rather than from the candidate gene itself (VPS37C). Our results show that positively-

selected genes in the human lineage have not maintained their rapid evolutionary pace 

among human populations. Adaptation for human-specific and for population-specific 

traits thus involved different sets of genes. 
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Introduction 

Identifying traits that have undergone positive selection during human 

evolution is essential to understand the adaptive events that have shaped our genomes. 

Whereas comparative genomics of closely-related species has shed light on the 

species-specific traits that set us apart from our closest living relatives, the genomic 

signature of recent adaptations can be directly detected from human population 

genetic data. The standard tool to detect signatures of selection in comparative data is 

the Ka/Ks ratio (also called dN/dS or ω in different analysis contexts) which expresses 

the ratio of nonsynonymous to synonymous substitutions in a given protein coding 

sequence. Genetic variants that were selected during the process of hominization are 

common to all humans and are detected by comparison with sequences from other 

primates. Moreover, methods have been developed to examine variation in the Ka/Ks 

ratio among lineages (Zhang, Kumar, and Nei 1997), among codon sites (Nielsen and 

Yang 1998; Yang et al. 2000), and to identify selection on individual codons along 

specific lineages (Zhang, Nielsen, and Yang 2005). Recently, several genome-wide 

efforts for identifying positively selected genes and/or functional categories enriched 

for such genes in the human and chimpanzee lineages have been conducted, yielding 

valuable insights into understanding human-specific traits (Clark et al. 2003; 

Bustamante et al. 2005; Nielsen et al. 2005; Arbiza, Dopazo, and Dopazo 2006).  

The divergence that has accumulated in the human lineage since our 

separation from the chimpanzee occurred over the past 5 to 7 million years, and hence 

does not necessarily reflect recent selection that occurred after the origin of our 

species some 150,000 years ago. It is precisely within this evolutionary time scale that 

our ancestors dispersed from Africa to colonize most of the globe, and were 

challenged by many new selective pressures. Nonetheless, intraspecific diversity 

patterns within human populations may indeed reflect such modern adaptations, since 

distinctive signatures of recent selective sweeps (such as an overall reduction in 

genetic diversity, excess of high frequency derived alleles or long range haplotypes) 

stay imprinted in the genome for many tens to a few hundreds of thousands of years 

(Sabeti et al. 2006). Identifying genes affected by recent selective sweeps in human 

populations has gained great interest during the last few years, as they may help to 



RESULTS 

 100

explain population-specific adaptations. Along with the tremendous increase in the 

availability of SNPs in public databases (Hinds et al. 2005; Frazer et al. 2007) and the 

high-throughput methodologies that currently exist, new analytical methods aimed at 

detecting the footprint of selection from SNP data have been developed and widely 

applied in a number of candidate-gene (Sabeti et al. 2002; Bersaglieri et al. 2004; 

Hughes et al. 2008), path-related genes (Walsh et al. 2006; Han et al. 2007; Sikora et 

al. 2008) and genome-scanning studies (Akey et al. 2002; Kimura et al. 2007; Sabeti 

et al. 2007; Tang, Thornton, and Stoneking 2007; Williamson et al. 2007; Barreiro et 

al. 2008; Myles et al. 2008). Signatures of selection such as increased levels of 

population differentiation, unusual allele frequency spectra and elevated levels of 

linkage disequilibrium (LD) are usually examined and identified in comparison to a 

genome-wide empirical distribution or simulated data.  

Recently, a remarkable amount of evidence for targets of recent selection in 

humans has been gained from a set of relatively new statistics especially design to 

detect long range haplotypes through the measure of the extended haplotype 

homozygosity (EHH), whose  first implementation was introduced by the long range 

haplotype (LRH) test (Sabeti et al. 2002). These methods rely on the principle that 

positively selected alleles are expected to rise to high frequency rapidly enough that 

long range association with alleles at nearby loci will not have time to be erased by 

recombination. Different strategies have recently been developed in order to capture 

the extended LD around a putatively selected allele (or core haplotype) in a given 

population (Sabeti et al. 2002; Voight et al. 2006), and on particular alleles (Kimura et 

al. 2007; Sabeti et al. 2007; Hughes et al. 2008) or sites (Tang, Thornton, and 

Stoneking 2007) when comparing pairs of populations.  

Here, we address whether the genes that were positively-selected during the 

evolution of the Homo lineage present any molecular signature of recent positive 

selection among human populations; that is, whether they continued to evolve at a 

fast, non-neutral pace. We first identified fastly-evolving human genes by comparing 

more than 11,000 coding sequences with their chimpanzee, mouse, rat and dog 

orthologs. For a subset of 11 significant cases, we analysed SNP data from a 

worldwide sample of 39 human populations belonging to the HGDP-CEPH diversity 

panel (Cann et al. 2002). Signals of recent positive selection were interrogated 

through population differentiation, allele frequency threshold analyses, and by 



RESULTS 

  101

applying two complementary EHH-based tests especially designed to detect both 

fixed (or nearly so) and intermediate frequency selected variants.  

 

Materials and Methods 

DNA samples 

We analyzed the H971 standardized subset of the Human Genome Diversity 

Cell Line Panel (HGDP-CEPH) (Cann et al. 2002) recommended by Rosenberg 

(Rosenberg 2006), which contains no atypical, duplicated or deduced first-degree 

related individuals. In order to maximize sample sizes and after considering 

geographic and ethnic criteria, populations from the original panel were re-grouped 

into 39 population samples. In particular, we grouped Tuscans and Bergamese into 

North Italians; Dai, Lahu, Miaozu, Naxi, She, Tujia, and Yiku as South Chinese; 

Daur, Hezhen, Mongolian, and Oroqen as Northeast Chinese; and Tu, Uygur, and 

Xibo as Northwest Chinese. For some analyses, populations were further grouped into 

seven major geographical regions as in Moreno-Estrada et al. (2008): Sub-Saharan 

Africa (SSAFR), Middle East-North Africa (MENA), Europe (EUR), Central-South 

Asia (CSASIA), East Asia (EASIA), Oceania (OCE) and America (AME). Individual 

samples for which genotypes in any gene region analyzed failed for at least 50% of 

the SNPs were not considered. Two chimpanzee samples provided by the Barcelona 

Zoological Park were also genotyped and if their alleles matched one of the human 

states, were considered ancestral. 

 

Selection of genes 

We selected eleven genes (Table 1) that exhibited evidence of accelerated 

evolution in the human lineage after applying the following process. Around 11,000 

human, chimpanzee, mouse, rat, and dog orthologous genes were retrieved from 

Ensembl (March 2006) and subsequently checked to have a unique best-reciprocal 

BLAST match in all five species. For the remaining 9,170 orthologous genes, we then 

performed multiple sequence alignments with ClustalW (Thompson, Higgins, and 

Gibson 1994) and applied a branch-site likelihood method (Zhang, Nielsen, and Yang 
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2005) to test for positive selection on the human branch in the underlying phylogeny 

of the five mammal species. A likelihood ratio test (LRT) was performed by 

comparing the likelihood values of two hypotheses, allowing variation in omega (ω) 

among lineages and sites at the same time. As the alternative hypothesis, we used the 

modified Branch-Site Model A as described in Zhang, Nielsen, and Yang (2005), in 

which ω is estimated for all branches of the phylogeny, allowing for sites with ω> 1 

only in the human (foreground) branch. As the null hypothesis, we used the same 

Branch-Site Model A but with ω2 = 1 fixed in the human branch. The null and 

alternative hypotheses for this improved branch-site test 2 of positive selection 

(Zhang, Nielsen, and Yang 2005) and the corresponding Bayesian empirical inference 

of amino acid sites under positive selection (Yang, Wong, and Nielsen 2005) were 

performed using the codeml program implemented in the PAML package (Yang 

1997). According to the LRT, 52 genes exhibited a signature of positive selection at 

the 0.01 level of significance and up to 88 at the 0.05 level. Significant cases were 

further explored for the presence of large gaps or excessive mismatches in the 

alignment. Additionally, the estimated ω value in the human foreground branch under 

the alternative model was checked to be greater than one, and we required at least one 

codon with a posterior probability of belonging to the site class of positive selection 

on the human lineage to be equal or greater than 95%; only 11 genes were left after 

applying these strict criteria. 

 

SNPs 

We selected one SNP every 5-10 kb inside each candidate gene and up to 

around 30 kb in both 5’ and 3’ flanking regions, plus additional SNPs every 40 kb up 

to around 200 kb in both flanking regions. Preference was given to SNPs with a minor 

allele frequency (MAF) over 10%, based on the HapMap (Release 20 Jan 2006) and 

dbSNP (Build 125 Oct 2005) databases. Additionally, most coding non-synonymous 

SNPs (CNS) within each candidate gene and other functional SNPs identified using 

the PupaSuite web-based SNP analysis tool (Conde et al. 2006) were included, 

regardless of their allele frequency or validation status. A total of 223 SNPs out of 

270 (82.6%) were successfully genotyped using the SNPlex Genotyping System from 

Applied Biosystems following the manufacturer’s standard protocol. Allele separation 
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was performed on an Applied Biosystems 3730 analyzer and both quality metrics and 

allele calling were reviewed using GeneMapper Software 3.5. Data from the Infinium 

Human Hap650Y BeadChip genotyped in the HGDP-CEPH panel (Li et al. 2008) was 

downloaded in bulk from the Stanford Human Genome Center website. For each 

candidate region, SNP genotype data were then extracted for 2 Mb regions centered 

on each gene of interest and merged with our previously obtained genotypes in order 

to maximize marker density. For CA14 it was not possible to obtain a centered 2 Mb 

region because the 650K Bead Chip lacked appropiate SNP coverage along ~500 Kb; 

we therefore obtained a slightly off-centered 2 Mb region for CA14. In total, 4,814 

SNPs spanning ~22 Mb of the genome were analyzed (Table 1).  

 

Data handling and analysis 

Unless otherwise stated, data storage, quality control and data analysis were 

carried out using the SNPator web-based SNP data analysis platform (Morcillo-

Suarez et al. 2008). For specific calculations and plotting purposes we used the R 

statistical software package (version 2.4.0, http://www.r-project.org). 

 

Allele frequency analysis 

Across every genomic region and population, we analyzed the distribution of 

the minor allele frequencies (MAF) and the derived allele frequencies (DAF) of the 

corresponding SNPs. The proportion of SNPs with allele frequencies higher or lower 

than a defined threshold (MAF < 0.10 for the MAF analysis and DAF > 0.80 for the 

DAF analysis) was calculated within sliding windows of 100 kb in size every 20 kb 

and plotted against distance over the full 2 Mb regions (see Figure 1). Thresholds 

were chosen to maximize sensitivity to selection as suggested by Walsh et al. (2006), 

and we required a minimum of 5 SNPs per window. Non-polymorphic SNPs in the 

overall 39 populations were not considered in the threshold analyses of minor and 

derived allele frequencies. However, SNPs fixed in a population but polymorphic 

elsewhere were counted as having MAF < 0.10 and DAF > 0.80 when applicable. The 

definition of minor allele was specific for each population rather than global and 

uniform across populations. We considered as outliers those regions in which multiple 
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windows were found in the top 5% of the distribution of the respective proportions 

obtained independently for each population and considering all 2 Mb regions together. 

Given their small sample size (< 10 individuals), the San population was not included 

in the MAF threshold analysis. Ancestral states for all analyzed SNPs were obtained 

from the chimpanzee and/or the macaque genome sequences (panTro2, Mar. 2006 

assembly and rheMac2, Jan. 2006 assembly, respectively). For 31 SNPs neither of the 

human alleles corresponded to the chimpanzee or macaque sequence and therefore 

these were not included the DAF threshold analysis. Genotyping of two chimpanzee 

samples confirmed the ancestral state of 192 SNPs. 

 

FST calculation 

The proportion of the variance explained by populational differences was 

measured through the molecular fixation index FST, by means of a locus by locus 

Analysis of Molecular Variance (AMOVA) (Excoffier, Smouse, and Quattro 1992) 

using the Arlequin software package version 3.11 (Excoffier, Laval, and Schneider 

2005). Global FST values were obtained, taking into account all 39 worlwide 

populations studied as a single group. Empirical percentiles of global FST values were 

calculated based on the distribution of all FST values obtained over the eleven 2 Mb 

regions analyzed. We defined as outliers to be considered for further analysis those 

values within the top 5% of the empirical distribution.  

 

Haplotype and long-range haplotype analysis 

Haplotypes centered on each candidate gene were estimated using FastPHASE 

(Scheet and Stephens 2006). Linkage disequilibrium (LD) blocks were explored using 

Haploview version 4.1 (Barrett et al. 2005). The Long Range Haplotype (LRH) test 

(Sabeti et al. 2002) was carried out using the SWEEP software package (version 1.1).  

We defined cores as the longest non-overlapping core haplotypes with at least one 

SNP and not more than 20 SNPs. For each identified core haplotype, we calculated 

the EHH and the relative EHH (REHH) at a genetic distance of 0.3 cM in both 

directions and plotted these against the core haplotype frequency. Distributions of 

EHH and REHH values were obtained for all main geographical regions from the 
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relevant populational phased haplotype data, considering together the eleven 2 Mb 

regions centered on the genes of interest. Core haplotypes were placed in 5% 

frequency bins and the respective EHH and REHH values were log-transformed for 

each bin in order to obtain approximately normally distributed values. Empirical p 

values for the LRH test were obtained by using the mean and standard deviation of 

the empirical distribution of the respective scores in each continental region. The 

LRH test was not performed in Oceania because the populations in the continent 

showed reduced background distribution. To account for multiple testing, we 

estimated the false positive discovery rate (pFDR) (Storey and Tibshirani 2003) and 

calculated the q value for the scores within each frequency bin using the package q 

value (version 1.1) for R. The q value for a particular p value is defined as the 

expected proportion of false positives among all significant p values when calling that 

p value significant. We used a q value cutoff of 0.05 for assigning significance. 

In order to allow for multiple populational and/or continental comparisons of 

EHH, we slightly modified the method introduced by Tang, Thornton, and Stoneking 

(2007) based on the ln(Rsb) statistic. The integrated extended haplotype 

homozygosity of individual SNP sites (iEHHS or iES) was calculated for every SNP 

site and population directly from genotype data using a home-coded script (PopMX 

package by Tang K, Bauchet M, Theunert, unpublished data). Each iEHHS value was 

first normalized to the median of all values within each population, resulting in the 

EHHS' as following: 

'
( )

EHHSEHHS
median EHHS

=  

EHHS' from individual population was then divided by the average EHHS' 

across populations weighted for population sizes as following:  

)'(
'

EHHSave
EHHSRsbXP =−  
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N
nEHHS
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=
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Note that ave(EHHS') takes sample size into consideration. Here ni refers to 

the number of individuals in a population i and N is the total number of samples used 

from the HGDP–CEPH panel. To estimate significance values for our results, we 

obtained a background distribution of XP-Rsb values for 642,690 genome-wide 

distributed SNPs using genotype data for the same panel generated elsewhere (Li et 

al. 2008). For each population and each SNP site, we obtained a p-value by ranking its 

XP-Rsb value across the whole genome in that population and determine its quantile. 

We then log transformed the p-values and plotted them against position within each 2 

Mb region, searching for clusters of significant values inside or around our candidate 

genes at both population and continental levels. We calculated XP-Rsb for every SNP 

site and each population (vs. all other HGDP-CEPH populations) as well as for each 

main geographical region (versus the remaining regions represented in the panel).  

 

Identification of functional variants  

We limited the search of possible functional variants along the VPS37C 

genomic region to an LD block spanning ~420 kb, where the strongest signals of 

selection were concentrated. For this purpose, we explored in silico the functional 

relevance of all the genotyped SNPs in our mixed dataset as well as of all available 

HapMap SNPs within the same region (HapMap data Release 23a/phaseII). The 

PupaSuite web-based tool (Conde et al. 2006) was used to detect all SNPs with a 

potential phenotypic effect, including coding non-synonymous SNPs (CNS), SNPs 

disrupting miRNAs and their targets, as well as those SNPs located at triplexes or 

altering exonic splicing enhancers, exonic splicing silencers or transcription factor 

binding sites. The impact exerted by the amino acid substitution of each CNS was 

evaluated by means of Grantham’s physicochemical distances (Grantham 1974), the 

damaging probabilities predicted by PolyPhen (Ramensky, Bork, and Sunyaev 2002) 

and by the codon-level selective constraints for prediction of functional altering 

mutations as estimated in PupasSuite (Arbiza et al. 2006). Haplotype extension of 

rs2229177 was explored on HapMap Phase II data using the Haplotter web-based 

application (Voight et al. 2006). We also downloaded HapMap data (release 

22/phaseII) to look for tagSNPs in the CD5 gene ±100 kb for both CEU and 

CHB+JPT samples using Tagger with the default parameters given by the authors (de 
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Bakker et al. 2005). Multi-species alignment of the CD5 sequence was visualized 

within the Ensembl genome browser (release 50, July 2008) selecting all available 

sequences from 23 eutherian mammals. The amino acid sequence and structure 

information of the CD5 protein were obtained from the UniProt Knowledgebase 

(UniProtKB, entry P06127) and both the ModBase database (Pieper et al. 2004) and 

he Protein Data Bank (PDB, entry 1by2) (Berman et al. 2000), respectively. t

 

Results 

Selection of genes 

Table 1 summarizes the eleven fast-evolving genes in the human lineage for 

which we analyzed SNP genotype data from 39 globally-distributed populations. 

Most of them had p-values smaller than 0.01 as determined by a likelihood ratio test 

of positive selection specifically in the human lineage on a phylogeny containing five 

mammal species (see Materials and Methods). None of the analyzed regions overlap, 

and although some map to the same chromosome, they can be treated as eleven 

independent genomic regions. Six of the selected genes had more than two codons 

putatively affected by selection-driven amino acid changes, and two cases (both of 

them olfactory receptors) showed up to seven codons putatively affected by selection, 

according to the posterior probability analysis of the Bayesian empirical inference. 

Interestingly, some of the positively selected codons contain non-synonymous 

polymorphic positions in extant human populations (rs6597801 in LHPP, rs2961160 

and rs2961161 in OR2A14, rs754382 in VPS37C, and rs1943639 in OR5G1P). 

Moreover, seven of the 11 genes analyzed here were also inferred to have undergone 

positive selection in the human lineage when applying the same branch-site test of 

positive selection applied here but using human, chimpanzee and macaque gene trios 

(Bakewell, Shi, and Zhang 2007). Next, we explored these gene regions for different 

signatures of recent positive selection in worldwide human populations using SNP 

data.  

 

Allele frequency threshold analyses 
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The distribution of minor and derived allele frequencies around a given 

genomic region may suggest particular selective pressures acting on it. In particular, 

an excess of high frequency derived alleles may indicate positive selection, whereas 

the presence of an excess of low frequency variants could reflect either purifying 

selection or a recent selective sweep.  

In the MAF threshold analysis, for each population within each of the seven 

main geographical regions analyzed, we plotted the proportion of SNPs with MAF < 

0.10 within multiple 100 kb sliding windows along 2 Mb regions centered on each 

candidate gene (Figures S1–S7). The general trend is characterized by a limited 

number of scattered outlier windows in different populations within each continental 

region along the 2 Mb regions analyzed. The American and Oceanian populations 

displayed many frequency fluctuations resulting in many consecutive windows with 

extreme proportions (either high or low) of SNPs with MAF < 0.10, a pattern which is 

probably due to their high levels of genetic drift and isolation. As for the genes of 

interest, only VPS37C and OR2A14 concentrated an excess of rare alleles in East 

Asian, Oceanian and/or in American populations, respectively (Figures 1a and S5-

S7). 

In the DAF threshold analysis, for each population within each of the seven 

main geographical regions analyzed, we computed the proportion of SNPs with DAF 

> 0.8 within multiple 100 kb sliding windows along 2 Mb regions centered on each 

candidate gene (Figures S8-S14). Again, there are several clusters of windows with an 

excess of high-frequency derived alleles along the 2 Mb regions analyzed but just a 

few of them seem to involve the positively-selected genes. Within those, both the 

VPS37C and USP2 genomic regions stand out for displaying in several populations a 

significant excess of high-frequency derived alleles, either in the genes or just nearby. 

The strongest signals for VPS37C are found in East Asia (Figure 1b) and in some 

Central South Asian populations (Figure S11). Without clearly including the VPS37C 

gene, the same pattern of an excess of high-frequency derived alleles is detectable in 

almost any population outside Sub-Saharan Africa, extending almost 400 kb from the 

3’ flanking region. The signal for the USP2 genomic region is found in populations 

from all main geographical regions except Oceania and America, and in all cases 

involves the 3’ region of the USP2 gene but not the candidate itself. 
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Population differentiation 

Local adaptation may cause unusually large allele frequency differences 

between populations at the selected loci, and consequently accentuate their levels of 

population differentiation. Here, we used FST to measure differentiation among all 39 

worldwide populations for the 4,814 SNPs distributed across the eleven 2 Mb regions 

analyzed (Figure S15). None of the candidate genes have unusually high FST values,  

either in the gene or nearby, except VPS37C (Figure 1c). A total of 64 SNPs above the 

95th percentile (23.3% of the top 5% values) were found in the 2 Mb region centered 

on VPS37C. The highest individual FST value was 0.4252 (rs17156025) and the 

average FST within the 64 highly differentiated SNPs was 0.2889.  

 

Long unbroken haplotypes 

Recent selective sweeps can produce a distinctive signature on the haplotype 

structure of chromosomes consisting of an allele (or haplotype) that has both high 

frequency and long-range associations with alleles at nearby loci (Sabeti et al. 2006). 

In order to try to detect such a signature in the candidate regions, we applied two 

complementary approaches based on the Extended Haplotype Homozygosity (EHH) 

measure. The first approach compares the EHH decay between the alleles (EHHA) of 

a site or core-haplotype within a given population and has strong power for 

identifying alleles that have been driven to intermediate frequencies during a recent 

selective sweep (Sabeti et al. 2002). In contrast, the second approach aims to detect 

nearly or recently completed local selective sweeps by comparing the EHH profile at 

individual SNP sites (EHHS) between populations (Tang, Thornton, and Stoneking 

2007). As to the first approach, we applied the long range haplotype (LRH) test 

(Sabeti et al. 2002) by measuring for each core haplotype detected in our data the 

relative EHH (REHH) at a genetic distance of 0.3 cM in both directions from each 

core. Figure 2 shows the distributions of REHH values versus frequency for all of the 

populations analyzed within each main geographical region (except Oceania). Table 2 

lists the corresponding significant core haplotypes after correction for multiple 

testing. Both Europe and Middle East-North Africa presented two high frequency core 
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haplotypes as outliers (Figure 2). Three of them remained significant after multiple 

test correction (Table 2), but none of them mapped directly upon any of the candidate 

genes. However, the long range homozygosity associated with the significant core 

haplotype found in Middle East-North Africa is mantained near the VPS37C gene 

(Figure 3). The corresponding haplotype bifurcation plots for the two main haplotypes 

found in the core show unusual long range LD for the ACG core, given its frequency 

(0.821). Notably, the strongest signal for this significant core is reached at 0.42 cM 

where the REHH goes up to 46.4 (Figure S16). Central South Asia and East Asia 

showed three significant outliers but in low-frequency bins (Figure 2). Interestingly, 

two of those involved the candidate LHPP gene. Given their low frequency the 

maintenance of these haplotypes over the region is less clear when looking at the 

bifurcation and EHH decay patterns (data not shown); nonetheless they remained 

significant inside their frequency bins, which could reflect a partial ongoing selective 

sweep on the way to higher frequencies. 

An obvious caveat of the previous analysis is that the intra-population 

comparison has low power when the selected allele variant is at high frequency, and 

becomes impossible when the variant is fixed. For this reason, in our second 

approach, we applied a slight modification of the ln(Rsb) statistic developed by Tang 

Thornton, and Stoneking (2007) designed to detect local selective sweeps by means of 

inter-population comparisons of EHH. Here we are analyzing 39 different populations 

and a minimum of seven groups when pooling populations into their main 

geographical regions, a number for which the ln(Rsb) statistic was not initially 

designed. To tackle this problem we modified the original formulation to XP-Rsb by 

comparing each individual population’s iEHHS against a weighted cross-population 

average for each SNP position of the 2 Mb genomic regions (see details in Materials 

and Methods). Figure S17 shows the –log p-value of XP-Rsb along the eleven 2 Mb 

genomic regions analyzed for each main geographical region studied. Although there 

are some clusters of significant p-values, only two were located near any of the 

candidate genes. In particular, East Asia showed a significant EHH differentiation 

pattern when compared to the other geographic regions around the GFRA3 and 

VPS37C gene regions (Figure 1d). In order to identify which population(s) within 

each geographic region might account for these signals, we also computed XP-Rsb 

between the 39 worldwide populations. Detailed results for the eleven full 2 Mb 
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genomic regions are shown in Figures S18–S28; previously observed signals at the 

regional level could be attributed to specific populations, and some new signals were 

detected.  For example, Cambodians, Han and Japanese are behind the EASIA signal 

previously observed in the GFRA3 gene region. As for the VPS37C gene (Figure 1e), 

we found that significant XP-Rsb values were obtained in this gene region for three 

out of six East Asian populations, namely North East China, Han and Japanese, with 

Han Chinese accounting for most of the significant values. Not surprisingly, the 

signal is less significant than the one observed at the regional level, since the latter is 

decomposed into different individual population signals. New signals were also found 

for South Chinese in HDHD3, Pathan and Pima in LHPP and Japanese and Yakut in 

OR5G1P. Despite encompassing the genes of interest, these last cases have their 

highest significance values far outside them. 

 

Insights on the VPS37C genomic region  

Out of the eleven 2 Mb regions centered on our candidate genes, VPS37C 

consistently exhibits significant signatures of positive selection, especially in Asians. 

Most of the signals extend along more than 0.5 Mb and comprise several genes 

besides VPS37C (see top part of Figure 1). In order to identify which allelic variants 

could be responsible for the observed pattern, we first characterized the haplotype 

composition in this 0.5 Mb region, and then searched for variants with functional 

relevance on the putatively selected haplotype. In particular, we focused our analysis 

on a ~420 Kb region of relatively strong linkage disequilibrium, delimited by two 

hotspots of recombination, containing 54 SNPs. The haplotype frequency distribution 

across the 39 worldwide populations analyzed for this narrowed VPS37C region 

(Figure 4) reveals a total of 692 different haplotypes. While up to 80% of the Sub-

Saharan African haplotypes were found in single chromosomes and most of the 

Eurasian populations had 10-20% unique haplotypes, one particular 54-SNP based 

haplotype stands out as having relatively high frequencies in North West China (59 

%) and most East Asian (67 %) and American populations (60 %).  

We functionally characterized not only the 54 SNPs contained in the analyzed 

dataset, but also all available SNPs in HapMap (Frazer et al. 2007) within the same 

region. In order to explain the observed significant pattern of selection any potentially 
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causative genetic variant should be: i) functionally relevant, ii) particularly frequent in 

Asians but not elsewhere and iii) embedded within the extended haplotype in the 

major allele state. A total of 12 coding non-synonymous SNPs (CNS) affecting seven 

different genes were found in the target region, most of which were not typed in our 

mixed dataset but in HapMap. Table 3 summarizes their allele frequencies in the 

HapMap populations, the amino acid replacements they involve, and their inferred 

functional effects as predicted by different methods (see Materials and Methods). 

Only one CNS (rs2229177 in CD5) showed high frequencies in Asians with 

intermediate frequencies elsewhere, and a relevant functional effect (predicted as 

possibly damaging by PolyPhen and pathological by PupaSuite). Since this SNP was 

not genotyped in the HGDP panel, we explored Haplotter Phase II data for rs2229177 

and confirmed that the derived state (T) sits in a long unbroken haplotype that is 

maintained at very high frequencies for approximately 400 kb in the Asian sample 

(data not shown). Moreover, taking advantage of the strong linkage disequilibrium in 

the region, we looked for tagSNPs capturing rs2229177 variation in the HapMap 

populations. Several SNPs tag rs222917 with r2 = 1.0, four of which (i.e. rs4245224, 

rs10897141, rs610777 and rs628831) were typed in the HGDP panel. All four major 

alleles (as for Asian populations) are embedded within the main 54 SNP based 

haplotype found in Asians. Moreover, two of them (i.e. rs4245224 and rs628831) 

reproduced exactly the same derived allele frequencies of rs2229177 from the four 

HapMap populations in our equivalent samples from the HGDP-CEPH panel (i.e. 

Yoruba, French, Han and Japanese) which allows us to infer the possible worldwide 

frequency distribution of this CNS. When searching for other SNP functional 

categories (see Materials and methods for details), we compiled a total of 62 

additional SNPs with potential phenotypic effects (data not shown) but only one, 

rs1787904, appeared to be differentiated at high frequencies in Asians (CHB: 0.988, 

JPT: 1, YRI: 0.542 and CEU: 0.567) and linked to the putatively selected haplotype 

(data not shown). Although this substitution maps within an intron of the VPS37C 

gene, it is located in a triplex sequence (Goni, de la Cruz, and Orozco 2004; Conde et 

al. 2006) that is within 10 Kb from the 3’ end of the CD5 gene, and hence could 

modify CD5 expression.  
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Discussion  

We have addressed the question of whether fast-evolving genes in the human 

lineage are still evolving adaptatively within extant human populations. To do so, we 

looked for signatures of recent adaptation in worldwide human populations along 

eleven 2 Mb genomic regions, each centered on a gene that we identified as fast-

evolving on the human lineage. Most of the candidate gene regions did not show clear 

evidence of undergoing recent selection within the worldwide human diversity panel. 

The absence of recent signatures of selection on most positively-selected genes may 

imply that once they had acquired a specific human function, they became constrained 

functionally against further change. Only one genomic region, VPS37C, showed 

significant signals across all the signatures of selection we explored. The observed 

pattern in this region is consistent with the action of recent positive selection in East 

Asian populations. Despite the strong evidence in favour of a selective sweep 

occurring along this genomic region, it is difficult to pinpoint the source, since there 

were different clusters of significant signals across a ~ 0.5 Mb region. While there are 

highly differentiated loci throughout the candidate region, some signals (such as those 

displayed by the MAF and DAF threshold analyses or the presence of significant core 

haplotypes in the LRH test) do appear to be concentrated from the vicinity of the 

VPS37C gene up to ~ 400 Kb upstream. On the contrary, the highest concentration of 

significant p-values in the XP-Rsb analysis starts at VPS37C but only extends 100 Kb 

downstream. Despite the limitations of these methods to accurately locate the target of 

selection, the observed pattern does suggest that it might be somewhere in or around 

the VPS37C gene and that part of the extended signal is due to high LD.  

In agreement with these results, a previous genome-wide scan reported the 

VPS37C gene region among the 101 regions with the strongest evidence for a recent 

selective sweep in Chinese (Williamson et al. 2007). This study used a composite 

likelihood ratio test, which provides fine-scale estimates of the position of the selected 

site, and which for this region was mapped to a 200-SNP window centered on the 

VPS37C gene. As suggested by the same authors (Williamson et al. 2007), since the 

VPS37C protein is recruited by HIV and other viruses to promote viral budding from 

infected cells (Stuchell et al. 2004; Eastman et al. 2005), it might play an important 

role in pathogen interactions. However, the identification of VPS37C as the actual 
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gene responsible for the signal of selection in this region remains to be confirmed, and 

all known genes within ±100 Kb are not rejected as alternative candidates.  

In a detailed analysis of the haplotype composition of the region we identified 

a paticular 54-SNP based haplotype at relatively high frequencies in Asia and 

America. This haplotype spans a ~420 Kb block, and encompasses all of the different 

signals observed in this genomic region. The functional characterization of all known 

allelic variants linked to this putatively selected haplotype suggested two candidates, a 

non-synonymous coding SNP located in the last exon of CD5 (rs2229177) and a 

substitution altering a triplex-forming target sequence within the 3’ end regulatory 

region (rs1787904). The CD5 gene is located just 18 Kb from VPS37C and codes for 

a 495-amino-acid-long transmembrane receptor expressed in the T-cell surface. 

Topologically, it comprises a large extracellular domain (amino acids 25-372) 

containing three repeats of a cysteine-rich region (SRCR domains), followed by a 

single-pass transmembrane domain (amino acids 373-402) and a short cytoplasmic 

region (amino acids 403-495). The aforementioned CNS (rs2229177) leads to an Ala-

Val substitution at position 471 in the cytoplasmatic part of the protein, which has 

been reported as essential for the function of the receptor (Pena-Rossi et al. 1999; 

Bhandoola et al. 2002). Alanine is encoded by the ancestral state (C) while Valine 

(encoded by T) is the derived state, which characterises the major form of the protein 

in Asian and American populations. In contrast with the much more variable 

extracellular region, this cytoplasmatic part of the receptor is highly conserved across 

species, based on multiple sequence alignments. Berland and Wortis (2002) reported 

that only 5 out of the 96 amino acids of this region differ among five mammalian 

sequences (human, mouse, sheep, bovine and rat). Moreover, all other eutherian 

mammals (23 species compared) conserved the ancestral state at the polymorphic 

rs2229177 position. Despite the availability of several 3D-structure models for this 

receptor, none of them includes the cytoplasmatic region where the A471V 

substitution is located. The lack of a complete experimental template prevents any 

conclusive prediction of the structural or functional impact of this substitution.  

The CD5 gene codes for a glycoprotein that acts as a transmembrane receptor 

in regulating T-cell proliferation. Specifically, CD5 functions as a negative regulator 

of T-Cell Receptor (TCR) signaling during intrathymic T cell development. 

Experimental studies have reported that CD5 mediated down-regulation does not 
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require the CD5 extracellular domain and, consequently, does not involve CD5 

binding of an extracellular ligand (Bhandoola et al. 2002). In contrast, the cytoplasmic 

portion of the molecule is required to act as an inhibitory receptor (Pena-Rossi et al. 

1999). It has been pointed out that autoimmune disorders may result from the 

disruption of inhibitory receptors, particularly in their conserved intracellular motifs 

which are responsible for transducing signals to distinct pathways (Ravetch and 

Lanier 2000). Additional evidence for a functional role for rs2229177 (A471V) comes 

from a genetic association study in which it was shown that homozygosity for the 

ancestral A allele in A471V is associated with a poorer prognosis in patients of 

chronic lymphocytic leukemia (CLL) (Sellick et al. 2008). Given the function of the 

CD5 gene and its role in the immune system physiopathology, it is tempting to 

speculate a possible protective effect for the putatively selected haplotype in Asians, 

although the exact mechanism by which the silencing of such a regulatory receptor 

would have been favoured by selection remains elusive. Additionally, other unknown 

variation linked to the same haplotype cannot be discarded as the actual functional 

variant responsible for the observed signals of selection. 

Our results also demonstrate how both EHH-based approaches complement 

each other, as predicted by their estimated power to detect selection depending on the 

frequency of the selected allele in the population (Sabeti et al. 2007). Here, we found 

signals for the LRH test in populations where the putatively selected haplotype is 

segregating at intermediate frequencies (i.e. Middle East-North Africa), while for XP-

Rsb we found evidence for selection involving the same haplotype in East Asia, 

where it has nearly reached fixation. Finally, we illustrate a case in which the ancient 

selective event of VPS37C during early human evolution and its apparent recent 

selective sweep are actually two independent phenomena. These results show that for 

the genes with the clearest signs of adaptation in the human lineage, their non-neutral 

evolution ended with the advent of the human species. Population-specific adaptation 

in humans is an independent process, involving different sets of genes than those that 

participated in defining our species.
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RESULTS 

Table 1. Summary of analyzed regions  

SNP coverage Genea Chr Size 

(kb) 

Biological function     LRTb  

    P value 

Positively selected codonsc 

400 kbd 2 Mbe 

GFRA3 5 22.2 Glycosyl-phosphatidyl inositol receptor  0.0012 304 20 266 

PTGER4 5 13.8 Skin immune responses 0.0014 8, 235 20 493 

HDHD3 9 2.6 Glycobiological function 0.0014 28 19 663 

LHPP 10 152.3 Hydrolase activity   0.0017 69, 78, 94 (rs6597801) 26 655 

CA14 1 7.3 Hydration of carbon dioxide 0.0032 131, 153, 204 17 175 

OR2A14 7 0.9 Olfactory receptor 0.0077 4, 14, 75, 132 (rs2961160), 157, 163 
(rs2961161), 256 

16 371 

VPS37C 11 31.2 Endosomal transport important for viral budding 0.0091 70, 197 (rs754382), 248, 275 22 420 

MRC2 17 64.9 Binding and transmission of HIV 0.0111 158 23 261 

USP2 11 25.4 Cell cycle regulation and apoptosis 0.0161 140 22 408 

OR5G1P 11 0.8 Olfactory receptor 0.0168 4, 43, 48, 54, 108, 183 (rs1943639), 193 17 423 

ADI1 2 21.6 Suppression of tumor cell invasion in tissues 0.0256 62 21 679 

 
a Gene of interest 

 

b Likelihood Ratio Test 
c According to the Bayes Empirical Bayes analysis, all codons with posterior probability greater than 95% for being positively selected in the human lineage are listed. Codons 
involving polymorphic positions within human populations are in bold and the corresponding SNP ID presented in brackets 
d Number of genotyped SNPs covering a 400 kb region centered on the respective gene 
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e Total number of analyzed SNPs in 2 Mb around each gene including both our genotyped SNPs and those publicly available from the 650K SNP array typed on the HGDP panel (Li et 
al. 2008).  



RESULTS 

. Core haplotypes with significant REHH values across the eleven 2 Mb genomic regions analyzedTable 2
Genomic 

regiona 

 
FrequencGeographical 

region 

Genes in core region b Distance (cM)c Core haplotype REHH y P value q value 

VPS37C  MENA C11orf79, C11orf66, SYT7  0.33 ACG d  24.87 0.821 2 × 10‐4  0.0124 

VPS37C  EUR C11orf11, C11orf9, C11orf10, FEN1  0.30 Ae  34.52 0.735 0.8 × 10‐4  0.0080 

PTGER4  EUR   0.26 Af  18.71 0.605 1.6 × 10‐4  0.0342 

OR2A14  CSASIA TPK1  0.30 TCTg  22.79 0.197 0.6 × 10‐4  0.0191 

LHPP  CSASIA LHPP  0.35 CGTCh  27.12 0.183 0.2 × 10‐4  0.0153 

LHPP  EASIA LHPP, FAM53B  ‐0.30 AGGAGGGAi 25.76 0.114 0.8 × 10‐4  0.0487 

 

a Genomic regions are identified with the name of the candidate gene they contain  
b Genes within ±100 kb around the core are considered 
c Genetic distance (cM) from the core at which the signal has been captured. (–) indicates downstream direction, otherwise upstream 
d rs3019187, rs2957858, rs12295977 
e rs174534 
f rs1876142 
g rs6946827, rs17287011, rs990282 
h rs7917600, rs7070581, rs4962607, rs11245137 
i rs12411439, rs3781458, rs1006368, rs3781453, rs17152175, rs7099298, rs3781452, rs6597848 
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RESULTS 

Table 3. Functional characterization and HapMap frequencies for the coding non-synonymous SNPs present in the 54-SNP VPS37C region 

Derived allele frequencies PolyPhen SNPa Positionb Gene Allelesc

YRI CEU CHB JPT 

Aa 

change

Aa 

pos 

Grantham

Distanced predictione scoref 

Phenotypic 

effectg 

rs2241002 60643489 CD5 C/T 0.300 0.186 0.044 0.045 P/L 224 98 PR D  2.547 Pathological 

rs637186 60649182 CD5 G/A 0 0.083 0 0 H/R 461 29 benign 0.4  

rs2229177 60649811 CD5 C/T 0.475 0.576 0.988 1 A/V 471 64 PO D  1.542 Pathological 

rs4297482 60656155 VPS37C A/C 0 0 0 0 S/A 261 99 benign 1.323 Pathological 

rs754382 60656343 VPS37C C/T 0.058 0.300 0.011 0 L/S 198 145 benign 1.441  

rs3750982 60783066 VWCE G/C 0 0 0 0 P/R 842 103 PR D  2.074  

rs2260655 60865550 DAK G/A 0.342 1 0.989 0.966 A/T 185 58 benign 0.668 Pathological 

rs11605407 60875103 CYBASC3 A/C 0 0 0 0 V/G 214 109 PO D  2.64 Pathological 

rs11557691 60935017 CPSF7 G/T 0 0 0 0 D/Y 464 160 benign N/A Pathological 

rs1064377 60939747 CPSF7 G/C 0 0 0 0 A/P 351 27 benign 1.452 Pathological 

rs11230707 61010417 C11orf66 C/A 0.142 0 0 0 T/N 238 65 PO D  1.536  

rs12787061 61013931 C11orf66 G/C 0.008 0.018 0 0 S/T 382 58 benign 0.335  
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a For the two SNPs in bold, genotype data for the HGDP panel are also available 

b SNP positions are based on NCBI build 36 

c Observed alleles are indicated as ancestral/derived 

d Mean chemical distance for the corresponding amino acid pair 

e PR D, probably damaging; PO D, possibly damaging.  

f Ratio of the likelihood of a given amino acid occurring at a particular position to the likelihood of this amino acid occurring at any position 

g Phenotypic effect of nonsynonymous coding SNPs as predicted by selective pressures estimated at the codon level. Pathological effects imply residues with ω < 0.1. 
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Legends to Figures 

 

Figure 1: Summary of signatures of selection in the VPS37C region. Depicted on top 

is the gene track along 2 Mb centered on VPS37C (highlighted in yellow) and below 

is a summary of the results of the different types of analyses in this region (VPS37C is 

delimited by the vertical bars in each plot). a and b, Proportion of SNPs with MAF < 

0.10 and DAF > 0.80, respectively, within 100 kb sliding windows separated by 20 kb 

steps in East Asian populations. Solid dots represent values above the 95th percentile 

for each population, whereas open dots are values below the 95th percentile. c, FST 

values between all 39 populations for each SNP over the region. Solid dots represent 

the top 5% values of the overall FST distribution obtained across all analyzed regions. 

d and e, -log p-values of the XP-Rsb statistic for the seven continental regions and the 

six populations within EASIA, respectively. Horizontal dashed lines indicate 

statistical significance at the 0.05 level. Solid dots represent the lowest 5% p-values of 

the genome-wide Rsb distribution within each population (see methods for details). 

 

Figure 2: Distribution of REHH against frequency for populations within six of the 

main geographical regions studied. Core haplotypes within ±100 kb of the candidate 

genes (black dots) are plotted over the background distribution of cores from the 

eleven full 2 Mb regions (gray dots) analyzed. REHH is shown at a distance of about 

0.3 cM for all populations. Dashed lines indicate 0.95, 0.99 and 0.999 percentiles of 

REHH considering all cores. Cores that remained significant after multiple test 

correction (q < 0.05) are indicated with a black open diamond. 

 

Figure 3: Bifurcation plots and EHH decay over physical distance for the two main 

haplotypes observed at the significant 3-SNP core of the VPS37C genomic region in 

MENA. On top, boxes represent genes, vertical gray lines are SNPs, vertical blue 

lines denote those constituting the core and vertical red lines indicate non-

synonymous SNPs. Underlined SNPs represent other cores within the region. Gene 
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symbols are shown (from right to left) for the gene containing the core, the gene of 

interest in the region and the gene with the putatively selected variant in the region. 

 

Figure 4: Worldwide frequency distribution of non-unique haplotypes based on 54 

SNPs in the VPS37C region. Light blue segments represent the putatively selected 

haplotype whereas other haplotypes are indicated in other colours. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Introduction 

 

FOXI1 is a family member of the forkhead-box (FOX) transcription factors 

which are characterized by the FOX domain, a ~100 amino acid monomeric DNA-

binding domain (Katoh and Katoh 2004). This forkhead motif is also known as the 

winged helix due to the butterfly-like appearance of the loops in the protein structure 

of the domain (Lehmann et al. 2003). Different mutations in the human FOXI1 gene 

and in its regulatory binding site on SLC26A4 (also known as pendrin) have been 

shown to compromise the transcription of this anion transporter gene on patients with 

Pendred Syndrome and nonsyndromic enlargement of the vestibular aqueduct (Yang 

et al. 2007). Similarly, Foxi1 null mutant mice had previously been found to lack the 

chloride/bicarbonate transporter pendrin leading to deafness and expansion of the 

endolimphatic compartment in inner ear (Hulander et al. 2003). Foxi1 has also been 

recognised as a key factor necessary for correct patterning of distal nephron 

epithelium and for adequate acid-base homeostasis in the kidney causing distal renal 

tubular acidosis in Foxi1-/- mice (Blomqvist et al. 2004). The Slc4a9 promoter 

encoding for the anion exchanger 4 (AE4), which is expressed in type B intercalated 

cells within the renal collecting duct epithelium, was also identified as a direct target 

of Foxi1 (Kurth et al. 2006). Moreover, Foxi1 has been reported to be a crucial 

activator of the B1-subunit of the vacuolar H+ -ATPase proton pump (ATP6V1B1) as 

well as for pendrin (encoded by SLC26A4) and carbonic anhydrase II expression in 

the epididymal cells, which are required for a correct mice sperm maturation 

(Blomqvist et al. 2006). Overall, these findings led to the hypothesis that mutations in 

the human FOXI1 gene might prove to cause a sensorineural deafness syndrome with 

distal renal tubular acidosis and male infertility (Blomqvist et al. 2006). Recently, the 

role of Foxi1 has been extended as a master regulator of the expression of vacuolar 

H+-ATPase proton pump subunits A1, B1, E2 and a4 at three different specific 

locations in mouse: FORE cells in endolympahtic epithelium, intercalated cells in the 

kidney and narrow and clear cells of epididymis (Vidarsson et al. 2009).  

Thus, FOXI1 seems to be involved in the correct function of at least three 

different organs: inner ear, testis, and kidney. All three escenarios offer a possibility 

for natural selection. Using orthologous gene trios in humans, chimpanzee and mouse, 
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FOXI1 was suggested as example of gene involved in hearing that appeared to be 

under human-specific selection (Clark et al. 2003). However, the availability of 

additional FOXI1orthologous sequences from a variety of species including other 

primates permits the revision of such an initial finding. Genes involved in sensory 

perception have long been recognised to show accelerated evolution and/or being 

under positive selection on the human lineage (Clark et al. 2003; Arbiza, Dopazo, and 

Dopazo 2006) whereas reproduction was only revealed as biological function showing 

an excess of positively selected genes when considering together the genomes of 

humans and chimpanzees (Nielsen et al. 2005). Within humans, adaptation to 

different climates may have entailed adapting kidney function to different dehydration 

levels. For instance, a thrifty genotype in water retention has been suggested to have 

been selected in the grueling trans-Atlantic voyage of the slave ships, resulting in a 

higher prevalence of hypertension in African-Americans (Wilson and Grim 1991). 

Moreover, variants influencing salt homeostasis in the CYP3A5 and AGT loci have 

been shown to be targets of a selective pressure varying in intensity in correlation 

with latitude (Thompson et al. 2004). It is tempting to especulate, therefore, that 

FOX1I may have been the target of local adaptation in humans. In order to test that 

hypothesis, we evaluated the patterns of nucleotide variation and looked for signals of 

positive natural selection in the human FOXI1 gene by resequencing 20 Europeans, 

20 Asians and 20 Yorubans and by assaying SNP variation in the Human Genome 

Diversity Panel (HGDP-CEPH; (Cann et al. 2002)).  

 

Materials and Methods 

 

Population samples 

Sixty DNA population samples for resequencing were obtained from Coriell 

Cell Repositories (Camden, NJ, USA). These consisted of 20 Europeans (Utah 

residents with ancestry from Northern and Western Europe), 20 Asians (10 Japanese 

from Tokyo and 10 Chinese from Beijing) and 20 Yorubans (from Ibadan in Nigeria). 

Coriell Repositories numbers for these samples are as follows: European (NA06994, 

NA07000, NA07345, NA07357, NA11829, NA11830, NA11839, NA11840, 

NA11992, NA11993, NA12003, NA12004, NA12043, NA12044, NA12056, 
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NA12057, NA12750, NA12751, NA12812, NA12813), Han Chinese (NA18576, 

NA18577, NA18579, NA18582, NA18593, NA18623, NA18624, NA18632, 

NA18635, NA18636), Japanese (NA18940, NA18942, NA18943, NA18944, 

NA18948, NA18949, NA18951, NA18956, NA18970, NA18973), Yoruban 

(NA18501, NA18502, NA18507, NA18508, NA18855, NA18856, NA18861, 

NA18862, NA19127, NA19128, NA19137, NA19138, NA19171, NA19172, 

NA19203, NA19204, NA19206, NA19207, NA19209, NA19210).  

SNP genotypes were obtained for the Human Genome Diversity Panel 

(HGDP-CEPH), which contains 1,064 DNA samples from individuals representing 51 

populations globally distributed (Cann et al. 2002). In all statistical analyses atypical, 

duplicated individuals and deduced first-degree relatives have been removed by using 

the H971 subset recommended by Rosenberg (2006). In order to maximize sample 

sizes, genotyped samples were re-grouped into 39 populations based on geographic 

and ethnic criteria as in Gardner et al. (2006). For part of the analysis, populations 

were further grouped into seven geographical regions: Sub-Saharan Africa (SSAFR), 

Middle East-North Africa (MENA), Europe (EUR), Central-South Asia (CSASIA), 

East Asia (EASIA), Oceania (OCE) and America (AME). 

 

Resequencing of the FOXI1 gene 

Two overlapping fragments of 2100 bp and 2099 bp, respectively, covering 

the entire FOXI1 genomic sequence were amplified by use of the following primers: 

FO-F1 5’-GTCATTAGTGGGGACCTGAG-3’, FO-R1 5’-

GGCATGAGCATTAAGGAGTT-3’; FO-F2 5’-GCCAGGACTCAAGTCTGTCT-3’, 

FO-R2 5’-GCACCACATGTTTGTTTGTT-3’. PCRs were performed in a total 

volume of 25 μl, containing 0.2 mM dNTPs, 1.5 mM MgCl2, 0.5 μM of each primer, 

1X buffer, 0.05 U Taq polymerase (Ecogen), and 10 ng genomic DNA. PCR 

conditions were as follows: 3 min at 94ºC, 30 cycles of 94ºC for 30 secs , 55ºC for 30 

secs and 72ºC for 3 min; and a final step of extension of 5 min at 72ºC. PCR products 

were purified by use of the MultiScreen PCRµ96 chemistry (Millipore) according to 

the manufacturer’s protocol. Amplified PCR products were sequenced using the Big 

Dye Terminator chemistry ver.3.1 (Applied Biosystems) and the following 

sequencing primers: FO-S1F 5’-CAACCCCTACCTCTGGTTC -3’, FO-S2R 5’-
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AGAGCCGAGTAGGAATAGGG-3’, FO-S3F 5’-GTCCCCAAGGAAGACTCAC-

3’, FO-S4F 5’-TTGGTGAATGAATGACTGGA-3’, FO-S5F 5’-

CTCAAAGGAACCCCAACTC-3, FO-S6F 5’-GAGTCCCAGAGTTTTCCTGA-3’, 

FO-S7F 5’-TTTACCCCCTTTCACTTTTG-3’, FO-S8F 5’-

TGACCTTCAACTCCTTCTCC-3’, FO-S9F 5’-CAGAGCAGCACTAACAGTGG-3’ 

and FO-S10F 5’-GCTACCACTCAAGGAAGGAA-3’. Extension products were 

purified by use of the Montage SEQ96 Cleanup kit (Millipore) and run on an ABI 

3730 XL sequencer. Sequence analysis and contig assembly for each sample were 

performed with the Seqman module within the DNASTAR Lasergene software ver. 

7.1.0 and visually inspected at least twice. All polymorphic sites were checked 

manually and heterozygote positions were confirmed by reamplifying and 

resequencing the SNP site from the same or opposite strand. 

 

SNP genotyping data 

We genotyped a total of 21 SNPs covering 400 kb centered on the FOXI1 gene 

region. SNPs were selected every 5-10 kb within the gene and up to around 30 kb in 

both 5’ and 3’ end flanking regions; from this point, an extra SNP was then added 

every 40 kb up to around 200 kb in both flanking regions. Preference was given to 

SNPs with a minor allele frequency (MAF) over 10%, which were compiled from 

HapMap (Release 7 May 2004) and dbSNP (Build 121 June 2004) databases. SNPs 

were typed using the SNPlex Genotyping System from Applied Biosystems within a 

larger set of SNPs covering additional genes as described elsewhere (Moreno-Estrada 

et al. 2008). Illumina HumanHap650K Beadchip genotypes on the HGDP-CEPH 

panel were downloaded from the Stanford Human Genome Center website. From this 

publicly available data we extracted a SNP genotype set centered on FOXI1 and 

extending up to 2 Mb (with a total of 693 SNPs), which was complemented by 15 of 

the previously obtained SNPs.  

 

Statistical analysis 
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In order to test for positive selection on the human lineage we initially applied  

the improved branch-site test 2 of positive selection (Zhang, Nielsen, and Yang 2005) 

in a phylogeny containing five mammal species. The human reference sequence for 

FOXI1 and its ortholog sequences in chimpanzee, mouse, rat and dog had been 

previously  extracted from Ensembl (Gene IDs ENSG00000168269, 

ENSPTRG00000017514, ENSMUSG00000047861, ENSRNOG00000006293, 

ENSCAFG00000016968) and aligned with ClustalW (Thompson, Higgins, and 

Gibson 1994). Calculations for the corresponding null and alternative hypotheses 

were performed using the codeml program implemented in the PAML package (Yang 

1997). Results for additional likelihood ratio tests of positive selection on the human 

lineage considering different multispecies alignments were obtained from the Human 

PAML browser (Nickel, Tefft, and Adams 2008). In that case, supplementary Table 1 

summarises the likelihood ratio test results for the branch test (Model H versus Model 

H null) and for the strict branch positive site test of positive selection (Model A 

versus Model A null). 

Arlequin (Schneider, 2000) was used to calculate FST values between the 39 

populations studied with a locus by locus Analysis of Molecular Variance (AMOVA) 

(Excoffier, Smouse, and Quattro 1992). Haplotypes were inferred from genotype 

sequencing data using the Bayesian statistical method in program PHASE 2.1 

(Stephens, Smith, and Donnelly 2001) using the default parameter set with 1,000 

iterations. Haplotype estimation from the 400 Kb and 2 Mb SNP genotype data sets 

was performed with FastPHASE (Scheet et al., 2008). The Network 4.5.0.1 software 

package (http://www.fluxus-engineering.com) was used to construct the minimum 

mutation network by means of the median-joining algorithm (Bandelt et al. 1995; 

Bandelt, Forster, and Rohl 1999). The ancestral states for the FOXI1 polymorphic 

positions were inferred from the previously aligned ortholog sequences in 

chimpanzee, mouse and rat but adding macaque (ENSMMUG00000014124) in the 

alignment. 

Nucleotide diversity statistics and analysis of population polymorphic sites 

were carried out with the FOXI1 resequencing data and the DnaSP software ver. 4.00 

(Rozas et al. 2003). Departures from neutrality were tested by means of the Tajima’s 

D, Fu and Li’s F, F*, D and D* and Fay and Wu’s H tests. In order to obtain realistic 

distributions for the statistics and thus evaluate evidence for natural selection, we 
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performed 10,000 coalescent simulations using Cosi version 1.1 (Schaffner et al. 

2005). As some demographic effects (such as population expansions) and positive 

selection have similar effects over genealogies (Charlesworth, Morgan, and 

Charlesworth 1993) those simulations include the ad-hoc human demographic 

calibration described in Schaffner et al. (2005) and provided with the Cosi source 

code. We have assumed an infinite-sites model, we have fixed S to the number of 

segregating sites found, and the length of simulated sequence has been set to 4007 bp 

(length of sequence analyzed). As for recombination, we have used the recombination 

rates estimated for the region (Myers et al. 2005). The critical value for each statistic 

has been obtained from the empirical distribution of the corresponding neutral model 

with a significance level of 0.05. For the whole human sample, DnaSP software ver. 

4.00 (Rozas et al. 2003) was used to produce coalescent neutral simulations with a 

constant population size. 

For every population we analyzed the distribution of the minor allele 

frequencies (MAF) and the derived allele frequencies (DAF) of the corresponding 

SNPs along 2 Mb centered on FOXI1. Ancestral alleles for the genotyped SNPs were 

those recovered from the chimpanzee and/or the macaque genome sequences 

(panTro2, Mar. 2006 assembly and rheMac2, Jan. 2006 assembly, respectively). The 

proportion of SNPs with allele frequencies higher or lower than a defined threshold 

(MAF < 0.10 for the MAF analysis and DAF > 0.80 for the DAF analysis) was 

calculated within sliding windows of 100 Kb in size every 20 Kb and plotted against 

distance. Thresholds were chosen to maximize sensitivity to selection as suggested by 

Walsh et al. (2006), and we required a minimum of 5 SNPs per window. Non-

polymorphic SNPs in the overall 39 populations were not considered in the threshold 

analyses of minor and derived allele frequencies. However, SNPs fixed in a 

population but polymorphic elsewhere were counted as having MAF < 0.10 and DAF 

> 0.80 when applicable. The definition of minor allele was specific for each 

population rather than global and uniform across populations.  

Unusual long range haplotypes along the 2 Mb region centered on FOXI1 

were explored by applying two complementary EHH-based approaches especially 

designed to detect both intermediate and fixed (or nearly so) frequency selected 

variants. The Long Range Haplotype (LRH) test (Sabeti et al. 2002) was carried out 

using the SWEEP software package (version 1.1) defining cores as the longest non-
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overlapping core haplotypes with at least one SNP and not more than 20 SNPs. In 

order to obtain sufficient data for a background distribution of EHH values we 

performed the analysis of the FOXI1 region together with phased haplotype data for 

eleven 2 Mb regions studied elsewhere (Moreno-Estrada et al. submitted). For each 

identified core haplotype, we calculated the EHH and the relative EHH (REHH) at a 

0.04 and 0.02 marker breakdown from the core for each main continental region 

separately. Core haplotypes were placed in 5% frequency bins and the respective 

EHH and REHH values were log-transformed for each bin in order to obtain 

approximately normally distributed values. Empirical p values for the LRH test were 

obtained by using the mean and standard deviation of the empirical distribution of the 

respective scores in each continental region. To account for multiple testing, we 

estimated the false positive discovery rate (pFDR) (Storey and Tibshirani 2003) and 

calculated the q value for the scores within each frequency bin using the package q 

value (version 1.1) for R. The q value for a particular p value is defined as the 

expected proportion of false positives among all significant p values when calling that 

p value significant. We used a q value cutoff of 0.05 for assigning significance. In 

order to allow for multiple populational comparisons of EHH, we computed XP-Rsb 

for every SNP site and population versus all other HGDP-CEPH populations directly 

from genotype data as described in Moreno-Estrada et al. (submitted). In order to 

assess significance, we obtained a p-value for each population and each SNP site 

along the complete 2Mb FOXI1 region, which is basically the rank of its XP-Rsb 

value with respect that calculated for 642,690 genome-wide distributed SNPs 

generated elsewhere in the same panel (Li et al. 2008). We then log transformed the 

p-values and plotted them against position, searching for clusters of significant values 

inside or around the FOXI1 gene.  

 

Results 

 

FOXI1 divergence patterns 

The recent increase of new sequenced genomes available lead us to reavaluate 

the initial evidence of nonneutral evolution on FOXI1 in the human lineage when 
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using three-species sequence alignments (Clark et al. 2003). When considering a 

phylogeny of five mamals, the improved branch-site test 2 of positive selection 

(Zhang, Nielsen, and Yang 2005) rejected the hypothesis of  positive selection at a 

subset of sites in the human branch (p=0.7039). We also investigated the patterns of 

FOXI1 protein evolution from several multiple sequence alignments, including 

additional non-human primates besides chimpanzee, using two maximum likelihood 

methods (see Materials and Methods) to especifically test for: (i) a dN/dS ratio on the 

human branch significantly different from 1, and (ii) codon sites with a dN/dS ratio 

significantly different from 1 in the human lineage. In none of the comparisons 

FOXI1 presented overall significantly accelerated amino acid substitution rates or 

particular codon sites undergoing positive selection in humans (Supplementary Table 

1). 

 

Patterns of FOXI1 sequence variation 

Polymorphic variation at the FOXI1 gene was investigated by sequencing 

4,007 bp, encompassing its two exons, most of its untranslated regions, and its 

corresponding intronic region, in 20 Yorubans, 20 Asians and 20 Europeans. We 

found 22 sequence variations: 21 substitutions and one deletion/insertion 

polymorphism (Table 1 and Figure 1). Among them, six were singletons: one specific 

of Yorubas, three specific of Europeans and two specific of Asians. One of the Asian-

specific singletons implied the only non-synonymous substitution observed 

(rs3828625), an Asn to Ser replacement at amino acid position 362 for isoform a (or 

amino acid position 267 for isoform b). The remaining five polymorphims lying in the 

exons implied all synonymous changes. Seventeen of the 22 sequence variations 

detected here have been already reported in dbSNP build 129. Excluding singleton 

variants, we identified a total of 15 haplotypes (Table 2). Half of the analysed 

chromosomes belonged to either Ht-01 or Ht-04, found in all the populations studied. 

We find three specific haplotypes for Africans, three for Europeans but no haplotype 

was specific of Asians. In order to visualize the phylogenetic relationships among the 

identified haplotypes we constructed a median-joining network considering a putative 

human ancestral haplotype estimated from chimpanzee data (Supplementary Figure 

1). The reticulated pattern observed in the network points to the action of recurrent 
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mutation or recombination. However, given that often more than one nucleotide 

position is involved, the latter seems more likely as a mechanism for producing new 

sequence variation. 

 Summary statistics of genetic diversity and neutrality tests for FOXI1 are 

reported in Table 3. The three studied populations showed similar levels of nucleotide 

diversity, which are slightly higher than the average obtained for the 322 resequenced 

genes included in SeatleSNPs database (with an average π value of 9.02 × 10-4 in the 

African-American sample and of 6.85 × 10-4 in the European CEPH population). 

Notably, the Yoruban population showed similar numbers of segregating sites, of total 

number of different haplotypes as well as similar values of nucleotide and haplotype 

diversity values than the European sample. In order to investigate the possible genetic 

footprint of selection we performed several neutrality tests on each of these three 

populations and on the whole human sample (Table 3). Significance was estimated by 

means of coalescent simulations under each inferred past demography (Schaffner et 

al. 2005) or in the case of the whole human sample by considering constant 

population size. None of the neutrality statistics displayed significant departures from 

neutrality (P<0.05) in any case. 

 

Patterns of SNP variation in FOXI1 

 We also explored the pattern of SNP variation along a 2 Mb genomic region 

centered on FOXI1 in 39 worldwide human populations covering most of the human 

genetic diversity. In particular, we examined for an excess of low frequency variants, 

for the presence of high frequency derived alleles, as well as for unusual long range 

haplotypes. These possible signatures of natural selection persist in the human 

genome at varying time scales, and, therefore, provide different overlapping windows 

in our evolutionary history where to explore adaptation (Sabeti et al. 2006). For each 

population within each of the seven main geographical regions, we plotted separately 

within multiple 100 Kb slidding windows along the 2 Mb region centered on FOXI1: 

(i) the proportion of SNPs with MAF < 0.10 (Supplementary Figure S2) and (ii) the 

proportion of SNPs with DAF > 0.80 (Supplementary Figure S3). In both analyses, no 

particular pattern emerged around or surrounding the FOXI1 gene in any of the 
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populations studied. In order to search for unusual long haplotypes we applied the 

XP-Rsb statistic (Moreno-Estrada et al. (submitted) and the long range haplotype test 

(LRH test, (Sabeti et al. 2002)). Whereas XP-Rsb compares for each particular SNP 

site the integrated Extended Haplotype Homozigosity (EHH) in a population to that 

averaged across multiple populations, the LRH test looks for core haplotypes that 

have a combination of high population frequency and high EHH in relation to other 

core haplotypes in the same population. The genome-wide significance of XP-Rsb at 

every SNP site and population across each main geographical region analysed was 

plotted against distance along the 2 Mb region centered in FOXI1 (Figure 2). 

Interestingly, several significant windows are detected along the FOXI1 gene position 

in the case of the Yoruba (p< 0.01) and Mandeka (p< 0.05) African populations. 

Similarly, up to five different core haplotypes close to FOXI1 clearly stand out with 

relatively high frequencies (> 0.50) and significant REHH values in the Yoruba 

population (see Table 4) when compared to additional eleven 2 Mb regions analyzed 

elsewhere (see Materials and Methods). The EHH breakdown for the most extreme 

significant core haplotype near FOXI1 can be seen in Figure 3. The signal is detected 

at both 0.02 and 0.04 marker breakdown from the core and is only observed in one 

direction, coinciding towards FOXI1 position. An additional picture of the unusual 

EHH breakdown around FOXI1 in Yorubans is presented in Supplementary Figure 4. 

 We next explored which may have been the functional variation under the 

recent selection signal detected in Africa by both EHH based methods. To that effect, 

we first explored in HapMap (Frazer et al. 2007) the Linkage Disequilibrium (LD) 

pattern around FOXI1 in the Yoruban population and found an LD block containing 

FOXI1 in a region of ~70 Kb between two hotspots of recombination. As shown in 

Figure 5, a similar LD block structure is detected in the Yoruban population of the 

HGDP-CEPH panel. Next, we screened all known SNP variation for a putative 

functional effect using PupaSuite (Conde et al. 2006; Reumers et al. 2008) around 

~140 Kb containing such block. Out of 646 we detected 19 SNPs as functionally 

relevant polymorphisms (Supplementary Table 2). Since we have found that the 

footprint of natural selection seems to be evident in Africans, we can narrow down 

that candidate list by considering first the functional SNPs with the largest allele 

frequency difference between Africans and non-Africans. In four cases allele 

frequencies seem to be significantly different between Africans and non-Africans. All 
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of them are putativaly functional SNPs affecting exonic splicing enhancers either for 

the DOCK2 gene (rs6555882 and rs1045176) or for the FOXI1 gene (rs2277944 and 

rs6873124). While rs2277944 and rs6873124 are less than 3.6 Kb from the haplotype 

block previously described in Africa and rs1045176 displays some linkage 

disequilibrium with it, rs6555882 maps further away. Therefore, rs2277944, 

rs6873124 and rs1045176 (or unknown functional variants in linkage diusequilibrium 

with them) are the best candidates to represent the functional variation at the base of 

this selection event.  

 Finally, in order to explore a possible connection between climate and FOXI1 

we checked for correlation between allele frequencies and absolute latitude for the 

SNPs in the significant core haplotypes and in rs2277944 (worldwide allele frequency 

distributions were not available for the rest of the suggested candidate functional 

SNPs). All core haplotypes contained at least one SNP with significant correlation 

with absolute latitude (p<0.05); rs2277944 was also significantly correlated with 

latitude (p<0.01). The most significant correlation (Pearson’s r = -0.536, p<0.01 after 

Bonferroni correction) was for allele A at rs7736379 in core ACCC (see table 4), 

implying that its frequency decreases towards higher latitudes (Supplementary Figure 

S5).  

 

Discussion 

 

FOXI1 is involved in ear, testis, and kidney. Genes involved in fertility and/or 

sensory perception may have been driven by accelerated evolution in humans, but, 

contrary to Clark et al. (2003), we do not find such acceleration on the FOXI1 gene. It 

is recognised that acuracy and power of likelihood ratio tests for detecting positive 

selection improve with the number of species used on such approaches (Anisimova, 

Bielawski, and Yang 2001). In accordance with that, we used the Human PAML 

browser (Nickel, Tefft, and Adams 2008) in order to perform both branch and branch 

sites tests of positive selection on multiple species comparisons containing several 

mammals and additional primates to human and chimpanzee. None of the tests 

performed indicated positive selection for the FOXI1 gene in the human lineage. 



RESULTS 

  159

Variation in the FOXI1 gene sequence was compatible with neutral evolution 

in samples of Africans, East Asians and Europeans. However, patterns of extended 

linkage disequilibrium in the FOXI1 gene region suggested positive selection in the 

African samples of the HGDP-CEPH diversity panel (Cann et al. 2002). The core 

haplotypes contained SNPs with allele frequencies that correlated negatively with 

latitude, suggesting a role for climate in the adaptation mediated by FOXI1. Patterns 

of linkage disequilibrium are suggested to pinpoint recent selective events, while the 

accumulation of variation by mutation requires some time before sequence-based 

neutrality statistics become significant (Ramirez-Soriano et al. 2008). The finding of 

no significant deviation from neutral evolution with statistics such as Tajima’s D, or 

Fay and Wu’s H has been previously recognized to be consistent with the low power 

of these traditional tests to detect recent selective sweeps as for example in the case of 

the G6PD locus (Sabeti et al. 2002). Therefore, our results suggest that climate may 

have driven selection on FOXI1. Of the diverse functions of  these gene, those related 

to the kidney seem to be the most logical candidates to climate adaptation through 

water homeostasis and prevention of dehydratation. If that were the case, FOXI1 

would join the ranks of the growing number of known genes that allowed adaptation 

of humans to the diversity of climates we encountered during our past expansion such 

as FABP2, RAPTOR and SLC24A5 (Hancock et al. 2008). Our evolutionary approach 

has pointed directions for functional analyses to test how genetic variation in the 

FOXI1 gene region can result on phenotypic differences among human populations 

probably in relation to water homeostasis. 

 

Acknowledgements 

 

We specially thank M Vallès, R Anglada, and S Plaza for their technical 

advise and support. This research was funded by grant BFU2005-00243 awarded by 

Dirección General de Investigación, Ministerio de Educación y Ciencia (Spain), by 

grant BFU2008-01046 awarded by Subdirección General de Proyectos de 

Investigación, Ministerio de Ciencia e Innovación (Spain), and by the Direcció 

General de Recerca , Generalitat de Catalunya (2005SGR00608). A Moreno-Estrada 

is supported by a CONACYT fellowship from the Mexican government (grant 



RESULTS 

 160

179339). SNP genotyping services were provided by the Spanish “Centro Nacional de 

Genotipado” (www.cegen.org). 

 

References 

 

Anisimova, M., J. P. Bielawski, and Z. Yang. 2001. Accuracy and power of the 
likelihood ratio test in detecting adaptive molecular evolution. Mol Biol Evol 
18:1585-1592. 

Arbiza, L., J. Dopazo, and H. Dopazo. 2006. Positive selection, relaxation, and 
acceleration in the evolution of the human and chimp genome. PLoS Comput 
Biol 2:e38. 

Bandelt, H. J., P. Forster, and A. Rohl. 1999. Median-joining networks for inferring 
intraspecific phylogenies. Mol Biol Evol 16:37-48. 

Bandelt, H. J., P. Forster, B. C. Sykes, and M. B. Richards. 1995. Mitochondrial 
portraits of human populations using median networks. Genetics 141:743-753. 

Blomqvist, S. R., H. Vidarsson, S. Fitzgerald, B. R. Johansson, A. Ollerstam, R. 
Brown, A. E. Persson, G. G. Bergstrom, and S. Enerback. 2004. Distal renal 
tubular acidosis in mice that lack the forkhead transcription factor Foxi1. J 
Clin Invest 113:1560-1570. 

Blomqvist, S. R., H. Vidarsson, O. Soder, and S. Enerback. 2006. Epididymal 
expression of the forkhead transcription factor Foxi1 is required for male 
fertility. Embo J 25:4131-4141. 

Cann, H. M., C. de Toma, L. Cazes, M. F. Legrand, V. Morel, L. Piouffre, J. Bodmer, 
W. F. Bodmer, B. Bonne-Tamir, A. Cambon-Thomsen, Z. Chen, J. Chu, C. 
Carcassi, L. Contu, R. Du, L. Excoffier, G. B. Ferrara, J. S. Friedlaender, H. 
Groot, D. Gurwitz, T. Jenkins, R. J. Herrera, X. Huang, J. Kidd, K. K. Kidd, 
A. Langaney, A. A. Lin, S. Q. Mehdi, P. Parham, A. Piazza, M. P. Pistillo, Y. 
Qian, Q. Shu, J. Xu, S. Zhu, J. L. Weber, H. T. Greely, M. W. Feldman, G. 
Thomas, J. Dausset, and L. L. Cavalli-Sforza. 2002. A human genome 
diversity cell line panel. Science 296:261-262. 

Charlesworth, B., M. T. Morgan, and D. Charlesworth. 1993. The effect of deleterious 
mutations on neutral molecular variation. Genetics 134:1289-1303. 

Clark, A. G., S. Glanowski, R. Nielsen, P. D. Thomas, A. Kejariwal, M. A. Todd, D. 
M. Tanenbaum, D. Civello, F. Lu, B. Murphy, S. Ferriera, G. Wang, X. 
Zheng, T. J. White, J. J. Sninsky, M. D. Adams, and M. Cargill. 2003. 
Inferring nonneutral evolution from human-chimp-mouse orthologous gene 
trios. Science 302:1960-1963. 

Conde, L., J. M. Vaquerizas, H. Dopazo, L. Arbiza, J. Reumers, F. Rousseau, J. 
Schymkowitz, and J. Dopazo. 2006. PupaSuite: finding functional single 



RESULTS 

  161

nucleotide polymorphisms for large-scale genotyping purposes. Nucleic Acids 
Res 34:W621-625. 

Excoffier, L., P. E. Smouse, and J. M. Quattro. 1992. Analysis of molecular variance 
inferred from metric distances among DNA haplotypes: application to human 
mitochondrial DNA restriction data. Genetics 131:479-491. 

Frazer, K. A.D. G. BallingerD. R. CoxD. A. HindsL. L. StuveR. A. GibbsJ. W. 
BelmontA. BoudreauP. HardenbolS. M. LealS. PasternakD. A. WheelerT. D. 
WillisF. YuH. YangC. ZengY. GaoH. HuW. HuC. LiW. LinS. LiuH. PanX. 
TangJ. WangW. WangJ. YuB. ZhangQ. ZhangH. ZhaoH. ZhaoJ. ZhouS. B. 
GabrielR. BarryB. BlumenstielA. CamargoM. DefeliceM. FaggartM. 
GoyetteS. GuptaJ. MooreH. NguyenR. C. OnofrioM. ParkinJ. RoyE. StahlE. 
WinchesterL. ZiaugraD. AltshulerY. ShenZ. YaoW. HuangX. ChuY. HeL. 
JinY. LiuY. ShenW. SunH. WangY. WangY. WangX. XiongL. XuM. M. 
WayeS. K. TsuiH. XueJ. T. WongL. M. GalverJ. B. FanK. GundersonS. S. 
MurrayA. R. OliphantM. S. CheeA. MontpetitF. ChagnonV. FerrettiM. 
LeboeufJ. F. OlivierM. S. PhillipsS. RoumyC. SalleeA. VernerT. J. HudsonP. 
Y. KwokD. CaiD. C. KoboldtR. D. MillerL. PawlikowskaP. Taillon-MillerM. 
XiaoL. C. TsuiW. MakY. Q. SongP. K. TamY. NakamuraT. KawaguchiT. 
KitamotoT. MorizonoA. NagashimaY. OhnishiA. SekineT. TanakaT. 
TsunodaP. DeloukasC. P. BirdM. DelgadoE. T. DermitzakisR. GwilliamS. 
HuntJ. MorrisonD. PowellB. E. StrangerP. WhittakerD. R. BentleyM. J. 
DalyP. I. de BakkerJ. BarrettY. R. ChretienJ. MallerS. McCarrollN. 
PattersonI. Pe'erA. PriceS. PurcellD. J. RichterP. SabetiR. SaxenaS. F. 
SchaffnerP. C. ShamP. VarillyD. AltshulerL. D. SteinL. KrishnanA. V. 
SmithM. K. Tello-RuizG. A. ThorissonA. ChakravartiP. E. ChenD. J. CutlerC. 
S. KashukS. LinG. R. AbecasisW. GuanY. LiH. M. MunroZ. S. QinD. J. 
ThomasG. McVeanA. AutonL. BottoloN. CardinS. EyheramendyC. FreemanJ. 
MarchiniS. MyersC. SpencerM. StephensP. DonnellyL. R. CardonG. ClarkeD. 
M. EvansA. P. MorrisB. S. WeirT. TsunodaJ. C. MullikinS. T. SherryM. 
FeoloA. SkolH. ZhangC. ZengH. ZhaoI. MatsudaY. FukushimaD. R. MacerE. 
SudaC. N. RotimiC. A. AdebamowoI. AjayiT. AniagwuP. A. MarshallC. 
NkwodimmahC. D. RoyalM. F. LeppertM. DixonA. PeifferR. QiuA. KentK. 
KatoN. NiikawaI. F. AdewoleB. M. KnoppersM. W. FosterE. W. ClaytonJ. 
WatkinR. A. GibbsJ. W. BelmontD. MuznyL. NazarethE. SodergrenG. M. 
WeinstockD. A. WheelerI. YakubS. B. GabrielR. C. OnofrioD. J. RichterL. 
ZiaugraB. W. BirrenM. J. DalyD. AltshulerR. K. WilsonL. L. FultonJ. 
RogersJ. BurtonN. P. CarterC. M. CleeM. GriffithsM. C. JonesK. McLayR. 
W. PlumbM. T. RossS. K. SimsD. L. WilleyZ. ChenH. HanL. KangM. 
GodboutJ. C. WallenburgP. L'ArchevequeG. BellemareK. SaekiH. WangD. 
AnH. FuQ. LiZ. WangR. WangA. L. HoldenL. D. BrooksJ. E. McEwenM. S. 
GuyerV. O. WangJ. L. PetersonM. ShiJ. SpiegelL. M. SungL. F. ZachariaF. S. 
CollinsK. KennedyR. Jamieson, and J. Stewart. 2007. A second generation 
human haplotype map of over 3.1 million SNPs. Nature 449:851-861. 

Gardner, M., A. Gonzalez-Neira, O. Lao, F. Calafell, J. Bertranpetit, and D. Comas. 
2006. Extreme population differences across Neuregulin 1 gene, with 
implications for association studies. Mol Psychiatry 11:66-75. 



RESULTS 

 162

Hancock, A. M., D. B. Witonsky, A. S. Gordon, G. Eshel, J. K. Pritchard, G. Coop, 
and A. Di Rienzo. 2008. Adaptations to climate in candidate genes for 
common metabolic disorders. PLoS Genet 4:e32. 

Hulander, M., A. E. Kiernan, S. R. Blomqvist, P. Carlsson, E. J. Samuelsson, B. R. 
Johansson, K. P. Steel, and S. Enerback. 2003. Lack of pendrin expression 
leads to deafness and expansion of the endolymphatic compartment in inner 
ears of Foxi1 null mutant mice. Development 130:2013-2025. 

Katoh, M., and M. Katoh. 2004. Human FOX gene family (Review). Int J Oncol 
25:1495-1500. 

Kurth, I., M. Hentschke, S. Hentschke, U. Borgmeyer, A. Gal, and C. A. Hubner. 
2006. The forkhead transcription factor Foxi1 directly activates the AE4 
promoter. Biochem J 393:277-283. 

Lehmann, O. J., J. C. Sowden, P. Carlsson, T. Jordan, and S. S. Bhattacharya. 2003. 
Fox's in development and disease. Trends Genet 19:339-344. 

Li, J. Z., D. M. Absher, H. Tang, A. M. Southwick, A. M. Casto, S. Ramachandran, 
H. M. Cann, G. S. Barsh, M. Feldman, L. L. Cavalli-Sforza, and R. M. Myers. 
2008. Worldwide human relationships inferred from genome-wide patterns of 
variation. Science 319:1100-1104. 

Moreno-Estrada, A., F. Casals, A. Ramirez-Soriano, B. Oliva, F. Calafell, J. 
Bertranpetit, and E. Bosch. 2008. Signatures of selection in the human 
olfactory receptor OR5I1 gene. Mol Biol Evol 25:144-154. 

Myers, S., L. Bottolo, C. Freeman, G. McVean, and P. Donnelly. 2005. A fine-scale 
map of recombination rates and hotspots across the human genome. Science 
310:321-324. 

Nickel, G. C., D. Tefft, and M. D. Adams. 2008. Human PAML browser: a database 
of positive selection on human genes using phylogenetic methods. Nucleic 
Acids Res 36:D800-808. 

Nielsen, R., C. Bustamante, A. G. Clark, S. Glanowski, T. B. Sackton, M. J. Hubisz, 
A. Fledel-Alon, D. M. Tanenbaum, D. Civello, T. J. White, J. S. J, M. D. 
Adams, and M. Cargill. 2005. A scan for positively selected genes in the 
genomes of humans and chimpanzees. PLoS Biol 3:e170. 

Ramirez-Soriano, A., S. E. Ramos-Onsins, J. Rozas, F. Calafell, and A. Navarro. 
2008. Statistical power analysis of neutrality tests under demographic 
expansions, contractions and bottlenecks with recombination. Genetics 
179:555-567. 

Reumers, J., L. Conde, I. Medina, S. Maurer-Stroh, J. Van Durme, J. Dopazo, F. 
Rousseau, and J. Schymkowitz. 2008. Joint annotation of coding and non-
coding single nucleotide polymorphisms and mutations in the SNPeffect and 
PupaSuite databases. Nucleic Acids Res 36:D825-829. 

Rosenberg, N. A. 2006. Standardized subsets of the HGDP-CEPH Human Genome 
Diversity Cell Line Panel, accounting for atypical and duplicated samples and 
pairs of close relatives. Ann Hum Genet 70:841-847. 



RESULTS 

  163

Rozas, J., J. C. Sanchez-DelBarrio, X. Messeguer, and R. Rozas. 2003. DnaSP, DNA 
polymorphism analyses by the coalescent and other methods. Bioinformatics 
19:2496-2497. 

Sabeti, P. C., D. E. Reich, J. M. Higgins, H. Z. Levine, D. J. Richter, S. F. Schaffner, 
S. B. Gabriel, J. V. Platko, N. J. Patterson, G. J. McDonald, H. C. Ackerman, 
S. J. Campbell, D. Altshuler, R. Cooper, D. Kwiatkowski, R. Ward, and E. S. 
Lander. 2002. Detecting recent positive selection in the human genome from 
haplotype structure. Nature 419:832-837. 

Sabeti, P. C., S. F. Schaffner, B. Fry, J. Lohmueller, P. Varilly, O. Shamovsky, A. 
Palma, T. S. Mikkelsen, D. Altshuler, and E. S. Lander. 2006. Positive natural 
selection in the human lineage. Science 312:1614-1620. 

Schaffner, S. F., C. Foo, S. Gabriel, D. Reich, M. J. Daly, and D. Altshuler. 2005. 
Calibrating a coalescent simulation of human genome sequence variation. 
Genome Res 15:1576-1583. 

Stephens, M., N. J. Smith, and P. Donnelly. 2001. A new statistical method for 
haplotype reconstruction from population data. Am J Hum Genet 68:978-989. 

Storey, J. D., and R. Tibshirani. 2003. Statistical significance for genomewide studies. 
Proc Natl Acad Sci U S A 100:9440-9445. 

Thompson, E. E., H. Kuttab-Boulos, D. Witonsky, L. Yang, B. A. Roe, and A. Di 
Rienzo. 2004. CYP3A variation and the evolution of salt-sensitivity variants. 
Am J Hum Genet 75:1059-1069. 

Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994. CLUSTAL W: improving 
the sensitivity of progressive multiple sequence alignment through sequence 
weighting, position-specific gap penalties and weight matrix choice. Nucleic 
Acids Res 22:4673-4680. 

Vidarsson, H., R. Westergren, M. Heglind, S. R. Blomqvist, S. Breton, and S. 
Enerback. 2009. The forkhead transcription factor Foxi1 is a master regulator 
of vacuolar H-ATPase proton pump subunits in the inner ear, kidney and 
epididymis. PLoS ONE 4:e4471. 

Wilson, T. W., and C. E. Grim. 1991. Biohistory of slavery and blood pressure 
differences in blacks today. A hypothesis. Hypertension 17:I122-128. 

Yang, T., H. Vidarsson, S. Rodrigo-Blomqvist, S. S. Rosengren, S. Enerback, and R. 
J. Smith. 2007. Transcriptional control of SLC26A4 is involved in Pendred 
syndrome and nonsyndromic enlargement of vestibular aqueduct (DFNB4). 
Am J Hum Genet 80:1055-1063. 

Yang, Z. 1997. PAML: a program package for phylogenetic analysis by maximum 
likelihood. Comput Appl Biosci 13:555-556. 

Zhang, J., R. Nielsen, and Z. Yang. 2005. Evaluation of an improved branch-site 
likelihood method for detecting positive selection at the molecular level. Mol 
Biol Evol 22:2472-2479. 



RESULTS 

 164

Table 1. Summary of FOXI1 polymorphisms 

 

 

    Derived Allele Frequency  

Number Positiona Nucleotide 

change 

Ancestral 

allele 

Yoruban 

(2N=40)

European 

(2N=40) 

Asian 

(2N=40) 

FST 

1 169465818 A/G G 0.575 0.200 0.350 0.1227 

2 169466184 C/T T 0.225 0.275 0.425 0.0256 

3 169466367 C/G C 0.550 0.225 0.325 0.0921 

4 169466686 C/T T 0.050 0.000 0.250 0.1616 

5 169466751 A/G A 0.875 0.550 0.775 0.1131 

6 169466837 A/G A 0.875 0.550 0.775 0.1131 

7 169467111 A/G A 0.025 0.100 0.000 0.0424 

8 169467123 C/T T 0.225 0.275 0.425 0.0256 

9 169467572 A/G G 0.000 0.025 0.000 0.0000 

10 169468070 A/G G 0.050 0.000 0.000 0.0256 

11 169468100 C/T C 0.100 0.100 0.000 0.0283 

12 169468141 A/G A 0.000 0.000 0.025 0.0000 

13 169468312 A/C C 0.525 0.200 0.325 0.0909 

14 169468336 A/T A 0.050 0.075 0.025 -0.012 

15 169468524 C/G G 0.000 0.000 0.025 0.0000 

16 169468633 A/G G 0.850 0.900 1.000 0.0507 

17 169468728 A/G A 0.825 0.700 0.950 0.0815 

18 169468749 A/G A 0.000 0.025 0.000 0.0000 

19 169468769 A/T T 0.000 0.025 0.000 0.0000 

20 169469034 A/T T 0.025 0.000 0.000 0.0000 

21 169469117 C/T C 0.000 0.075 0.000 0.0513 

22 169469123 -/T - 0.525 0.200 0.325 0.0909 

  
a Positions are based on NCBI build 36.3 
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Table 2. Summary of human FOXI1 haplotypes 

 

    1  2 3 4 5  6  7  8  10  11 13 14 16 17 21 22        
Anc    G T C T A  A  A  T  G  C  C  A G A C  ‐  Europe Africa  Asia Total
 

Ht‐01 
 
A . G . G  G  .  .  .  .  A .  A G .  T  8  19  3  30 

Ht‐02    A . G C G  G  .  .  .  .  A .  A G .  T 
.

0  2  10 
1

12 
2Ht‐03    A C . .       .  A G    

A . G .   .      .  .  .  .    .         

G  G  .  C  . . . . 0  1     
Ht‐04    .  C . . G  G  .  C  .  .  .  .  A G .  .  10  8  16  34 
Ht‐05    .  C . . G  G  .  C  .  .  .  .  A .  .  .  1  0  0  1 
Ht‐06    .  . . . G  G  .  .  .  .  .  T  A G .  .  3  2  1  6 
Ht‐07    .  . . . .  .  .  .  .  .  .  .  A G .  .  7  1  7  15 
Ht‐08    .  . . . .  .  .  .  .  .  .  .  A .  .  .  6  1  2  9 
Ht‐09    .  . G . .  .  .  .  .  .  .  .  A .  .  .  1  0  0  1 
Ht‐10    .  . . . G  G  .  .  .  .  .  .  .  .  .  .  0  2  0  2 
Ht‐11    .  . . . .  .  .  .  .  T  .  .  .  .  .  .  0  1  0  1 
Ht‐12    .  . . . .  .  .  .  A  T  .  .  .  .  .  .  0  1  0  1 
Ht‐13    .  . . . .  .  G  .  .  T  .  .  .  .  .  .  1  1  0  2 
Ht‐14    .  . . . .  .  G 

  .
.  .  T  .  .  .  .  T 

.
.  3  0  0  3 

Ht‐15    G  G A T 0 1 0 1
 

Note: Each polymorphic variant is displayed below the corresponding ancestral position. Ancestral-like alleles are indicated with dots. 
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Table 3. Population sequence variation and neutrality test statistics for FOXI1 

 

Population 2Na Sb  πc  Kd H e  Tajima’s 

D 

Fu and 

Li’s D* 

Fu and Li’s 

D 

Fu and 

Li’s F* 

Fu and 

Li’s F 

Fu’s Fs  Fay and 

Wu’s H 

European  40  17  0.0012±0.0001 12 0.874±0.026 0.485  0.431  0.433  0.530  0.543  ‐0.421  1.600 

Asian  40  13  0.0010±0.0001 8  0.768±0.045 1.134  0.065  0.030  0.486  0.485  1.969  ‐1.923 

Yoruban  40  16  0.0011±0.0001 12 0.741±0.063 0.487  0.763  0.799  0.793  0.831  ‐0.664  ‐2.928 

All  120 22  0.0012±0.0001 19 0.837±0.019 0.360  ‐0.808  ‐0.863  ‐0.430  ‐0.458  ‐1.417  ‐0.410 

 
Note: All neutrality statistics were not significant at P < 0.05 (see methods) 
 
a Number of chromosomes 
b Number of segregating sites 
c Nucleotide diversity per base pairs 
d Total number of haplotypes 
e Haplotype diversity 
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Table 4. Core haplotypes with significant REHH values in Africa involving FOXI1 

  REHH Frequency  Distance (bp) a Distance (cM) b  Core haplotype  Genes in core region i P value  q value
 

H=0.02  19.58

 

0.528  80.443  0.056  ACCCc  DOCK2, FOXI1  0.8 × 10‐5 0.0038

H=0.04  16.93 0.528  61.086  0.026  ACCCd  DOCK2, FOXI1  0.3 × 10‐5 0.0016

  12.08 0.590  ‐64.129  ‐0.058  AGCe  FOXI1  0.6 × 10‐4 0.0213

  8.32  0.675  ‐41.241  ‐0.051  AGf  DOCK2, FOXI1  0.8 × 10‐4 0.0247

  10.42 0.528  55.531  0.028  Ag  DOCK2, FOXI1  0.8 × 10‐4 0.0191

  10.65 0.561  ‐54.967  ‐0.053  CTGh  DOCK2, FOXI1  1.2 × 10‐4 0.0215

 

a Physical distance (bp) from the core at which the signal has been captured. (–) indicates downstream direction. otherwise upstream 
b Genetic distance (cM) from the core at which the signal has been captured. (–) indicates downstream direction. otherwise upstream  
c rs7736379, rs6872596, rs4449553, rs17562083 

d rs7736379, rs6872596, rs4449553, rs17562083 

e rs7729440, rs2879278, rs11134616 

f rs4867919, rs11134612 

g rs1501644 
h rs7709558, rs12515896, rs6861611 
i Genes within ±100 kb around the core are considered 
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Legends to figures 

 

Figure 1. Genomic structure of the human FOXI1 gene and position of detected 

polymorphisms. The polymorphism indicated in bold type is coding nonsynonymous. 

The two transcript variants produced by alternative splicing and encoding different 

isoforms are shown. 

 

Figure 2. Distribution of populational –log p-values of XP-Rsb grouped across main 

geographical regions. The genome-wide significance of XP-Rsb at every SNP site and 

population is plotted against distance. Gray rectangles indicate the location of the 

gene of interest in each region. Dotted and dashed lines show 0.05 and 0.01 

significance levels respectively. Values above the latter are additionally represented 

with solid color circles while open circles indicate values below the 0.01 significance 

level. 

 

Figure 3. Decay of linkage disequilibrium around FOXI1 in Africa. (A). Genes and 

SNPs on the region. Boxes represent genes, vertical gray lines are SNPs, vertical blue 

lines denote those constituting the core and the vertical red line indicate a non-

synonymous SNP. Underlined SNPs represent other cores within the region. (B). 

Breakdown of EHH over physical distance. (C). Haplotype Bifurcation Plots. 

 

Figure 4. Pattern of linkage disequilibrium in the Yoruba population (CEPH-HGDP) 

around FOXI1 (positions 169,401,507 – 169,544,856 on chromosome 5, NCBI build 

36.3).  
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Figure 2. 
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Figure 3. 
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Figure 4. 
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The results presented in this thesis encompass three different but related studies aimed 

at detecting signatures of positive natural selection in human genes. First, a genome-

wide comparative study was performed to identify a subset of eleven genes with 

significant accelerated evolution in the human lineage for further investigation of 

intraspecific SNP variation. Second, two independent single candidate genes were 

evaluated using both SNP and resequencing data. Overall, combining publicly 

available and own generated data, nearly 6,000 SNP markers were analyzed in more 

than 1,000 human samples, and resequencing data for two candidate genes was 

analyzed in 99 additional individuals. Our main findings will be discussed following 

the initially envisaged goals of this work. 

 

On the Identification of Positively Selected Genes in the Human Lineage 
 

Selection on the human genome has been studied using comparative genomics and 

SNP variation in the lineage leading to modern humans. Comparisons of the human 

and chimpanzee genomes have been used to identify genes subjected to selection on 

the human lineage (Arbiza et al. 2006a; Bakewell et al. 2007; Bustamante et al. 2005; 

Clark et al. 2003; Nickel et al. 2008; Nielsen et al. 2005). Such comparative genomic 

approaches address genetic changes that have occurred during the 4–6 Myr since 

humans and chimpanzees shared a common ancestor. However, modern humans 

emerged in Africa less than 200 Kyr ago (Stringer and Andrews 1988) and only began 

to colonize other continents 50–80 Kyr ago. In connection with the African exodus, 

human populations have adapted to a range of different environmental conditions. To 

specifically target genes that have been subjected to selection in association with such 

more recent evolutionary events, genetic analyses based on intraspecific variation and 

population comparisons are needed. Following this approach, local selective sweeps 

have been studied at a genome-wide scale using a number of methods based on 

population differentiation (Akey et al. 2002; Barreiro et al. 2008; Myles et al. 2008; 

Weir et al. 2005), haplotype or LD structure (Sabeti et al. 2007; Tang et al. 2007; 

Voight et al. 2006; Wang et al. 2006), and nucleotide diversity patterns (Carlson et al. 

2005; Williamson et al. 2007). 
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The statistical tests used in each study are thus able to recover selective events from 

different time periods of human history and for different stages of the selective sweep. 

For instance, selection may have occurred in Africa after the split from the 

chimpanzee lineage and prior to the separation of the major population groups 

(Figure 39, human branch), or in any continent and time point after the exodus of 

non-African populations (Figure 39, African, European, and Asian branches). The 

relationship between genes possibly involved in each of these opposite time periods 

(i.e., early versus recent evolution), has been poorly investigated in previous studies. 

 

 

Figure 39: Different stages  in which selection could have acted during human evolution. 
Comparative  studies  are able  to detect  selective events occurring  in  the human branch 
(red arrow) since the split from the lineage leading to Chimpanzees; whereas intraspecific 
studies reveal more recent selective events that occurred associated with the evolution of 
major human population groups (green arrows). Genome scans for selection usually focus 
in only one of these two opposite time periods. 

 

In Chapter 1 we compared a genome-wide set of Human-Chimp-Mouse-Rat-Dog 

orthologous genes to address selection in the human lineage over the past 4–6 Myr, 

and interrogated a candidate subset for variation in worldwide human populations to 

address selective sweeps that occurred during the last ~250 Kyr of human evolution. 

To create such a subset, we have carefully chosen eleven candidate genes applying a 

strict quality control to the complete list of significant positively selected genes (see 

Materials and Methods for details). The full list contains 88 significant (p < 0.05) 

genes with evidence of selection in the human lineage (see Appendix 1), which we 

did not further investigate as a whole. However, given the availability of several 
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genome-wide scans based on similar phylogenetic analyses, it is worth to compare our 

results with such independent studies in order to check for consistency of both the 

complete list of significant genes and, especially, the subset of genotyped candidate 

genes. In Table 10 we show the pairwise overlap of genes between our results at these 

two levels and other three genome scans applying comparable methods in a varying 

number of species. The biggest overlap occurs between the two scans with the largest 

datasets, namely Nickel et al. (2008) and Bakewell et al. (2007), which share 32 

genes. Notably, when comparing our study (complete set) with Arbiza et al. (2006), 

which is the only one based on the same species, we observed greater overlap (i.e., 30 

genes), than with the other two scans (i.e., 16 and 18 genes, respectively). This means 

that ~35% of the genes detected in our study were also detected by an independent 

scan using the same phylogeny and similar branch-site models. Still, differences in the 

construction of multiple-species alignments and specific test parameters can account 

for important between-study discrepancies. When comparing the subset of eleven 

candidates of our study with Nickel et al. and Bakewell et al. studies (whose accuracy 

could be greater because they are based on closer related and/or larger number of 

species), we found seven overlapping genes in both cases and when doing so with 

Arbiza et al. the overlap stayed roughly the same (i.e., 8 genes). Moreover, these three 

pairwise comparisons captured a total of 10 different overlapping genes, so that all but 

one (OR5G1P) of our candidate genes are also detected either by Nickel et al. and/or 

Bakewell et al. and/or Arbiza et al. comparative studies. Overall, this means that we 

are actually studying variation in genes with confirmed evidence of positive selection 

on the human lineage. 

 
Table 10: Pairwise overlap of genes with evidence of positive selection in the human 
branch across comparative genome scans a 

Study Nickel et al. Bakewell et al. Arbiza et al. This study 
(all) 

This study 
(subset) 

Nickel et al. 242 b 32 17 16 7 
Bakewell et al.  143 c 19 18 7 
Arbiza et al.   107 d 30 8 
This study (all)    86 e 11 
This study (subset)     11 f 
a The number of significant genes identified in each study are shaded across the diagonal. 
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b Number of  entries with  available  gene  symbol out of 244  significant  genes  (p < 0.05; 
strict branchsite test implemented in PAML, namely Model A against Model Anull). 
c Number of  entries with  available  gene  symbol out of 154  significant  genes  (p < 0.05; 
strict branchsite test implemented in PAML). 
d Number of entries with available  gene  symbol out of 108  significant genes  (Test  II of 
strong positive selection or strict branchsite test implemented in PAML). 
e Number of entries with available gene symbol out of 88 significant genes (p < 0.05; strict 
branchsite test implemented in PAML). 
f Number of genes after quality control and  included  for  further analysis  in  the present 
study. 

 

Our results reveal that, for eleven positively selected genes in the human lineage, 

there is no additional evidence of selective sweeps occurring within the time scales up 

to which population signatures are able to persist (i.e., up to ~250 Kya). Although we 

did find clear signatures of a recent selective sweep in one of the candidate gene 

regions (i.e., VPS37C gene region), a deeper characterization for functional variation 

of the region revealed that the downstream immediate neighbor gene (i.e., CD5 gene) 

is more likely to be the target of selection. 

Our empirical approximation, although limited to a small number of genes, is in 

agreement with the little overlap, at a genome-wide scale, between the loci reported to 

be under positive selection within humans and those pinpointed in between-species 

comparisons. Table 11 summarizes the overlap in genes with signatures of positive 

selection between comparative and intraspecific studies as identified by some of the 

main genome-wide scans in humans with publicly available results. For example, as 

few as 13 out of 242 genes detected by Nickel et al. (2008) are also detected by any of 

the intraspecific genome scans analyzed. 

The rather small (3-5%) overlap between comparative and intraspecific studies can be 

explained by different situations. First, there is a large difference in the time 

perspective of the selective events being sought. Local adaptive selection that affects 

one or a few human populations may be quite distinct from the selective pressure that 

shaped modern humans from archaic forms of Homo. Many adaptations, such as those 

resulting from spatial and temporal variation in climate, exposure to pathogens and 

diet, may have been restricted to particular populations and are therefore likely to 

remain undetected by comparative genomic studies; and vice versa: the accelerated 

protein evolution of most of the genes implicated in defining our species may have 
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ended with the acquisition of human-specific genetic changes, well before the 

independent evolution of major human population groups. Second, false positive rates 

and low statistical power further decreases the probability of overlap. Third, most 

studies report only the most significant results (e.g., outliers in the 1% empirical 

distribution). Therefore, the results presented in Table 11 are probably a conservative 

estimate of overlap between studies. 

 

Table 11: Pairwise overlap of genes with evidence of positive selection in humans between 
comparative and intraspecific genomewide scans 

Signal Study Nickel et al. 
(n=242) 

Bakewell et al. 
(n=143) 

Arbiza et al. 
(n=107) 

This studya 
(n=86) 

This studyb 
(n=11) 

SFSk Carlson et al. 
(n=176)c 

2 2 2 0 0 

Williamson et al 
(n=164)d 

5 1 1 1 1 

LD Voight et al. 
(n=14)e 

0 0 0 0 0 

Tang et al. 
(n=290)f 

5 4 1 1 0 

Sabeti et al. 
(n=41)g 

0 0 0 0 0 

FST  Myles et al. 
(n=34)h 

0 0 0 0 0 

Barreiro et al. 
(n=59)i 

1 1 0 1 0 

 TOTALj 13 (5.4%) 8 (5.5%) 4 (3.7%) 3 (3.5%) 1  

a Referring to the complete set of significant genes identified in the present study  
b Referring to the subset of genes included in the population analysis of the present study  
c Number  of  genes within  the  59  Contiguous Regions  of Tajima’s D Reduction  (CRTRs) 
reported in the study 
d Number of genes within 100 Kb of the estimate of sweep position in the 101 regions with 
the strongest evidence of selection according to the study (CLR test; p < 0.00001) 
e  Limited  list  of  interesting  candidate  genes  (as proposed  by  the  authors  of  the  study) 
within the 12 regions showing some of the strongest iHS signals of the genome  
f  Number  of  positively  selected  genes  in  Chinese  and  Europeans  from  pairwise 
comparisons (CE, AC, AE) taking the results of the combined dataset (HapMap + Perlegen) 
of the study 
g Number of genes at or near SNPs that fulfill all three criteria of the study within the 22 
strongest candidate regions for selection combining the XPEHH, LRH, and iHS statistics  
h Number of genes involved in highly differentiated phenotypes between populations (i.e., 
pigmentation, skeletal development, and carbohydrate metabolism) that overlap with the 
candidate regions detected in the study 
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i Number of genes containing at least one nonsynonymous SNP or 5’UTR mutation with FST 
> 0.65 as reported in the study 
j Number of pairwise matches (usually due to different genes). In some cases a gene may have a 
match in more than one intraspecific scan (See Table 12). In order to keep the same level 
of analysis across studies, VPS37C was counted as positively selected. 
k Site Frequency Spectrum 

 

On the other hand, as demonstrated in Chapter 1 and discussed below, caution should 

be taken when interpreting overlapping results between comparative and intraspecific 

scans because, unlike the former, candidate genes proposed by statistical tests based 

on genome variation may not necessarily correspond to the actual target of selection. 

This is due to the broad area of the genome to which a significant signal of selection 

can be mapped to, thus making all local genes equally candidates for selection, unless 

further characterization of the region is performed. 

Nonetheless, the small overlapping fraction of the genome between these two 

approaches is worthy of further consideration for detailed studies like the one 

presented here. Table 12 lists the 19 overlapping genes of the genome showing 

evidence of selection in both comparative studies (as identified by the three 

aforementioned scans, plus the present study) and intraspecific studies (as identified 

by seven genome-wide scans capturing three different signals of recent positive 

selection). Most pairwise overlaps involved genes detected by Nickel et al. (2008), 

probably due to the larger dataset of this study (n = 242 genes), whereas, interestingly, 

only intraspecific genome scans with statistical power to detect complete or 

geographically restricted selective sweeps were involved in such overlaps (see Table 

11). Notable also is the fact that 15 out of 19 of the overlapping genes show 

signatures of recent positive selection in Asian populations, whereas only three are 

restricted to Europeans. Finally, five genes have been identified in both populations 

(see Table 12). 

As for the functional classification of these 19 overlapping genes, not surprisingly, 

immunity and defense, spermatogenesis, and DNA repair are some of the represented 

categories; but also detoxification and, notably, cation/ion transport appear on the list. 

The latter, which is essential for maintaining the homeostasis of the organism, is 

represented by three different genes, including well known cases of selection, such as 

the TRPV6 gene (Hughes et al. 2008). 
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Further studies aimed at dissecting the molecular signature identified around these 

genes will help to confirm whether they have been targeted by recent selection, thus 

shedding light on the possible selective pressures that have persisted over long time 

periods during human evolution. 

 

Table 12: Overlapping genes between comparative and intraspecific genome scans for 
selection 

Gene Comparative 
scan 

Intraspecific 
scan 

Populationa Biological functionb 

ABCC12 Nickel et al. Barreiro et al. Asians Extracellular transport; 
Detoxification 

KCNH7 Nickel et al. Carlson et al. Europeans Cell communication 
RANBP2 Nickel et al.; 

Bakewell et al. 
Carlson et al.; 
Tang et al. 

Asians Nuclear transport; Protein 
targeting 

AMPD3 Nickel et al.; 
Bakewell et al.; 
Arbiza et al. 

Tang et al. Asians Purine metabolism 

DNAH5 Nickel et al. Tang et al. Europeans; Asians Spermatogenesis and cell motility 
ITIH3 Nickel et al. Tang et al. Asians Proteolysis 
MSH4 Nickel et al. Tang et al. Asians DNA repair; Meiosis 
ANUBL1 Nickel et al. Williamson et al. Asians Proteolysis 
DTNA Nickel et al. Williamson et al. Europeans Neuromuscular synaptic 

transmission 
IL17E Nickel et al. Williamson et al. Asians Immunity and defense 
SLC9A9 Nickel et al. Williamson et al. Europeans; Asians Cation transport; Homeostasis 
SLC39A4 Bakewell et al. Barreiro et al. Europeans; Asians Ion transport 
TRPV6 Bakewell et al. Carlson et al.; 

Tang et al. 
Europeans; Asians Cation transport 

CLSTN2 Bakewell et al. Tang et al. Europeans Cell adhesion-mediated signaling 
KIAA0528 Arbiza et al. Carlson et al. Asians Biological process unclassified 
PHKB Arbiza et al. Carlson et al. Europeans; Asians Glycogen metabolism 
LIMCH1 This studyc Barreiro et al.  Biological process unclassified 
PPID This studyc Tang et al. Asians Immunity and defense; Protein 

folding 
VPS37C This studyd; 

Nickel et al.; 
Bakewell et al.; 
Arbiza et al. 

Williamson et al. Asians Immunity and defense 

a Continental ancestry of the population sample  in which selection has been detected by 
the corresponding intraspecific scan 

b Functional categories based on PANTHER biological processes 
c Referring to the complete set of significant genes identified in the present study  
d Referring to the subset of genes included in the population analysis of the present study 
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On the Localization of Signals in Candidate Regions for Positive 
Selection 
 

Since comparative studies based on protein-coding sequences assess the excess of 

function-altering mutations between species, they focus on the beneficial alleles 

themselves, thus eliminating ambiguity about the target of selection. Intraspecific 

studies, however, seek to detect selective sweeps that affect the patterns of variation 

around beneficial alleles, which may involve genome regions of different sizes. The 

size of the region affected by a sweep depends on the strength of positive selection 

and, thus, the speed at which the selected allele reached high frequency. That is, rapid 

sweeps affect large regions. If an allele confers a selective advantage of 1% 

(considered moderately strong selection), the modal size of the affected genomic 

region has been estimated to be roughly 600 Kb (Sabeti et al. 2006). Although such a 

large size facilitates signal detection, it also makes the subsequent task of identifying 

the causal variant more difficult. 

The challenge is to examine genetic variation through the candidate regions to 

identify the variants that are likely to have been the targets of selection. As stated 

above, candidate regions may span over large stretches of DNA, thus often containing 

multiple genes and hundreds or even thousands of common SNPs (e.g., MAF > 5%). 

To help highlight potential targets of selection, heuristic methods have been proposed 

to scrutinize such candidate regions by combining several signals of recent positive 

selection (Sabeti et al. 2007). 

The signature of recent positive selection with the shortest time scale (i.e., <30,000 

years) is given by long-range haplotypes, which may extend over considerable 

distances, within which many variants will share the EHH signal as they are all 

reciprocally linked to each other. Nonetheless other signatures may also overlap in the 

region not only adding support to the evidence of selection but also helping to dissect 

the possible target of selection. For instance, given that long-range haplotype tests are 

designed to identify young alleles (newly arisen), selected alleles detectable by EHH-

based methods are likely to be derived. Therefore, looking for high-frequency derived 

alleles enhances the possibility of localizing the signal of selection (see Figure 40). In 

addition, selected alleles are likely to be highly differentiated between populations, 
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because recent selection is probably a local environmental adaptation (Sabeti et al. 

2006), thus finding high FST values for alleles that are common in only the population 

under selection delimitates the search too. Finally, selected alleles must have 

biological effects, so the subset of SNPs in a candidate region sharing the 

aforementioned characteristics, should be functionally characterized, resulting in an 

even smaller subset of possible causal variants (see Figure 40). 

 

 

Figure 40: Localization of signals of selection  in a candidate region. Five polymorphisms 
rising  to  high  frequency  along  a  positively  selected  (red)  allele  are  shown  within  a 
candidate  region  characterized  by  extended  haplotypes,  highfrequency  derived  alleles 
and  geographically  restricted  alleles. Only  a  subset  SNPs  in  the  region will  share  these 
characteristics, and an even smaller subset will be functional (modified from (Sabeti et al. 
2007)). 

 

In Chapter 1 we analyzed eleven 2-Mb candidate regions with five different methods 

(i.e., MAF and DAF threshold analyses, FST statistic, LRH test, and XP-Rsb statistic) 

capturing four different signatures of recent positive selection (i.e., excess of rare and 

high-frequency derived alleles, population differentiation, and long-range haplotypes, 
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respectively). Our candidate regions, although centered on the gene of interest, often 

contained multiple genes in their vicinity. On average, they harbor 460 SNPs, most of 

which resulted to be common in most populations of the HGDP-CEPH Diversity 

Panel. However, populations from Oceania and the Americas showed a higher 

proportion of fixed alleles, which was due to extensive drift in the demographic 

history of these continents. The population richness of the HGDP-CEPH Diversity 

Panel allowed us to detect geographically restricted patterns of genomic variation 

across these candidate regions, thus leading to more detailed understandings of 

selective forces acting in different regions of the world. 

Our results highlighted one single candidate region (i.e., the VPS37C region) 

harboring several clear signatures of recent positive selection especially in Asian 

populations. The different signals were mostly concentrated within ± 0.5 Mb around 

the VPS37C locus, in which we found an extended haplotype spanning ~420 Kb at 

high frequencies (> 60%) in one population from Central-South Asia, most East Asian 

populations and some from the Americas. The highest frequency (75%) was found in 

Han Chinese and Japanese populations, followed by South Chinese, Northeast 

Chinese, Pima from Mexico, Karitiana from Brazil, and Colombian (70%). Notably, 

this long haplotype is completely absent in Sub-Saharan populations. 

Following the heuristic criteria described above we identified a C/T SNP (rs2229177) 

located in the last exon of the CD5 gene (< 5 Kb apart from VPS37C) that: i) is 

embedded within the extended haplotype in the derived (T) allele state ii) is 

particularly frequent in Asians while not elsewhere, that is, highly differentiated 

(global FST = 0.27 for a tagSNP available in the HGDP-CEPH panel), and iii) it codes 

for a A471V amino acid substitution that is likely to alter the protein structure and 

function of the CD5 receptor, which is clearly involved in the regulation of important 

immune responses. 

Our results also demonstrate how the location of the target of selection not necessarily 

corresponds to the physical positions with the highest test statistics. Williamson and 

colleagues (2007) reported VPS37C as the closest gene to their physical estimate of 

the position of the sweep according to a composite likelihood method specifically 

designed to locate recent selective sweeps in the human genome. Nonetheless, they 

also reported the CD5 gene as being 18 Kb apart from such estimate. The CLR test is 
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particularly sensitive to the detection of alleles that have already reached fixation. Our 

putatively selected SNP (rs2229177) is indeed fixed or nearly so in Chinese and 

Japanese HapMap samples, and several tagSNPs for rs2229177 are fixed too in most 

HGDP East Asian populations. In the latter, however, we observed that the complete 

range of fixed alleles in the vicinity goes from rs11820879 (located ~14 Kb 

downstream of rs2229177) up to rs12799829 (located ~80 Kb upstream of 

rs2229177). For selection tests such as the CLR test, the center of this window (which 

coincides with the location of the VPS37C gene) will show the highest local test 

statistic, thus explaining the apparent discrepancy between their estimate of sweep 

position and our candidate target of selection. This also reinforces the importance that 

should be given to physical ranges associated with reported estimates of the location 

of selective sweeps in the genome. On the other hand, Williamson et al. (2007) 

genome scan was performed using Perlegen data, thus interrogating only three human 

populations (i.e., African-American, European-American and Chinese). Their results, 

however, are in agreement with ours in the sense that the selective sweep observed in 

the VPS37C region was found to be restricted to the Chinese sample, although 

additional Asian or New World populations were not studied. 

Investigators from the same research group have recently applied an extension of the 

CLR test to analyze genotype data from the Population Reference Sample (POPRES) 

project (Nelson et al. 2008), which consists of 500K SNP arrays genotyped in more 

than 6,000 ethnically diverse samples, including a large collection of Mexican 

individuals from Guadalajara, Mexico. When looking at the CD5-VPS37C genome 

region, significant likelihood values comparable to those reported in Asians, were 

found in the Mexican sample (Wright et al. unpublished results). This could be in 

agreement with the fact that we also found the putatively selected long-range 

haplotype at high frequencies not only in Asian populations but also in some Native 

American populations, including a Pima population from Mexico. Nonetheless, the 

complexity of the genetic structure of admixed Mexican populations does not enable 

us to make such direct conclusions. According to a Principal Component Analysis 

(PCA) based on dense genome-wide SNP data from the POPRES samples, Mexican 

individuals show varying degrees of admixture between Europeans and a presumably 

(unsampled) population that likely corresponds to Native Americans (Nelson et al. 

2008). In a PCA including European, East Asian, and Mexican POPRES samples, as 
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well as HGDP Native American samples, Auton et al. (2009, In press), found that the 

least admixed Mexican individuals appear far away from East Asians, suggesting that 

there is substantial genetic differentiation between East Asian and Native American 

populations. This is not surprising since archeological and genetic evidence 

(Fagundes et al. 2008; Mulligan et al. 2004; Perego et al. 2009; Tamm et al. 2007and 

Sandoval et al. in review) suggests that human populations from East Asia reached the 

Americas between 15-20 Kya with little subsequent gene flow (until recent historical 

times). More importantly, such a long span of independent evolutionary history of the 

New World populations gives complete support to the possibility of finding local 

genetic adaptations imprinted in Native American genomes. Apart from very few 

exceptions, positive natural selection in Native American populations still remains 

largely unexplored. Although with the availability of next-generation sequencing and 

current genotyping technologies, large-scale genetic studies are beginning to pay 

attention on previously excluded regions of the world. 

Finally, further studies on the candidate region highlighted in this work will allow 

confirmation of both the signal and the target of selection. The former can be 

confirmed by resequencing the CD5 gene region in a number of human samples from 

geographically diverse populations and by applying the many available neutrality tests 

designed for DNA sequence data. The latter, as discussed below, is more challenging 

as structural and, if possible, experimental studies are needed to assess the functional 

impact of the candidate target of selection at the phenotypic level. 

 

On the Analysis from Candidate to Function 
 

Identifying candidate sites for positive selection is only one step in understanding the 

physiological basis of adaptation. Going beyond candidates requires a detailed 

analysis of molecular structure and an understanding of how changes in structure 

relate to changes in function. There are still relatively few examples in which 

molecular evolutionary changes have been linked to physiological adaptations in the 

organism. The identification of the sickle cell mutation in the HBB gene as having 

been the target of selection for malaria resistance represents one of the earliest 

successful dissections of adaptive evolution. Many years of investigation were 
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required to unravel the association with malaria and the biochemical properties of the 

sickle cell mutation (Allison 1954; Ingram 1959; Pauling et al. 1949). Even 

nowadays, it is not completely clear the exact mechanism by which the sickle state 

inhibits malaria infection. 

Positive selection at a specific locus can be dissected following two approaches: 

finding a DNA change with functional molecular consequence or finding an 

association to a phenotypic difference in the human population. The first approach 

requires good genetic annotation of the region, including both coding and regulatory 

regions, and can be enhanced by comparative genomic approaches. Accordingly, the 

functional changes might be found through comparisons between species, between 

populations, or between haplotypes. Such clues can be the basis of diverse means of 

biological experimentation. The second approach, then, usually depends on 

knowledge of the underlying biology of the region. If the selected variant is still 

polymorphic in humans, the associated phenotype might be measured in human 

populations (e.g., malaria resistance) or in cell lines (e.g., protein function or gene 

expression levels). If the selected variant has become species-specific, transgenic 

techniques can be used to produce somewhat “humanized” mice in which the human-

specific trait could be measured. Transgenic mouse lines can also be generated to 

display population-specific phenotypes, such as in the case of the EDAR gene variant 

that produces the typical East Asian hair morphology (Bryk et al. 2008; Mou et al. 

2008). 

 

Following the first approach, in Chapter 1 we presented evidence of a recent 

selective sweep occurring in the CD5 gene region and proposed the A471V amino 

acid substitution as having been the target of selection. The A471V substitution maps 

to the cytoplasmic region of the CD5 receptor, which although constituting the 

smallest part of the protein, it seems to be the functionally essential one  (Pena-Rossi 

et al. 1999). In consistency with this, we also found that the cytoplasmic region is 

highly conserved across species, as opposite to the highly variable regions 

corresponding to the extracellular domains of the protein (see Figure 41). 
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Figure 41: Degree of amino acid sequence conservation along  the CD5 receptor protein. 
Sequence logos are proportional to their frequency and the total height of all residues at 
each position is proportional to the conservation (alignment based on 10 sequences from 
six species (i.e., human, mouse, rat, rabbit, sheep, and bovin)). Two representative motifs 
are  shown: motif  2  (left)  corresponding  to  the  extracellular  domain, which  shows  low 
conservation  levels,  and motif  10  (right)  located  in  the  cytoplasmic  domain,  which  is 
highly  conserved  and  contains  the  A471V  substitution  (arrow).  The  immunoreceptor 
tyrosinebased inhibitory motif (ITIM) next to A471V is also shown (modified from Blocks 
Database v14.3, entry IPR003566). 

 

The CD5 molecule belongs to an expanding family of immune inhibitory receptors 

that share (in the cytoplasmic domain) a consensus amino acid sequence, the 

immunoreceptor tyrosine-based inhibitory motif (ITIM) (Ravetch and Lanier 2000). 

The conservation of ITIMs during evolution further evidences their functional 

relevance. As shown in Figure 41, the 6–amino acid ITIM sequence in the CD5 

molecule is located only two amino acids apart from the human-specific A471V 

substitution. An amino acid replacement in such a close location from a functionally 

relevant motif is likely to affect the structural conformation and, thus, the biological 

activity of the receptor. In fact, the functional effect of this particular SNP has been 

predicted as “possibly damaging” according to PolyPhen (Ramensky et al. 2002), and 

as “pathological” according to prediction methods based on selective pressures at a 

codon level (Arbiza et al. 2006b). A three-dimensional model of the CD5 protein 

structure with and without the aforementioned amino acid substitution would help to 

confirm these predictions. However, such reconstruction was not possible because 

currently available crystal structures of molecules that would serve as templates for 

the CD5 protein, exclude the most distant portion of the cytoplasmic domain, exactly 

where the A471V substitution is located. 
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Given the complexity of the immune system, it is even harder to associate the A471V 

replacement on CD5 to a particular phenotypic difference in human populations. We 

know that the derived V allele characterizes the extended haplotype segregating at 

high frequencies in Asia and the Americas; but it remains unknown whether this 

variant disrupts the inhibitory activity of the receptor or confers a new function, 

although the former seems more plausible. 

CD5 is a T-cell marker also expressed at various developmental and activation stages 

on human B-cells. It is a well established negative regulator of T-cell receptor (TCR) 

and B-cell receptor (BCR) signaling pathways. Using animal models, it has been 

demonstrated that increased expression of CD5 on either T-cells or B-cells protects 

against autoimmunity; as a consequence of an increase of the threshold needed for 

TCR or BCR-mediated activation following antigen recognition. This means that, 

while TCR and BCR receptors are responsible for responding against molecules that 

are alien to the organism, the CD5 receptor limits the extent of such response by 

inactivating the pathway when no longer required (see Figure 42). Autoimmune 

disorders, thus, may result from the disruption of inhibitory receptors (Dalloul 2009). 

In a review of the medical literature, however, we did not find any differential 

epidemiology for autoimmune diseases between Asians or Native Americans and 

populations from elsewhere. 

 

Figure 42: Inhibition of the Bcell antigen receptor (BCR) by the CD5 inhibitory receptor. 
CD5  inhibitory mechanism  is mediated by SHP1, which  is recruited  to  interact with  the 
ITIMs  and  ultimately  downregulate  the  BCR  signaling  pathway  (dotted  lines)  initially 
activated by antigen recognition (adapted from (Ravetch and Lanier 2000)). 
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Interestingly, although the physiological role of CD5 might be to control the 

generation of aberrant immune responses, the expansion of CD5+ lymphocytes may 

be deleterious under certain conditions. Particularly, in different types of cancer, CD5 

expression plays a role in the fate of tumor-specific T-cells, rendering lymphocytes 

tolerant and unable to recognize and eliminate malignant cells. This means that the 

downregulation of CD5 enhances the anti-tumoral potential of the immune system, 

thus providing a plausible explanation for the mechanism by which the silencing of 

CD5 could have been favored by selection. If this is the case, individuals carrying the 

silenced version of the receptor may not be protected against autoimmune diseases, 

but at the same time, they may be more prepared to kill malignant cells and survive 

cancer. This assumption also raises the possibility that positive selection in the CD5 

locus may be a type of balancing selection. 

In support to the aforementioned mechanism, it has been reported that chronic 

lymphocytic leukemia (CLL), a malignancy characterized by the accumulation of 

CD5+ B-cells (Goldin et al. 2004), is common in Europeans but uncommon in Asians 

and particularly rare in Chinese (Gale et al. 2000 and references therein). This 

different incidence is in agreement with the observed frequencies of the A471V-

containing extended haplotype across different populations, which is most frequent in 

Asia, particularly in Chinese and Japanese. Moreover, in a genome scan of 755 genes 

with relevance to cancer biology in 425 patients with CLL, Sellick and colleagues 

(2008) identified the A471V polymorphism in CD5 as a genetic variant determinant 

of survival. In particular, they reported that homozygosity for the ancestral A allele is 

associated with a poorer prognosis of the disease, supporting the possible protective 

role of the derived V allele against malignancies such as CLL. 

Given the speculative nature of these assumptions, experimental confirmation is 

required. One possibility would be to construct cell lines, or even transgenic animals, 

in which one could measure any differential immunological response between 

populations transfected with each of the A471V alleles. It is exciting to think that this 

locus may have spontaneously represented for nature an example of what we would 

call today a therapeutic target for the development of antineoplastic drugs. 
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Similarly, in Chapter 2 we presented evidence for positive selection acting on a 

human olfactory receptor (OR) gene, namely OR5I1, and proposed the F76S amino 

acid substitution as having been the target of selection. As in the former case, the 

F76S polymorphism is located in a highly conserved region of the protein, namely the 

second transmembrane domain (see Figure 43). For OR proteins, it is known that 

several amino acids in the various transmembrane helices form a ligand-binding 

pocket (Katada et al. 2005). Based on human-mouse comparisons, Man et al. (2004) 

predicted a number of particular sequence positions as binding site residues of OR 

proteins. Placing the F76S polymorphism of OR5I1 in Man’s structural homology 

model, we observed that it lies next to one of the predicted odorant binding sites (see 

Figure 43). Besides this observation, additional predictions of the functional effect of 

the F76S replacement included a large physicochemical Grantham distance (i.e., 155) 

(Grantham 1974), and a PolyPhen prediction of “possibly damaging”. 

 

 

Figure  43:  Schematic  diagrams  of  the OR  protein  structure.  Left:  degree  of  amino  acid 
conservation in the consensus sequence of ORs represented as a color spectrum, with blue 
being highly conserved and red highly variable (adapted from (Mombaerts 2004)) . Right: 
The predicted binding site residues (green shaded circles) proposed by Man et al. (2004) 
depicted  on  a  typical OR  sequence. Black  lines  represent  the  predicted  location  of  the 
cellular membrane. The residue corresponding to the F76S substitution is indicated in the 
second transmembrane domain (red arrow). 
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Unlike with CD5, in this case we were able to further evaluate the structural impact of 

the different amino acid replacements defining the main human forms of the OR5I1 

protein, by means of comparative protein modeling using the bovine rhodopsin crystal 

structure as template. The structural analysis allowed us to rule out all other amino 

acid replacements as candidates for destabilizing the protein structure, whereas F76S 

implied a significant structural change indeed, not only in the amino acid position 

itself but also in neighbor residues, thus modifying the spatial configuration and the 

interaction among the first and the second transmembrane domains. This observation 

led us to propose that F76S is the most plausible target of selection. 

As discussed in Chapter 2, we suggest the possibility that the amino acid 

replacement caused by the F76S polymorphism in OR5I1 could have led to the 

formation of a novel human-specific binding site; although the identification of the 

particular odorant being recognized, and the ultimately favored phenotype, remains, 

so far, unknown. 

The detection of chemicals in the external environment is essential for the survival of 

the individual and of the species. This ancient sense (known as chemosensation) 

enables animals to locate nutritious food and suitable mating partners, and to avoid 

being eaten by predators or eating toxic substances. Chemosensory systems (smell, 

taste) are distinguished from the other senses (vision, hearing, touch) by the 

qualitative heterogeneity of the stimuli: the chemical senses are responsible for 

detecting molecules of immense chemical variety. This task of broad chemical 

recognition requires a massive repertoire of receptors to match the diversity in 

chemical structures. Olfactory receptors represent indeed the largest gene family in 

mammalian genomes (Gilad et al. 2003b). More than 1,000 genes have been 

identified as part of the human olfactory subgenome, but few receptor–ligand 

interactions have been characterized. For air-breathing organisms such as humans, 

odorants must be sufficiently volatile to be detected by the nose. A large fraction of 

volatile chemicals have a discernable odor, placing the number of detectable 

chemicals in the range of hundreds of thousands. The number of odors that can be 

detected by the human nose is often quoted as 10,000 (Mombaerts 2004). Such a large 

number of possible ligands makes it extremely difficult to link a particular odorant 

with a newly arisen variant of an olfactory receptor. 
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Finally, in Chapter 3 we present evidence for possible African signatures of recent 

positive selection in the FOXI1 gene, and characterized ~140 Kb for functional 

variation. This resulted in the identification of 19 functionally relevant SNPs, out of 

which three are significantly differentiated between Africans and non-Africans, and 

were therefore proposed as the best candidates for underlying selection on this gene. 

The selected phenotype, however, can not be sought in a single scenario, because 

FOXI1, a transcription factor, has been implicated in the physiology of at least three 

different organs: inner ear, testis, and kidney (Vidarsson et al. 2009). Interestingly, 

FOXI1 has been reported to be required for male fertility, as epididymal sperm 

maturation seems to be FOXI1-dependent (Blomqvist et al. 2006). Most mammalian 

spermatozoa are not capable to move progressively or to fertilize an oocyte at the time 

when they leave testis. To acquire these abilities, they require a post-testicular 

maturation process that to a large extent takes place in epididymis. At the molecular 

level, such maturation depends on active proton (H+) secretion into the epididymal 

lumen, and FOXI1 acts as an important regulator of gene expression in the major 

proton secretory cells of epididymal epithelia. Since this regulatory mechanism 

involves the vacuolar H+ -ATPase proton pump, which is not exclusive of epididymal 

cells, FOXI1 activity is also essential in other tissues such as the endolymphatic 

epithelium of the inner ear, and the collecting ducts of the kidney. In the former, 

FORE cells secretes protons into endolymph, a process important for maintaining 

appropriate ionic composition which in turn is vital for conversion of acoustic sound 

waves into neuronal action potentials, a process critical for hearing (Hulander et al. 

2003). In the latter, intercalated cells of the kidney distal tubuli and collecting ducts 

depend on proton transport for maintaining proper systemic acid/base homeostasis 

(Karet et al. 1999). Not surprisingly, mutations in FOXI1 have been associated with 

human syndromes involving deafness, distal renal tubular acidosis and male infertility 

(Blomqvist et al. 2006). 

Genes that affect fertility and reproduction are expected to be subject to strong 

selection owing to their direct effects on fitness-related traits. This class of proteins is 

often reported as rapidly evolving by genome scans among and within species. 

Moreover, cases of differential fertility among human populations have been reported. 

Stefansson et al. (2005) showed that female carriers of a large inversion 
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polymorphism, which shows evidence of selection based on population differentiation 

and long-range haplotype structure, have higher fertility than noncarriers. However, 

for the particular case of FOXI1, our results pointed out that a number of core 

haplotypes with significant REHH in Africans are significantly correlated with 

latitude, suggesting that climate may have driven selection on this gene. In humans, 

adaptation to different climates may have entailed adapting kidney function to 

different dehydration levels, in which FOXI1 may have played a critical role trough 

its regulatory mechanism affecting water homeostasis. Given its multiple 

physiological implications, further evolutionary and functional studies on FOXI1 

variation are needed to assess whether the observed signatures of selection in African 

populations are indeed related to climate adaptation. 

 

Overall, the results presented in this thesis illustrate three particular cases of positive 

selection in the human genome, which involve different individual genes that, not 

casually belong to some of the most represented functional categories under positive 

selection in humans, namely immunity (CD5), olfaction (OR5I1) and homeostasis or 

reproduction (FOXI1). This is notable since the present work was not intended to 

focus in any previously defined biological function of the human body. 

 

Concluding Remarks 
 

From a genome-wide perspective, our results suggest that most of the genes 

implicated in selective events during early human evolution differ from those 

involved in recent human adaptations. Although probably affecting similar functional 

categories, the particular targeted phenotypes, and thus the genes underlying them, 

may have been different along the varying stages of human evolutionary history as a 

result of new encountered environments, pathogens and food resources as humans 

colonized the world. Such progressive differentiation of the human branch (as 

species) into thinner branches (populations) reinforces the idea of uniqueness at both 

levels, in which we, individuals, represent the tips of the tree of life. 
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From a candidate gene perspective, our results highlighted at least three different 

genomic regions in which, although no relation with earlier selective events in the 

human lineage was found, there is strong evidence for a selective sweep occurring 

within the past ~80,000 years of human evolution. These consist of three previously 

undissected cases of particular genes undergoing positive selection in the human 

genome. In one of them (i.e., OR5I1) the signal is shared among all human 

populations, thus likely occurring right before the dispersal of modern humans; 

whereas in the other two (i.e., CD5 and FOXI1) the signal is geographically restricted 

to East Asian and African populations, respectively. This implies that positive 

selection acting on these regions must have occurred after the separation of the major 

population human groups. For each genomic region, detailed characterization for 

functional variation was provided, and when appropriate, specific targets of selection 

were proposed. 

As demonstrated by the in-depth analysis of these three cases, the relevance of 

studying natural selection goes beyond providing knowledge for understanding 

human nature. Finding variants that have been subject to selection can provide 

insights about those genes influencing human phenotypic variability, including 

differences in health and disease with profound epidemiological implications. This is 

true for at least one of the strongest candidates for selection, namely the CD5 gene, 

which is clearly implicated in immune-related disorders. 

The most challenging issue is to provide convincing evidence that particular genetic 

changes proposed to be subjected to natural selection, are actually involved in 

defining a population-specific or human-specific trait, that is, that they actually 

contribute to adaptive phenotypes, and ultimately to make us humans.  

Despite we believe to be applying the most comprehensive genetic analyses to dissect 

human-specific adaptive changes, it would be too simplistic to think that humanness 

is limited to genetics. Nonetheless it certainly represents a milestone in understanding 

human evolution. 
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Appendix 1: List of significant (p < 0.05) positively selected genes in the human lineage 
 

Ensembl Gene ID Gene symbol L null L alternative X2 difference P-value Chisq Codons (posterior probability ≥ 95%) 

ENSG00000127603 MACF1 23307,21152 22613,75535 1386,912348 1,4669E-303 Not displayed (>1,000 codons) 

ENSG00000124201 ZNFX1 6271,848791 6120,775017 302,147548 1,12176E-67  

ENSG00000162897 FCAMR 4830,535144 4749,074425 162,921438 2,60246E-37 357 0.966 // 359 0.986 // 362 0.971 // 363 0.961 // 366 
0.986 // 368 0.950 // 369 0.990 // 376 0.997 // 378 0.988 // 
383 0.985 // 384 0.985 

ENSG00000197705 KLHL14 3382,630646 3309,919795 145,421702 1,73687E-33 215 0.964 // 216 1.000 // 217 0.968 // 219 0.998 // 220 
0.965 // 221 0.999 // 222 0.990 // 223 0.998 // 224 0.998 // 
226 0.962 // 227 0.997 // 228 0.974 // 229 0.998 // 230 
0.999 // 232 0.970 // 234 1.000 // 235 0.997 // 236 0.965 // 
237 0.968 // 238 0.998 // 239 0.968 // 240 0.998 // 241 
0.999 // 242 0.998 // 243 1.000 // 245 0.967 // 246 0.998 // 
247 0.971 // 363 0.998 

ENSG00000196914 ARHGEF12 5423,230396 5354,958158 136,544476 1,51678E-31 318 0.999 // 319 0.997 // 320 0.997 // 321 0.968 // 323 
0.998 // 324 1.000 // 325 1.000 // 326 0.981 // 327 0.996 

ENSG00000137343 C6orf134 1578,180653 1524,49823 107,364846 3,70317E-25 1 1.000 // 2 0.999 // 3 0.952 // 4 0.989 // 5 1.000 // 6 0.992 // 
7 0.990 // 8 1.000 // 9 0.998 // 11 1.000 // 12 1.000 // 13 
1.000 // 16 0.999 // 17 1.000 // 19 1.000 // 20 1.000 // 21 
1.000 // 22 0.989 // 23 0.999 // 24 0.988 

ENSG00000158717 RNF166 1000,875331 948,004426 105,74181 8,39963E-25  

ENSG00000077150 NFKB2 4333,278319 4290,320689 85,91526 1,87814E-20 448 0.999 // 449 0.998 // 454 1.000 // 455 0.998 // 456 
1.000 // 457 0.999 
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ENSG00000067191 CACNB1 1802,381695 1776,106396 52,550598 4,19305E-13 156 1.000 // 157 1.000 // 158 0.998 // 160 0.985 

ENSG00000124205 EDN3 1590,219581 1571,760073 36,919016 1,23139E-09 150 0.954 // 151 0.972 // 154 0.996 

ENSG00000185585 OLFML2A 1315,707634 1297,403788 36,607692 1,44461E-09 1 0.981 // 2 0.976 // 3 0.989 // 4 0.981 // 5 0.998 

ENSG00000136754 SSH3BP 2194,403382 2176,401644 36,003476 1,96966E-09 156 0.997 

ENSG00000144535 DIS3L2 2511,62402 2496,805255 29,63753 5,20866E-08  

ENSG00000088367 EPB41L1 8576,194614 8562,097804 28,19362 1,09766E-07  

ENSG00000064042 LIMCH1 286,330074 273,798134 25,06388 5,54621E-07  

ENSG00000183914 DNAH2 7295,128296 7282,745477 24,765638 6,47414E-07 190 0.975 // 357 0.970 // 560 0.969 // 827 0.973 // 926 
0.970 // 997 0.998 // 998 0.999 

ENSG00000167566 KIAA1602 6315,666351 6304,409883 22,512936 2,08733E-06  

ENSG00000100208  1321,049479 1311,335605 19,427748 1,04478E-05  

ENSG00000138030 KHK 2519,552759 2510,063681 18,978156 1,32224E-05 98 0.950 

ENSG00000148634 HERC4 4391,587521 4382,718624 17,737794 2,53539E-05  

ENSG00000023902 PLEKHO1 2615,651705 2606,911622 17,480166 2,90321E-05  

ENSG00000101464 CDC91L1 200,286462 192,001285 16,570354 4,68781E-05  

ENSG00000174948 GPR149 2555,973595 2548,258567 15,430056 8,56157E-05 250 0.996 

ENSG00000172886 KRTAP5-7 487,155318 479,668954 14,972728 0,000109076 29 0.994 // 32 0.997 // 33 0.994 // 34 1.000 // 36 0.971 // 39 
0.999 // 41 0.995 // 44 1.000 // 45 0.981 // 46 0.977 // 48 
0.998 // 49 0.987 
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ENSG00000004139 SARM1 3996,442822 3990,004137 12,87737 0,000332579 174 0.998 

ENSG00000147044 CASK 1148,804337 1142,886292 11,83609 0,000580937 1 0.993 

ENSG00000154099 LRRC50 1945,19968 1939,520701 11,357958 0,000751254 77 0.977 // 173 0.979 // 254 0.997 

ENSG00000188683 AC008749.6 3037,329918 3031,811712 11,036412 0,000893396  

ENSG00000146013 GFRA3 2973,517159 2968,230637 10,573044 0,001147486 304 0.959 

ENSG00000171522 PTGER4 3321,125581 3316,029375 10,192412 0,001410197 235 0.995 

ENSG00000119431 HDHD3 2111,664953 2106,586982 10,155942 0,001438369 28 0.964 

ENSG00000146232 NFKBIE 1124,393182 1119,352354 10,081656 0,001497527 79 0.993 

ENSG00000107902 LHPP 2006,564867 2001,651941 9,825852 0,00172076 78 0.993 // 94 0.984 

ENSG00000132677 RHBG 3660,577023 3655,759278 9,63549 0,001908533 416 0.977 

ENSG00000168878 SFTPB 1407,022324 1402,245817 9,553014 0,001996214 118 0.994 // 128 0.991 

ENSG00000131187 F12 5368,557853 5363,836693 9,44232 0,002120351  

ENSG00000162227 TAF6L 3995,358244 3990,770253 9,175982 0,002452118  

ENSG00000122862 SRGN 1561,976308 1557,474795 9,003026 0,00269533  

ENSG00000118298 CA14 2584,598798 2580,23877 8,720056 0,003147284 153 0.954 

ENSG00000033867 SLC4A7 5863,037996 5858,858119 8,359754 0,003836225 412 0.951 

ENSG00000100889 PCK2 4338,63575 4334,590254 8,090992 0,004448581  

ENSG00000141577 AZI1 7169,354942 7165,383065 7,943754 0,004825363 237 0.978 
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ENSG00000001631 KRIT1 4331,021118 4327,129819 7,782598 0,005275188  

ENSG00000002726 ABP1 6270,433472 6266,779468 7,308008 0,006864799  

ENSG00000197122 SRC 1401,38894 1397,814167 7,149546 0,007498297 113 0.977 

ENSG00000187872 OR2A14 2652,831462 2649,283845 7,095234 0,00772892 4 0.976 // 14 0.971 // 75 0.978 // 132 0.997 // 157 0.978 // 
163 0.980 // 256 0.983 

ENSG00000196228 SULT1C3 2736,04862 2732,506008 7,085224 0,007772211 72 0.975 

ENSG00000116521 SCAMP3 2279,963309 2276,540344 6,84593 0,008884344  

ENSG00000165060 FXN 1287,490254 1284,067823 6,844862 0,008889657  

ENSG00000144283 PKP4 4006,403973 4002,984869 6,838208 0,008922831 48 0.977 

ENSG00000167987 VPS37C 2746,991902 2743,588837 6,80613 0,009084545 70 0.981 // 197 0.981 // 248 0.980 // 275 0.992 

ENSG00000189306 RRP7A 1267,687852 1264,366626 6,642452 0,009957679 98 0.980 

ENSG00000148805 AL161645.14-
201 

1135,742833 1132,482552 6,520562 0,010663431 17 0.983 

ENSG00000183066 WBP2NL 2783,550739 2780,322201 6,457076 0,011051136  

ENSG00000011028 MRC2 6977,925536 6974,697788 6,455496 0,011060967 158 0.974 

ENSG00000135083 CCNJL 2014,644347 2011,470925 6,346844 0,011759032  

ENSG00000186174 BCL9L 6560,539923 6557,397849 6,284148 0,012182264  

ENSG00000183798 EMILIN3 5509,095943 5505,988513 6,21486 0,012668238 413 0.987 // 488 0.974 

ENSG00000196118 AC106886.3- 2832,411688 2829,405222 6,012932 0,014201413  
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ENSG00000180509 KCNE1 1091,628248 1088,649901 5,956694 0,014661509 37 0.958 

ENSG00000163071 SPATA18 4481,855134 4478,949919 5,81043 0,015931399  

ENSG00000036672 USP2 3982,777027 3979,880628 5,792798 0,016091958 140 0.968 

ENSG00000170891 CYTL1 1256,922587 1254,034221 5,776732 0,016239709 41 0.988 

ENSG00000181296 OR5G1P 1731,830644 1728,969799 5,72169 0,016756595 4 0.989 // 43 0.996 // 48 0.995 // 54 0.979 // 108 0.996 // 
183 0.987 // 193 0.987 

ENSG00000181195 PENK 1425,100851 1422,277204 5,647294 0,017482331  

ENSG00000101057 MYBL2 4437,278029 4434,455463 5,645132 0,0175039  

ENSG00000115561 VPS24 1246,369878 1243,550614 5,638528 0,017569954  

ENSG00000141458 NPC1 9634,908128 9632,157716 5,500824 0,019007517 1007 0.990 

ENSG00000072958 AP1M1 2359,599883 2356,906615 5,386536 0,020292718  

ENSG00000144381 HSPD1 3319,518969 3316,826036 5,385866 0,020300512  

ENSG00000100941 PNN 2812,431267 2809,79995 5,262634 0,021788023  

ENSG00000187475 HIST1H1T 1993,434458 1990,857325 5,154266 0,023189338  

ENSG00000173546 CSPG4 12816,99275 12814,41965 5,14619 0,023297441  

ENSG00000155657 TTN 6121,265456 6118,731828 5,067256 0,024381954  

ENSG00000182551 ADI1 850,644059 848,153635 4,980848 0,025629419 62 0.983 
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ENSG00000182348 ZNF804B 11358,57522 11356,1077 4,93505 0,026317303 501 0.974 

ENSG00000086288 TXNDC3 4876,238348 4873,805919 4,864858 0,027409056  

ENSG00000159884 CCDC107 2176,13584 2173,724548 4,822584 0,028089208  

ENSG00000197591 OR11L1 2770,574576 2768,203924 4,741304 0,029446746 40 0.971 // 52 0.975 // 154 0.975 // 171 0.989 

ENSG00000001617 SEMA3F 2731,259179 2728,889797 4,738764 0,029490254  

ENSG00000184640 SEPT9 183,001326 180,632876 4,7369 0,029522225  

ENSG00000174959  1091,390213 1089,206097 4,368232 0,03661497  

ENSG00000171497 PPID 2344,258017 2342,137882 4,24027 0,039475892  

ENSG00000173230 GOLGB1 8370,742702 8368,641746 4,201912 0,040378432  

ENSG00000166411 IDH3A 2233,127267 2231,094296 4,065942 0,043756279  

ENSG00000186714 CCDC73 5050,866454 5048,886783 3,959342 0,046611928 6 0.982 // 9 0.958 // 12 0.951 // 34 0.960 // 47 0.952 // 89 
0.968 // 113 0.955 // 154 0.967 // 155 0.972 // 160 0.953 // 
179 0.971 // 186 0.962 // 211 0.975 // 305 0.954 // 314 
0.960 // 332 0.976 // 333 0.964 // 350 0.953 

ENSG00000100376 FAM118A 2408,391211 2406,442281 3,89786 0,048347664 155 0.998 

ENSG00000135521 LTV1 3633,327166 3631,381833 3,890666 0,048555174  
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Appendix 2: Supplementary data to Chapter 1 
 

Legends to Supplementary Figures 

 

Figures S1 – S7: Distribution of low-frequency minor alleles. The proportion of 

SNPs with minor allele frequency (MAF) less than 0.10 within 100 kb sliding 

windows is plotted for each genomic region and population. The vertical gray 

rectangles delimit the physical coordinates of the gene of interest in each region. Solid 

colored circles represent the top 5% values of the distribution within each population 

across all regions. Open circles are values below the top 5% and hence are considered 

non-significant for that population. Gaps are the consequence of sliding windows 

having less than 5 SNPs, which has been set as the minimum for computing allele 

frequency proportions.  

 

Figures S8 – S14: Distribution of high-frequency derived alleles. The proportion of 

SNPs with derived allele frequency (DAF) greater than 0.80 within 100 kb sliding 

windows is plotted for each genomic region and population. The vertical gray 

rectangles delimit the physical coordinates of the gene of interest in each region. Solid 

colored circles represent the top 5% values of the distribution within each population 

across all regions. Open circles are values below the top 5% and hence are considered 

non-significant for that population. Gaps are the consequence of sliding windows 

having less than 5 SNPs, which has been set as the minimum for computing allele 

frequency proportions. 

 

Figure S15: Global FST for 39 populations across the eleven genomic regions 

analyzed. The vertical gray rectangles delimit the physical coordinates of the gene of 

interest in each region. Solid blue circles represent SNPs with FST values above the 

95th percentile of the distribution across all regions. Open blue circles are SNPs 

below the 95th percentile and hence are considered non-significant. 
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Figure S16: Distribution of REHH against frequency for populations within Middle 

East-North Africa. Core haplotypes within ±100 kb of the candidate genes (black 

dots) are plotted over the background distribution of cores from the eleven full 2 Mb 

regions (gray dots) analyzed. REHH is shown at a distance of about 0.42 cM for all 

populations included. Dashed lines indicate 0.95, 0.99 and 0.999 percentiles of REHH 

considering all cores. Cores that remained significant after multiple test correction (q 

< 0.05) are indicated with a black open diamond. 

 

Figure S17: Distribution of –log p-values of XP-Rsb for each major geographic area 

across the eleven genomic regions analyzed. The genomewide significance of XP-Rsb 

at every SNP site for each population is plotted against physical distance over the 

candidate regions. Gray rectangles indicate the location of the gene of interest in each 

region. Dotted and dashed lines show 0.05 and 0.01 significance levels, respectively. 

Values above the latter are additionally represented with solid color circles, while 

open circles indicate values below the 0.01 significance level. 

 

Figures S18 – S28: Distribution of populational –log p-values of XP-Rsb grouped 

across main geographical regions. The genome-wide significance of XP-Rsb at every 

SNP site and population is plotted against distance over each candidate region. Gray 

rectangles indicate the location of the gene of interest in each region. Dotted and 

dashed lines show 0.05 and 0.01 significance levels respectively. Values above the 

latter are additionally represented with solid color circles while open circles indicate 

values below the 0.01 significance level. 
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Figure S1: 

 

Figure S2: 
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Figure S3: 

 

Figure S4: 
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Figure S5: 

 

Figure S6: 
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Figure S7: 

 

Figure S8: 
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Figure S9: 

 

Figure S10: 
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Figure S11: 

 

Figure S12: 
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Figure S13: 

 

Figure S14: 
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Figure S15: 

 

Figure S16: 
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Figure S17: 

 

Figure S18: 
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Figure S19: 

 

Figure S20: 
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Figure S21: 

 

Figure S22: 
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Figure S23: 

 

Figure S24: 
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Figure S25: 

 

Figure S26: 
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Figure S27: 

 

Figure S28 
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Appendix 3: Supplementary data to Chapter 2 
 

Supplementary note S1 

 

Signatures of selection 

Non-polymorphic SNPs in the overall 39 populations were not considered in 

the threshold analyses of minor and derived allele frequencies. However, SNPs fixed 

in a population but polymorphic elsewhere were counted as having MAF < 0.10. The 

definition of minor allele was specific for each population rather than global and 

uniform across populations. As the ancestral allele of rs3923162 was ambiguous, we 

did not include this SNP in the DAF threshold analysis.  

The following OR5I1 ortholog sequences were also retrieved from Ensembl: 

ENSMMUG00000016153 (macaque), ENSMUSG00000068816 (mouse), 

ENSRNOG00000005793 (rat), ENSMODG00000020000 (opossum). Their multiple 

alignment with the chimpanzee and three different OR5I1 human versions (ancestral-

like, majoritary or human consensus sequence and majoritary derived) was done with 

RevTrans (Wernersson and Pedersen 2003). Phylogenetic analysis was conducted 

using MEGA3 (Kumar, Tamura, and Nei 2004) and a branch site likelihood method 

was used to test for positive selection (Zhang, Nielsen, and Yang 2005). In particular, 

we compared for the chimpanzee branch and for each human branch of the obtained 

phylogeny a null hypothesis with omega fixed to one versus an alternative hypothesis 

of omega being estimated at the branch of interest. Null and alternative hypotheses 

and the corresponding Bayesian empirical inference of amino acid sites under 

selection (Yang, Wong, and Nielsen 2005) were performed using the codeml program 

in the PAML package (Yang 1997).  

Departures from neutrality were tested in resequencing data from Nielsen et al. 

(2005) by means of the Tajima’s D, Fu and Li’s F, F*, D and D* and Fay and Wu’s H 

tests. In order to obtain realistic distributions for the statistics and thus evaluate 

evidence for natural selection, we performed 10,000 coalescent simulations using 

Cosi version 1.1 (Schaffner et al. 2005). As some demographic effects (such as 

population expansions) and positive selection have similar effects over genealogies 

(Charlesworth, Morgan, and Charlesworth 1993) those simulations include the ad-hoc 
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human demographic calibration described in Schaffner et al. (2005) and provided with 

the Cosi source code. We have assumed an infinite-sites model, we have fixed S to 

11, the number of segregating sites in the gene found by Nielsen et al. (2005), and the 

length of simulated sequence has been set to 945 bp (the OR5I1 length). As for 

recombination, we have used the recombination rates found in the region (Myers et al. 

2005). The critical value for each statistic has been obtained from the empirical 

distribution of the corresponding neutral model with a significance level of 0.05. We 

used DnaSP 4.0 (Rozas et al. 2003) to produce coalescent neutral simulations with a 

constant population size.  

Yoruba, European and Chinese+Japanese phased haplotype data for those 

SNPs typed in all three populations and polymorphic in at least one of them was 

downloaded from the HapMap web page (Release 21 July 06). The extended 

haplotype homozygosity (EHH) and the relative extended haplotype homozygosity 

(REHH) for core haplotypes involving the OR5I1 gene region were explored at 0.20, 

0.25 and 0.30 cM for each HapMap population separately using the SweepTM software 

(http://www.broad.mit.edu/mpg/sweep/index.html) and considering the default core 

definition parameters. 
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Supplementary note S2 

 

Recombination detection 

As shown in figure 3, two main haplotype patterns differing at seven SNPs 

were found. This allowed inferring which haplotypes may be recombinants by noting 

changes in pattern along the sequence. A pattern shift had to be maintained for at least 

two consecutive SNPs for it to be considered the outcome of recombination rather 

than of a double recurrent mutation. Average recombination rate in the OR5I1 

genotyped region is extremely low (0.08 cM/Mb; Myers et al. (2005)) with a 

probability of recombination for the whole region of 5 × 10-5. Also according to 

Myers at al. (2005) the OR5I1 genotyped region contains no recombination hotspots. 

Moreover, three of the genotyped SNPs (namely rs7115131, rs4367963 and 

rs3923162) correspond to C/T polymorphisms at hypermutable CpG dinucleotides. 

We did observe recurrent substitutions at rs7115131 and rs3923162 but also in four 

non CpG dinucleotides positions. 
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Supplementary Table S1. Relative frequencies of the OR5I1 haplotypes across 39 worldwide populations. Haplotype definition as in figure 3 

 

Population 2N a H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 H16 
Sub-Saharan Africa                

Bantu 36          0.417  0.333  0.083 0.028 0.139
Biaka Pyg 54 0.019      0.185   0.352  0.185  0.111 0.019 0.130
Mbuti Pyg 26 0.039      0.039   0.346  0.039  0.039 0.115 0.385
Mandenka 46       0.022   0.261  0.348  0.130 0.196 0.044
San 12    0.083      0.167 0.250 0.083   0.167 0.250
Yoruba 44       0.023   0.409  0.250  0.136  0.182

Middle East-North Africa              
Mozabite 58  0.052    0.017    0.603  0.155  0.035  0.138
Palestinian 100  0.050     0.010   0.590 0.050 0.170  0.010  0.120
Bedouin 94  0.032   0.021     0.692  0.192  0.021  0.043
Druze 88  0.080        0.716  0.102 0.011   0.091

Europe                  
French 56  0.018        0.714  0.143    0.125
Basque 48  0.042        0.833  0.083    0.042
Orcadian 28  0.179        0.607  0.143    0.071
Sardinian 56  0.214        0.607  0.089 0.018   0.071
N Italian 42  0.119        0.833  0.048     
Adygei 34  0.118      0.029  0.735  0.088    0.029
Russian 50  0.020        0.820  0.100    0.060
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Population 2N a H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 H15 H16 
Central-South Asia                 

Balochi 48  0.083        0.813  0.063 0.021   0.021
Brahui 50  0.100        0.820 0.020 0.040 0.020    
Burusho 50  0.040        0.920  0.020    0.020
Hazara 46  0.087        0.870 0.022     0.022
Kalash 48          0.958      0.042
Makrani 50  0.060        0.780 0.040 0.060  0.020  0.040
Pathan 48  0.021        0.833  0.063    0.083
Sindhi 48  0.042        0.750 0.021 0.104    0.083
NW China 58   0.017       0.845  0.017    0.121

East Asia                  
NE China 76          0.882      0.118
S China 132          0.879 0.008     0.114
Han 88          0.909 0.011 0.011    0.068
Yakut 50  0.020        0.860  0.040    0.080
Cambodian 20          0.850      0.150
Japanese 58          0.948      0.052

Oceania                  
Nasioi 26         0.154 0.846       
Papuan 34          0.824      0.177

America                  
Pima 28          1.000       
Maya 44          0.977  0.023     
Colombian 14          1.000       
Karitiana 28          1.000       
Surui 18          1.000       

  

Continued (Supplementary Table S1) 

 

a Number of chromosomes 
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Supplementary Table S2. Nonsynonymous variation at the OR5I1 gene. 

 

 

SNP ID 

Codon 

position 

Ancestral 

codon 

Derived 

codon 

Grantham 

distance 

PolyPhen 

prediction 

rs17597625 6 Gly (G) Arg (R) 56 Benign 

rs4367963 50 Leu (L) Ser (S) 145 Probably damaging 

rs966086 76 Ser (S) Phe (F) 155 Possibly damaging 

rs9665861 306 Val (V) Ile (I) 29 Benign 
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Supplementary Figure S1 
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Appendix 4: Supplementary data to Chapter 3 
 

Supplementary Table 1. Significance of the likelihood ratio tests of positive 

selection performed on the human lineage for the FOXI1 gene 

 

 

Compared organisms 

Branch 

site test 

Strict branch 

+ site test 

Hsa, Ppa, Ptr, Ggo, Ppy, Hkl, Mmu, Pha, Sla, Rno and Mms 0.18714 0.80650 

Hsa, Ppa, Ptr, Mmu, Pha, Sla, Rno and Mms 0.59670 0.62421 

Hsa, Ppa, Ptr, Ggo, Ppy, Hkl, Mmu, Pha, Rno and Mms 0.18714 0.08065 

Hsa, Ppa, Ptr, Ggo, Ppy, Hkl, Mmu, Pha, Sla 0.15939 1.00000 

Hsa, Ppa, Ptr, Ggo, Ppy, Hkl, Sla, Rno, Mms 0.18463 0.8065 

Hsa, Ptr, Ppy, Mmu, Rno, Mms, Ocu, Cfa, Bta, Dno, Laf, 

Mdo 

0.59670 0.84148 

  

In all cases p = Chi dist (2X(lnL1-lnL2), (np1-np2)). The three letter species codes are 

(% coverage): Hsa (human, 100%), Ppa (bonobo, 81.31%), Ptr (chimp, 100%), Ggo 

(gorilla, 78.57%), Ppy (orangutan, 100%), Hkl (gibbon, 79.63%), Mmu (macaque, 

100%), Pha (babbon, 15.34%), Sla (Tamarin, 75.13%), Rno (rat, 100%), Mms 

(mouse, 100%), Ocu (rabbit, 100%), Cfa (dog, 100%), Bta (cow, 100%), Dno 

(armadillo, 100%), Laf (elephant, 100%) and Mdo (opossum, 100%) 
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Supplementary Table 2. Functional characterization and allele frequencies for functional relevant SNPS within ~ 140 Kb containing FOXI1 

SNP ID  Positiona  Allelesb  Africans Europeans Asians Sources Functional Effectd
rs6555882 169401666  G/  C 0.683 1 1 HapMap‐YRI, CEU, CHB, JPT ESE (DOCK2)
rs17647491 169416284  C/T  1 0.966 1 HapMap‐YRI, CEU, CHB, JPT ESE ( CK2)DO

CNS, ESE (DOCK2)rs13179480 169428747  A/C  1 1 0.988 HapMap‐YRI, CEU, JPT
rs13179490 169428777  A/C  1 1 1 HapMap‐YRI, CEU, CHB, JPT CNS (DOCK2)
rs2270900 169435654  T/C  1 1 0.989 HapMap‐YRI, CEU, CHB, JPT ESE (DOCK2)
rs1045168 169437321  T/C  0.619 0.758 0.895 HGDP‐Yoruba, HapMap‐ CEU, JPT ESE ( CK2)DO

CNS, ESE (DOCK2)rs2270898 169441471  T
G/T 
/A  1 1 0.989 HapMap‐YRI, CEU, CHB, JPT

rs1045176 169442598  0.595
NA

0.121 0.478 HapMap‐YRI, CEU, CHB ESE (DOCK2)
rs9307  169442601  A/G

/G
  c NAc 0.460 CEPH individuals (dbSNP) ESE ( K2)DOC

rs17072089 169461251  C   0.978 0.979
A

1 Afr‐Am, European, Asian (Perlegen) New TFBS (FOXI1)
rs7704953 169461667  C/T

G/T 
  90.92 N c 0.818 HGDP‐Yoruba, HapMap‐ JPT New TFBS ( )FOXI1

ESE (FOXI1)rs34218925 169465509  NAc NAc NAc
rs2277944 169465818  A/  G

G/A 
0.714 0.188 0.479 HGDP‐Yor, European, Asian (Perlegen) ESE (FOXI1)

rs35678180 169467782  0.974 NAc NAc Afr‐Am (Applera) ESE (FOXI1)
rs10063424 169468100  T/  C

/C 
0.024 0.092 0.044 HGDP‐Yoruba, HapMap‐ CEU, CHB ESE ( XI1)FO

CNS, ESE (FOX 1)rs3828625 169468141  T
A/  

1 1 0.988 HGDP‐Yoruba, HapMap‐ CEU, JPT I
ESE ( )rs6873124 169468312  C

/G 
0.575 0.164 0.489 HapMap‐YRI, CEU, CHB FOXI1

ESS, ESE, miRNA (FOXI1)rs6555887 169468633  A
G/A 

0.847 0.908 0.978 HapMap‐YRI, CEU, JPT
rs6555888 169468728  0.842 0.808 0.944 HapMap‐YRI, CEU, JPT miRNA (FOXI1)

 

a SNP positions are based on NCBI build 36.3, b Ancestral allele in bold, c Not available, d Functional effect as predicted by PupaSuite (Conde et al. 2006; 

Reumers et al. 2008): ESE, exonic splicing enhancer;CNS, coding non-synonymous SNPs; TFBS, transcription factor binding sites ; ESS, exonic splicing 

silencer; miRNA, microRNAs and their targets. 
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Legends to Supplementary Figures 

 

Figure S1. Median Joining Network of human FOXI haplotypes. Nodes in the median 

joining network are proportional to frequencies and branch lengths to the number of 

polymorphic base substitutions.  

 

Figure S2. Distribution of low-frequency minor alleles. The proportion of SNPs with 

minor allele frequency (MAF) less than 0.10 within 100 Kb sliding windows is 

plotted for each population.  

 

Figure S3. Distribution of high-frequency derived alleles. The proportion of SNPs 

with derived allele frequency (DAF) greater than 0.80 within 100 Kb sliding windows 

is plotted for each genomic region and population. 

 

Figure S4. Decay of linkage disequilibrium around FOXI1 in Africa. (A). Genes and 

SNPs on the region. Boxes represent genes, vertical gray lines are SNPs, the vertical 

blue line denote that constituting the core and vertical red lines indicate non-

synonymous SNPs. Underlined SNPs represent other cores within the region. (B). 

Breakdown of EHH over genetic distance. (C). Decay of REHH over physical 

distance. (D) Haplotype Bifurcation Plots. 

 

Figure S5. Allele frequencies at rs7736379 as a function of absolute latitude in 39 

HGDP-CEPH populations. The line represents linear regression. 
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Supplementary Figure S1. 
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Supplementary Figure S2. 
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Supplementary Figure S3. 
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Supplementary Figure S4. 
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Supplementary Figure S5. 
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