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What’s in our genome ? 

  3.1 109 bp 

  Transposable elements (parasitic DNA): 45% 

  About 20,000 protein-coding genes 

Protein-coding regions : 1.2% 

Non-coding functional elements: 5-10% 



How to identify functional 
elements ? 



How to identify functional elements ? 
  The ENCODE Project: ENCyclopedia Of DNA Elements 

  Large international consortium 

  => systematic mapping of regions of transcription, transcription 
factor association, chromatin structure and histone 
modification  (RNAseq, ChipSeq, …) 

Result: 80% of the human genome associated to at least 
one « biochemical function » 
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The human genome encodes the blueprint of life, but the function of the vast majority of its nearly three billion bases is
unknown. The Encyclopedia of DNA Elements (ENCODE) project has systematically mapped regions of transcription,
transcription factor association, chromatin structure and histone modification. These data enabled us to assign
biochemical functions for 80% of the genome, in particular outside of the well-studied protein-coding regions. Many
discovered candidate regulatory elements are physically associated with one another and with expressed genes,
providing new insights into the mechanisms of gene regulation. The newly identified elements also show a statistical
correspondence to sequence variants linked to human disease, and can thereby guide interpretation of this variation.
Overall, the project provides new insights into the organization and regulation of our genes and genome, and is an
expansive resource of functional annotations for biomedical research.

The human genome sequence provides the
underlying code for human biology. Despite
intensive study, especially in identifying
protein-coding genes, our understanding of the
genome is far from complete, particularly with
regard to non-coding RNAs, alternatively spliced transcripts and reg-
ulatory sequences. Systematic analyses of transcripts and regulatory
information are essential for the identification of genes and regulatory
regions, and are an important resource for the study of human biology
and disease. Such analyses can also provide comprehensive views of the
organization and variability of genes and regulatory information across
cellular contexts, species and individuals.

The Encyclopedia of DNA Elements (ENCODE) project aims to
delineate all functional elements encoded in the human genome1–3.
Operationally, we define a functional element as a discrete genome
segment that encodes a defined product (for example, protein or
non-coding RNA) or displays a reproducible biochemical signature
(for example, protein binding, or a specific chromatin structure).
Comparative genomic studies suggest that 3–8% of bases are under
purifying (negative) selection4–8 and therefore may be functional,
although other analyses have suggested much higher estimates9–11.
In a pilot phase covering 1% of the genome, the ENCODE project
annotated 60% of mammalian evolutionarily constrained bases, but
also identified many additional putative functional elements without
evidence of constraint2. The advent of more powerful DNA sequencing
technologies now enables whole-genome and more precise analyses
with a broad repertoire of functional assays.

Here we describe the production and initial analysis of 1,640 data
sets designed to annotate functional elements in the entire human
genome. We integrate results from diverse experiments within cell types,
related experiments involving 147 different cell types, and all ENCODE
data with other resources, such as candidate regions from genome-wide
association studies (GWAS) and evolutionarily constrained regions.
Together, these efforts reveal important features about the organization
and function of the human genome, summarized below.
. The vast majority (80.4%) of the human genome participates in at
least one biochemical RNA- and/or chromatin-associated event in at
least one cell type. Much of the genome lies close to a regulatory event:

95% of the genome lies within 8 kilobases (kb)
of a DNA–protein interaction (as assayed by
bound ChIP-seq motifs or DNase I footprints),
and 99% is within 1.7 kb of at least one of the
biochemical events measured by ENCODE.

. Primate-specific elements as well as elements without detectable
mammalian constraint show, in aggregate, evidence of negative selec-
tion; thus, some of them are expected to be functional.
. Classifying the genome into seven chromatin states indicates an initial
set of 399,124 regions with enhancer-like features and 70,292 regions
with promoter-like features, as well as hundreds of thousands of qui-
escent regions. High-resolution analyses further subdivide the genome
into thousands of narrow states with distinct functional properties.
. It is possible to correlate quantitatively RNA sequence production
and processing with both chromatin marks and transcription factor
binding at promoters, indicating that promoter functionality can
explain most of the variation in RNA expression.
. Many non-coding variants in individual genome sequences lie in
ENCODE-annotated functional regions; this number is at least as
large as those that lie in protein-coding genes.
. Single nucleotide polymorphisms (SNPs) associated with disease by
GWAS are enriched within non-coding functional elements, with a
majority residing in or near ENCODE-defined regions that are out-
side of protein-coding genes. In many cases, the disease phenotypes
can be associated with a specific cell type or transcription factor.

ENCODE data production and initial analyses
Since 2007, ENCODE has developed methods and performed a large
number of sequence-based studies to map functional elements across
the human genome3. The elements mapped (and approaches used)
include RNA transcribed regions (RNA-seq, CAGE, RNA-PET and
manual annotation), protein-coding regions (mass spectrometry),
transcription-factor-binding sites (ChIP-seq and DNase-seq),
chromatin structure (DNase-seq, FAIRE-seq, histone ChIP-seq and
MNase-seq), and DNA methylation sites (RRBS assay) (Box 1 lists
methods and abbreviations; Supplementary Table 1, section P, details
production statistics)3. To compare and integrate results across the
different laboratories, data production efforts focused on two selected

*Lists of participants and their affiliations appear at the end of the paper.
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No more junk? 

  « One of the more remarkable findings 
described in the ENCODE’s paper is that 80% 
of the genome contains elements linked to 
biochemical functions, dispatching the widely 
held view that the human genome is mostly 
'junk DNA'. » J. Ecker (Nature, News & Views) 



No more junk? 



Biochemical activity = function  ?? 

Encode’s definition of function is fuzzy 

  100% of the DNA has some « biochemical 
activity » (e.g. replication) 

  DNA parasites (e.g. endogenous retroviruses) are 
associated to specific biochemical activities (e.g. 
transcription) => should they be considered as 
« functional elements »? 

  How to define a « functional element » ? 



Darwinian definition of 
function 

Functional genetic element = DNA segment that contributes 
positively to the fitness of the organism 

Function of a genetic element = phenotypic trait, determined 
by this element, that is under selective pressure 

 



Non-functional genetic 
elements 

Neutral genetic element = DNA segment that has no impact on 
the fitness of the organism 
 

Intragenomic parasite = DNA segment that is able to replicate 
itself within a genome, at the expense of its host 



Genome annotation by 
comparative genomics 

  Basic principle : 
Functional element <=> constrained by 
natural selection 

  Detecting the hallmarks of selection in 
genomic sequences 
 Negative selection (conservation) 

  Positive selection (adaptation) 



Tracking the signatures of 
positive selection within 

genomes: 
 

the basics 
 



Evolution 
  Mutation => new alleles 

  Changes of allele frequencies over generations 
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…

ü  Natural selection 
ü  Genetic drift 

Fixation of the red  allele 
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EyreWalker 

Arndt 

Galtier 

Arndt 

Arndt 

EyreWalker 

Galtier 

Galtier 

Galtier 

Galtier 

Galtier 

© Adam Eyre-Walker 



Evolution : mutation, selection, drift 

Probability of fixation:
p = f(s, Ne)

s : relative impact on fitness 
  s = 0 : neutral mutation (random genetic drift)
  s < 0 : disadvantageous mutation = negative (purifying) selection
  s > 0 : advantageous mutation = positive (directional)  selection

Ne : effective population size: stochastic effects are stronger in small 
populations

|Nes| < 1 : effectively neutral mutation 



The rate of evolution of neutral 
sequences 



Probability of Fixation 

Probability of fixation = 1/N = 1/4 
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Mutation Rate 

Doret 

EyreWalker 

Arndt 

Galtier 

Arndt 

Arnds 

EyreWalker 

Galtiex 

Galtiex 

Galtiex 

Galtiex 

Galtiex 

Number of Mutations in the Pop = uN = 1/5 x 4 = 0.8 



Neutral Rate 

Population size = N = 4 

Rate of mutation (per generation) = u = 1/5 

Number of mutations in the population (per 
generation) = uN = 4/5 

Probability of fixation = 1/N = 1/4 

 

Rate of substitution = uN x 1/N = u = 1/5 



Neutral Rate 

Neutral substitution rate = mutation rate 

The neutral substitution rate does not depend on 
population size 

 



Non-neutral Rate 

Number of mutations per generation (diploid) : 2uN  

Probability of fixation (Kimura, 1962): 

 

 

 

Rate of substitution = 2uN x P(s) 

and the rate from SRW is

rs?w~ 1{fð Þ2Nms?wP 0ð Þzf 2Nms?wP {sð Þ ð3Þ

where N is the effective population size and P(s) is the probability
that a mutation subject to BGC of strength s will be fixed. BGC
behaves just like selection of a semi-dominant mutation [21] so:

P sð Þ~ 1{e{2s

1{e{4Ns
ð4Þ

P(0) is the probability that a mutation, which is not subject to
BGC, is fixed under random drift: i.e. P(0) = 1/2N.

The rate of recombination varies along chromosomes, as a
consequence of variations in density and intensity of recombina-
tion hotspots [24]. Thus, the impact of BGC in a given genomic
fragment depends on the local density and intensity of recombi-
nation hotspots. We considered genomic fragments of 1 Mb. We
assume that at this genomic scale, and for the period of time
considered here (i.e. corresponding to the human/chimpanzee

divergence), the hotspot density and average intensity remain
constant during time. However, we do not assume that hotspots
remain at the same position within the fragment. To investigate
independently the impact of hotspot density and intensity on
genome evolution we considered two models: in the first one (M1),
we consider that the rate of recombination in a given genomic
fragment varies only through the density in recombination
hotspots, which are assumed to have all the same intensity; in
the second one (M2), we keep the density of hotspots constant over
across the chromosome but vary the intensity of hotspots in the
genomic fragments. The distribution of densities (for M1) and
intensities (for M2) are chosen to mimic the actually observed
genome wide distributions of recombination rates in the human
genome.

The BGC coefficient (s) depends on the intensity of the hotspot

(i) (i.e. its rate of recombination), the length of the heteroduplex (h)

and the bias in the repair of W:S mismatches (b). It is known that i
varies among hotspots [56]. There is presently no evidence for

variations of b and h along chromosomes. Hence we will simply

assume here that variations in s reflect variations in i, so:

Figure 4. Correlations between substitution rates and crossover rate in human autosomes. Each dot corresponds to a 1 Mb-long
genomic region. Substitution rates: number of substitutions per site in the human lineage since the divergence from chimpanzee. (A) Total
substitution rate. (B–D) Base-specific substitution rates: (B) CpG G:CRA:T transition rate. (C) non-CpG SRW and WRW substitution rates. (D) WRS
and SRS substitution rates. Regression lines and Pearson’s correlation R2 are indicated.
doi:10.1371/journal.pgen.1000071.g004

Recombination and the Evolution of Isochores

PLoS Genetics | www.plosgenetics.org 8 May 2008 | Volume 4 | Issue 5 | e1000071



Tracking natural selection ... 
Demonstrate the action of selection = 
reject the predictions of the neutral model

  Compare substitution rate (K) to mutation 
rate (u) : 

Neutral evolution =>  K = u 

Negative selection =>  K < u 
  Positive selection =>  K > u 



Searching for functional sequences 
under negative (purifying) selective 

pressure: 
Phylogenetic Footprints 

•  Comparative genomics: when comparing 
sequences from different species, the mutations 
that are not observed are the ones that are 
deleterious (the others are neutral or beneficial)



Comparison of human and mouse 
genomes (MGSC 2002) 

Alignment of human and mouse genomes : 40% of 
the human genome can be aligned with the mouse 
genome  

 

  How much of the human genome is under negative 
selective pressure ?? 



Comparison of human and mouse genomes 

  More than 5% of the genome of mammals is under negative 
selection 

  NB: only 1.0% du genome is coding !! 4 times more functional 
non-coding regions than coding regions !! 

Distribution of substitution rates 
 
Ancient Repeats (neutral marker) 
Non-repeated sequences 
 
Probability to be under negative selective 
pressure 

MGSC (Nature, 2002) 



Phylogenetic footprints = 
genetic conservatism 

Phylogenetic footprints = functional elements 
conserved during evolution 

What about sequence elements that have been 
involved in functional innovation ? 

What are the functional elements 
responsible for adaptative evolution ? 



What make chimps 
different from us ? 

Searching for functional elements 
subject to positive (directional) 
selection: substitution rate > u 

30 x 106 point substitutions + indels + 
duplications (copy number variations)



Searching for positive selection 
in protein-coding genes 

1. Align DNA sequences 

2. Count changes 
 

 synonymous         = 2 
 non-synonymous  = 2 

 
=> synonymous  substitution rate (dS) 
=> non-synonymous  substitution rate (dN) 
 

Human CGC AAA CCC --- ATT CAG AAT GGC CAG
Mouse CGC AAG GCC CCG ATG CAG AAT GGT CAG

Arg   Lys    Pro      _       Ile    Gln   Asn    Gly    Gln     

Arg    Lys    Ala     Pro    Met   Gln   Asn    Gly   Gln     



Multiple Sequences 

Human 

Chimpanzee 

Gorilla 

Orangutan 

2/5 

1/5 

0/1 

5/10 

2/3 

6/21 



Assumptions 

  Synonymous Mutations Are Neutral:  
dS = u 

  Non-synonymous Mutations Are Neutral, Deleterious 
or Advantageous 



Searching for positive selection 
in protein-coding genes 

Rates of evolution : 

Neutral 

u 

X X XX X

< u 
X

Deleterious 

X X

Advantageous 

X X XX

> u 

dn = ds dn < ds dn > ds 



Example 1 : Odysseus 
Odysseus 

 - involved in hybrid sterility between D.simulans 
             and D.mauritiana 

 - homeodomain protein 
 

dn ds dn/ds 

0.067 0.033 2.0 

D.sim D.mau 

Non = 18 
Syn = 5 



Example 2 : FOXP2 

FOXP2 
 - transcription factor gene 
 - two mutations in humans lead to speech impairment 

 
Enard et al. Nature 2002  

 - Sequenced FOXP2 in other primates 
 



FOXP2 continued 
Human 

Gorilla 

Orangutan 

Rhesus 

Mouse 

Chimp 

-  dn/ds significantly higher in humans 
-  dn > ds in humans 



Genome-wide scans for positively 
selected genes  

 Kosiol et al. (2008) PLoS Genet  

  Complete genome from six mammalian species 

  16,529 human genes with orthologs in at least 2 other 
species 

were to each other (see Methods). Requiring that each human
gene had a high-confidence 1:1 ortholog in at least two other
species reduced the total number of ortholog sets to 16,529. These
sets contain a human gene and either five (42% of cases), four
(28%), three (15%) or two (15%) non-human orthologs.

Likelihood Ratio Tests for Positively Selected Genes
We performed a series of nine different LRTs to identify genes

under positive selection on particular branches or clades of interest
in the six-species phylogeny. In particular, we tested for selection
on any branch of the tree (Figure 1A); on the branch leading to,
and on any branch within, the primate clade (Figure 1B,C); on the
branch leading to, and on any branch within, the rodent clade
(Figure 1D,E); and on each of the four individual branches within
the primate clade (Figure 1F–I). These LRTs were all based on
widely used site or branch-site models of codon evolution
[31,26,27] (see Methods). The test for all branches was applied

to all 16,529 ortholog sets. For the branch- and clade-specific tests,
ortholog sets were discarded if they did not contain adequate in-
group or out-group data for the test in question, which somewhat
reduced the number of tests (Text S1, Table S1).

The PSGs identified by each test ranged in number from only
seven (the hominid branch) to 400 (the test for all branches;
FDR,0.05 in all cases). As in previous studies, the numbers of
genes identified by the tests for individual primate branches were
small, primarily due to weak power caused by low levels of inter-
species divergence. The inclusion of additional non-primate
mammals does not appear to have improved the power of these
tests substantially, but it does allow a distinction to be made
between selection on the branches to the hominids and to
macaque. The tests for selection on the branch to the primates and
in the primate clade also yielded fairly small numbers of PSGs, but
the tests for selection in, or on the branch to, the rodents identified
somewhat (nearly three-fold) larger numbers. In general, even with

Table 1. Numbers of ortholog sets.

containing containing containing containing containing

all chimpanzee macaque mouse rat dog

Human + $ 2 orthologs 17,489 15,315 14,973 14,266 12,823 13,696

Incomplete transcripts 6,113 5,317 5,219 5,037 4,562 4,938

Recent duplications 2,273* 745 816 1,476 1,319 1,089

After duplication removal 16,529 14,570 14,157 12,790 11,504 12,607

*Recently duplicated genes are removed, but orthologs sets are retained if they still contain a human gene and $2 orthologs.
doi:10.1371/journal.pgen.1000144.t001

Figure 1. The LRTs used to detect positive selection in the six mammalian genomes. (A–I) Panel A shows the test for selection on any
branch of the phylogeny, and panels B–I show the lineage- and clade-specific tests, with branches under positive selection highlighted. The numbers
below each subfigure represent the number of positively selected genes identified by each LRT (FDR,0.05) and the total number of ortholog sets
tested. In (A), branch lengths are drawn proportional to their estimates in substitutions per site, and each branch is labeled with the corresponding
estimate of v. All tests are based on an unrooted phylogeny; the trees are rooted for display purposes only. Nominal P-value thresholds for FDR,0.05
were: (A) 1.161023, (B) 9.161025, (C) 7.761025, (D) 2.961024, (E) 2.861024, (F) 2.561025, (G) 5.461025, (H) 1.861025, (I) 5.961025.
doi:10.1371/journal.pgen.1000144.g001

Positive Selection in Mammals

PLoS Genetics | www.plosgenetics.org 3 August 2008 | Volume 4 | Issue 8 | e1000144



Genome-wide scans for positively 
selected genes  

 dN/dS test: 500/16,529 genes with evidence of positive 
selection 

Genes under positive selection: enriched for roles in defense/
immunity, odor/taste perception, and reproduction  
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Figure 1. The LRTs used to detect positive selection in the six mammalian genomes. (A–I) Panel A shows the test for selection on any
branch of the phylogeny, and panels B–I show the lineage- and clade-specific tests, with branches under positive selection highlighted. The numbers
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Positive Selection in Mammals

PLoS Genetics | www.plosgenetics.org 3 August 2008 | Volume 4 | Issue 8 | e1000144

Only 10 genes with 
signal of positive 
selection specifically 
in the human lineage 



Genome-wide scans for positively 
selected genes  

   Short phylogenetic branch 

  Few substitutions (~1% divergence at synonymous sites) 

  => Limited power to detect selection 

were to each other (see Methods). Requiring that each human
gene had a high-confidence 1:1 ortholog in at least two other
species reduced the total number of ortholog sets to 16,529. These
sets contain a human gene and either five (42% of cases), four
(28%), three (15%) or two (15%) non-human orthologs.

Likelihood Ratio Tests for Positively Selected Genes
We performed a series of nine different LRTs to identify genes

under positive selection on particular branches or clades of interest
in the six-species phylogeny. In particular, we tested for selection
on any branch of the tree (Figure 1A); on the branch leading to,
and on any branch within, the primate clade (Figure 1B,C); on the
branch leading to, and on any branch within, the rodent clade
(Figure 1D,E); and on each of the four individual branches within
the primate clade (Figure 1F–I). These LRTs were all based on
widely used site or branch-site models of codon evolution
[31,26,27] (see Methods). The test for all branches was applied

to all 16,529 ortholog sets. For the branch- and clade-specific tests,
ortholog sets were discarded if they did not contain adequate in-
group or out-group data for the test in question, which somewhat
reduced the number of tests (Text S1, Table S1).

The PSGs identified by each test ranged in number from only
seven (the hominid branch) to 400 (the test for all branches;
FDR,0.05 in all cases). As in previous studies, the numbers of
genes identified by the tests for individual primate branches were
small, primarily due to weak power caused by low levels of inter-
species divergence. The inclusion of additional non-primate
mammals does not appear to have improved the power of these
tests substantially, but it does allow a distinction to be made
between selection on the branches to the hominids and to
macaque. The tests for selection on the branch to the primates and
in the primate clade also yielded fairly small numbers of PSGs, but
the tests for selection in, or on the branch to, the rodents identified
somewhat (nearly three-fold) larger numbers. In general, even with

Table 1. Numbers of ortholog sets.

containing containing containing containing containing

all chimpanzee macaque mouse rat dog

Human + $ 2 orthologs 17,489 15,315 14,973 14,266 12,823 13,696

Incomplete transcripts 6,113 5,317 5,219 5,037 4,562 4,938

Recent duplications 2,273* 745 816 1,476 1,319 1,089

After duplication removal 16,529 14,570 14,157 12,790 11,504 12,607

*Recently duplicated genes are removed, but orthologs sets are retained if they still contain a human gene and $2 orthologs.
doi:10.1371/journal.pgen.1000144.t001

Figure 1. The LRTs used to detect positive selection in the six mammalian genomes. (A–I) Panel A shows the test for selection on any
branch of the phylogeny, and panels B–I show the lineage- and clade-specific tests, with branches under positive selection highlighted. The numbers
below each subfigure represent the number of positively selected genes identified by each LRT (FDR,0.05) and the total number of ortholog sets
tested. In (A), branch lengths are drawn proportional to their estimates in substitutions per site, and each branch is labeled with the corresponding
estimate of v. All tests are based on an unrooted phylogeny; the trees are rooted for display purposes only. Nominal P-value thresholds for FDR,0.05
were: (A) 1.161023, (B) 9.161025, (C) 7.761025, (D) 2.961024, (E) 2.861024, (F) 2.561025, (G) 5.461025, (H) 1.861025, (I) 5.961025.
doi:10.1371/journal.pgen.1000144.g001
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Only 10 genes with 
signal of positive 
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in the human lineage 
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Tracking natural selection ... by 
comparison of divergence and polymorphism 

  Mc Donald-Kreitman test, HKA test 
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at linked sites 

Effects : 
 - long blocks of strong linkage disequilibrium (long haplotypes) 
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Pattern of polymorphism 
at linked sites 

Effects : 
 - long blocks of strong linkage disequilibrium (long haplotypes) 

(3) (4) 

 - reduced level of polymorphism in the neighborhood of the selected allele  

(5) 

 - skew towards rare allele 



Pattern of polymorphism 
at linked sites 

Selection tests: 
 - linkage disequilibrium: iHS, IBD, LRH, ... 
 - allele frequency: Tajima's D, Fay & Wu's H, ... 

 
Composite methods 
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Population differentiation 
Different populations are subject to different 
environmental pressure => local adaptation 

  If a locus is subject to selection in one population but 
not in another => differences in allele frequency among 
populations 

  => searching for alleles with unexpectedly strong 
differences in allele frequency among populations 

E.g.: adaptation to high altitude 



Population differentiation 
Sequencing exomes of 50 Tibetans (4300 m in altitude) 

Comparison of allele frequencies with 40 Han individuals (Beijing) 

Yi et al., Science (2010) 329:75-78  

EPAS1, a transcription factor involved 
in response to hypoxia 
 

Huerta-Sánchez et al. (2014) Nature. Altitude adaptation in Tibetans caused by introgression of 
Denisovan-like DNA. 



Temporal variation in allele 
frequency 

  An allele subject to positive selection tends to increase in 
frequency across generations, at a higher rate than alleles 
subject to random genetic drift 

Comparison of allele frequencies within populations, 
sampled at different time points 

Ancient DNA 

E.g.: Mathieson et al. (2015) Nature 528: 499–503 
Genome-wide SNP data from 230 ancient Eurasians (from 
6500 to 300 bc), including 26 Anatolian Neolithic farmers 
Comparison of allele frequency in modern and ancient 
populations 
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  The strongest signal of selection is at the SNP (rs4988235) 
responsible for lactase persistence in Europe  
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samples into three groups based on which of these populations they 
clustered with most closely (Fig. 1b and Extended Data Table 1). We 
estimated mixture proportions for the present-day European ancestry 
populations and tested every SNP to evaluate whether its present-day 
frequencies were consistent with this model. We corrected for test 
statistic inflation by applying a genomic control correction analogous 
to that used to correct for population structure in genome-wide asso-
ciation studies14. Of approximately one million non-monomorphic 
autosomal SNPs, the ~50,000 in the set of potentially functional SNPs 
were significantly more inconsistent with the model than neutral 
SNPs (Fig. 2), suggesting pervasive selection on polymorphisms of 
functional importance. Using a conservative significance threshold 
of P = 5.0 × 10−8, and a genomic control correction of 1.38, we iden-
tified 12 loci that contained at least three SNPs achieving genome-
wide significance within 1 Mb of the most associated SNP (Fig. 2, 
Extended Data Table 3, Extended Data Fig. 3 and Supplementary Data  
Table 3).

The strongest signal of selection is at the SNP (rs4988235) responsi-
ble for lactase persistence in Europe15,16. Our data (Fig. 3) strengthens 
previous reports that an appreciable frequency of lactase persistence 
in Europe only dates to the last 4,000 years3,5,17. The allele’s earliest 
appearance in the dataset is in a central European Bell Beaker sample 
(individual I0112) dated to between 2450 and 2140 bc. Two other 
independent signals related to diet are located on chromosome 11 
near FADS1 and DHCR7. FADS1 and FADS2 are involved in fatty 
acid metabolism, and variation at this locus is associated with plasma 
lipid and fatty acid concentration18. The selected allele of the most 
significant SNP (rs174546) is associated with decreased triglyceride 
levels18. This locus has experienced independent selection in non-Eu-
ropean populations13,19,20 and is likely to be a critical component of 
adaptation to different diets. Variants at DHCR7 and NADSYN1 are 
associated with circulating vitamin D levels21 and the most associ-
ated SNP in our analysis, rs7940244, is highly differentiated across 
closely related northern European populations22,23, suggesting 
selection related to variation in dietary or environmental sources of  
vitamin D.

Two signals have a potential link to coeliac disease. One occurs at the 
ergothioneine transporter SLC22A4 that is hypothesized to have expe-
rienced a selective sweep to protect against ergothioneine deficiency in 
agricultural diets24. Common variants at this locus are associated with 
increased risk for ulcerative colitis, coeliac disease, and irritable bowel 

disease and may have hitchhiked to high frequency as a result of this 
sweep24–26. However, the specific variant (rs1050152, L503F) that was 
thought to be the target did not reach high frequency until relatively 
recently (Extended Data Fig. 4). The signal at ATXN2/SH2B3—also 
associated with coeliac disease25—shows a similar pattern (Extended 
Data Fig. 4).

The second strongest signal in our analysis is at the derived 
allele of rs16891982 in SLC45A2, which contributes to light skin 
pigmentation and is almost fixed in present-day Europeans but 
occurred at much lower frequency in ancient populations. In con-
trast, the derived allele of SLC24A5 that is the other major deter-
minant of light skin pigmentation in modern Europe (and that is 
not significant in the genome-wide scan for selection) appears 
fixed in the Anatolian Neolithic, suggesting that its rapid increase 
in frequency to around 0.9 in Early Neolithic Europe was mostly 
due to migration (Extended Data Fig. 4). Another pigmenta-
tion signal is at GRM5, where SNPs are associated with pigmen-
tation possibly through a regulatory effect on nearby TYR27.  
We also find evidence of selection for the derived allele of rs12913832 
at HERC2/OCA2, which is at 100% frequency in the European hunter- 
gatherers we analysed, and is the primary determinant of light eye  
colour in present-day Europeans28,29. In contrast to the other loci, the 
range of frequencies in modern populations is within that of ancient 
populations (Fig. 3). The frequency increases with higher latitude, 
suggesting a complex pattern of environmental selection.

The TLR1–TLR6–TLR10 gene cluster is a known target of selec-
tion in Europe, possibly related to resistance to leprosy, tuberculosis 
or other mycobacteria30–32. There is also a strong signal of selection 
at the major histocompatibility complex (MHC) on chromosome 6. 
The strongest signal is at rs2269424 near the genes PPT2 and EGFL8, 
but there are at least six other apparently independent signals in the 
MHC (Extended Data Fig. 3); and the entire region is significantly 
more associated than the genome-wide average (residual inflation 
of 2.07 in the region on chromosome 6 between 29–34 Mb after 
genome-wide genomic control correction). This could be the result 
of multiple sweeps, balancing selection, or increased drift as a result 
of background selection reducing effective population size in this 
gene-rich region.

We find a surprising result in six Scandinavian hunter-gatherers 
(SHG) from Motala in Sweden. In three of six samples, we observe 
the haplotype carrying the derived allele of rs3827760 in the EDAR 

Figure 2 | Genome-wide scan for selection. GC-corrected –log10 P value 
for each marker (Methods). The red dashed line represents a genome-wide 
significance level of 0.5 × 10−8. Genome-wide significant points filtered 
because there were fewer than two other genome-wide significant points 
within 1 Mb are shown in grey. Inset, quantile–quantile plots for corrected 
–log10 P values for different categories of potentially functional SNPs 

(Methods). Truncated at − log10[P value] = 30. All curves are significantly 
different from neutral expectation. CMS, composite of multiple signals 
selection hits; HiDiff, highly differentiated between HapMap populations; 
Immune, immune-related; HLA, human leukocyte antigen type tag SNPs; 
eQTL, expression quantitative trait loci (see Methods).
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Temporal variation in allele 
frequency 

Comparison of allele frequency in modern and ancient 
European populations 

Mathieson et al. (2015) Nature 528: 499–503 
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gene (Extended Data Fig. 5), which affects tooth morphology and 
hair thickness33,34, has been the target of a selective sweep in East 
Asia35, and today is at high frequency in East Asians and Native 
Americans. The EDAR derived allele is largely absent in present-day 
Europe, except in Scandinavia, plausibly owing to Siberian move-
ments into the region millennia after the date of the Motala samples. 
The SHG have no evidence of East Asian ancestry4,7, suggesting that 
the EDAR derived allele may not have originated in the main ances-
tral population of East Asians as previously suggested35. A second 
surprise is that, unlike closely related WHGs, the Motala samples 

have predominantly derived pigmentation alleles at SLC45A2 and  
SLC24A5.

Evidence of selection on height
We also tested for selection on complex traits. The best-documented 
example of this process in humans is height, for which the differ-
ences between northern and southern Europe have been driven by 
selection36. To test for this signal in our data, we used a statistic that 
tests whether trait-affecting alleles are both highly correlated and 
more differentiated, compared to randomly sampled alleles37. We 
predicted genetic heights for each population and applied the test to 
all populations together, as well as to pairs of populations (Fig. 4). 
Using 180 height-associated SNPs38 (restricted to 169 for which we 
successfully obtained genotypes from at least two individuals from 
each population), we detect a significant signal of directional selection 
on height (P = 0.002). Applying this to pairs of populations allows us 
to detect two independent signals. First, the Iberian Neolithic and 
Chalcolithic samples show selection for reduced height relative to 
both the Anatolian Neolithic (P = 0.042) and the central European 
Early and Middle Neolithic (P = 0.003). Second, we detect a signal 
for increased height in the steppe populations (P = 0.030 relative 
to the central European Early and Middle Neolithic). These results 
suggest that the modern South–North gradient in height across  
Europe is due to both increased steppe ancestry in northern popula-
tions, and selection for decreased height in Early Neolithic migrants 
to southern Europe. We did not observe any other significant signals 
of polygenetic selection in five other complex traits we tested: body 
mass index39 (P = 0.20), waist-to-hip ratio40 (P = 0.51), type 2 dia-
betes41 (P = 0.37), inflammatory bowel disease26 (P = 0.17) and lipid 
levels18 (P = 0.50).

Future studies of selection with ancient DNA
Our results, which take advantage of the massive increase in sample 
size enabled by optimized techniques for sampling from the inner-
ear regions of the petrous bone, as well as in-solution enrichment 
methods for targeted SNPs, show how ancient DNA can be used to 
perform a genome-wide scan for selection. Our results also directly 
document selection on loci related to pigmentation, diet and immu-
nity, painting a picture of populations adapting to settled agricultural 
life at high latitudes. For most of the signals, allele frequencies of 
modern Europeans are outside the range of any ancient populations, 
indicating that phenotypically, Europeans of 4,000 years ago were 
different in important respects from Europeans today, despite having 
overall similar ancestry. An important direction for future research 
is to increase the sample size for European selection scans (Extended 
Data Fig. 6), and to apply this approach to regions beyond Europe 
and to other species.
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Figure 4 | Polygenic selection on height. a, Estimated genetic heights. 
Boxes show 0.05–0.95 posterior densities for population mean genetic 
height (Methods). Dots show the maximum likelihood point estimate. 
Arrows show major population relationships, dashed lines represent 

ancestral populations. The symbols <  and >  label potentially independent 
selection events resulting in an increase or decrease in height. b, Z scores 
for the pairwise polygenic selection test. Positive if the column population 
is taller than the row population.
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Figure 3 | Allele frequencies for five genome-wide significant signals 
of selection. Dots and solid lines show maximum likelihood frequency 
estimates and a 1.9-log-likelihood support interval for the derived allele 
frequency in each ancient population. Horizontal dashed lines show 
allele frequencies in the four modern 1000 Genomes populations. AN, 
Anatolian Neolithic; HG, hunter-gatherer; CEM, central European Early 
and Middle Neolithic; INC, Iberian Neolithic and Chalcolithic; CLB, 
central European Late Neolithic and Bronze Age; STP, steppe; CEU, Utah 
residents with northern and western European ancestry; IBS, Iberian 
population in Spain. The hunter-gatherer, early farmer and steppe ancestry 
classifications correspond approximately to the three populations used in 
the genome-wide scan with some differences (See Extended Data Table 1 
for details).
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gene (Extended Data Fig. 5), which affects tooth morphology and 
hair thickness33,34, has been the target of a selective sweep in East 
Asia35, and today is at high frequency in East Asians and Native 
Americans. The EDAR derived allele is largely absent in present-day 
Europe, except in Scandinavia, plausibly owing to Siberian move-
ments into the region millennia after the date of the Motala samples. 
The SHG have no evidence of East Asian ancestry4,7, suggesting that 
the EDAR derived allele may not have originated in the main ances-
tral population of East Asians as previously suggested35. A second 
surprise is that, unlike closely related WHGs, the Motala samples 

have predominantly derived pigmentation alleles at SLC45A2 and  
SLC24A5.

Evidence of selection on height
We also tested for selection on complex traits. The best-documented 
example of this process in humans is height, for which the differ-
ences between northern and southern Europe have been driven by 
selection36. To test for this signal in our data, we used a statistic that 
tests whether trait-affecting alleles are both highly correlated and 
more differentiated, compared to randomly sampled alleles37. We 
predicted genetic heights for each population and applied the test to 
all populations together, as well as to pairs of populations (Fig. 4). 
Using 180 height-associated SNPs38 (restricted to 169 for which we 
successfully obtained genotypes from at least two individuals from 
each population), we detect a significant signal of directional selection 
on height (P = 0.002). Applying this to pairs of populations allows us 
to detect two independent signals. First, the Iberian Neolithic and 
Chalcolithic samples show selection for reduced height relative to 
both the Anatolian Neolithic (P = 0.042) and the central European 
Early and Middle Neolithic (P = 0.003). Second, we detect a signal 
for increased height in the steppe populations (P = 0.030 relative 
to the central European Early and Middle Neolithic). These results 
suggest that the modern South–North gradient in height across  
Europe is due to both increased steppe ancestry in northern popula-
tions, and selection for decreased height in Early Neolithic migrants 
to southern Europe. We did not observe any other significant signals 
of polygenetic selection in five other complex traits we tested: body 
mass index39 (P = 0.20), waist-to-hip ratio40 (P = 0.51), type 2 dia-
betes41 (P = 0.37), inflammatory bowel disease26 (P = 0.17) and lipid 
levels18 (P = 0.50).

Future studies of selection with ancient DNA
Our results, which take advantage of the massive increase in sample 
size enabled by optimized techniques for sampling from the inner-
ear regions of the petrous bone, as well as in-solution enrichment 
methods for targeted SNPs, show how ancient DNA can be used to 
perform a genome-wide scan for selection. Our results also directly 
document selection on loci related to pigmentation, diet and immu-
nity, painting a picture of populations adapting to settled agricultural 
life at high latitudes. For most of the signals, allele frequencies of 
modern Europeans are outside the range of any ancient populations, 
indicating that phenotypically, Europeans of 4,000 years ago were 
different in important respects from Europeans today, despite having 
overall similar ancestry. An important direction for future research 
is to increase the sample size for European selection scans (Extended 
Data Fig. 6), and to apply this approach to regions beyond Europe 
and to other species.
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Boxes show 0.05–0.95 posterior densities for population mean genetic 
height (Methods). Dots show the maximum likelihood point estimate. 
Arrows show major population relationships, dashed lines represent 

ancestral populations. The symbols <  and >  label potentially independent 
selection events resulting in an increase or decrease in height. b, Z scores 
for the pairwise polygenic selection test. Positive if the column population 
is taller than the row population.
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Figure 3 | Allele frequencies for five genome-wide significant signals 
of selection. Dots and solid lines show maximum likelihood frequency 
estimates and a 1.9-log-likelihood support interval for the derived allele 
frequency in each ancient population. Horizontal dashed lines show 
allele frequencies in the four modern 1000 Genomes populations. AN, 
Anatolian Neolithic; HG, hunter-gatherer; CEM, central European Early 
and Middle Neolithic; INC, Iberian Neolithic and Chalcolithic; CLB, 
central European Late Neolithic and Bronze Age; STP, steppe; CEU, Utah 
residents with northern and western European ancestry; IBS, Iberian 
population in Spain. The hunter-gatherer, early farmer and steppe ancestry 
classifications correspond approximately to the three populations used in 
the genome-wide scan with some differences (See Extended Data Table 1 
for details).
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gene (Extended Data Fig. 5), which affects tooth morphology and 
hair thickness33,34, has been the target of a selective sweep in East 
Asia35, and today is at high frequency in East Asians and Native 
Americans. The EDAR derived allele is largely absent in present-day 
Europe, except in Scandinavia, plausibly owing to Siberian move-
ments into the region millennia after the date of the Motala samples. 
The SHG have no evidence of East Asian ancestry4,7, suggesting that 
the EDAR derived allele may not have originated in the main ances-
tral population of East Asians as previously suggested35. A second 
surprise is that, unlike closely related WHGs, the Motala samples 

have predominantly derived pigmentation alleles at SLC45A2 and  
SLC24A5.

Evidence of selection on height
We also tested for selection on complex traits. The best-documented 
example of this process in humans is height, for which the differ-
ences between northern and southern Europe have been driven by 
selection36. To test for this signal in our data, we used a statistic that 
tests whether trait-affecting alleles are both highly correlated and 
more differentiated, compared to randomly sampled alleles37. We 
predicted genetic heights for each population and applied the test to 
all populations together, as well as to pairs of populations (Fig. 4). 
Using 180 height-associated SNPs38 (restricted to 169 for which we 
successfully obtained genotypes from at least two individuals from 
each population), we detect a significant signal of directional selection 
on height (P = 0.002). Applying this to pairs of populations allows us 
to detect two independent signals. First, the Iberian Neolithic and 
Chalcolithic samples show selection for reduced height relative to 
both the Anatolian Neolithic (P = 0.042) and the central European 
Early and Middle Neolithic (P = 0.003). Second, we detect a signal 
for increased height in the steppe populations (P = 0.030 relative 
to the central European Early and Middle Neolithic). These results 
suggest that the modern South–North gradient in height across  
Europe is due to both increased steppe ancestry in northern popula-
tions, and selection for decreased height in Early Neolithic migrants 
to southern Europe. We did not observe any other significant signals 
of polygenetic selection in five other complex traits we tested: body 
mass index39 (P = 0.20), waist-to-hip ratio40 (P = 0.51), type 2 dia-
betes41 (P = 0.37), inflammatory bowel disease26 (P = 0.17) and lipid 
levels18 (P = 0.50).

Future studies of selection with ancient DNA
Our results, which take advantage of the massive increase in sample 
size enabled by optimized techniques for sampling from the inner-
ear regions of the petrous bone, as well as in-solution enrichment 
methods for targeted SNPs, show how ancient DNA can be used to 
perform a genome-wide scan for selection. Our results also directly 
document selection on loci related to pigmentation, diet and immu-
nity, painting a picture of populations adapting to settled agricultural 
life at high latitudes. For most of the signals, allele frequencies of 
modern Europeans are outside the range of any ancient populations, 
indicating that phenotypically, Europeans of 4,000 years ago were 
different in important respects from Europeans today, despite having 
overall similar ancestry. An important direction for future research 
is to increase the sample size for European selection scans (Extended 
Data Fig. 6), and to apply this approach to regions beyond Europe 
and to other species.
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Figure 4 | Polygenic selection on height. a, Estimated genetic heights. 
Boxes show 0.05–0.95 posterior densities for population mean genetic 
height (Methods). Dots show the maximum likelihood point estimate. 
Arrows show major population relationships, dashed lines represent 

ancestral populations. The symbols <  and >  label potentially independent 
selection events resulting in an increase or decrease in height. b, Z scores 
for the pairwise polygenic selection test. Positive if the column population 
is taller than the row population.
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Figure 3 | Allele frequencies for five genome-wide significant signals 
of selection. Dots and solid lines show maximum likelihood frequency 
estimates and a 1.9-log-likelihood support interval for the derived allele 
frequency in each ancient population. Horizontal dashed lines show 
allele frequencies in the four modern 1000 Genomes populations. AN, 
Anatolian Neolithic; HG, hunter-gatherer; CEM, central European Early 
and Middle Neolithic; INC, Iberian Neolithic and Chalcolithic; CLB, 
central European Late Neolithic and Bronze Age; STP, steppe; CEU, Utah 
residents with northern and western European ancestry; IBS, Iberian 
population in Spain. The hunter-gatherer, early farmer and steppe ancestry 
classifications correspond approximately to the three populations used in 
the genome-wide scan with some differences (See Extended Data Table 1 
for details).

5 0 2  |  N A T U R E  |  V O L  5 2 8  |  2 4 / 3 1  D E C E M B E R  2 0 1 5

ARTICLERESEARCH

© 2015 Macmillan Publishers Limited. All rights reserved

gene (Extended Data Fig. 5), which affects tooth morphology and 
hair thickness33,34, has been the target of a selective sweep in East 
Asia35, and today is at high frequency in East Asians and Native 
Americans. The EDAR derived allele is largely absent in present-day 
Europe, except in Scandinavia, plausibly owing to Siberian move-
ments into the region millennia after the date of the Motala samples. 
The SHG have no evidence of East Asian ancestry4,7, suggesting that 
the EDAR derived allele may not have originated in the main ances-
tral population of East Asians as previously suggested35. A second 
surprise is that, unlike closely related WHGs, the Motala samples 

have predominantly derived pigmentation alleles at SLC45A2 and  
SLC24A5.

Evidence of selection on height
We also tested for selection on complex traits. The best-documented 
example of this process in humans is height, for which the differ-
ences between northern and southern Europe have been driven by 
selection36. To test for this signal in our data, we used a statistic that 
tests whether trait-affecting alleles are both highly correlated and 
more differentiated, compared to randomly sampled alleles37. We 
predicted genetic heights for each population and applied the test to 
all populations together, as well as to pairs of populations (Fig. 4). 
Using 180 height-associated SNPs38 (restricted to 169 for which we 
successfully obtained genotypes from at least two individuals from 
each population), we detect a significant signal of directional selection 
on height (P = 0.002). Applying this to pairs of populations allows us 
to detect two independent signals. First, the Iberian Neolithic and 
Chalcolithic samples show selection for reduced height relative to 
both the Anatolian Neolithic (P = 0.042) and the central European 
Early and Middle Neolithic (P = 0.003). Second, we detect a signal 
for increased height in the steppe populations (P = 0.030 relative 
to the central European Early and Middle Neolithic). These results 
suggest that the modern South–North gradient in height across  
Europe is due to both increased steppe ancestry in northern popula-
tions, and selection for decreased height in Early Neolithic migrants 
to southern Europe. We did not observe any other significant signals 
of polygenetic selection in five other complex traits we tested: body 
mass index39 (P = 0.20), waist-to-hip ratio40 (P = 0.51), type 2 dia-
betes41 (P = 0.37), inflammatory bowel disease26 (P = 0.17) and lipid 
levels18 (P = 0.50).

Future studies of selection with ancient DNA
Our results, which take advantage of the massive increase in sample 
size enabled by optimized techniques for sampling from the inner-
ear regions of the petrous bone, as well as in-solution enrichment 
methods for targeted SNPs, show how ancient DNA can be used to 
perform a genome-wide scan for selection. Our results also directly 
document selection on loci related to pigmentation, diet and immu-
nity, painting a picture of populations adapting to settled agricultural 
life at high latitudes. For most of the signals, allele frequencies of 
modern Europeans are outside the range of any ancient populations, 
indicating that phenotypically, Europeans of 4,000 years ago were 
different in important respects from Europeans today, despite having 
overall similar ancestry. An important direction for future research 
is to increase the sample size for European selection scans (Extended 
Data Fig. 6), and to apply this approach to regions beyond Europe 
and to other species.
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Arrows show major population relationships, dashed lines represent 

ancestral populations. The symbols <  and >  label potentially independent 
selection events resulting in an increase or decrease in height. b, Z scores 
for the pairwise polygenic selection test. Positive if the column population 
is taller than the row population.
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of selection. Dots and solid lines show maximum likelihood frequency 
estimates and a 1.9-log-likelihood support interval for the derived allele 
frequency in each ancient population. Horizontal dashed lines show 
allele frequencies in the four modern 1000 Genomes populations. AN, 
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and Middle Neolithic; INC, Iberian Neolithic and Chalcolithic; CLB, 
central European Late Neolithic and Bronze Age; STP, steppe; CEU, Utah 
residents with northern and western European ancestry; IBS, Iberian 
population in Spain. The hunter-gatherer, early farmer and steppe ancestry 
classifications correspond approximately to the three populations used in 
the genome-wide scan with some differences (See Extended Data Table 1 
for details).

FADS1, FADS2: 
fatty acid metabolism 

SLC45A2: light 
skin pigmentation 

TLR: immune 
response 



Summary: tracking natural 
selection ... 

Macroevolution: Rate-based methods  
Interspecies (e.g. dN/dS) 

Polymorphism/divergence comparison (e.g. MK-test, 
HKA) 

Microevolution: analysis of polymorphism 
Allele frequency spectra (e.g. Tajima's D) 

  Linkage disequilibrium (e.g. iHS, IBD) 

  Population differentiation 

  Temporal variation in allele frequency 

For a review, see: Vitti JJ, Grossman SR, Sabeti PC. Detecting Natural Selection in Genomic 
Data. Annu Rev Genet. 2013;47: 97–120. doi:10.1146/annurev-genet-111212-133526 



The neutralist /selectionist 
controversy 

To what extent is the organization and content of genomes 
driven by selection or by non-adaptive evolutionary 

processes ?  

Motoo 
Kimura 

Tomoko 
Ohta 



Selection 
Non-adaptive 

processes 

Contingency 
Random genetic drift 
Intragenomic parasites 

Genetic conflicts 
... 



Selection 

Non-adaptive 
processes 

Pan-adaptionism :  
the best of all 

possible genomes 
(Pangloss) 



  If we want to demonstrate that selection is acting, we have to 
reject the alternative hypothesis  
  Neutral evolution = null hypothesis 

  To be able to detect selection, it is essential to identify all 
non-adaptive evolutionary processes that contribute to 
genome evolution 

A pragmatic view... 



  The efficacy of selection has some limits: 

The (nearly) neutral theory 

Selection 
Mutation 

Genetic drift 

Non-optimal 
allele 

Optimal 
allele 

  A genome is necessarily sub-optimal... 

and the rate from SRW is

rs?w~ 1{fð Þ2Nms?wP 0ð Þzf 2Nms?wP {sð Þ ð3Þ

where N is the effective population size and P(s) is the probability
that a mutation subject to BGC of strength s will be fixed. BGC
behaves just like selection of a semi-dominant mutation [21] so:

P sð Þ~ 1{e{2s

1{e{4Ns
ð4Þ

P(0) is the probability that a mutation, which is not subject to
BGC, is fixed under random drift: i.e. P(0) = 1/2N.

The rate of recombination varies along chromosomes, as a
consequence of variations in density and intensity of recombina-
tion hotspots [24]. Thus, the impact of BGC in a given genomic
fragment depends on the local density and intensity of recombi-
nation hotspots. We considered genomic fragments of 1 Mb. We
assume that at this genomic scale, and for the period of time
considered here (i.e. corresponding to the human/chimpanzee

divergence), the hotspot density and average intensity remain
constant during time. However, we do not assume that hotspots
remain at the same position within the fragment. To investigate
independently the impact of hotspot density and intensity on
genome evolution we considered two models: in the first one (M1),
we consider that the rate of recombination in a given genomic
fragment varies only through the density in recombination
hotspots, which are assumed to have all the same intensity; in
the second one (M2), we keep the density of hotspots constant over
across the chromosome but vary the intensity of hotspots in the
genomic fragments. The distribution of densities (for M1) and
intensities (for M2) are chosen to mimic the actually observed
genome wide distributions of recombination rates in the human
genome.

The BGC coefficient (s) depends on the intensity of the hotspot

(i) (i.e. its rate of recombination), the length of the heteroduplex (h)

and the bias in the repair of W:S mismatches (b). It is known that i
varies among hotspots [56]. There is presently no evidence for

variations of b and h along chromosomes. Hence we will simply

assume here that variations in s reflect variations in i, so:

Figure 4. Correlations between substitution rates and crossover rate in human autosomes. Each dot corresponds to a 1 Mb-long
genomic region. Substitution rates: number of substitutions per site in the human lineage since the divergence from chimpanzee. (A) Total
substitution rate. (B–D) Base-specific substitution rates: (B) CpG G:CRA:T transition rate. (C) non-CpG SRW and WRW substitution rates. (D) WRS
and SRS substitution rates. Regression lines and Pearson’s correlation R2 are indicated.
doi:10.1371/journal.pgen.1000071.g004
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Don't forget selection levels ! 

Selection at the individual level 

Selection at the species level 
  ± robustness to extinction 

Selection at the intragenomic level 
Selfish genetic elements: elements that are able to 
replicate, without contributing positively to the fitness 
of their host  

Conflicts between different levels of selection  


