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Abstract

For many traits, human variation is less a matter of categorical differences than quantitative 

variation, such as height, where individuals fall along a continuum from short to tall. Most recent 

studies utilize large population-based samples with whole-genome sequences to study the 

evolution of these traits and have made significant progress implementing a broad spectrum of 

techniques. However, relatively few studies of quantitative trait evolution include ethnically 

diverse populations, which often harbor the highest levels of genetic and phenotypic diversity. 

Thus, our ability to draw inferences about quantitative trait adaptation has been limited. Here we 

review recent studies examining human quantitative trait adaptation, and argue that including 

ethnically diverse populations, particularly from Africa, will be especially informative for our 

understanding of how humans adapt to the world around them.
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Genomic signatures of adaptation for quantitative traits

In the early 20th century, R.A. Fisher described how the inheritance of continuous, or 

quantitative, traits could be explained by the coordinated contributions of many independent 

loci of small effect [1]. Modern human genetic studies have since confirmed that quantitative 

traits are governed by many loci of varying effect sizes [2,3,4]. The process of local 

adaptation for quantitative traits requires the interplay of multiple components: genetic 

variation creates variation in heritable traits, natural selection on trait variation leads to 
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differential fitness effects in a local environment, and differential fitness effects alter the 

composition of the genetic variation present in subsequent generations. Establishing local 

adaptation in human populations requires one to be able to identify the relationships between 

these attributes. There are multiple approaches to discovering these relationships, each with 

its own strengths and weaknesses.

One approach is to establish an association between natural selection and genetic variation 

and subsequently relate the variants under selection with a quantitative trait. This can be 

accomplished by applying genomic scans of natural selection to identify the targets of 

natural selection, and then performing statistical or functional follow up analyses to connect 

these signals with quantitative traits (Fig. 1A). An alternative approach is to identify an 

association between a quantitative trait and genetic variation, and then follow up with tests 

for signals of natural selection in aggregate at these trait-associated loci (Fig. 1B). Here, we 

review each of these approaches and discuss their strengths and weaknesses. One weakness 

common to many studies employing either of these approaches is a disproportionate focus 

on populations that are not representative of global human genetic diversity. Therefore, for 

both of these scenarios, we describe ways in which our understanding of quantitative trait 

evolution could be improved by including ethnically diverse populations currently under-

represented in the human genetics literature.

Associating targets of selection with quantitative traits

One method to study quantitative trait evolution is to start by identifying targets of selection, 

followed by association with phenotypes. These studies begin by pinpointing genetic 

variants exhibiting statistical signatures of being shaped by the forces of natural selection. 

This can be established either by showing evidence of a rapid rise in allele frequency that is 

not consistent with neutral genetic drift, or by evidence of correlation with environmental or 

life-style conditions that is not consistent with neutral demographic spread. Follow-up 

analyses, be they functional genomic assays, genome-wide association studies (GWAS) in 

comparable populations, and/or functional annotation enrichment studies, are used to 

determine the quantitative traits that selection is acting on (Fig. 1A).

These kinds of studies work best when the evidence of natural selection acting on individual 

loci is clear. This is typically true when strong selection pressure is applied to traits for 

which there are segregating genetic variants with relatively large phenotypic effects. Where 

selection acts on traits with hundreds or thousands of segregating variants, each contributing 

a minor effect, no variants by themselves will show discernible evidence of selection and a 

different approach is warranted.

The earliest studies of genetic signatures of natural selection focused on traits influenced by 

one or a few loci of strong effect. One classic example is the evolution of lactose tolerance. 

LCT encodes the lactase enzyme which metabolizes the milk sugar, lactose, and levels of 

this enzyme typically decline after weaning. However, populations with a history of 

traditional dairy farming show high lactase levels into adulthood and, therefore display the 

‘lactase persistence’ (LP) phenotype. Studies of genetic association with the LP phenotype 

and functional genomic studies of gene expression identified mutations that regulate 
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expression of LCT [5,6]. These regulatory variants, located approximately 14,000 base pairs 

upstream of the LCT gene, show some of the strongest signals of natural selection in the 

human genome in both European [7] and African [6,8] populations. These signals are 

evident using multiple statistical tests, including global comparisons of allele frequency 

(FST-based analyses) as well as tests of extended haplotype homozygosity (EHH), a statistic 

that detects reductions in haplotype diversity and extended linkage disequilibrium 

surrounding a positively selected locus [9,10]. Furthermore, these regulatory mutations arose 

independently in Europeans and Africans, an example of convergent evolution in 

populations that adopted dairying practices. While LP is thought to be largely influenced by 

few variants of large effect, it should be noted that no more than 45% of the phenotypic 

variation is explained by the currently identified variants in Africa [8], suggesting other loci 

and/or environmental factors contribute to this trait.

Another example of local adaptation is the evolution of lipid metabolism, a quantitative trait, 

in the indigenous Greenlandic Inuit. Fumagalli et al. [11] used the population branch statistic 

(PBS), which identifies alleles exhibiting large frequency changes in a focal population 

compared to two reference populations, to scan the genome for positive selection. 

Contrasting a sample of 191 Greenlandic Inuit with European and Chinese reference 

populations, the strongest signal of adaptation occurred in a cluster of genes that code for 

fatty acid desaturases (FADS), which are important for determining levels of 

polyunsaturated fatty acids (PUFAs). This signal may reflect local adaptation to an arctic 

environment where a large portion of the Inuit diet is composed of marine fats high in 

PUFAs. The authors then tested for associations between the loci showing the strongest 

signals of selection with anthropometic and metabolic traits in a larger Greenlandic cohort. 

Positively selected alleles in the FADS region were significantly associated with shorter 

stature and lower body weight. Notably, these associations would not have been found in 

other Europeans cohorts, as the frequencies of the selected alleles are very low in non-

Greenlandic Europeans. Both of these examples reinforce the benefits of including 

ethnically diverse populations in studies of adaptive trait evolution.

More recently, novel methods have been developed to scan the genome and detect signatures 

of recent allele frequency changes, suggesting positive selection within the last 2000 to 3000 

years. The singleton density score (SDS) is one such methodology that calculates the 

distance to the nearest singleton mutation on either side of a test SNP [12]. Haplotypes 

carrying a favored allele are expected to have fewer singleton mutations in the near vicinity 

of the selected site. Field et al. [12] calculated this statistic for ~4.5 million SNPs in 3195 

European genomes and found strong selection signals at many loci, including the LCT locus 

and the major histocompatibility complex (MHC) region. Subsequent analysis demonstrated 

significant associations between SDS scores and loci derived from European GWAS 

previously identified as contributing to height, skin pigmentation, infant head circumference, 

birth weight, and some metabolic traits.

Associating polygenic trait architecture with natural selection

Another way to identify genetic variants that play a role in quantitative trait evolution is to 

first identify a set of variants contributing to a quantitative trait through GWAS, which is 
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typically performed on large genomic datasets provided by national biobanks or 

consortiums. Once a set of variants underlying a trait are identified, it is possible to look for 

statistical signatures of natural selection on aggregate across all contributing loci, even if 

there is not sufficient power to detect signatures of selection at individual loci. A correlated 

frequency change across populations at variants contributing to a quantitative trait in the 

same direction is a unique signature of polygenic adaptation (Fig. 1B). These approaches, 

however, can only be as good as the inferred genetic model of the quantitative trait. Studies 

of polygenic adaptation in humans have faced substantial issues, particularly regarding an 

inability to completely account for population structure in large-scale GWAS.

Several recent studies of this form have focused on adaptive changes in human height, a 

classic quantitative trait. The patterns identified in many of these studies are consistent with 

selection acting to increase the height of Northern Europeans and decrease the height of 

Southern Europeans. Signatures of selection have typically been identified by showing that 

population allele frequencies at height-increasing GWAS loci derived from the Genetic 

Investigation of Anthropometric Traits (GIANT) Consortium, which genotyped over 

180,000 European individuals [3], are significantly higher in northern than southern Europe. 

These differences in frequency do not fit a model of neutral genetic drift, suggesting the 

action of polygenic selection (e.g. [13,14,15,16,17,18]). However, there is reason to believe 

that these results may be an artifact of uncorrected population structure in the original 

GWAS [19,20], and researchers will need to revisit these analyses.

Other methodologies to study polygenic adaptation depend less on measuring frequency 

differences at trait-associated loci between populations, but instead examine inferred 

genealogies at these loci. For example, Edge and Coop [21] developed a method where 

genealogical trees at trait-associated GWAS SNPs are estimated and used to reconstruct the 

historical time-course of allele-frequency change at these loci. This method generates a 

mean polygenic score for a trait of interest within a population, which is a sum of allele 

frequencies at trait-associated SNPs weighted by their marginal effect sizes. The resulting 

time-course of this score is then tested for evidence of natural selection by comparing it 

against an empirically generated null distribution. When used to investigate polygenic 

selection in height in Europeans in the 1000 genomes dataset, this method detected evidence 

of selection for increased height using GWAS SNPs from GIANT, but not from the UK 

Biobank, a larger and more genetically homogenous dataset [22]. A different method for 

estimating genealogical trees genome-wide in very large samples [23] found similar 

evidence of selection acting on height, BMI, and blood pressure in samples from the 1000 

genomes dataset. These and other computationally efficient methods for detecting polygenic 

selection will become more important as genome-wide datasets become larger.

While these methods are and will continue to be useful, current studies of polygenic 

adaptation must be interpreted with caution. One difficulty lies in correctly annotating the 

effect an allele has on the trait in question. Just because a SNP contributes to a phenotype in 

one population does not mean that the SNP has the same, or even any, effect in another 

population. This could be because the SNP’s phenotypic effect depends on the local 

environment (Gene × Environment [G×E] interaction) or on the genetic background due to 

epistasis (Gene × Gene [G×G] interaction). Differences in fine-scale patterns of linkage 
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disequilibrium (LD) among populations may also affect how well SNP associations and 

effect sizes transfer across groups. Further, the effects of population structure have a high 

probability of affecting the original GWAS. Loci identified as significantly associated with a 

trait of interest in a GWAS might simply be proxies for environmental variables or other 

background genetic effects that are not adequately controlled for in the statistical model 

[24]. For example, as referenced above, a pair of recent studies show that the European 

selection signal on height polygenic scores does not replicate when using a trait model built 

from GWAS summary statistics from the UK Biobank [19,20]. These studies show that 

uncorrected population structure within the height GWAS data drives the majority of these 

previously identified selection signals. The degree to which uncorrected population structure 

affects polygenic selection signals for other traits remains to be determined.

Importance of including ethnically diverse African populations

While these and similar studies have been invaluable for our understanding of quantitative 

trait adaptation, even more can be gained from the inclusion of ethnically diverse 

populations. African populations are especially important, as they have the highest levels of 

global human genetic diversity but are among the least represented in human genetic studies 

[25].

Modern humans originated in Africa, and only relatively recently did a small number 

migrate out of Africa and populate the rest of the globe [26]. This deep population history 

and the lack of a population bottleneck associated with the out-of-Africa expansion means 

that African populations have the largest effective population sizes and the highest levels of 

genetic and phenotypic variation of all humans [27]. Additionally, African populations 

inhabit a diversity of environmental conditions, including deserts, savannas, tropical rain 

forests, and high altitudes. This has resulted in substantial variation at traits thought to have 

an adaptive basis, including height [28,29], skin pigmentation [30], and response to 

infectious disease [31]. Selection scans in populations inhabiting extreme environments, or 

those at either end of a phenotypic extreme, could be used to identify signals of local 

adaptation (e.g. [32,33]). Loci showing particularly strong selection signals could be 

explored in follow-up functional assays to determine which selected loci contribute to traits 

of interest. Together, the high genetic and phenotypic diversity within Africa coupled with 

extensive environmental heterogeneity is particularly informative for detecting signatures of 

quantitative trait adaptation.

Furthermore, the few polygenic adaptation studies that include African populations only 

include those representing a small amount of the total African genetic and phenotypic 

variation. In addition to the issues described above, the application of polygenic adaptation 

models across diverse populations is complicated by the reliance of these studies on GWAS 

summary statistics aggregated by large consortia or biobanks that are overwhelmingly 

composed of European participants. A recent study estimates that 78% of all the participants 

in human GWAS are of European ancestry [25]. This raises issues pertaining to the 

generalization of trait associations and effect sizes across populations, and variants 

associated with complex traits and diseases in European GWAS often do not replicate in 

African or other Non-European populations [34,35,36]. With models not representative of 
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global genetic diversity, the utility of these data for studying polygenic adaptation at a global 

scale suffers.

Including ethnically diverse African populations will also benefit our understanding of 

quantitative trait evolution in other ways. First, our ability to fine-map genetic associations is 

higher in African cohorts than in Non-Africans. Stretches of linkage disequilibrium are 

shorter in Africans than non-Africans [37], which increases the likelihood that an identified 

trait association represents a true causal SNP, or is in closer proximity to the true causal 

SNP, because of better tagging. Therefore, the inclusion of diverse African populations in 

trans-ethnic mapping studies will facilitate the discovery of true genotype-phenotype 

associations (e.g. [38]).

Next, Africa contains populations at the phenotypic extremes of many quantitative traits, 

which is particularly informative for performing GWAS. For example, many central and 

west-African hunter-gatherer populations display the ‘pygmy’ phenotype, with an average 

adult male height <150cm [28,29]. In contrast, Nilo-Saharan speaking populations from 

Sudan are among the tallest in the world [39]. Skin pigmentation shows similar extremes, 

with San hunter-gatherers from Botswana possessing relatively light skin and Nilo-Saharan 

pastoralists from East Africa having some of the darkest skin globally [30]. A recent GWAS 

examining skin pigmentation within Africa identified several genomic regions previously 

associated with pigmentation, including a newly described gene, MFSD12, never previously 

known to impact skin color [30]. This study used sample sizes that are small by today’s 

standards, reinforcing the benefits of including diverse African populations in modern 

genetic studies. More GWAS performed in African populations in this manner will pave the 

way for tests of polygenic adaptation.

Finally, because of the out-of-Africa bottleneck, non-African genomes contain a subset of 

the genetic variation found within Africa. While there is certainly genetic variation specific 

to non-Africans due to subsequent mutation, local adaptation, and genetic drift, alleles 

identified as functional in African populations are more likely to be relevant globally. 

However, few studies of polygenic adaptation utilize GWAS summary statistics generated in 

African populations. Thus, the inclusion of ethnically diverse African populations will not 

only fundamentally improve our ability to detect polygenic adaptation within the continent, 

but may also allow for better detection of these signals in all global populations through 

improved generalization of GWAS summary statistics and polygenic scores.

Conclusions and future directions

There are several limitations of the studies reviewed thus far that must be taken into account 

in future analyses. The first is that these methods rely on statistical correlations between 

genetic variants, selection signals, and trait values. Functional validation of loci thought to 

underlie a quantitative trait will be key in order to truly understand human adaptation. This 

will require functional genomics approaches where candidate genetic variants are introduced 

into cell lines in vitro, or into model organisms in vivo. Furthermore, many candidate 

variants under selection will likely not fall in gene coding regions, but will be regulatory in 

nature [40]. Thus, integrating candidate loci with loci known to play a role in gene 

McQuillan et al. Page 6

Curr Opin Genet Dev. Author manuscript; available in PMC 2021 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression, for example from the Genotype-Tissue expression project (GTEx) [41], 

ENCODE [42], and/or NIH Roadmap [43] databases, will be crucial.

Importantly, more widespread inclusion of indigenous populations in human adaptation 

studies will require substantial ethical considerations. Studies of indigenous populations 

require collaboration and trust between researchers, participants, and institutions, as well as 

the sharing of resources and benefits. Every research proposal must be thoroughly reviewed 

by local ethics committees, and all stakeholders should be included in every step of the 

research. Whenever possible researchers should consult and include bioethicists in the 

planning stages of any genetics study incorporating indigenous populations. This will be 

particularly important for ensuring the research is conducted in an ethical manner that takes 

the concerns of the population(s) being studied into account. Additionally, efforts should be 

made to return the results of these studies to participants. This could be accomplished by 

conducting general community outreach or by developing educational programs within the 

studied communities. Further, while human geneticists have typically supported the open 

sharing of data, this practice may be more complicated with indigenous populations. During 

the process of seeking ethical approval, researchers should explicitly define their data 

sharing policy, and directly ensure that the populations being studied consent to this policy. 

This will be particularly important if the data being shared could lead to commercial gain or 

be used in for-profit applications by other parties. Finally, national funding agencies must 

make the inclusion of ethnically diverse populations a priority, and make appropriate 

investments in the training and infrastructure needed for this kind of work.
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Fig. 1. 
Two complementary approaches for studying the evolution of quantitative traits. (A) Left 

panel: Genome-wide scan for positive selection reveals candidate loci showing extreme 

values for some selection statistic (‘FST’ - Fixation Index; ‘EHH’ - Extended Haplotype 

Homozygosity; ‘PBS’ - Population Branch Statistic; ‘SDS’ - Singleton Density Score). 

Right panel: Loci showing strong signals of positive selection are also significantly 

associated with a quantitative trait (height) in a GWAS in a comparable population. (B) Loci 

significantly associated with a quantitative trait in a GWAS (left) show a correlated 

frequency change in the same direction (right), indicating polygenic selection acting on 

increased height.
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