UC Berkeley
UC Berkeley Previously Published Works

Title
Human Disease Variation in the Light of Population Genomics.

Permalink
https://escholarship.org/uc/item/3gp1501d

Journal
Cell, 177(1)

ISSN
0092-8674

Authors

Prohaska, Ana
Racimo, Fernando
Schork, Andrew |

Publication Date
2019-03-01

DOI
10.1016/j.cell.2019.01.052

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/3gp1501c
https://escholarship.org/uc/item/3gp1501c#author
https://escholarship.org
http://www.cdlib.org/

Leading Edge

Human Disease Variation in the Light
of Population Genomics

Ana Prohaska,’-21° Fernando Racimo,2'% Andrew J. Schork,23:419 Martin Sikora,2 Aaron J. Stern,5.6:11

Melissa llardo,5-¢.7-11 Morten Erik Allentoft,? Lasse Folkersen,234 Alfonso Buil, 234 J. Victor Moreno-Mayar,?
Thorfinn Korneliussen,? Daniel Geschwind,?# Andrés Ingason,?3* Thomas Werge,?34%* Rasmus Nielsen,?556-*
and Eske Willerslev'-2*

1Department of Zoology, University of Cambridge, Cambridge CB2 3EJ, UK

2L undbeck Foundation GeoGenetics Centre, Natural History Museum of Denmark, University of Copenhagen, 1350 Copenhagen, Denmark
3Lundbeck Foundation Initiative for Integrative Psychiatric Research, iPSYCH, Copenhagen, Denmark

4Institute of Biological Psychiatry, Mental Health Services Capital Region of Denmark, Copenhagen, Denmark

SDepartment of Integrative Biology, UC Berkeley, Berkeley, CA 94720, USA

SDepartment of Statistics, UC Berkeley, Berkeley, CA 94720, USA

7The University of Utah Molecular Medicine Program, University of Utah, Salt Lake City, UT 84132, USA

8Brain Research Institute, University of California, Los Angeles, Los Angeles, CA 90095, USA

9Department of Clinical Medicine, Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark
10These authors contributed equally

MThese authors contributed equally

*Correspondence: Thomas.Werge@regionh.dk (T.W.), rasmus_nielsen@berkeley.edu (R.N.), ewillerslev@snm.ku.dk (E.W.)
https://doi.org/10.1016/j.cell.2019.01.052

Identifying the causes of similarities and differences in genetic disease prevalence among humans is
central to understanding disease etiology. While present-day humans are not strongly differentiated,
vast amounts of genomic data now make it possible to study subtle patterns of genetic variation. This
allows us to trace our genomic history thousands of years into the past and its implications for the dis-
tribution of disease-associated variants today. Genomic analyses have shown that demographic pro-
cesses shaped the distribution and frequency of disease-associated variants over time. Furthermore,
local adaptation to new environmental conditions—including pathogens—has generated strong pat-
terns of differentiation at particular loci. Researchers are also beginning to uncover the genetic archi-
tecture of complex diseases, affected by many variants of small effect. The field of population geno-

mics thus holds great potential for providing further insights into the evolution of human disease.

Introduction

Disease prevalence in humans varies considerably across the
globe. The reasons for this are numerous and complex, from
social (e.g., varying health-related infrastructure and medical
practices), environmental (e.g., locally to regionally specific
environmental risks), and genetic factors (e.g., spatial patterning
of genetic variants) to their intricate interplay over time. For
example, country-specific social mores and legislative regula-
tions surrounding smoking behavior have large influences on
the prevalence of lung cancer (Jha and Peto, 2014; GBD 2015
Tobacco Collaborators, 2017), which also has an important ge-
netic component (Bossé and Amos, 2018). Another example is
the prevalence of malaria in Africa, which depends on the prev-
alence of HBB gene variants (Ackerman et al., 2005) but also on
the climate-driven geographical distribution of pathogen-car-
rying mosquitoes and on access to protective measures, such
as mosquito nets or chemoprevention (World Health Organiza-
tion, 2017). Additionally, environmental factors themselves are,
in some cases, causes of particular patterns of diversity in the
human genome, which can, in turn, affect the prevalence of dis-
ease. Recently, researchers have begun integrating medical and
evolutionary approaches to study the trajectories of genetic var-

iants over time and space and exploring ways in which popula-
tion genomics can complement the fields of statistical genetics,
molecular biology, physiology, psychology, and anthropology in
elucidating the origin and evolution of human disease.

Human groups around the world share a large number of
genetic variants, and most common variants found in a specific
region are typically found in other regions. Genetic measures
of differentiation and population structure are quite low when
computed among human populations, and vastly larger amounts
of genetic variation in our species are due to differences between
individuals within populations than between populations (Elhaik,
2012). For example, genomes obtained from present-day hu-
mans in different corners of the world are as differentiated from
each other as genomes obtained from two African chimpanzee
populations living only a few kilometers apart (Prado-Martinez
et al., 2013). This can be explained by the fact that most of our
collective ancestry can be traced to a metapopulation that was
confined to a single continent until only 60-100 thousand years
ago (kya) (Malaspinas et al., 2016; Mallick et al., 2016; Pagani
et al., 2016) and that groups of humans are highly mobile and
have been continuously splitting and merging with each other
(Pickrell and Reich, 2014). Nonetheless, these past processes
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Distribution of the ratio of maximum and minimum
allele frequency for all the SNPs with minor allele
frequency larger than 0.05 in any population
associated with a trait in the NIH GWAS catalog
(https://www.ebi.ac.uk/gwas/). Allele frequencies
are taken from five major population panels of the
1000 Genomes Project (African, East Asian, South
Asian, European, and American). Each bar repre-
sents a range of ratios between maximum and
minimum allele frequencies of a SNP. The height of
the bar is the number of SNPs in that range.
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(Figure 1). Thus, allele-frequency differ-
ences contribute, along with environ-

of divergence and admixture have left subtle patterns of varia-
tion in our genomes that we can now detect thanks to the
vast amounts of sequencing data generated by the genomic
revolution.

The number of present-day human genomes sequenced to
date has risen to the hundreds of thousands, providing catalogs
of human genetic variability. Studies such as the 1000 Genomes
Project (1000 Genomes Project Consortium, 2015) have
shown that many common variants within a population are
also observed across the globe, although subtle clines in allele
frequencies are observed both within and across geographical
divides. In addition, over 1,000 ancient genome sequences
have been obtained from human remains, such as hair, teeth,
or bones. These ancient genomes provide clear anchor points
to discern the state of local variation in a population before and
after it expanded, diverged, or intermixed with other populations.
The joint analysis of ancient and present-day genomes has
enabled unprecedentedly detailed reconstruction of the evolu-
tionary history of our species and its implications for human
health and disease today. Specifically, it has allowed the inves-
tigation of processes driving genetic differentiation at particular
loci (including disease-associated variants) among populations,
such as genetic drift and natural selection.

The genomic revolution has also been instrumental in uncov-
ering the genetic basis of complex human diseases (Visscher
et al., 2017), including metabolic and psychiatric diseases (Ata-
nasovska et al., 2015; Geschwind and Flint, 2015). Over the
last decade, researchers have identified thousands of loci that
are significantly associated with complex traits, which may be
causal or linked to causal variants that are important for health
and disease (Visscher et al., 2017). Large-scale genome-wide
association studies (GWASSs) regularly aggregate genomic data
from tens to hundreds of thousands of individuals in an attempt
to associate the genotypes of millions of variants with disease.
Arguably, the most important trend emerging from these studies
is that most complex disease traits are highly polygenic, affected
by many thousands of variants with individually small effects
(Visscher et al., 2017), often only indirectly related to core
disease pathways (Boyle et al., 2017), and that trait-associated
variants naturally vary in frequency across the globe—due to
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mental and social differences, to varying

prevalence of human diseases around
the world. This poses important challenges, but also opportu-
nities, for the study of the genetic basis of disease.

In this Review, we cover advances in our understanding of the
impacts of neutral demographic processes, like bottlenecks, mi-
grations, and admixture, and of adaptive processes, such as se-
lective sweeps and polygenic adaptation, on human health and
disease. We also suggest possible approaches for integrating
evolutionary genomics and medical genomics and discuss the
implications of this integration for future research practices.

Neutral Genetic Processes

Genetic Drift

Genomic studies of human populations have shown that
“genetic drift” has played an important role in the distribution
of human genomic variation, through demographic events
such as population bottlenecks, divergence, and isolation (Ram-
achandran et al., 2005; Coop et al., 2009). Genetic drift is the
random change in allele frequency over time, caused by the sto-
chastic effects of reproduction and segregation of alleles in pop-
ulations of finite size. Over time, this process leads to a loss of
genetic diversity as alleles move to low or high frequencies and
are eventually lost or fixed in the population. At the same time,
new alleles are introduced into the population by mutation.

In population genetic models, both the number of new muta-
tions introduced into the population and the rate of loss or
fixation of existing alleles depend on a parameter called the
“effective population size,” which is related to the number of
breeding individuals in a population at a particular time, under
idealized conditions (see Ewens [2012]). The amount of genetic
variability observed in a population, therefore, is directly linked
to its demographic history.

Strong bottlenecks in the history of a population lead to a
reduction in genetic diversity as well as increased relatedness
between individuals. Any disease-associated alleles that were
common in the founder individuals will likely be found at high
frequency in their descendants. The impact of this process is
particularly important for recessive disorders: an increase in
the frequency of previously rare disease alleles due to a bottle-
neck can strongly increase the probability of homozygosity. As
a consequence, populations that underwent recent bottlenecks


https://www.ebi.ac.uk/gwas/

such as the Finnish, Amish, or Quebecois exhibit a high preva-
lence of certain autosomal recessive diseases (Payne et al.,
2011; Scriver, 2001). For example, in a recent study of 5,685
Ashkenazi Jewish exomes, Rivas et al. (2018) reported a higher
prevalence of alleles responsible for rare Mendelian disorders
such as Tay-Sachs disease (HEXA gene) or Gaucher disease
(GBA gene) relative to other populations. This is likely a
consequence of the strong bottleneck in the recent history of
Ashkenazi Jews, which has been estimated to be as low as
a mere ~350 individuals in terms of effective population size
(Carmi et al., 2014).

Greenlandic Inuit provide another example of the impact of an
extreme bottleneck on patterns of genetic diversity. By analyzing
exome data from 18 individuals, Pedersen et al. (2017) inferred a
pronounced population reduction affecting the Greenlandic Inuit
over the past ~15,000 years. As a consequence, alleles that are
rare in European or East Asian populations were found to be
common in Greenlandic Inuit. These included loss-of-function
variants that disrupt protein function and have potentially large
phenotypic impacts. The authors identified a total of 20 such var-
iants, including previously described examples such as a variant
in the gene TBC1D4 increasing the risk of type 2 diabetes as well
as an indel in the gene SEMA4C involved in sucrase-isomaltase
deficiency.

The aforementioned examples highlight the utility of founder
populations for mapping both Mendelian and complex (poly-
genic) traits (Peltonen et al., 2000; Southam et al., 2017; Xue
et al., 2017). In an elegant study, Belbin et al. (2017) demon-
strated that with the help of population genomic data, such
founder populations can even be identified in a large urban
area. Using a dataset from a multiethnic biobank in New York
City, they used patterns of haplotype sharing to identify a cohort
of individuals of Puerto Rican descent with a signature of a
recent bottleneck. Analyzing phenotypic data from electronic
health records, they then identified a missense variant in a
collagen gene (COL27A1) associated with extreme short stature,
affecting up to 2% of people of Puerto Rican descent. Further
population genetic analyses revealed that this variant is largely
absent in other populations and likely arose in an ancestral
Native American population. A strong bottleneck in the recent
past, likely associated with European colonization of the island,
then caused the rise in frequency of the allele, highlighting the
potential impact of genetic drift on the distribution of disease-
causing mutations.

Ancient genomes recovered from human remains have greatly
increased our understanding of the patterning of genetic diver-
sity in human prehistory. Although the spatiotemporal sampling
of ancient individuals is skewed toward northern latitudes and
more recent times, the data nevertheless suggest small popula-
tions affected by high levels of genetic drift were common in
early humans across Eurasia. Genomic data from Stone Age
foragers have consistently shown low levels of genetic diversity
compared to present-day populations, as expected for small,
mobile societies affected by repeated bottlenecks (Allentoft
et al.,, 2015; Sikora et al., 2017; Skoglund et al., 2014). As a
consequence, genetic differentiation (measured by Wright’s fix-
ation index, Fs1) between different Stone Age groups in Europe
has been estimated to range from 0.05 to 0.08, which is more

than five times higher than the value observed among present-
day European populations (Fst ~0.01) (Allentoft et al., 2015;
Skoglund et al., 2014). Interestingly, a high frequency of develop-
mental anomalies has been observed in the archaeological
record of Paleolithic human remains (Trinkaus, 2018), raising
the possibility that higher prevalence of genetic disorders, as
observed in present-day founder populations, might have been
a common occurrence among prehistoric groups. To what
extent the repeated strong bottlenecks in Eurasian prehistory
have shaped the prevalence of alleles associated with health
and disease in contemporary populations remains an open
question and a fruitful avenue for future research.

Admixture

“Admixture between populations,” by which previously isolated
and diverged populations exchange genetic material, is another
key historical process shaping human genetic diversity (Winkler
et al., 2010). The general outcome of this process is a homoge-
nization of the gene pools of the affected populations. This leads
to lower differentiation, counteracting the effects of isolation and
genetic drift. The myriad recent DNA studies on ancient humans
have documented that migration and admixture were pervasive
throughout human history (Nielsen et al., 2017; Skoglund and
Mathieson, 2018). Overall, these studies highlight that the pre-
sent-day occupants of a particular region are often poor repre-
sentatives of the genetic diversity present just a few thousand
years prior (Pickrell and Reich, 2014).

An example is the recent population history of western Eura-
sia, for which at least two major events of admixture and genetic
turnover over the last 10,000 years were evinced from ancient
genomes. The first one occurred ~8,000 years ago, when early
farmers migrated north from the Near East during the Neolithic
transition, replacing and admixing with the indigenous hunter-
gatherer groups that occupied Europe previously (Sikora et al.,
2014; Skoglund et al., 2012). Later on during the Bronze Age,
large-scale migrations of pastoralists from the Eurasian steppe
likely introduced Indo-European languages into Europe (Allentoft
etal., 2015; Haak et al., 2015). Subsequent gene flow led to a ho-
mogenization of the European gene pool, eventually producing
the comparably low amounts of genetic differentiation observed
among present-day Europeans.

A similar picture has emerged from recent studies on the
prehistory of Southeast Asia, where ancient genomes document
a complex history involving a minimum of four genetically distinct
ancestral groups (McColl et al., 2018). Much of the region
was, until around 4,000 years ago, occupied by Hoabinhian
hunter-gatherers, whose ancestry is today shared with only a
few geographically isolated groups (e.g., Andamanese Onge).
Later waves of migration, including those associated with the
expansion of rice and millet farming, had a similarly profound
impact on the genetic structure of human populations as those
taking place in western Eurasia. It is only by around 2,000 years
ago that the ancient genetic variation starts to resemble what is
found today in the region.

The pervasiveness of admixture in human history has also had
a profound effect on the distribution of trait-associated alleles
across human populations. Admixture results in a mosaic of
chromosomal segments originating from the parental popula-
tions within admixed individuals. This process can be an efficient
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way to contribute novel phenotypic variation, if trait-associated
alleles that were previously absent are introduced into a popula-
tion. This can be seen in the distribution of lactase persistence
LCT gene variants (further discussed below) in South Africa.
Genome sequencing of a diverse set of South African popula-
tions revealed that lactase persistence was introduced in two
separate admixture events (Breton et al., 2014; Macholdt et al.,
2014). Strict pastoralist groups such as the Nama carry a persis-
tence allele common in East African pastoralists, consistent with
archaeological and genetic evidence for a pastoralist migration
to South Africa within the last 2,000 years. Individuals from the
mixed-ancestry population, on the other hand, carry the “Euro-
pean” allele at high frequencies—a consequence of recent
admixture with European colonists.

The introduction of genetic susceptibility to malaria in
Madagascar serves to also highlight the impact of admixture
on the evolution of disease. The Malagasy people are predomi-
nantly of Eastern African descent and as such carry the Duffy-
negative blood group, which confers complete protection from
Plasmodium vivax malaria. However, admixture with Austrone-
sian peoples that have reached the island from East Asia over
the past 2,000 years have resulted in the introduction of Duffy-
positive blood groups and, with it, susceptibility to P. vivax
malaria. Interestingly, this process seems to have established
a sufficiently high prevalence of malaria parasites exposed
to Duffy-negative erythrocytes for the parasites to evolve a
novel erythrocyte invasion mechanism (Ménard et al., 2010).
As a result, clinical malaria is now also commonly observed
in Duffy-positive Malagasy individuals, despite carrying the
previously protective allele.

Adaptive Genetic Processes

As humans expanded across the globe, they encountered new
environments and adapted to novel physical and cultural condi-
tions. The genetic diversity of present-day humans is thus reflec-
tive of past selection events, particularly in isolated populations
experiencing unique lifestyles and challenges. Some of these
adaptations have important implications for human health.
Adaptation to New Environments

Among the most extreme examples of novel environments
inhabited by humans are high-altitude regions. Previous
research on high-altitude populations (reviewed in llardo and
Nielsen [2018]) has provided new insights into the physiology
of chronic hypoxia and related health disorders (Grocott et al.,
2007). Examples of high-altitude human habitation include the
Tibetan plateau, the highlands of Ethiopia, and the Andes moun-
tain range. At high elevations, the low partial pressure of oxygen
triggers various altitude acclimatization responses in humans.
One component of these responses is orchestrated by hypox-
ia-inducible factors (HIFs), triggering the release of erythropoi-
etin. This hormone stimulates erythropoiesis in the bone marrow,
which results in an excess of red blood cells or polycythemia
(reviewed in West [2006]). This physiological response, which
is detectable as elevated hemoglobin levels in acclimatized
individuals, carries with it the benefit of increased oxygen
delivery. However, it has a number of negative consequences,
such as increased blood viscosity, which can negatively affect
cardiac function and complicate pregnancies.
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At least three human populations appear to have indepen-
dently evolved adaptive mechanisms to counteract the detri-
mental effects of the altitude-acclimatization response. In the
Tibetan plateau highlanders and the Amhara high-altitude
dwellers of Ethiopia, natural selection appears to have blunted
the HIF pathway. Tibetans have reduced HIF signaling due to
natural selection on components of the HIF pathway (EPAS1
and EGLN?1), thus eliciting lower-than-expected hemoglobin
levels (Beall et al., 2010; Bigham et al., 2010; Yi et al., 2010).
Similarly, the Amhara appear to have a blunted HIF response
that has been linked to BHLHE41, a gene encoding an upstream
regulator of HIF signaling, although additional candidate genes
have been proposed (Alkorta-Aranburu et al., 2012; Beall et al.,
2002; Hoit et al., 2011; Huerta-Sanchez et al., 2013; Scheinfeldt
et al., 2012). In contrast, the high-altitude populations of the
Andes seem to have undergone selection for phenotypes related
to cardiovascular health (Crawford et al., 2017), the reduction
of blood pressure (Cowburn et al., 2013), and the reduction of
oxidative stress (Bigham et al., 2009).

Extreme temperatures also present a major physiological
stress; even at moderately cold temperatures, the human body
initiates a vasoconstrictive response that increases cardiac
load (Rintamaki, 2007). It was recently observed that allele
frequencies of a variant upstream of TRPM8 increase along a
latitudinal cline, corresponding with a decrease in temperature
(Key et al., 2018). TRPM8 encodes a cation channel involved in
detecting and reacting to a cold stimulus. The derived allele,
which is at higher frequency at higher latitudes, appears to
blunt the endogenous, metabolically costly response to cold
temperatures. It therefore potentially reflects positive (direc-
tional) selection on the response to cold temperatures. Interest-
ingly, however, the ancestral allele has been demonstrated to be
protective against migraine; thus, migraine prevalence among
present-day populations may be linked to unrelated, past selec-
tive events (Key et al., 2018).

The presence of environmental toxins can also act as a selec-
tive pressure. For example, the Atacama Desert is not only the
most arid environment on Earth, but what little water is available
is often contaminated by high levels of arsenic. Arsenic is highly
toxic and exposure to inorganic arsenic is associated with se-
vere health complications including cancer, cardiovascular and
liver toxicity, and increased mortality later in life (Apata et al.,
2017). Natural variation in the ability to process and excrete in-
gested arsenic has been linked to genetic variation. Specifically,
polymorphisms in the gene AS3MT (an arsenite methyltransfer-
ase) have been implicated in arsenic methylation in a number
of populations worldwide (Agusa et al., 2011; Chung et al.,
2009; Engstrom et al., 2015; Gomez-Rubio et al., 2010; Pierce
et al., 2013). In populations living in the Atacama Desert, natural
selection is argued to have acted on genetic variation in AS3MT,
allowing them to more efficiently metabolize the arsenic to which
they are chronically exposed (Apata et al., 2017).

Adaptation to Cultural and Technological Changes

Past technological and cultural innovations have also altered the
modes of human subsistence. Thus, humans have created new
“self-made” ecological niches that, in the long run, have resulted
in new adaptive pressures. A well-known example of this is the
evolution of lactase persistence after the advent of agriculture,



which enabled regular consumption of dairy (extensively re-
viewed in Ségurel and Bon [2017]). Following the domestication
of cattle, dairy became one of the most ubiquitous and important
nutritional sources in the recent history of our species. Dairy from
cows contains the sugar lactose, and most human infants are
able to efficiently break down lactose into glucose and galactose
via the enzyme lactase. However, the production of lactase
abates after weaning, resulting in adult lactase deficiency.
Lactose thus passes intact into the colon, where it is consumed
and fermented by gas-producing microbes. Consequently, the
consumption of dairy causes gastrointestinal stress to humans
not carrying adaptive alleles. The ability to utilize dairy as a
food source presented such a strong selective advantage that
lactose tolerance evolved independently at least twice: in Euro-
pean (Enattah et al., 2002) and East African pastoralist popula-
tions (Tishkoff et al., 2007). In both instances, variants near the
LCT gene allow individuals to maintain elevated levels of the
lactase enzyme through adulthood (also known as lactase
persistence).

The development of new hunting technologies also affected
human diets, for example in Arctic populations. The traditional
diet of many Arctic people is predominantly marine based,
including large quantities of marine mammals that are rich in
fatty acids. Fatty acids, when consumed in excess, can lead to
health problems including high cholesterol and heart disease.
In response, two separate adaptations to this dietary stressor
have been observed in Arctic populations. CPT1A encodes a
catalyst essential to the uptake of long-chain fatty acids and har-
bors signatures of selection in Northeastern Siberians (Clemente
et al., 2014; Skotte et al., 2017). In turn, in the Greenlandic Inuit,
the fatty acid desaturase (FADS) genes also harbor signatures of
selection. These genes encode enzymes that regulate the rate of
long-chain polyunsaturated fatty acid synthesis and seem to
have allowed the Inuit to better process the particular fatty acids
that came about with a rich marine-based diet (Fumagalli et al.,
2015). Selection on the FADS genes have also occurred in other
populations multiple times, particularly during transitions to a
more or less vegetarian diet, including in Africa (Ameur et al.,
2012), South Asia (Kothapalli et al., 2016), Europe (Buckley
et al., 2017; Mathieson and Mathieson, 2018; Ye et al., 2017),
and East Asia (Liu et al., 2018).

Adoption of extreme lifestyles has also led to adaptive re-
sponses in humans. For instance, the Sea Nomads of southeast
Asia have a marine-based lifestyle that is heavily reliant on
free diving. Breath-hold diving elicits a strong physiological
response. This response includes bradycardia and peripheral
vasoconstriction, to reduce the consumption of oxygen and
preserve oxygen-rich blood for the most sensitive organs, and
contraction of the spleen to provide an oxygen boost via stored,
oxygenated red blood cells. llardo et al. (2018) demonstrated
that the Bajau have larger spleens than a neighboring population
living on land. This physiological trait is believed to endow them
with superior breath-holding abilities. The large-spleen pheno-
type was shown to be associated with genetic variants in the
gene PDE10A. This gene encodes a phosphodiesterase that
affects the thyroid-hormone-production pathway. As thyroid
hormones have been shown to affect spleen size, it is likely
that the Bajau have larger spleens due to increased thyroid-

hormone production. A selection scan identified additional
candidate genes with potential relevance for diving, including
the bradykinin receptor BDKRB2. Previous work has shown
that bradykinin levels affect peripheral vasoconstriction in
response to the diving stimulus, and BDKRB2 is the only other
gene previously argued to influence human dive capacity (Bara-
nova et al., 2017). The Bajau study was the first to investigate
human adaptation to breath-hold diving, and future studies
may uncover further adaptations to this unique lifestyle in
genetically distinct diving populations. This has potentially
important implications for understanding human response to
acute hypoxia, which can be often seen in critical care incidents
(McKenna and Martin, 2016).

Adaptation to Pathogens

Genetic variants affecting the response to pathogen infections are
likely to be under strong natural selection because of the intimate
relationship between fitness and the ability to survive infectious
diseases. In fact, the first genetic variants discovered to be under
selection were associated with the infectious-disease response
(Allison, 1954). As pathogens vary among geographic locations,
it has been argued that much local adaptation leading to genetic
differentiation among humans has been driven by pathogens.
For instance, Fumagalli et al. (2011) compared how closely path-
ogen, climate, and diet-related environmental factors predict dif-
ferentiation of allele frequencies among human populations. They
showed that pathogenic diversity is a better predictor of allele-fre-
quency differences among populations in genic SNPs than other
environmental factors. Similarly, Daub et al. (2013) reported evi-
dence that gene sets related to the immune response are enriched
for signals of population differentiation.

Perhaps one of the most prominent examples of human adap-
tation to pathogens, the HbS allele of hemoglobin-beta (HBB),
alters the shape of red blood cells, thereby conferring the carrier
with strong resistance to malaria infection from P. falciparum
(Ackerman et al., 2005). Across different regions of Africa, HbS
and other HBB alleles vary dramatically in frequency. In Equato-
rial African populations with a high incidence of malaria infection
from P. falciparum, HbS is at unusually high frequencies. Despite
conferring some protection against certain forms of malaria, the
HbS allele has not gone to fixation in any population, as people
homozygous for this variant suffer from sickle-cell disease.
Thus, HbS is not only a prime example of adaptation to patho-
gens, itis also an example of heterozygote advantage (overdom-
inance) in humans.

The FY*O mutation of the DARC/ACKR1 (Duffy) gene, another
important example of adaptation to malaria resistance, illus-
trates a common molecular path toward the evolution of resis-
tance to specific pathogens: the deactivation of cell-surface
receptors, or other proteins, that are otherwise employed by
the pathogens during infection (Figure 2A). This locus exhibits
some of the most extreme geographical differentiation in the hu-
man genome. The FY*O mutation is nearly fixed in sub-Saharan
Africa—with notable exceptions, such as tKhomani San and
Zulu populations, where FY*O segregates at 22% and 79% fre-
quencies, respectively—while it is nearly non-existent in other
populations. DARC codes for an erythroid surface protein neces-
sary for infection from P. vivax, and the FY*O allele is a mutation
in the promoter region that disrupts expression of these surface
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Figure 2. Differentiation of Pathogen-
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A L co-factor used for HIV cell entry, thereby
°® % 012 leaving the carriers largely resistant to
a C * o ® 010 £ HIV infection (Samson et al., 1996).
'0‘. (3 (| El CCR5-D32 frequency exhibits a north—
. Qp‘. o ® 0.08 9 ) . ;
® © D = south cline in Europe, West Asia, and
°e w2 North Africa (Libert et al., 1998). Some
® O o? 0.04 Z have speculated that this cline might
() 2 ° 0.02 reflect a northern origin for the allele and
- a subsequent dispersal from the north,
' while others speculate that the cline
C reflects intense selection on CCR5-D32,
016 citing also the long-range linkage disequi-
i librium patterns on D32-carrying haplo-
0.14 types. Novembre et al. (2005) and Sabeti
012 et al. (2005) modeled allelic dispersal in
> a geographically structured population
008N and showed that the pattern of differentia-
p © 0.08 ?r) tion at CCR5 is consistent with an intense
Y 06 ~;=) fithess advantage for the deletion (~10%).
O ‘ s However, revised recombination rate
(] [ ) 0.04 < estimates in this region as well as ancient
@ ® O 0o DNA evidence suggest that the age of
() [ ) CCR5-D32 may be not as recent as previ-
A ously suggested, making it difficult to rule

proteins in erythrocytes. Recently, McManus et al. (2017)
analyzed the DARC gene in an assortment of diverse populations
and showed that haplotypes carrying the FY*O mutation are
consistent with very recent positive selection on the locus
(TMRCA [time to the most recent ancestor] = 42 kya, 95% con-
fidence interval [Cl]: 34-49 kya). They estimate that FY*O has
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out the possibility that the allele evolved
altogether neutrally (Novembre and Han,
2012; Sabeti et al., 2005).

In contrast to innate immunity —which encompasses mecha-
nisms of immunity that are inherited and do not change
throughout life, often forming the first line of defense against
pathogens (Barreiro and Quintana-Murci, 2010)—adaptive
immunity consists in immune mechanisms that are capable
of changing substantially during life history by acquiring a



“memory” of exposure to pathogens. Perhaps the most canon-
ical example of pathogen-driven selection is the human leuko-
cyte antigen (HLA) complex, a cluster of genes that encode the
major histocompatibility complex (MHC) in humans. The role of
MHC genes is to bind antigens and present them on the cell sur-
face to T cells. The MHC genes, therefore, play a crucial role in
the recognition of foreign antigens. The HLA region exhibits an
unusually high level of genetic diversity that is thought to be
maintained by various forms of balancing selection, including se-
lection in a fluctuating environment, frequency-dependent selec-
tion, and overdominance (Andrés, 2011). Recently, Brandt et al.
(2018) showed that overdominance only drives population differ-
entiation when levels of overdominance differ between popula-
tions. Their result explains why, quizzically, HLA genes exhibit
low levels of Fst between divergent populations (i.e., samples
obtained from different continents) yet high levels of Fst between
recently split populations.

The evidence of high differentiation of pathogen-response
genes due to recent local selective pressures has been further
strengthened by a recent finding that the differential immune
response in human cell lines depends on genetic ancestry
(Nédélec et al., 2016). Specifically, macrophages derived from
self-identified European-American and African-American indi-
viduals show different transcriptional responses when infected
with pathogens such as Listeria or Salmonella, and these re-
sponses correlate significantly with ancestry. They also harbor
signatures of positive selection. This suggests that genetic
variation at immune response expression quantitative trait loci
(eQTLs) are consistent with recent population-specific direc-
tional selection.

Recently, ancient genomics have started to provide novel
insights into adaptation to pathogens. Lindo et al. (2016) reported
aremarkable case of fluctuating selection on pathogen response.
Using modern and ancient sequencing transects from a Native
American population (Tsimshians), they identified a SNP in an
HLA gene (HLA-DQA1) with exceptionally high differentiation
from European and Han Chinese outgroup populations. This
signal is consistent with positive selection on HLA-DQAT1 in the
Tsimshian lineage. Though the frequency of the selected allele
is high in the ancient samples, it is surprisingly low in the pre-
sent-day population. The authors argued that only a model with
a change from positive to negative (purifying) selection following
European contact is consistent with the observed frequency
change. This finding supports the idea that contact with other
populations can be a driver of adaptation to pathogens.

Ancient genomes recovered from archaic humans such as
Neanderthals and Denisovans have provided direct evidence
for several admixture events involving modern and archaic hu-
mans. All human populations outside of Africa derive ~2% of
their ancestry from Neanderthals (Priifer et al., 2017), and groups
from Oceania carry an additional ~1%-3% from Denisovans
(Sankararaman et al., 2016; Vernot et al., 2016). While the overall
amount of introgressed sequences is low, multiple lines of evi-
dence nevertheless suggest that archaic DNA plays an important
role in human phenotypic diversity and adaptation (Dannemann
and Kelso, 2017; Huerta-Sanchez et al., 2014; Quach et al,,
2016; Racimo et al., 2017). For example, a recent study by Enard
and Petrov (2018) showed that Neanderthal introgressed seg-

ments are enriched for genes coding for proteins that interact
with viruses and specifically with RNA viruses in present-day Eu-
ropeans. This suggests that ancient virus epidemics may have
favored archaic adaptively introgressed variants that provided
resistance to this type of pathogens.

Selection and Genetic Architecture of Complex Traits
Many of the above-mentioned cases of adaptation occurred via
large allele frequency changes at a few loci of large effect, leav-
ing distinct signatures on the genome that are easy to detect.
These are termed “selective sweeps” (Berry et al., 1991; Smith
and Haigh, 1974). However, most human traits are highly poly-
genic, with no single allele contributing disproportionately to a
trait. Selection operating to change or preserve these traits
need not have occurred via selective sweeps but likely operated
via much subtler allele frequency shifts at multiple loci across the
genome (Pritchard et al., 2010). GWASs can be a roadway into
studying these processes, as they have become a mainstay in
the identification of genomic loci associated with polygenic
traits, including complex diseases. This type of study has
successfully identified over 10,000 trait-associated variants
(Visscher et al., 2017) in humans, which may be causal or linked
to causal variants affecting a trait, opening new research hori-
zons for the study of disease.

Purifying and Stabilizing Selection

GWASSs have made it possible to examine how negative or pur-
ifying selection has impacted the genetic architecture of poly-
genic traits. Purifying selection acts by pushing the frequencies
of deleterious alleles to low frequencies and removing them
from the population. For example, loss-of-function nonsynony-
mous variants tend to be rarer than other nonsynonymous vari-
ants (MacArthur et al., 2012). A negative relationship between
effect-size estimates for a trait and allele-frequency estimates
could suggest that purifying selection is keeping new mutations
from rising to high frequency. In fact, studies of GWAS results
have found this pattern for several sets of variants, including
those associated with height, body mass index (BMI), prostate
cancer risk, and many other complex traits (Yang et al., 2015;
Mancuso et al., 2016; Zeng et al., 2018). The proportion of low-
frequency variants contributing to a trait’s heritability can thus
be used to understand how strongly negative selection is acting
on sets of trait-associated variants, if the trait has pleiotropic ef-
fects on fitness (Eyre-Walker 2010; Gazal et al., 2018). Negative
selection has also resulted in younger SNPs with low levels of
linkage disequilibrium, explaining a larger proportion of trait
heritability than older SNPs (Gazal et al., 2017).

Population genetic models have also informed the design
and interpretation of gene-disease association studies. This is
because models of the relationship between different forms of
natural selection and the distribution of trait-associated variants
are key to understanding how selection shapes the genetic
architecture of a trait. Lohmueller (2014) showed that recent
population growth can influence the proportion of mutations in
a population that influence fitness. When these mutations also
have a large effect on a studied trait, they can increase the
proportion of the trait’s heritability that is composed of low-fre-
quency variants, thereby reducing the power of association
tests. Sanjak et al. (2017) showed that types of gene action
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relating genotypes to the value of a trait impact how genetic
variance for that trait is partitioned across the allele-frequency
spectrum. This, in turn, impacts the power of statistical tests of
association.

More recently, Simons et al. (2018) developed a comprehen-
sive model to study “stabilizing selection” acting in a multidi-
mensional trait space. Stabilizing selection acts by keeping the
mean trait value of a population at an optimum. It generally leads
to negative selection on deleterious variants that might push the
trait away from the optimum. Simons et al.’s model allowed the
authors to trace the allele dynamics of a trait under stabilizing se-
lection, while accounting for pleiotropic effects on other traits.
They were able to relate the genetic architecture of a trait to
the strength of selection acting to stabilize the trait and the
amount of pleiotropy and to derive useful predictions about
how large an association study must be to recover a particular
fraction of a trait’s heritability.

Polygenic Adaptation

GWAS data have also enabled the study of “polygenic adapta-
tion” on a wide variety of trait-associated variants (Pritchard
et al., 2010; Guo et al., 2018). Polygenic adaptation is the pro-
cess by which positive selection acts to concertedly shift the fre-
quency of alleles at many variants that affect a trait, moving the
average phenotype of a population to a new optimum, without
necessarily causing large allele-frequency changes at any one
variant. Polygenic adaptation has been suggested to be the
reason why population geneticists have found relatively few
highly differentiated alleles across human populations (Pritchard
et al., 2010). Studies of polygenic adaptation (Berg and Coop,
2014; Racimo et al., 2018; Robinson et al., 2015) aim to assess
whether trait-associated variants have behaved in a way that is
inconsistent with genetic drift by studying their frequencies
within and between populations. Researchers have found evi-
dence for polygenic adaptation on a number of complex traits
and disorders, including skin pigmentation, height, BMI, and in-
flammatory bowel disease (Berg and Coop, 2014). Recently, ev-
idence for polygenic adaptation on particular traits like age at
first birth in females and BMI in males has also been recovered
by performing a regression between individual lifetime reproduc-
tive success and the aforementioned traits (Sanjak et al., 2018),
based on classic selection gradient theory by Lande and Ar-
nold (1983).

However, some of these results have been recently called into
question (Berg et al., 2018; Sohail et al., 2018). Most of these
tests rely on obtaining accurate and unbiased estimates of the
effect sizes of particular variants on a trait or disorder of interest.
These estimates are often obtained from a GWAS on that trait. It
is thus important to note that, if the GWAS has not properly
controlled for “population stratification,” these tests will also
be biased (Berg et al., 2018; Sohail et al., 2018). Population strat-
ification occurs when cases and controls in a GWAS are not well
matched for genetic ancestry. For example, if the case group in a
GWAS contains a larger proportion of individuals with European
versus non-European ancestry than the control group, then the
estimates of association between a specific variant and the trait
will be confounded by the fact that that particular variant may
have different frequencies in individuals of European and non-
European ancestry. Moreover, these tests often rely on a com-
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parison between trait-associated variants and some set of
variants that are used as the neutral stand-in. These two sets
of variants must be well controlled for in terms of allele fre-
quencies, recombination rates, levels of background selection,
or other properties that may confound the particular test used,
which can be difficult to achieve. Furthermore, even if population
stratification and other potential confounders have been fully
accounted for, some care is needed in interpreting studies of
selection based on GWAS. For an extensive review of additional
sources of bias and caveats in interpretation, see Novembre and
Barton (2018).

Alternatively, polygenic adaptation can be studied using
pathway enrichment analyses, which do not rely on GWAS ef-
fect-size estimates. For example, Daub et al. (2013) found evi-
dence for widespread positive selection on pathways involved
in the response to pathogens. Another recent study searched
biological pathways containing genes that harbor signatures of
selection and that directly interact with each other in a biological
network (Gouy et al., 2017). This way, the authors found evi-
dence for polygenic adaptation on a pathway involved in the
response to hypoxia in high-altitude Tibetan populations, again
highlighting the importance of genetic adaptations in these
groups. Another recent study based on pathway enrichment
found signatures of convergent polygenic adaptation in multiple
populations of rainforest hunter-gatherers in Africa and Asia, on
pathways related to growth-factor binding and cardiac develop-
ment (Bergey et al., 2018).

Impact of Human Diversity on Disease Gene Mapping
and Prediction

Challenges for Genetic Disease Risk Prediction
Regardless of whether differences in the polygenic architecture
of diseases are due to natural selection or neutral causes, these
differences play an important role in our ability to predict health
outcomes from genomic data. For example, a recent study
showed via simulations that natural selection and population
growth can strongly increase the impact of rare alleles on trait
variance, decreasing the ability of GWASSs, which rely on common
variants, to identify trait-associated loci (Uricchio et al., 2016).

Additionally, demographic and adaptive forces limit the ability
of polygenic risk scores (PRSs) produced from a GWAS in one
population to predict risk in other, distantly related populations.
PRSs (Torkamani et al., 2018) are predictors of disease liability in
undiagnosed subjects, computed as the sum of risk alleles car-
ried by an individual, weighted by risk effect estimates obtained
from a GWAS. These scores have been used to identify individ-
uals who carry clinically appreciable increases in disease liability,
for example for coronary artery disease or type 2 diabetes (Khera
et al., 2018). However, the risk predicted by these scores is a
function of the specific patterns of linkage disequilibrium, allele
frequencies, and allelic effect sizes within the population studied
in the original GWAS (Martin et al., 2017).

Recent studies have shown via simulations that PRSs derived
from European GWASSs are poorer predictors of disease risk in
individuals from distantly related populations (Martin et al.,
2017). As an example, PRSs for height derived from European
GWASSs tend to be lower for West Africans than for Europeans,
even though the former are on average as tall as the latter (Martin



et al., 2017). This could occur because variants affecting height
in West Africans may be less common in Europeans and missed
in European-centric GWASSs, because causative variants have
different effect sizes in West African populations than in Euro-
pean populations, because marker genotypes may be differently
linked to underlying causative variants in the two populations, or
due to unaccounted gene-by-environment interactions, among
other reasons. Leveraging the full predictive potential of PRSs
will thus require large-scale GWASs to be carried out in non-
European individuals (e.g., Hilton et al. [2010]; Liu et al. [2018];
Nagai et al. [2017]; Wojcik et al. [2018]).

Leveraging Diversity for Disease Gene Mapping
Differences in allele frequencies, patterns of linkage disequilib-
rium, and/or disease prevalence between populations can
actually be an advantage under specific study paradigms. For
example, “admixture mapping” (Winkler et al., 2010) uses indi-
viduals from a population that resulted from recent admixture
between two differentiated parental populations. This method
relies on looking at sites where allele frequencies vary between
the two parental populations and is based on the assumption
that the differences in the rate of disease between these two
populations are partly due to frequency differences at disease-
causing variants. Due to the process of recombination after the
initial admixture event, different individuals from the admixed
population will have different parental ancestries at these vari-
ants. Admixture mapping consists of finding disease-associated
loci by finding correlations between the parental ancestry in a
particular region of the genome and the presence or absence
of the disease in each individual. This approach has been
used, for example, in studies of African-Americans, who can
trace ancestry to European and West African populations, to
identify loci associated with complex diseases such as hyperten-
sion, obesity, and prostate cancer (Winkler et al., 2010).

In a similar vein, populations that have undergone strong bottle-
necks can be leveraged in gene-mapping studies (Peltonen et al.,
2000; Southam et al., 2017; Xue et al., 2017). The power to detect
a causal variant in an association study is a function of the propor-
tion of variance in susceptibility it explains in a studied population,
which itself increases with variant frequency. The strong genetic
drift that results from a population bottleneck can lead to large
increases in frequency for disease-associated variants, which
may have been kept at low frequencies in the original population
due to the stronger efficiency of negative selection. This, in effect,
increases the power to detect these variants in association
studies. Examples include mapping genes for Hirschsprung dis-
ease in Mennonites or non-syndromic hearing loss in Bedouins,
among others (reviewed in Peltonen et al. [2000]).

Another approach, “trans-ethnic fine mapping” (Asimit et al.,
2016), leverages population differences in patterns of linkage
disequilibrium among variants within a locus to improve the iden-
tification of causative variants among a set of correlated markers.
When marker genotypes within a disease-associated locus are
highly correlated, both among each other and with a putative
causal variant, it can be difficult to attribute the correlated effect
estimates to the causal variant correctly. The differentiation of
human populations provides a natural experiment that random-
izes the dependencies among markers and causal variants,
and a variety of statistical approaches can leverage this to predict

which are the most likely causal variants. This approach is power-
ful when the differences in patterns of linkage disequilibrium are
large and thus is most effective when large association studies
are performed in highly differentiated populations.

Complex Gene-by-Environment Interactions in Disease
Etiology

Given that present-day human populations differ in their genetic
makeup and that many genetic variants impact human biology, it
is expected that vulnerability to many diseases will also differ
across populations, as most human diseases have a substantial
genetic component. However, different populations are also
exposed to different environments, which can lead to further
differences in disease prevalence among populations as well.
The interdependence between population differences and dis-
ease risk is often complicated by behavioral and socioeconomic
factors that change over short time periods. This may become
particularly important in the case of lifestyle diseases where
differences in environment and genetic makeup between
populations are confounded with cultural and socioeconomic
differences, often to the point where it becomes impossible to
distinguish between causal relationships and non-causal
co-occurrences.

The prevalence of alcohol use disorder, for example, differs
more than 10-fold among geographical regions, from 0.8% in
Eastern Mediterranean regions to more than 8% in European
and American Regions (World Health Organization, 2018). These
differences are in part caused by genetic factors, such as alleles
in alcohol-catabolic genes common in East and Southeast
Asians that interact to increase the levels of acetaldehyde
following ingestion of alcohol. While these alleles could
hypothetically confer a protection against alcoholism, because
of the erythema and physical discomfort that follows from
increases in acetaldehyde levels (Edenberg, 2007), alcohol
consumption is also a highly socially and culturally conditioned
activity. Thus, it is difficult to separate the genetic, cultural, and
environmental factors that could potentially affect the rates of
alcohol use disorder over time and across cultures.

The genetic architecture of a behavioral trait may have
also changed over time in response to societal changes. For
example, a recent study found that as the proportion of smokers
in a population decreased over recent decades, the genetic
correlation between smoking and schizophrenia increased
(Reginsson et al., 2018). This implies that the genetic correlation
between human traits depends on exposure to environmental
risk factors that in some cases is largely determined by societal
norms and behavior.

Another example of the importance of the interplay between
environment and genetics in relation to disease is the impact
of a protein-disrupting variant of the TBC1D4 gene on the risk
of type 2 diabetes (T2D) in Greenlandic Inuits. The variant seems
to confer high risk of diabetes by decreasing glucose tolerance
and is considered to be unique to the native population of
Greenland, a historically isolated founder population. However,
until very recently, the diet of Greenlanders was very low in
sugars and carbohydrates. Thus, the variant had likely little
negative physiological effects. This may have allowed it to drift
upward in frequency or possibly to have been subject to positive
selection (Moltke et al., 2014).
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Figure 3. Power of Association Tests Guided by Selection Scans

Simulation study to assess the power to detect a causal variant with a selection scan followed by association mapping with small sample sizes. We simulated
100 whole-genome datasets (3,000 1 Mb regions) for a single European population under the model in (Gravel et al., 2011) using SLiM 2 (Haller and Messer, 2017).
We assumed a single causal variant, uniformly chosen among all variants that had ~10% allele frequency 200 generations ago (5,000 years ago), and then
simulated positive selection acting on this variant, with different selection coefficients (s), for the last 200 generations. We sampled 25-100 diploid individuals
at two time points: the present and 201 generations ago (one generation before the onset of selection), respectively. For each replicate, we compared the ancient
and present-day populations using the weighted average Fst (Bhatia et al., 2013) computed over 50 kb blocks and kept the 20 most differentiated blocks (each
represented by the site with the highest Fst) for association mapping using a linear model (Purcell et al., 2007). Phenotypes for each individual were simulated as a
Gaussian trait where the effect size on the standard variance scaling is defined by s/c (different values of c were explored). Left: Power to find the causal variant in
the selection scan, as a function of the selection coefficient (s) and the number of sampled individuals. Right: Power of association mapping if the top 20 selection
candidates are considered for further association testing with a Bonferroni correction. Notice that due to multiple testing, a traditional GWAS would have
essentially zero power to detect associations for these sample sizes. In addition, we note that the false-positive rate for all sample-effect size combinations was

below 10%, except for the two largest sample sizes with the largest effect size (both <14%).

Future Directions
Positive Selection Studies as a Roadway to
Phenotypically Important Loci
As we have seen throughout this Review, people in many areas
of the world have experienced drastic environmental changes,
including changes in diet and lifestyle. Similarly, fast-evolving
pathogens that challenge the immune system in populations
around the world have likely led to “red-queen” dynamics, in
which the immune system is constantly challenged to evolve to
maintain its efficacy (e.g., Woolhouse et al. [2002]).
Evolutionary theory suggests that there likely will be genetic
trade-offs for many traits that evolve as a consequence
of environmental perturbations (Neel, 1962; Stearns, 1989). For
example, “thrifty” alleles that previously were beneficial may,
in the context of a modern diet, become deleterious because
they predispose the carriers to diseases such as type 2 diabetes,
obesity, and metabolic syndrome (Neel, 1999). The mutation
in TBC1D4 in the Inuit population in Greenland, which strongly in-
creases the risk of type 2 diabetes, may be an example of such a
thrifty allele. Another particularly well-publicized hypothetical
shift in equilibrium imposed by novel environmental conditions
is the “hygiene hypothesis” (Strachan, 1989), which posits that
there is a trade-off between an immune system that is too active
incurring an increased risk of allergies and autoimmune disease
and an immune system that is too passive and that provides
insufficient defense against new pathogens. Finally, trade-offs
have also been claimed to help explain the existence of cancer
(Jacqueline et al., 2016). One way to identify these disease-
related trade-offs may be via genomic studies of natural selec-
tion. Identifying genes under positive selection in humans during
the last millennia might allow us not only to understand the evolu-
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tionary dynamics of disease but also to find important variants
for human health. Variants that are deleterious in an environment
are likely to segregate at low frequencies. However, if, due to
environmental changes, variants with a large effect on human
health are positively selected, they will begin to segregate at
high frequencies.

Selection scans may thus have the potential to aid in associa-
tion mapping, in particular when sample sizes are small and the
selected variants are associated with a trait or disease of interest
(Figure 3). To show how this could be possible, we simulated
whole-genome data for a population with a European-like demo-
graphic history and introduced a causal variant that was also un-
der positive selection. We sampled 25-100 diploid individuals at
two time points: the present and 201 generations ago (1 gener-
ation before the onset of selection). We then compared them us-
ing weighted average Fst (Bhatia et al., 2013) computed over 50
kb blocks. We kept the 20 most differentiated blocks (each rep-
resented by the site with the highest Fst) for association map-
ping using a linear model (Purcell et al., 2007). Phenotypes for
each individual were simulated as a Gaussian trait. We find
that, due to multiple testing, a traditional GWAS would have
essentially zero power to detect associations for these sample
sizes, but the power of a “selection-boosted” GWAS is much
higher (Figure 3). In addition, the false-positive rate under most
explored combinations of parameters was below 10%, except
for the two largest sample sizes with the largest effect size
(both <14%).

While most complex diseases have a polygenic basis, there
are many cases of mutations segregating at high frequency
with large effect sizes. Such mutations are arguably often a
consequence of strong selection acting on a trait, perhaps
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Figure 4. Example Allele Frequency Trajectories of SNPs with High Temporal and Spatial Differentiation

Each panel shows individual (gray lines) and mean (blue lines and symbols)-derived allele-frequency trajectories of SNPs among the top 0.01% of most extremely
differentiated SNPs between 174 ancient individuals and 15,496 present-day whole-genome sequences from the Genome Aggregation Database (gnomAD) (Lek
etal., 2016). Panels show examples of patterns of highly differentiated SNPs, with high-derived allele frequencies specific to (A) European Paleolithic and ancient
and present-day East Asians, (B) ancient and present-day East Asians, and (C) post-Paleolithic ancient and present-day Europeans.

related to shifting environmental conditions and/or evolutionary
trade-offs. In particular, selection acting in heterogeneous envi-
ronments tends to favor genetic architectures with fewer loci
(Yeaman and Whitlock 2011). Indeed, the previously discussed
EPAS1 mutation in Tibetans might be an example of this
phenomenon. Detecting variants under selection can, therefore,
be a valuable complementary tool to other types of studies in
human disease genetics.

Previous studies have already shown that selection scans
can be a powerful way to identify candidate regions for further
association testing. These methods have, for example, identified
regions affecting differential regulation of red blood cell produc-
tion in Tibetans (Huerta-Sanchez et al., 2014; Peng et al., 2011)
and important variation associated with endogenous production
of omega-3 fatty acids in the Greenlandic Inuit (Fumagalli et al.,
2015). Other studies have shown that most signatures of recent
positive selection in modern humans have been found in loci
associated with pathogens (Enard and Petrov, 2018; Fumagalli
et al., 2011), but very little work has been done to leverage this
insight for discovery of associations between genetic variation
in humans and susceptibility to infectious diseases.

An Ancient Genomics Approach to Understand the
Genetic Architecture of Disease

Ancient genomics holds great potential to identify genetic vari-
ants that were subjected to negative and positive selection and
to better understand how these processes have shaped the
genetic architecture of disease. They provide a way to build
detailed time series of allele frequency trajectories, so that selec-
tion can be caught “in the act” (Figure 4). The application of
ancient genomics to the study of human diseases, however, is
in its infancy due to poor spatial and temporal resolution of
available records. Recently, the number of genome sequences
produced in a single ancient genomics study became similar to

what is regularly generated in studies on extant populations
(e.g., Damgaard et al. [2018]). However, most of these large-
scale ancient genomic studies have generated either low-
coverage genome sequences (~1X) or targeted capture of com-
mon genomic variants. Although these approaches are well
suited for the analysis of deep demographic history at broader,
continental-level scales, they do not allow for the detection of
rare mutations potentially involved in disease susceptibility. An
important step in facilitating the application of ancient genomics
to elucidating human disease is to produce a large number of
higher-coverage genomes that span longer timescales.

Ancient DNA from skeletal remains also provides genomic
information of blood-borne microorganisms (e.g., DNA viruses,
bacteria, parasites) that infected the ancient individuals at the
time of death, thereby providing the means to directly investigate
the prevalence of ancient diseases and the genetic makeup of
their causal pathogens. Several studies have demonstrated
that shotgun sequencing datasets of ancient individuals with
no prior evidence of disease are suitable for detecting pathogens
responsible for a variety of severe diseases (Muhlemann et al.,
2018; Rasmussen et al., 2015; Schuenemann et al., 2013). This
approach enables the detection of pathogen lineages that
impacted prehistoric human populations, including those that
are rare or unknown today. It also allows for determining when
and where these lineages and their pathogenicity-associated
variants emerged and how they spread among these popula-
tions. For instance, Rasmussen et al. (2015) demonstrated that
Yersinia pestis, the etiological agent of plague, was widespread
in Eurasia at least 3,000 years earlier than any historical records
of the disease, and they identified a temporal sequence of
genetic changes that led to its increased virulence and the
emergence of the bubonic plague. Extinct strains of the hepatitis
B virus and parvovirus B19 in humans from central Eurasia and
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western Europe up to 7,000 BP (before present) have also been
recovered (Muhlemann et al., 2018). Bringing together informa-
tion about genomic variation targeted by natural selection in hu-
mans and pathogens present in the deceased individuals could
allow for direct investigation into association between specific
human genetic variants and pathogenic infections. This is partic-
ularly relevant considering that most adaptations targeting im-
mune-related genes seem to have taken place in the last 6-13
thousand years (Deschamps et al., 2016). However, little is
known about the selection trajectories of the beneficial variants
in the host genome, the identity of the pathogens, or the nature
of their interaction with the host.

Genetic variants involved in the immune response (e.g., MHC,
TCR, TLR) are expected to have a particularly strong effect on
fitness in the presence of epidemics. Thus, even a minor
improvement in the immune response to epidemic pathogens
such as Y. pestis may translate into strong identifiable selection
signals using ancient genomic data from before, during, and af-
ter the epidemics. If a selection episode occurred close in time to
a known epidemic like plague or smallpox, and the population
under study did not undergo a major replacement over the
same time period, it should be possible to focus on the particular
disease or response to disease that the variant is associated with
and further validate the proposed associations using large-scale
present-day genome datasets. While selection scans on ancient
genomic datasets in itself are not sufficient for identifying func-
tional relationships between the host and the pathogens, they
can greatly help improve the power of future association studies.

Of course, one must be aware that the present-day occupants
of a region need not be the direct descendants of the people that
lived in the same location hundreds or thousands of years ago.
As we discussed above, the genetic history of human popula-
tions is characterized by multiple migration, admixture, and
replacement events. For this reason, selection scans that as-
sume complete population continuity are likely to lead to false
positives: allele frequencies at a particular locus may not have
necessarily increased over time because of positive selection
on that locus but simply because incoming populations into a
region may have had higher allele frequencies at that locus
than previous occupants. Thus, methods that can account for
complex migration histories will need to be deployed in order
to address this issue (Gunther and Coop 2013; Lee and Coop
2017; Refoyo-Martinez et al., 2018).

Large-Scale Genotyping and Phenotyping of
Underrepresented Present-Day Populations

Though the large majority of genetic diversity today is found in
Africa, most large-scale human sequencing and phenotyping
projects have been restricted to individuals of overwhelmingly
European ancestry. Non-European populations from across
the globe remain vastly understudied at the genomic level. This
state of affairs limits the transferability of gene-trait association
studies and prevents accurate disease risk prediction in
these populations, exacerbating global health disparities (Martin
et al., 2017, 2018).

Our understanding of the genetic basis of disease and the evo-
lution of disease-causing variants over time will benefit tremen-
dously from efforts to retrieve genomic and biomedical data
from these understudied communities. Not only are we bound
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to find many more disease-causing variants by studying diverse
populations across the world, but the genomes of people with
historically small effective population sizes can provide informa-
tion that is sometimes irretrievable from large homogeneous
populations. This, in turn, can affect trait—and disease —predic-
tion beyond the study population. For example, the TBC1D4
mutation mentioned above was discovered because it exists at
intermediate frequencies in the isolated Greenlandic population,
where the variant has likely risen in frequency due to drift or pos-
itive selection. In Europeans, this mutation only exists at low fre-
quencies. Consequently, it was missed in earlier GWASSs, though
its effect on glucose tolerance and type 2 diabetes was several
times larger than any previously found loci associated with these
traits (Moltke et al., 2014).

Importantly, these efforts will need to be conducted in a
concerted dialog with the local communities that will be most
affected by the sampling. Informed consent forms should no
longer be the bare minimum to which population genomic pro-
jects aspire: sequencing and phenotyping should involve
native groups at both an educational and research level, with
the goal of building up the scientific infrastructure that will
allow local communities to thrive and take the maximum
possible benefits from recovering their own genomic and
biomedical information. In many corners of the world, where
genomic infrastructure is limited or entirely absent, this will
be a Herculean effort, but it is an effort that the scientific com-
munity must help facilitate.

Over the last decade, population genomics and paleogenom-
ics have provided a wealth of new insights into the origin and
evolution of human disease, many of which have important impli-
cations for healthcare strategies and disease treatment. Further
advancement of this research area requires sustained efforts to
produce and analyze genomes from ancient and present-day
individuals, especially from understudied groups, and in contin-
uous dialog with the communities that they aim to benefit. More-
over, a deeper understanding of disease-related phenomena will
also require that evolutionary and population geneticists build
bridges with other research disciplines that study disease and
its implications for society, including psychology, neurobiology,
sociology, anthropology, ecology, physiology, molecular and
cellular biology, and statistical and medical genetics. Only via a
truly multidisciplinary approach can we hope to discern the so-
cial, environmental, and biotic underpinnings of human disease
and, ultimately, devise ways to curb them.
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