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Over the last decades, anthropological and 
population genetics studies have provided robust 
evidence of genetic adaptation of human popu-
lations to their local environments (Fan et al. 
2016). Iconic examples include selection for light 
skin color in West Eurasia, lactose tolerance in 
agricultural communities around the world, and 
malaria resistance in populations living in sub-
tropical areas endemic from Plasmodium vivax 
and Plasmodium falciparum, the causative agents 
of malaria in humans. While the characterization 
of human genetic diversity at the worldwide scale 
and the growing understanding of how selection 
operates, through selective sweeps or polygenic 
adaptation, have allowed to drastically expand 
the number of candidate selected loci, the iden-
tification of genes and functions genuinely tar-
geted by natural selection and the underlying 
causal variants is still lagging behind. 

Three main factors can explain such knowl-
edge gap. First, despite considerable efforts have 
been done (Akbari et al. 2018; Sugden et al. 
2018), pinpointing the adaptive variants based 
on population genetics approaches alone has 
proved a daunting task. Indeed, genetic hitchhik-
ing causes neutral alleles that segregate on the 
same haplotype as the beneficial mutation to 
increase in frequency concomitantly, leading to 
signatures of positive selection similar to those 
observed at the causal variant. Second, when the 
adaptive variant is non-coding, long-range inter-
actions between enhancers and their target genes, 
and tissue-dependent effects on gene expression 
– where the same enhancer activates different 
genes depending on the tissue  – can further 
obscure the identity of the genes under selection. 

Third, even when the target gene is identified, 
pleiotropy (i.e., when a single gene is associated 
with multiple phenotypes) often complicates the 
identification of the true adaptive phenotype. 

There is thus a clear need to characterize the 
functional consequences of the signals of genetic 
adaptation detected in the genomes of modern 
humans. This can be achieved through a com-
bination of approaches that we discuss below, 
including (i) association studies of molecular and 
clinical phenotypes to assess the context-specific 
effects of adaptive loci on protein function and 
their impact on downstream-phenotypes; (ii) 
massively parallel assays to study the functional 
impact of specific candidate variants under selec-
tion; and (iii) genome-wide approaches to iden-
tify the specific phenotypes that have been the 
targets of selection. 

A first step towards the understanding of the 
functional significance of the adaptive events 
detected by anthropological studies is the system-
atic functional annotation of the selected variants 
and haplotypes. The increasing availability of 
summary statistics from genome-wide associa-
tion studies (GWAS) and the collection of exten-
sive genetic and phenotypic data in large cohorts, 
such as the UK biobank (Bycroft et al. 2018), 
are allowing to perform phenome-wide associa-
tion studies (PheWAS), which assess the effect of 
a single genetic variant on a large range of phe-
notypes. Although such studies are essential to 
unbiasedly assess the phenotypic effects of adap-
tive loci, they provide limited information on the 
underlying mechanisms. In this context, stud-
ies of expression quantitative trait loci (eQTL), 
which measure the effects of genetic variants on 
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gene expression, have proven very valuable. A 
large number of eQTL databases exists, allow-
ing to study the molecular effects of genetic vari-
ants across multiple tissues (GTEx Consortium 
2020), immune cell types (Schmiedel et al. 
2018), or in response to external stimuli such as 
pathogens (Quach et al. 2016). Yet, the major-
ity of these studies are heavily biased towards 
European-ancestry populations, and there is an 
urgent need to expand them to a wider range 
of ancestries, in particular to neglected popula-
tions (Sirugo et al. 2019). Likewise, eQTL stud-
ies need to include a larger range of stimuli and 
cellular states to better understand how genetics 
controls gene expression in the presence of other 
immune ligands, hormones, drugs, vitamins or 
metabolites.

The ongoing revolution brought by single-cell 
approaches should also allow to better apprehend 
how genetic variants act in a context-specific man-
ner. For example, single-cell RNA-sequencing of 
induced pluripotent stems cells allows capturing 
the transient effect of genetic variants that influ-
ence expression during differentiation and control 
cellular fate (Cuomo et al. 2020). This approach 
will facilitate the study of the genetic basis of 
human traits with a developmental or hemat-
opoietic origin, such as stature, brain-structure, 
or blood cell counts. Such a technology will also 
be extremely valuable in the context of immune 
response to viruses, where the genetic control 
of gene expression may strongly differ between 
infected cells and those exposed to the virus but 
resistant to infection (i.e., bystander cells).

To better understand the functional impact 
of adaptive variants on phenotype variation, 
further effort should be also placed into how 
they alter protein function. Beyond their effects 
on transcription, non-coding variants can also 
alter mRNA splicing, degradation, or transla-
tion. For instance, adaptive introgression from 
Neanderthals at the antiviral OAS locus has 
been associated with altered splicing of the ter-
minal exons of OAS1, leading to the formation 
of an isoform that alters cellular localization and 
increases antiviral activity (Sams et al. 2016). 
Hence it is crucial to routinely complement 

standard eQTL analyses with analyses of splic-
ing QTLs or even protein QTLs. The integration 
of these findings across a large number of tissues 
and conditions should allow to fully characterize 
the specific contexts in which selected haplotypes 
alter the function of nearby genes.

While association studies are a powerful tool 
to characterize the phenotypic effects of genes 
presenting signals of selection, they are highly 
sensitive to linkage disequilibrium, and often fall 
short of identifying the specific functional vari-
ants. Solving this issue requires to separately test 
the effect of each variant using complex func-
tional assays, such as luciferase reporter assays 
or knock-out experiments. The recent advent 
of massively parallel assays is now allowing to 
perform these experiments at an unprecedented 
scale. For example, pooled CRISPR screens com-
bine the power of targeted DNA editing with 
single-cell sequencing to simultaneously alter 
thousands of regulatory elements and monitor 
their effect on gene expression (Gasperini et al. 
2019). Notably, a recent study has applied mas-
sively parallel reporter assays to characterize the 
regulatory effects across three tissues (embryonic 
stem cells, brain, and osteoblasts) of over 14,000 
alleles that have reached fixation in modern 
humans, but are absent from the genome of other 
hominins such as Neanderthals or Denisovans 
(Weiss et al. 2021). This study has revealed an 
enrichment of functional variants near genes 
controlling vocal tract and brain anatomy, dem-
onstrating the power of this approach to unravel 
the specific genetic variants that have shaped the 
evolution of modern humans. 

Even when a selection signal can be narrowed 
down to a single genetic variant, it can still regu-
late multiple phenotypes, given that pleiotropy 
appears to be the rule rather than the exception. 
For example, the rs4988235-T allele at the LCT 
locus, known to be associated with lactase per-
sistence in adulthood, is associated with over 
111 additional phenotypes in the UK biobank 
cohort (Bycroft et al. 2018). While some of 
these phenotypes may result from the lactase 
persistency effect, such as altered dietary habits 
and increased weight and fat percentage, others 
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appear to be unrelated, including decreased ease 
of skin tanning, higher blood pressure, or altered 
social behavior. Thus, the pervasive pleiotropy 
observed in the genome should incite caution 
when concluding on the specific phenotypes that 
are targeted by selection. 

Recent studies of the genetic architecture 
of human traits have shown that most complex 
traits – such as those that determine survival and 
reproductive success – are highly polygenic, with 
the most constrained traits usually being the 
most polygenic. In this context, our best chance 
at deciphering truly adaptive phenotypes might 
be to adopt to a genome-wide view of selection, 
and seek for an accumulation of selection signals 
across genes contributing to the same phenotype. 
For example, an ancient DNA study of 170 skin 
pigmentation loci has revealed strong directional 
selection for lighter skin color in Eurasia over the 
last 40,000 years, with the strongest selection act-
ing on a subset of 10-20 loci (Ju and Mathieson 
2021). This finding reinforces the notion that 
selection often acts through multiple targets to 
reach the advantageous phenotype. Furthermore, 
comparing the number of loci associated to the 
same phenotype can be used to separate primary 
selected phenotypes from hitchhiking pheno-
types. For example, in a population genetic 
study of Central-African rainforest hunter-gath-
erers, we have recently shown an enrichment of 
selection signals near genes associated with both 
height and reproductive age (Lopez et al. 2019). 
Yet, the signals at reproduction-related traits van-
ished when excluding height-associated loci from 
the analyses, whereas the removal of reproduc-
tion-related loci did not affect the enrichment 
of selection signals at height-associated genes. 
This supports that height is the truly adaptive 
phenotype that, due to pleiotropy, affects repro-
ductive age in this hunter-gatherer group. This 
case of adaptation to the extreme conditions of 
the rainforest illustrates how adopting a genome-
wide approach can help deciphering the nature 
of adaptive phenotypes. 

Together, while the road towards a better 
understanding of the effects of natural selection 
on human phenotypes is steep, a promising path 

lies ahead by combining the mapping of molec-
ular quantitative trait loci across multiple tissues 
and conditions, with the functional dissection of 
selected loci by massively parallel assays and the 
genome-wide screening of phenotypes and bio-
logical functions associated with adaptive loci. In 
doing so, the coming years will bring novel insights, 
and possibly some surprises, into the mechanisms 
through which humans have biologically adapted 
to the multiple environments they have encoun-
tered over the last 60,000 years of evolution. 
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