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Héritabilité h2 

Taille: h2 = 0.84
Poids: h2 = 0.52
Cholestérol total: h2 = 0.61 
Age à la ménopause: h2 = 0.47
Age à la ménarche: h2 = 0.62

Byars et al. PNAS 2009

Applications
The parameter of heritability is so enduring and useful 
because it allows the meaningful comparison of traits 
within and across populations, it enables predictions 
about the response to both artificial and natural selec-
tion, it determines the efficiency of gene-mapping stud-
ies and it is a key parameter in determining the efficiency 
of prediction of the genetic risk of disease. Heritability 
is a simple dimensionless measure of the importance of 
genetic factors in explaining the differences between 
individuals, and it allows an immediate comparison of 
the same trait across populations and of different traits 
within a population. Such comparisons can lead to 
insights into the biology of the phenotype, or can have 
practical consequences for plant and animal breeding 
programmes. For example, the heritability of body size 
(or stature) is generally high across a wide range of spe-
cies (FIG. 1), signifying developmental processes that 
seem to be robust to environmental insults.

In medicine and human genetics, estimates of her-
itability can be compared across diseases to gauge the 
relative influence of genetic and environmental factors. 
Because disease is usually measured on an all-or-none 
scale, allowance has to be made for the incidence of 
disease when making comparisons. Heritability for 
such categorical traits can be defined on the observed 
discontinuous scale or on an unobserved continuous 
‘liability’ scale16. The continuous scale is more general 
because it is independent of the incidence of each cat-
egory (see BOX 5). For example, consider the psychiatric 
disorders schizophrenia and major depression, which 

differ considerably in the relative risks to first-degree 
relatives of affected individuals: 9 for schizophrenia17 
but only 3 for major depression18. However, the lower 
incidence of schizophrenia of 1%17 compared with 
3%18 for major depression results in similar estimates 
of heritability on the observed scale of 0.16 and 0.12, 
respectively. Conversely, heritabilities that are estimated 
on the underlying liability scale19 are quite different at 
0.81 and 0.37, respectively. For risk prediction that is 
based on family history or measured genotypes, it is the 
heritability on the observed 0–1 risk scale, however, that 
is most important20.

In artificial-selection programmes, heritability has 
a crucial role because it determines the precision with 
which the genetic value can be predicted from pheno-
typic information, and therefore determines the design 
of breeding schemes. The correlation between the 
observed phenotype and unobserved breeding value is 
h, the square root of the heritability3. Therefore, for a 
trait with a high heritability, the phenotype of an indi-
vidual is highly informative for its breeding value. So 
for traits that are easy to measure and have a high herit-
ability (for example, growth or weight traits (FIG. 1)) an 
easy and effective breeding scheme is to choose the best 
individuals for further breeding on the basis of their phe-
notypes. For traits with a low heritability (for example, 
litter size) information from many relatives is needed to 
predict breeding values accurately, but the accuracy of 
prediction of breeding values remains a function of the 
heritability. Hence, heritability is central in predicting 
the response to selection.
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Heritability

Drosophila — morphological traits (REF. 107)

Daphnia — body size (REF. 108)

Atlantic salmon — freshwater-stage weight (REF. 109)

Birds — tarsus length (REF. 110)

Birds — tarsus length (REF. 110)

Animal species in the wild — morphological (REF. 111)

Cattle — yearling weight (REF. 112)

Human — height Finland born 1947–57 (REF. 113)

Human — height Finland born <1929 (REF. 113)

Drosophila — life-history traits (REF. 107)

Daphnia — clutch size (REF. 108)

Rainbow Trout — alevin survival (REF. 114)

Cattle — calving success (REF. 112)

Cattle — bull fertility (REF. 112)

Pigs — number of piglets born alive (REF. 115)

Animal species in the wild — life-history traits (REF. 111)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Only one environment reported

Better environment

Poorer environmentAltantic salmon — marine-stage weight (REF. 109)

Morphological traits

Fitness traits

Figure 1 | Examples of estimates of heritabilities of morphological and fitness traits. Where possible, the 
estimates of heritability were taken from Reviews, and are the mean across a number of studies. The examples show 
that, on average, heritability estimates are larger for morphological traits than for fitness-related traits, and that 
heritability tends to be larger in better environments when compared with poorer environments.
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https://www.mun.ca/biology/scarr/2900_Natural_Selection_in_the_Wild.html

Figure courtesy of Laura Hayward

For more details about stabilizing selection on complex traits, see Sella & Barton 
2019 Annual Reviews of Human Genetics & Genomics, forthcoming

https://www.mun.ca/biology/scarr/2900_Natural_Selection_in_the_Wild.html


Polygenic selection

A new optimum is very rapidly attained

Borrowed from Scheinfeldt & Tishkoff 2013

c  Selection on a complex trait

a  Classic selective sweep

Over time, the advantageous 
mutation approaches fixation

b  Selection from standing variation

Over time, the set of variants
becomes more common

A set of variants becomes adaptive
in a new environmentNeutral variation

A variant becomes adaptive in a
new environmentNeutral variation

Over time, the advantageous 
mutation approaches fixationAn advantageous mutation arisesNeutral variation
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as a known recombination map. Therefore, any uncer-
tainty or error in these input data will bias the results 
and inferences made from such analyses. Moreover, 
genomic heterogeneity in background levels of purify-
ing selection39, mutation rates, structural variation and 
recombination rates can result in spurious candidates for  
natural selection40,41.

In addition, much of the variation that would have 
already been present at the onset of rapid transitions in 
recent human history (for example, migrations to new 
environments and shifts in subsistence strategies) would 
have been pre-existing, and selection from standing vari-
ation (for example, a soft sweep) leaves a signature of 
selection that is more difficult to detect than a classic 
sweep6,42–45 (FIG. 1b). Such signals are even more dif-
ficult to detect when an adaptive trait is influenced by 

multiple loci44,46 (FIG. 1c); in these polygenic cases, it is 
also likely that selection from standing variation is the 
more relevant model of adaptation, rather than a classic 
sweep47. Indeed, a study of nucleotide diversity in the 
1000 Genomes data set suggests that classic sweeps have 
not been a common mechanism of adaptation in recent 
human history48. Theoretical work in the past few years 
has demonstrated that measures of population struc-
ture are sensitive to selection from standing variation43 
(FIG. 1b); therefore, statistical tests that use population 
structure may be particularly useful in studies of recent 
human adaptation. However, new statistical approaches 
that are able to take advantage of the allele frequency 
spectrum and patterns of haplotype diversity in WGS 
data will complement neutrality tests that are based on 
population structure.

Figure 1 | Genetic signatures of positive selection. Each panel depicts changes in variant frequencies over time. 
Variants are shown as circles on the oblong chromosomes, and advantageous variants are represented with a star.  
a|̂  # cNassic seNectiXe sYeep� in Yhich a noXeN aFaptiXe Xariant arises in a popuNation anF increases in HreSuenc[ oXer time 
until it approaches fixation, leaving an excess of linkage disequilibrium with surrounding variants and a decrease in levels 
of genetic variation. b|̂  5eNection Hrom stanFinI Xariation� in Yhich a Xariant that is aNreaF[ present in the popuNation 
becomes advantageous in a new environment and increases in frequency over time until it approaches fixation. Because 
the variant exists on different haplotype backgrounds, it cannot be easily detected using tests of extended haplotype 
homozygosity. However, when this happens in a regionally restricted manner, there is a resultant excess of allele frequency 
differentiation in the population being subjected to adaptive pressures, relative to a population for which the variant does 
not confer a selective advantage. c|̂  5eNection on a compNex trait inXoNXinI muNtipNe Noci on FiHHerent chromosomes 
(represented by oblongs in different colours); when this trait becomes advantageous, it increases in frequency as a set, 
leaving a more subtle signature of adaptation which may include subtle shifts in allele frequencies at multiple loci.
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Polygenic selection

Set of variants
identified in GWAS
in a given population

Does this set show evidence
for directional selection, when
considered jointly?



Selection at present

Sickle cell allele frequency     Malaria density

S = sickle cell allele     N = non sickle cell allele
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Viability selection today

Mostafavi et al. 2017 PLoS Biology
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Genotype of individuals predicted by: 
Ancestry, Age

Hakhamanesh
Mostafavi

Joe Pickrell



Genome-wide 
genotype data

Maternal survivalPaternal survival

(see Pilling et al. 2016, Joshi et al. 2016, Liu et al. 2016)



Mostafavi et al. 2017



Sets of genetic variants

LETTER
doi:10.1038/nature13545

Parent-of-origin-specific allelic associations among
106 genomic loci for age at menarche
A list of authors and their affiliations appears at the end of the paper

Age at menarche is a marker of timing of puberty in females. It varies
widely between individuals, is a heritable trait and is associated with
risks for obesity, type 2 diabetes, cardiovascular disease, breast cancer
and all-cause mortality1. Studies of rare human disorders of puberty and
animal models point to a complex hypothalamic-pituitary-hormonal
regulation2,3, but the mechanisms that determine pubertal timing and
underlie its links to disease risk remain unclear. Here, using genome-
wide and custom-genotyping arrays in up to 182,416 women of Euro-
pean descent from 57 studies, we found robust evidence (P , 5 3 1028)
for 123 signals at 106 genomic loci associated with age at menarche.
Many loci were associated with other pubertal traits in both sexes,
and there was substantial overlap with genes implicated in body mass
index and various diseases, including rare disorders of puberty. Men-
arche signals were enriched in imprinted regions, with three loci
(DLK1-WDR25, MKRN3-MAGEL2 and KCNK9 ) demonstrating
parent-of-origin-specific associations concordant with known par-
ental expression patterns. Pathway analyses implicated nuclear hor-
mone receptors, particularly retinoic acid and c-aminobutyric acid-B2
receptor signalling, among novel mechanisms that regulate pubertal
timing in humans. Our findings suggest a genetic architecture involv-
ing at least hundreds of common variants in the coordinated timing
of the pubertal transition.

Genome-wide array data were available from up to 132,989 women
of European descent from 57 studies. In a further 49,427 women, data
were available on up to approximately 25,000 single nucleotide polymor-
phisms (SNPs), or their proxy markers, that showed sub-genome-wide

significant associations (P , 0.0022) with age at menarche in our pre-
vious genome-wide association study (GWAS)4 (Supplementary Table 1).
Association statistics for 2,441,815 autosomal SNPs that passed quality
control measures (including minor allele frequency .1%) were com-
bined across all studies by meta-analysis.

3,915 SNPs reached the genome-wide significance threshold (P ,
5 3 1028) for association with age at menarche (Fig. 1). Using GCTA5,
which approximates a conditional analysis adjusted for the effects of neigh-
bouring SNPs (Extended Data Fig. 1 and Supplementary Table 2), we
identified 123 independent signals for age at menarche at 106 genomic
loci, including 11 loci containing multiple independent signals (Extended
Data Tables 1–4; plots of all loci are available at http://www.reprogen.org).
Of the 42 previously reported independent signals for age at menarche4,
all but one (gene SLC14A2, SNP variation rs2243803, P 5 2.3 3 1026)
remained significant genome-wide in the expanded data set.

To estimate their overall contribution to the variation in age at men-
arche, we analysed an additional sample of 8,689 women. 104/123 signals
showed directionally concordant associations or trends with menarche
timing (binomial sign test PSign 5 2.2 3 10215), of which 35 showed nom-
inal significance (PSign , 0.05) (Supplementary Table 3). In this inde-
pendent sample, the top 123 SNPs together explained 2.71% (P , 1 3
10220) of the variance in age at menarche, compared to 1.31% (P 5
2.3 3 10214) explained by the previously reported 42 SNPs. Consid-
eration of further SNPs with lower levels of significance resulted in
modest increases in the estimated variance explained with increasingly
larger SNP sets, until we included all autosomal SNPs (15.8%, s.e. 3.6%,
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Figure 1 | Manhattan and quantile–quantile plot of the GWAS for age at
menarche. Manhattan (main panel) and quantile–quantile (QQ) (embedded)
plots illustrating results of the genome-wide association study (GWAS)
meta-analysis for age at menarche in up to 182,416 women of European
descent. The Manhattan plot presents the association 2log10(P-values) for each
genome-wide SNP (y axis) by chromosomal position (x axis). The red line

indicates the threshold for genome-wide statistical significance (P 5 5 3 1028).
Blue dots represent SNPs whose nearest gene is the same as that of the
genome-wide significant signals. The QQ plot illustrates the deviation of
association test statistics (blue dots) from the distribution expected under the
null hypothesis (red line).
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Perry et al., 2014

Genome-wide association study 
(GWAS) for age at menarche

39 phenotypes, Pickrell et al., 2016 
Age at menarche, Day et al., 2017
Age at first birth, Barban et al., 2016

Age at natural menopause, Day et al., 2015

Genome-wide level of 
significance



Traits associated with paternal age at death



Paternal survival

Protective effect of later
predicted age of puberty 



Traits associated with paternal age at death



Maternal survival





Age of first birth (p~6x10-4) Age of first birth (p~10-10)

Longevity vs. Fertility



Separation of population leads to divergence in allele frequencies

Population 1
Allele frequency 0.2

Population 2
Allele frequency 0.5

Frequency 
0.5

=> Polygenic scores will diverge by 
genetic drift alone



https://gcbias.org/2014/08/07/some-thoughts-on-our-polygenic-selection-paper/
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Polygenic selection on variants that influence height in Europe
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Genome-wide association study (GWAS) for height

Borrowed from Turchin et al. 2012



Coop & Berg 2014 Plos Genetics; see also Coop & Berg 2017 BioRxiv



Field et al. 2016 Science; Edge and Coop 2018; Spiedel et al. 2019 BioRxiv



https://gcbias.org/2018/03/14/polygenic-scores-and-tea-drinking/
Novembre and Barton 2018 Genetics
Barton, Hermisson and Nordborg 2019 eLife

estimated in 
GWASed population 

Among many strong assumptions:

v Assume Betas estimated without bias
BUT residual environmental confounding in 
GWAS

v Assume Betas fixed in space and time
BUT GxG, GxE

v Only genetic effects taken into account
BUT environmental pressure could mitigate or 
oppose genetic effects

https://gcbias.org/2018/03/14/polygenic-scores-and-tea-drinking/


v What were the typical fitness effects of beneficial changes? 
Typically small

v How many changes were involved? Probably many, scattered 
throughout the genome

Þ Is it meaningful to catalogue them?
Þ How to test their effects?
Þ A new view of human adaptations


