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particularly, the recent availability of large catalogs of genetic 
variability in different human populations such as those provided 
by the HapMap or the 1000Genomes projects (Altshuler et al. 
2010) (Abecasis et al. 2012) provided an unique opportunity to 
investigate the impact of natural selection on our genome.  

Consequently, genome-wide scans of positive selection became 
possible and popular, and many large-scale studies have been 
published on different species and populations, searching for the 
footprints of different molecular signatures of positive selection 
both at specific lineage level and at population level. This genomic 
revolution has represented a great opportunity to overcome the 
limitations of candidate genes studies. 

3.2.1 Population-based genome wide scans 

Since Akey et al (2002) work, more than 20 genome-wide scans 
have been performed to detect recent or ongoing positive selection 
in humans, with an increase over time of the number of 
individuals, populations and markers included in the analysis. 

The combination of results from all these studies have revealed in 
one or more studies more than 5000 regions of the genome with 
some type of signature of positive selection, encompassing more 
than 400Mb in the genome, and containing more than 4,000 UCSC 
RefSeq genes. Undoubtedly, this multiplication of candidate loci 
regarding the ones discovered by gene-by-gene studies, hold a 
promising chance to guide us to a richer understanding of where 
positive selection has shaped patterns of genetic variability (Akey 
2009) and which traits have been important for the adaptation of 
each population.  

It is important to state that most of the aforementioned studies have 
based their strategy for identifying targets on the outlier approach, 
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meaning, the computational construction of an empirical 
distribution based on specific statistical tests and on the 
identification of outlier regions as possible targets for positive 
selection (see figure 7). Applying this approach needs some strong 
assumptions, as for example the fact that demography is affecting 
the whole genome in the same way, and that positive selection is 
not frequent enough to produce values in the middle of the 
distribution. Another delicate issue is how to establish the 
threshold statistical significance. By default, it is set at the 99% or 
95% percentile of the distribution.   

Another way to assess the confidence of the results of genome-
wide studies is to examine the overlap among outlier loci among 
studies. In a review by Akey in 2009, he only identified a 14%  

Figure 7. Population genomics study design for detecting positive selection. 
For each locus, a neutrality test is calculated and an empirical distribution of 
results is constructed. Outlier loci, affected by selection in a locus-specific 
mode, are identified as being targeted by positive selection. Because different 
genomic properties can affect coalescence processes in a way that resembles 
selection or obscuring the signal of selection, false positive and true positive 

a summary statistic that quantifies some
aspect of genetic variation, constructing
an empirical distribution of this statistic
across all loci, and defining putative tar-
gets of selection based on ‘‘outliers’’ in
the extreme tail of the empirical distri-
bution (Fig. 1). The underlying rationale
of this approach is predicated on several
implicit assumptions (Fig. 1), the most
important of which is that population
demographic history is a genome-wide
force affecting all loci equally, whereas
selection is a locus-specific force acting
on a subset of loci (Black IV et al. 2001). If
all goes well, selection pulls individual
loci into the tails of the empirical distri-
bution, which can be identified as outlier
loci. The criteria for defining outliers is
often arbitrary, for example, loci falling
in 99th percentile of the empirical dis-
tribution, although simulations of neu-
tral evolution have also been used to
either guide the selection of or evaluate
the efficiency of outlier thresholds. In-
creasingly realistic models of human de-
mographic history, recombination, gene
conversion, and mutation rate heteroge-
neity (Schaffner et al. 2005) will ulti-
mately allow more robust definitions of
what constitutes an outlier locus.

Enabling resources for human
population genomics
The recent advent of population ge-
nomics is not due to a great intellectual
leap forward. Indeed, the conceptual
foundation of the population genomics
paradigm was outlined nearly four de-
cades ago (Cavalli-Sforza 1966; Lewontin
and Krakauer 1978). Rather, progress in
sequencing the human genome (Lander
et al. 2001; Venter et al. 2001) and single nucleotide poly-
morphism (SNP) genotyping technology (and to a lesser extent
microsatellite genotyping) allowed dense catalogs of genomic
variation to be developed, thus enabling population genomics
approaches to become a reality. One of the earliest human pop-
ulation genomics resources was the systematic discovery of over
1.42 million SNPs (Sachidanandam et al. 2001),;26,500 of which
were genotyped by the SNP Consortium in three populations
(Thorisson and Stein 2003). This early resource was quickly su-
perseded by the International HapMap Project (International
HapMap Consortium 2005) and Perlegen Biosciences data sets
(Hinds et al. 2005), which genotyped ;3 million SNPs in 210
unrelated individuals from four populations and 1.6 million SNPs
in three populations, respectively. Although the HapMap and
Perlegen data sets have served as the primary starting points for
much of human population genomics, the continued infusion of
additional SNP (Jakobsson et al. 2008; Li et al. 2008), structural
variation (Redon et al. 2006; Kidd et al. 2008), and large-scale
resequencing data (Livingston et al. 2004) provides a rich re-
pository of raw material to test evolutionary hypotheses. An

important characteristic of these data sets that has fueled the
rapid growth of human population genomics is their public
availability, which has stimulated both methodological de-
velopment and applications beyond their original purposes in
ways that would not have been possible except for open and un-
fettered access.

Genome-wide scans of selection in humans: Promises
and pitfalls
The first genome-wide scans of selection in humans were per-
formed less than a decade ago (Akey et al. 2002; Payseur et al.
2002), albeit with considerably less dense maps of genetic varia-
tion compared with what is available today. Since these initial
studies, genome-wide scans have been described at a frenetic pace.
Specifically, as shown in Table 1, 21 genome-wide scans for recent
or ongoing selection (Box 2) have been performed in humans. The
majority of these recent analyses have used either the HapMap or
Perlegen data, although several studies have been performed in
distinct samples (Table 1). Furthermore, these 21 scans for selection

Figure 1. A typical population genomics study design for detecting positive selection. Population
genomic studies begin by sampling loci, typically SNPs, throughout the genome. The majority of loci
are presumably influenced only by genome-wide forces such as genetic drift (indicated by dark gray
boxes). Additional loci, however, may have been subject to locus-specific forces such as selection (in-
dicated by red boxes). Gene genealogies from a sample of three individuals are shown above each locus
to emphasize that significant variation in genealogies, and thus, patterns of genetic variation are
expected throughout the genome. The extent of variation in genealogies depends on many underlying
parameters such as population demographic history and local rates of recombination. For each sampled
locus, a statistic of interest (denoted here as Ti for the ith locus) is calculated, an empirical distribution is
constructed, and outlier loci are identified in the tail of the empirical distribution. Implicit assumptions
of a population genomics approach are that loci are independent, drift influences all loci equally, and
selection is strong enough to pull individual loci out into the tail of the empirical distribution. It is
important to note that simply occurring in the tail of an empirical distribution does not prove that
a locus has been influenced by selection; rather, all one can conclude is that the locus simply has
patterns of genetic variation that are unusual in some respect relative to the rest of the genome. Indeed,
as shown in the empirical distribution, it is inevitable that some selected loci will not appear as outliers
(false negatives) and some neutral loci will appear as outliers (false positives). The lighter red and gray
shadings of the empirical distribution reflect that each part of the distribution is a mixture of selected
and neutral loci.
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cases are likely to appear in the distribution (Akey 2009). 

Figure 8. Integrated genomic map of positive selection. It includes results 
from 10 different scans. The colors represents the number of scans that have 
identified each target locus. As showed in the histogram, most of the loci were 
only identified in one scan (Akey 2009). 

overlap among 10 different studies that had used the same type of 
data (figure 8). Furthermore, the combination of all of them did not 
include some of the best described examples of positive selection, 
such as the G6DP and DARC genes, probably due to the low 
variant density in the regions where they were located in these 
catalogs of variation (see figure 8). 

Despite the small overlap, more than 700 regions have been 
identified in two or more studies. A number of the loci within these 
regions had previously been identified as candidates for adaptation, 

include LCT (Bersaglieri et al. 2004), TRPV6 (Akey et al. 2004,
2006), CYP3A (Thompson et al. 2004), CYP1A2 (Wooding et al.
2002), IL13 (Zhou et al. 2004), and IL4 (Rockman et al. 2003)
among others. Perhaps more interestingly, many new well-
supported genes emerge that would not necessarily be strong
a priori candidate genes of selection to study. For instance, in a
rare example of multiple analyses converging on a single gene,
PCDH15 was identified in six out of the nine genome-wide scans.
Mutations in PCDH15, which plays a critical role in retinal and
cochlear function, can result in Usher syndrome type IF and Au-
tosomal Recessive Deafness 23 (Ahmed et al. 2003). Interestingly,
three myosin genes (MYO1B,MYO3A, andMYO6) that are integral
in cochlear function (Dumont et al. 2002; Walsh et al. 2002;
Sanggaard et al. 2008) are also among the set of loci supported by
multiple analyses.

In addition to analyses of individual loci, several interesting
observations emerge from examining the general functional
classes of these 2465 genes. Table 2 shows PANTHER Biological
Process terms (Thomas et al. 2003) that are overrepresented
among the set of genes identified in multiple genome-wide anal-
yses. One of the more striking observations in Table 2 is the dom-
inant role that positive selection on metabolic processes seems to
have played in recent human evolutionary history. For example,
a significant overrepresentation is observed for terms such as
protein modification, protein metabolism, carbohydrate metabo-
lism, and phosphate metabolism. Although this observation is in
accord with known dramatic shifts in diet during recent human
history (Larsen 1995), the pervasive signature of positive selection

across so many metabolic processes has
not generally been appreciated. The other
interesting point gleaned from a cursory
examination of Table 2 is that far from
acting on a few classes of genes, positive
selection appears to have affected a wide
variety of biological processes.

Spatially varying selection
A recurring observation of genome-wide
studies is that signatures of positive se-
lection are not uniformly distributed
across populations, but rather show clear
spatial heterogeneity (i.e., local adapta-
tion). In particular, ;80% of the 722 loci
observed in multiple scans show evidence
of local adaptation. This is consistent with
the large number of previous single gene
studies describing spatially varying pat-
terns of selection (for review, see Ronald
and Akey 2005). The observation of
widespread local adaptation is not sur-
prising given the environmental hetero-
geneity that human populations are
confronted with throughout the world.

Although the evidence that local
adaptation has played a prominent role
in recent human evolutionary history is
compelling, some caution is required
when comparing signatures of selection
across populations. In particular, genome-
wide scans are essentially searching for
positions in the genome that have a large

scaled selection coefficient, 4Nes, where Ne is the effective pop-
ulation size and s is the magnitude of selection. AsNe is influenced
by population demographic history, the signature of selection is
jointly determined by both the strength of selection and de-
mographic history, as well as local rates of recombination and
mutation (Kaplan et al. 1989). Thus, population differences in any
of these parameters can influence whether a locus appears to be
under selection in a single population or multiple populations.

A specific example of the difficulties in interpreting
signatures of spatially varying selection is the observation that
non-African populations tend to show more evidence for recent
positive selection relative to African populations (Akey et al. 2004;
Storz et al. 2004; Williamson et al. 2007; but see Voight et al.
2006). While this may be due to increased selection as humans
migrated out of Africa and were confronted with new environ-
mental pressures (such as novel climates, diets, and pathogens),
differences in demographic history or rates of recombination and
mutation between African and non-African populations may ob-
scure the relationship between signatures of selection across
populations. Until a wider set of African populations are studied,
inferences about the relative frequency of positive selection be-
tween African and non-African populations and patterns of shared
selective events will remain speculative.

Regulatory versus protein adaptive evolution
An ongoing debate, now over three decades old and still going
strong (King and Wilson 1975; Hoekstra and Coyne 2007; Wray

Figure 2. Integrated genomic map of positive selection. Vertical red lines on each autosome indicate
loci that were identified in a single genome-wide scan, and blue lines denote regions identified in two or
more studies. The histogram shows the proportion of putatively selected loci (y-axis) as a function of the
number of genome-wide scans in which they were identified (x-axis).

Akey
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and more interestingly, many new well-supported regions are 
available to be considered as shaped by positive selection. 
The results of these studies show that much of the adaptation is not 
shared among populations, and that it only occurred recently 
during the human dispersal. This widespread local adaptation is not 
a surprise, since different populations have encountered very 
heterogeneous environmental conditions during their adaptation 
history. 

Maps of positive selection hold great promise for achieving a 
detailed description on how natural selection has shaped our 
genomes and they give examples of possible new targets of 
positive selection. However they also represent big challenges to 
understand what really happened in our species involving those 
identified elements. Apart from the little overlapping among 
different studies that has already been discussed, these studies 
present other main limitations: 

i) Loci identified as outliers may only represent the most
extreme cases of positive selection, and many of those
which played a role in adaptation - through lower selective
coefficients- are surely presented as false negatives. On the
other hand, false positives may also be prevalent in the tail
of the distribution, due to different possible coalescent
histories along the genome.

ii) Because most of the scans were based on genotype data,
two additional problems may arise:
a. Many of the statistical tests were developed to be

applied to sequence data, not to genotype data.  Since
SNPs genotyped in high-throughput arrays are usually
common variants, rare alleles are surely missing in the
dataset, thus affecting the performance of some
neutrality tests as those based on the SFS (see previous
section for details on these tests).

b. The lack of a complete variant catalog might imply that
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the identification of the actual targeted variant is 
impossible. 

iii) Regions detected as targets of selection are large and they
span hundreds of kilobases. While many of the regions
contain several genes and the actual target of selection is
difficult to identify, other regions are intergenic or isolated
without any known genetic elements which makes it
impossible to speculate about their role on selection.

iv) For most genes, there is no biological evidence of which
phenotype subjected to selection they might influence.

In summary, genome-wide studies are powerful resources to begin 
disentangling the impact of positive selection on the genome. They 
have allowed the identification of a large number of putative 
candidate genes, but they are surely not the end of the story since, 
in most cases, they do not provide an explanation about the 
adaptive processes behind them.  

While the majority of selection scans where based on SNP data 
catalogs, basically the ones released by HapMap and Perlegen 
projects (Altshuler et al. 2010), the recent publication of the 
sequence data from the 1,000 genomes project (Abecasis et al. 
2012) is allowing a new generation of scans which can use the full 
catalog of human variation obtained from 1,092 individuals from 
different worldwide populations.  

The recent genome-wide study by Grossman et al. (2013), 
represents a big step forward to overcome the aforementioned  
limitations and towards the identification of putative selected 
variants. The progress made by them was possible due to several 
facts. First, they used a composite likelihood method (CMS) that 
combines different population genetics statistical tests in one, 
narrowing down from 20 to 100 times the putative candidate 
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region (Grossman et al. 2010). Second, they applied their method 
to full sequence genome variation, from the recently published 
phase1 data from the 1,000genome project, and thus, they were 
able to explore the complete allele spectrum of different 
populations to identify putative selected variants. Third, they took 
advantage of the latest publications of the Encyclopedia of DNA 
Element (ENCODE) Consortium (Dunham et al. 2012), as well as 
of the extended genome-wide association (GWA) studies database 
to appraise the functional relevance of the variation detected as a 
target of positive selection.  

The ENCODE Consortium has provided a very rich catalog of 
functional annotated elements, identified by a variety of different 
high-throughput next generation sequencing technologies, as for 
example the are the characterization of novel non-coding elements, 
enhancers, patterns of methylation, expression, chromatin states, of 
the complete human genome of different tissues and cell lines.  

This project by Grossman et al (2013) represents a decisive shift in 
the research of evolutionary adaptation since it is the first one that 
provides a rich list of positively selected candidate variants as well 
as a description of their possible functional predicted impact, as 
described in figure 11, which will be the base of generating new 
hypotheses about adaptation and new research lines in human 
evolutionary genetics. 

 3.2.2 Comparative genome-wide scans 

As explained in the previous section, statistical tests using 
divergence data compare rates of potentially functional and non-
functional replacements between species, and try to identify the 
proportion of functional substitutions that have been fixed due to 
positive selection. The classical debate among evolutionary 
biologists about what proportion of differences between different 
species have been fixed because they were beneficial and because 
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