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Abstract

The suite of phenotypic diversity across geographically distributed human populations is the outcome of genetic drift, gene
flow, and natural selection throughout human evolution. Human genetic variation underlying local biological adaptations
to selective pressures is incompletely characterized. With the emergence of population genetics modeling of large-scale
genomic data derived from diverse populations, scientists are able to map signatures of natural selection in the genome in a
process known as selection mapping. Inferred selection signals further can be used to identify candidate functional alleles
that underlie putative adaptive phenotypes. Phenotypic association, fine mapping, and functional experiments facilitate the
identification of candidate adaptive alleles. Functional investigation of candidate adaptive variation using novel techniques
in molecular biology is slowly beginning to unravel how selection signals translate to changes in biology that underlie the
phenotypic spectrum of our species. In addition to informing evolutionary hypotheses of adaptation, the discovery and func-
tional annotation of adaptive alleles also may be of clinical significance. While selection mapping efforts in non-European
populations are growing, there remains a stark under-representation of diverse human populations in current public genomic
databases, of both clinical and non-clinical cohorts. This lack of inclusion limits the study of human biological variation.
Identifying and functionally validating candidate adaptive alleles in more global populations is necessary for understanding
basic human biology and human disease.

Introduction has evolved neutrally (Harris 2018; Kimura 1968, 1983).

Nonetheless, environmental and cultural factors jointly have

The evolution of modern humans involved extensive migra-
tion to diverse geographic regions with shifting environ-
mental conditions. Changes in climate, diet, and novel
exposures to pathogens coincided with transitions in soci-
ocultural organization (Laland et al. 2010). During these
shifts, changes in the genome that initially arose as stochas-
tic events within individuals of populations were subjected
to evolutionary forces over generational time. These forces
of random genetic drift, gene flow, and natural selection
have together shaped the genetic diversity of our species.
Evidence supports that a large portion of this variation
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imposed selective pressures on the human genome, contrib-
uting to extant patterns of human genetic diversity (Feld-
man and Cavalli-Sforza 1976). Local adaptation as result
of natural selection contributes to the phenotypic variation
observed across human populations (Bamshad and Wood-
ing 2003; Vitti et al. 2013). Deciphering which genetic
changes from natural selection underlie adaptive traits in
humans is an ongoing area of investigation in evolution-
ary biology. Additionally, current environments may no
longer be suitable for formerly beneficial alleles, resulting
in a gene—environment mismatch underlying human disease
(Gluckman et al. 2009; Nesse et al. 2010; Nesse and Stearns
2008; Williams and Nesse 1991). Determining the genetic
basis of human adaptation therefore has broad implications
for understanding human biology, health, and disease.
Natural selection can be described in three general cat-
egories: positive directional selection, balancing selection,
and negative purifying selection (Fig. 1a). Each mode of
natural selection will influence the alleles in a population
in different ways (Gillespie 1994). Positive selection favors
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Fig.1 Natural selection influences genomic diversity. a Theoretical
basis for population genetics models of natural selection. Each dot-
ted strand represents a haplotype. Alleles that increase or decrease in
frequency over time due to selection are represented as dots in purple
(positive selection on de novo variants), blue (positive selection on

the fixation of an advantageous allele that increases the evo-
lutionary fitness of its carrier. Balancing selection acts to
maintain frequencies of multiple alleles at a locus for fit-
ness benefit. Purifying selection, also known as background
selection, removes deleterious alleles that reduce the fitness
of the carrier from the population (Charlesworth et al. 1993).
Purifying selection is essential for the evolutionary conser-
vation of biological function (Cvijovic et al. 2018). The
effects of strong purifying selection on genomic diversity
have been characterized in several organisms (Begun and
Aquadro 1992; Cvijovic et al. 2018; McVicker et al. 2009).
Here, we focus on the latter two forms of natural selection,
positive and balancing, as these forms lead to the fixation
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standing variation), green (polygenic positive selection), yellow (bal-
ancing selection), red (negative selection), and shades of grey (linked
variation to causal allele). b Types of adaptive genetic variants that
can be acted upon by natural selection. A, ancestral; D, derived

or maintenance of adaptive alleles in a population over time
(Maynard-Smith and Haigh 1974). Furthermore, these evo-
lutionarily favored genetic changes can be identified through
a process called selection mapping and functionally assessed
for relevance to proposed adaptive biologies.

Selection mapping refers to the process of using popula-
tion genetics methods to detect genomic regions, genes, or
variants that have been acted on by natural selection (Wisser
et al. 2008). It is founded on the principle that phenotypic
change in a population is accompanied by changes in allele
frequencies (Fumagalli et al. 2010; Vitti et al. 2013; Wis-
ser et al. 2008). Population-specific changes in allele fre-
quency due to natural selection can leave distinct statistical
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signatures at the target loci relative to neutrally evolving
loci (Fu 1995; Fu and Li 1993). Inferred signals of selection
can be leveraged to identify fitness-related genomic regions,
genes, and/or variants. Larger detected genomic regions can
be further fine-mapped to pinpoint putative functional alleles
contributing to adaptive phenotypes (Akbari et al. 2018;
Schaid et al. 2018; Szpak et al. 2018). Indeed, selection map-
ping has been widely used by evolutionary and population
geneticists to identify candidate functional alleles underlying
adaptive phenotypic change in plant and animal populations,
including humans (Akey et al. 2002; Matsumoto et al. 2017;
Wisser et al. 2008).

This review will discuss the application of selection map-
ping approaches to identify genetic variation contributing to
adaptive phenotypes across human populations, thus focus-
ing on the microevolutionary scale. We begin by describing
the search for candidate adaptive alleles, from the detec-
tion of selection signatures (namely positive and balancing)
through genotypic-phenotypic association and fine mapping
variants. We provide a review of the discovered candidate
adaptive alleles in human populations followed by a sum-
mary of molecular approaches for functional validation
of their biological role. While the bulk of genotyping and
sequencing efforts have focused on European populations
(Popejoy and Fullerton 2016; Sirugo et al. 2019), we detail
several cases of selection mapping in non-European popula-
tions. Nevertheless, we acknowledge the impact of this major
Eurocentric bias in the current map of natural selection in
humans, and we conclude with comments on future direc-
tions and inclusivity considerations for population geneti-
cists, human geneticists, and molecular anthropologists.

Detecting natural selection in the genome

Genetic variants that define the alleles subjected to natural
selection, due to effects on biological fitness, are distributed
across functional coding and non-coding genomic elements
(Bamshad and Wooding 2003; Jha et al. 2015; Wooding
et al. 2002; Zhao et al. 2000). The types of genetic variants
targeted by natural selection include nucleotide substitution,
insertion, deletion, duplication, inversion, and translocation
(Fig. 1b). Natural selection can act on either de novo genetic
variant(s) or standing genetic variation, leaving behind dis-
tinct signatures in the genome (Barrett and Schluter 2008;
Hermisson and Pennings 2005; Przeworski et al. 2005). For
selection on de novo variation, a novel variant arises in a
population in which a selective pressure is present (Peter
et al. 2012). For selection to act, this new variant will confer
either an adaptive advantage or disadvantage to the existing
pressure. Selection on standing variation may occur when a
population faces an environmental change or range expan-
sion that results in a new selective pressure (Przeworski et al.
2005). Thus, standing variation is preexisting variation in the

ancestral population at the time the environmental conditions
for selection appear (Barrett and Schluter 2008). Depending
on the mode of natural selection, genomic diversity will be
shaped differently in a population over time.

Distinguishing selection on de novo variants from standing
variation

The structure of haplotypes—sets of alleles (or genetic vari-
ants) that are inherited together on a single chromosome in
an individual—in a population offer clues into how natural
selection has acted on the genome (Bamshad and Wood-
ing 2003; Nordborg and Tavare 2002; Sabeti et al. 2002b).
In particular, the heterogeneity of haplotype backgrounds
that comprise the allele under natural selection, as well as
the changes in allele frequency, help to distinguish between
signals of selection from standing variation versus de novo
variation (Barrett and Schluter 2008; Peter et al. 2012). If
a selective pressure is present before a favorable variant
originates, as in the case of selection on a de novo variant,
then the new (or derived) allele will come to exist on a sin-
gle, distinct haplotype (Fig. 1a) in the study population, and
it will be absent in the ancestral population, where only the
ancestral allele will be found (Nielsen et al. 2007; Peter et al.
2012). If the derived allele reaches fixation rapidly from
positive selection, haplotype homozygosity will be extensive
around the selected allele before mutation and recombina-
tion act to break it down (Nielsen et al. 2007; Peter et al.
2012). In other words, the linkage disequilibrium (LD)—
the non-random association of alleles in haplotypes—will
be high as a result of genetic hitchhiking of neutral alleles
linked to the adaptive allele during its rise in frequency
(Maynard-Smith and Haigh 1974; Przeworski 2002). This
is referred to as a ‘hard’ selective sweep. Effective popula-
tion size and the effect size of the adaptive allele contribute
to its fixation time, with shorter time to fixation in cases
of small effective population size and large effect alleles
(Pritchard et al. 2010). Once a derived allele has swept to
high frequency, recombination acts to break up linkage with
neutral sites resulting in an excess of both intermediate and
high frequency alleles (Barrett and Schluter 2008; Fay and
Wu 2000). However, if the selective sweep is incomplete,
i.e., the beneficial allele is in the midst of being swept to
fixation in the population, heterozygosity increases, and this
is called a ‘soft’ sweep (Pritchard et al. 2010).

Selection also acts on standing variation. When selec-
tion favors variation already present in the population, the
pre-adaptive alleles may exist on several distinct haplotypes,
resulting in a greater number of linked neutral alleles at
intermediate frequencies following selection (Fig. 1a) (Bar-
rett and Schluter 2008; Peter et al. 2012; Przeworski et al.
2005). In other words, alleles that are maintained within the
population as neutral or weakly functional before becoming
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selectively advantageous will have a longer population his-
tory than a new adaptive allele (Barrett and Schluter 2008).
This protracted population history increases the likelihood
that recombination has broken up haplotype blocks contain-
ing the standing variant, placing it on different backgrounds
(Barrett and Schluter 2008; Peter et al. 2012; Przeworski
et al. 2005). Selection on standing variants will integrate
more polymorphisms than selective sweeps of de novo vari-
ants, and this distribution across haplotypes weakens the
statistical signature of selection (Barrett and Schluter 2008;
Hermisson and Pennings 2005; Peter et al. 2012; Przeworski
et al. 2005). Variation around the fixed adaptive allele will
therefore be lower in a population following selection on de
novo variation compared to selection on standing variation
(Barrett and Schluter 2008). Given the predicted effects of
selection on alleles and haplotypes between populations, the
type of sequence information acquired (SNP microarray, tar-
geted sequencing, whole exome, whole genome, etc.) and
selection of study populations will determine which methods
(Table 1) can be applied for detecting natural selection in
the genome.

Haplotype tests of selection

Several extended haplotype tests for identifying selec-
tive sweeps exist and include the Long-Range Haplotype
(LRH), integrated Haplotype Score (iHS), number of segre-
gating sites by length statistic (nSL), and Cross Population
Extended-Haplotype Heterozygosity (XP-EHH) (Table 1)
(Sabeti et al. 2002b,2007; Voight et al. 2006). The LRH
test takes into consideration both the length of extended
haplotype homozygosity (EHH) and the frequency of the
haplotype in the population (Sabeti et al. 2002b). This
test performs well when identifying haplotypes that arose
quickly and have yet to be broken down by recombination,
such as for hard sweeps. A modification of this test, the
whole genome long-range haplotype (WGLRH) test, has
been developed to use genome-wide data to detect selection
by combining LRH with derived and ancestral allele status
(Zhang et al. 2006). The iHS test quantifies the strength of
selection acting at a locus in a single population by calcu-
lating the integral of EHH decay at varying distances away
from a core allele (Fig. 2) (Voight et al. 2006). It considers
the ratio of haplotype homozygosity for haplotypes carry-
ing the derived allele relative to those carrying the ancestral
allele at the candidate locus. By doing so, iHS is sensitive
to variation in recombination rates across the genome as the
two alleles serve as controls for each other, canceling out
heterogeneity in the estimated genetic map due to recom-
bination coldspots and hotspots. This statistic is more pow-
ered to detect incomplete, or soft, selective sweeps (Pickrell
et al. 2009; Voight et al. 2006). Similar to iHS, nSL uses the
ratio of haplotype homozygosity for derived and ancestral
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alleles to identify positive selection in a single population
(Ferrer-Admetlla et al. 2014). nSL differs from iHS in that
it quantifies EHH length for a given haplotype pair based
on the number of SNPs present in that region on all other
haplotypes in the sample population (Ferrer-Admetlla et al.
2014; Voight et al. 2006). In doing so, a genetic map is not
needed to calculate nSL, thereby further increasing sensitiv-
ity to varying recombination and mutation rates, with greater
power for detecting both hard and incomplete/soft selective
sweeps. XP-EHH compares haplotypes between populations
to identify derived selected alleles that have recently reached
or nearly reached fixation in one population yet remain poly-
morphic across all human populations (Sabeti et al. 2007).
It performs well for detecting sweeps that have reached, or
have almost reached, fixation (Pickrell et al. 2009; Sabeti
et al. 2007; Voight et al. 2006). As such, it has weaker power
to detect older selective sweeps that have been subjected to
LD degradation by recombination over time.

Confounding variables in haplotype-based tests

Population-specific recombination rate and copy-number
variants (CNVs) may confound the results of haplotype-
based tests of selection and should be taken into account
(Sabeti et al. 2007). Certain regions of the genome exhibit
variable recombination rates between populations (Abe-
casis et al. 2010). A long-range haplotype signal at these
loci could result from a slower recombination rate in one
population relative to other populations, instead of a spike
in allele frequency from natural selection (Sabeti et al.
2002b). To account for this, the level of EHH decay of
non-selected alleles in the region surrounding the candi-
date allele can be compared to the EHH decay of those
same non-selected alleles in other populations (Sabeti
et al. 2002b). If the EHH decay is similar between popu-
lations, variable recombination rate can be ruled out as the
source of the long-range signal, bolstering claims of selec-
tion (Sabeti et al. 2002b). CNVs can result in the increase
of nearly identical sequence at a locus that will reduce
heterozygosity (Lucas et al. 2019). This makes it chal-
lenging to distinguish a selective sweep from a region with
high copy number variation (Iskow et al. 2012). Likewise,
CNVs that lie close to a selected locus may falsely extend
the signal (Sabeti et al. 2007). To account for potential
confounding from CNVs, recent innovations in long-read
sequencing technologies that avoid PCR amplification
steps offer a platform to more accurately map and quantify
CNVs (Pollard et al. 2018). Further, hybrid-sequencing
approaches that combine long-read with short-read tech-
nologies that offer higher resolution and lower genotyping
error rates, can afford both CNV accuracy and resolution
(Kronenberg et al. 2018).



245

Human Genetics (2021) 140:241-276

(L00T) 'Te 19 Daqes

($107) "T8 10 B[OWPY-IOLId]

(9002) "Te 32 WYSI0A

(9002) 'Te 3 Sueyz

(q 'e2007) 'T¢ 10 1_qES

(q “eZ00?) T8 10 QS

sdoams oA

-09[0s paey 3uro9lop JIoj [NJISN ST SIY], *SO[I[[e POALIOP PaxXy

Ajreau Sururejuod asoy) 109)9p 03 suonendod om) usamiaq

sadKyordey saredwos pue ‘HHH Jo [ei3ayur oy sejerodroour
Ayso3Azowoy adKyordey papuaixyg uonendod sso1) ayJ,

sdooms 2A1109[9S 1JOS pue pIey 1oq

Sunoa)ep 10§ [njesn st TSU “dewr onouas e uey) IOYJEI 90UER)

-SIp 2Inseaw 03 s9)1s 3une3a13as soyerodioour 31 ‘SHI ayI[un

IOAOMOH "SO[Q[[B [BNISAOUER YIIM ISOY) 0 JATIB[AI SI[I[[B

paatxap Surkires sadAjordey 10§ HH JO OIRI 9} SQINSBIW
onsnels YISua Aq s91§ Sunesar3ag Jo requinN Ay,

sdooms 9A1)09[9s 1JOs

Sunoa)op 10 [nJasn ST POYIAW SIY T, *SI[Q[[e [eNSIouL FUIAI

-Ied 9SOy} 0 SI[A[[e PaALIap Surkired sadKjordey jo Aeoop
HHA Jo onel ay) sainseaw 2100§ adKjordey pajerdajur oy,

uonod[as

aantsod jo aanjeorpur 9q Aew yorym ‘sadKyordey Suop yam

suor3ar AJnuapt 0} (1 Jo suroned yim HYT oyl soyerod
-100u1 19} 2dKjo1dey o3uey-3uoT swouan) (oY YL

sdoams prey Afurewnid ‘uonod[as aanisod

JU931 JO suorgar 3o33ep 03 uonendod ay) ur Aouanbaiy ad£)
-ordey oy Yim HHH seurquiod adKjordey o3uey-3uoT ayg,

uo110919s aAnIsod Jueda1 Surlo9)ap Joj [nJasn St

SIYL, "Ju22sap Aq [eonuapt are adKjodey 2100 oy Surkired

uonerndod e ur sadKjordey omy Aue ey Arqeqoxd o)

$9s89sSE UAY) HHA ‘SIY} WOIL] "9J0d 9Y) WOIJ SoueISIp Jur

-KIeA 7R ‘(35219)Ul JO Snoof Jo) 2dAjodey 2100 & Jurpunorins
(S9To[Te JO UONEIOO0SSE) (I JO ABOap oY) SAje[noTed HHH UL

Kyiso3Azowoy adAjordey popudyxe uonendod sso1)

onsne)s YIJu Aq s9)1s Sune3ai3es Jo oquiny

Q100§ 2dKjordey pareidojur

1591 2dAj01dey 93ueI-3uo] oWoua3 A[OYM

adKjordey o3uer-3uo

Kynso3Azowoy adKjordey pepuarxyg

HHA-dX

ISu

SH!

HATOM

HY'1

HHA

paseq-adKyordeg

SOOUQIYOY

Arewrung

Quweu 189,

UoneIAdIqqQY

adA7,

MTAI SIY) UT PAUI[INO SPOYJAW UOT}OJ3P UONI[S JO sadA) Juaragyip oy jo Arewwng | ajqeL

pringer

a's



Human Genetics (2021) 140:241-276

246

(0100) TeRIX

(007) 'Te 10 10ALIYS

(0S61) WS

(0007) nm pue Aeq

(€661) T pue ng

(6861) vwile],

sonjeuago[Ayd oyerodioour 0} pawriojsuer-30[ aIe son

-1eA oy} 1deoxa “LS,7 uo paseq uostredwod uonendod-oa1y)
B $9sn “Tg ST 01 Fejruls ‘onsnels youerdg uonendod ayJ,

sy)Su9l yourlq Aq pajuassaidar are suonendod

U29M)aq SAOUR)SIP 210yMm ‘uostredwod uonendod-oaryy
® 10§ £5,7 sojerodioour yiSuaT youelg oyroads snooT YL,

uonoa[es Juroueleq Jo aanisod Jopun

100] AJ13UOpI 0) Pasn 9q ued onsne)s siyJ, ‘suonendod omy
UQ9M13q UOTIBIIURIMIP O1jouas Jo aimseawt e s1-L5.7 s JySrip

suone1dadxs [ennau o) paredwod UONI[AS
aanisod auoSIepun sey SNOO[ 9Y) JOYISYM QUIULIDIP O} SJue
-LIBA PIALIOP JO Aouanbaiy Y31y B J0J SYOO[ ff S.NA\ Pue Aeq

d seuwile] 01 paredwod soa[[e

PaALIop U0 Sunoe sdoams 9ATIOR[IS 10339P 0} JAJNISUIS IOW

QIe , pue (7 S,I'T PUB N "UONO9[As Jurouereq Jo ‘Jurkyrind

‘aAnIsod Jua021 15933nS UL SONSNRIS ISAYJ, ‘A[oA130adsaI

‘x pue M@ 0] sjuBLIBA UOIS[SUIS PIALISP JO Joquinu 3y}
oredwod pue ‘9oUdISA[EOd UO Paseq dIe f Pue (7 S,I'T pue n

)moIS pue 2Injonmns

uone[ndod se yons ‘suonipuod oryder3owap £q poapunojuod

ST T “TOAOMOH "U0199[3s 2AanIsod 10 Suroueleq 1sa33ns Aewr

yorym ‘Kirennau woiy saxnyredop Suno9lap 1oy [nyesn aq

ued ] "(%) SeoULIRYJIp apnooonu aSereAe ay) pue (M@) seys
SuneJo189s usom1aq SOUIAYJIP Y} SAINSLIW (7 S.ewile],

ansness youelq uone[ndog

I3uQ[ youerlq oy1oads-snoo |

Xopu[ Uonexry SIYSLIA

o1STIBIS [ S.NA\ PUR KB

Sonsne)s 4 pue (7 S.I'T pue ng

ansness (7 s.eutfe],

Sdd

1451

hm..n\

H S.DA\ Pue Aeq

A4 Pue (@ s.I"T pue ng

@ spwife],

Pposeq-onoua3o[Ayd

Kouanbaig s[o1y

SOOUQIYOY

Arewruung

Quweu 189],

UoNeIAdIqQY

adA7,

(ponunuoo) | sjqey

b
)
)
5
et
|9
A
&l



Human Genetics (2021) 140:241-276 247

Allele frequency tests

The joint distribution of allele frequencies in a given
population is referred to as the allele frequency spec-
trum (AFS) or the site frequency spectrum (SFS) (Ewens
1972). The standard neutral model SFS can be predicted
theoretically under the assumptions of no selection, no
recombination, and that all new genetic variants are unique
(Ewens 1972). Selection can act to shift the AFS (Fig. 2)
(Fu 1995). Positive selection results in an increase in high
frequency alleles and a near absence of intermediate fre-
quency alleles whereas balancing selection results in an
excess of alleles at intermediate frequency (Tajima 1989).
Demographic events impact the SFS in the same manner
as selective events (Marth et al. 2004). Similar to balanc-
ing selection, population subdivision reduces the num-
ber of highly shared alleles in the population as a whole,
thereby increasing the number of intermediate frequency
alleles (Tajima 1989). Conversely, population expansion
increases the number of singletons and high frequency
alleles, much like directional positive selection (Tajima
1989). However, demographic changes are expected to
influence all loci across the genome in a similar manner
whereas selection tends to be locus-specific (Biswas and
Akey 2006; Przeworski et al. 2000). Therefore, to distin-
guish demography from selection, the SFS at one locus
can be compared to the genome-wide average in a given
population (Akey et al. 2004; Biswas and Akey 2006).
SFS summary statistics use sequence data to test for
departures from neutrality and are useful for identifying loci
that have undergone positive or balancing selection (Table 1)
(Fay and Wu 2000; Fu and Li 1993; Nielsen et al. 2007;
Przeworski et al. 2005; Tajima 1989). Tajima’s D measures
the difference between the number of segregating sites (Oy)
and the average number of nucleotide differences () (Tajima
1989). Under a neutral model, ®y, and & are equal, and Taji-
ma’s D is zero. Positive values indicate an excess of interme-
diate frequency alleles suggesting either balancing selection
or population subdivision (Nielsen et al. 2007; Przeworski
et al. 2005; Tajima 1989). Negative values indicate an excess
of rare alleles and may suggest positive selection or rapid
population growth (Nielsen et al. 2007; Przeworski et al.
2005; Tajima 1989). Fu and Li’s D and F statistics compare
population mutation rate estimates obtained from derived
singleton variants, to ®y, and x, respectively. Both summary
statistics rest on the premise that older variants tend to exist
on internal branches, or roots of a phylogenetic tree, while
newer variants exist on the external branches (Fu and Li
1993). Therefore, recent positive selection and purifying
selection are predicted to result in an excess of variants that
lie on the external branches resulting in negative values of
the statistics. Balancing selection is predicted to result in
positive values of D and F. One benefit to Fu and Li’s D is

Nielsen et al. (2005)
Chen et al. (2010)
Racimo (2016)

References

populations, or shared selection among the two populations

before splitting from a third outgroup population
the XP-EHH, iHS, and F; statistics. This method does not

combines a deep learning approach with a composite of
require a genome-wide comparison

from Fg; iHS, and XP-EHH to increase power of detecting

the differences in the excess of derived alleles following
high frequency, derived alleles between populations

derived alleles across several sites in a single population
population divergence of two populations: the target popu-
lation and an ancestral population

allow for the detection of selection within each of two

The Composite of Multiple Signals Statistic combines results Grossman et al. (2010)
CLR and XP-CLR, except it uses three populations to

The Cross Population Composite Likelihood Ratio measures
The 3-population Composite Likelihood Ratio is based on

The Composite Likelihood Ratio measures an excess of

Summary

Sweep inference framework (controlling for correlation) The Sweep Inference Framework (controlling for correlation) Sugden et al. (2018)

Cross population composite likelihood ratio
3-Population composite likelihood ratio

Composite likelihood ratio
Composite of multiple signals

Test name

Abbreviation
CLR
XP-CLR
CMS
3P-CLR
SWIF(r)

Table 1 (continued)

Type
Composite

@ Springer
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Fig.2 Reverse genetics selection mapping workflow: First, perform
statistical selection tests for a given dataset. Second, integrate with
association mapping analyses and fine-mapping approaches to gen-
erate a list of high confidence candidate alleles for putative adaptive

that it is more sensitive to selective sweeps acting on derived
alleles compared to Tajima’s D. However, selection acting
on standing variation can favor ancestral alleles, limiting the
ability of these statistics to distinguish positive selection on
standing variation. Fay and Wu’s H statistic measures the
amount of high and intermediate frequency derived variants
to detect positive selection (Fay and Wu 2000). A negative
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phenotypes. Third, identify the best research strategy to functionally
investigate the candidate variation to model its biological role and
inform hypotheses of adaptive human evolution

value of H results from an excess of high frequency derived
alleles while a positive value implies a lack of intermedi-
ate and high frequency derived alleles compared to neutral
expectations (Fay and Wu 2000). While SFS summary sta-
tistics are popular statistical tests for identifying deviations
from neutral evolution within a population, other methods
have been developed for comparisons between populations.
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Population-specific natural selection can result in allele
frequency changes in one population compared to a neu-
trally evolving population. Wright’s fixation index statistic,
F¢r, measures the amount of genetic differentiation between
two or more populations (Table 1) (Wright 1950). Positive
selection tends to increase the population differentiation
estimates at a selected locus whereas balancing selection
tends to decrease F¢; (Akey et al. 2002; Andolfatto 2001;
Cavalli-Sforza 1966; Wright 1950). Genetic drift also may
increase the level of differentiation between populations.
However, while positive selection is confined to one or few
loci, genetic drift is expected to influence heterogeneity at
many unlinked loci across the genome.

Phylogenetic-based tests

Methods that expand on allele frequency differences to
explore phylogenetic relationships have been developed
to identify population-specific selective events (Table 1,
Fig. 2). The locus-specific branch length (LSBL) approach
incorporates F¢p distances to analyze population-specific
allele frequency shifts (Shriver et al. 2004). This method
compares F¢; between three closely related populations in
order to express distances between populations in terms of
branch lengths (Shriver et al. 2004). Likewise, the popula-
tion branch statistic (PBS) uses phylogenetic theory to evalu-
ate changes in allele frequency since population divergence
(Yietal. 2010). Both LSBL and PBS test the null hypothesis
that two closely related groups, A and B, have similar branch
lengths when compared to an outlier group C. If population
A experienced positive selection at a locus, the effect will be
a longer branch length than expected. This tree structure will
look very different from that of the tree using genome-aver-
aged allelic differentiation values for the three populations.

Composite tests

Composite tests for selection combine a subset of the inde-
pendent tests for selection described above to increase reso-
lution of the selective signature. Composite methods thus
decrease the probability that the signal detected is a false
positive and are an effective way to fine-map causal vari-
ants. These methods include the composite likelihood ratio
(CLR), cross population composite likelihood ratio (XP-
CLR), 3-population composite likelihood ratio (3P-CLR),
the composite of multiple signals (CMS), and the SWeep
Inference Framework (controlling for correlation) (SWIF(r))
(Table 1). CLR identifies an excess of derived alleles across
several sites in a single population (Kim and Stephan 2002;
Nielsen et al. 2005) whereas XP-CLR does so in two popu-
lations (Chen et al. 2010; Vitti et al. 2013). By integrating
multiple populations, XP-CLR models allele frequency dif-
ferences across a chromosome as predicted by the genetic

distance from the selected allele (Chen et al. 2010). XP-
CLR has greater power to detect selection from standing
variation as well as ‘ancient’ selective sweeps—sweeps that
arose following the divergence of two populations, yet ended
several thousand generations before the present (Chen et al.
2010). 3P-CLR is a modification of CLR used to distinguish
selection events following the divergence of two popula-
tions, as well as selection sweeps shared between the two
populations prior to the divergence from a third outgroup
population (Racimo 2016). The CMS method combines
F¢r, iHS, and XP-EHH for derived, high frequency alleles
in one population compared to other populations (Gross-
man et al. 2010). This method has been shown to signifi-
cantly reduce the number of genomic candidates of recent
selection for local adaptation in human populations (Gross-
man et al. 2013, 2010). Similar to CMS, SWIF(r) combines
scores from Fgp, iHS, and XP-EHH (Sugden et al. 2018).
However, this method also incorporates a machine learning
mechanism whereby SWIF(r) is trained on simulations from
user-selected demographic models (Sugden et al. 2018). By
doing so, the probabilistic statistic does not require com-
parison with a genome-wide distribution, as is the case for
CMS, and potentially increases power to localize candidate
adaptive loci in both soft and hard selective sweeps (Sugden
et al. 2018).

Polygenic adaptation

Polygenic adaptation occurs when multiple adaptive vari-
ants across many loci are favored by selection. Selection for
polygenic traits only produces slight changes in frequen-
cies of each of the causal alleles (Fig. 1a) (Pritchard et al.
2010). As a consequence, the response of a single allele
will be statistically negligible and the signal of selection
only can be identified in the cumulative frequency shift
of all alleles associated with the phenotype in the popula-
tion. In other words, polygenic selection for adaptive traits
will dampen the signature of selection at each independent
locus (Berg and Coop 2014; Haasl and Payseur 2016; Latta
1998), reducing the power of detection by summary statistics
(Latta 1998; Le Corre and Kremer 2003). One strategy to
increase sensitivity to detection of selection on multi-allelic
traits is to apply regression analysis to extended haplotype
homozygosity measures (Wiener and Pong-Wong 2011). The
regression approach has been proven to be most effective at
detecting polygenic selection when allelic diversity is high
(Wiener and Pong-Wong 2011).

Limitations for selection mapping on ancient DNA
Selection mapping also has been applied in the burgeon-

ing field of archaeogenetics that seeks to use ancient DNA
(aDNA) to resolve questions of hominin evolution, including
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the timing of selection events (Knapp and Hofreiter 2010).
However, while some have performed aDNA selection scans
(Fehren-Schmitz and Georges 2016; Lewandowska et al.
2018; Lindo et al. 2018; Mathieson et al. 2015), applying a
selection mapping approach with aDNA sequences is often
very difficult given the highly degraded, short-fragment
nature of recovered samples (Knapp and Hofreiter 2010).
This results in low sequencing coverage, often with only one
mapped read at each nucleotide site (Gunther and Nettelblad
2019; Haak et al. 2015; Monroy Kuhn et al. 2018). Given
this low sequencing coverage, diploid calls cannot be made,
resulting in sequences that cannot be confidently phased
and thus are unsuitable for haplotype-based selection tests
(Gunther and Nettelblad 2019; Haak et al. 2015; Monroy
Kuhn et al. 2018). Therefore, aDNA selection scans are lim-
ited to allele frequency-based tests (Gunther and Nettelblad
2019; Haak et al. 2015; Monroy Kuhn et al. 2018). Tech-
nological advances in aDNA recovery that improve sample
quality and yield upon collection and extraction, as well as
methodological improvements of imputation and phasing,
may offer more opportunities in the future for selection map-
ping of aDNA to inform evolutionary models of the chronol-
ogy and tempo of selective events.

Identifying candidate adaptive variation in human
populations

The suite of aforementioned statistical methods provides a
means for detecting genomic loci with evidence of posi-
tive or balancing selection that can be further dissected to
assess their contribution to biological adaptations. Study
designs utilizing selection detection methods to hunt down
functional adaptive alleles in the genome, and to inform evo-
lutionary hypotheses of human adaptation, can be thought
of in two categories: forward genetics or reverse genetics.
Those pursuing forward genetics approaches start with a
putative adaptive phenotype and uncover the genetic basis
(Bigham and Lee 2014; Vitti et al. 2013). In this way, for-
ward genetics seeks to test a specific hypothesis. A clas-
sic example of hypothesis-driven, forward genetics using
selection mapping to understand human adaptation is the
discovery of a causal variant in HBB underlying sickle cell
anemia that was subsequently found to be under balancing
selection in populations living in malaria-endemic regions
(Allison 1954; Vitti et al. 2013).

Reverse genetics, on the other hand, seeks to understand
the biological function of observed genetic variation, and
therefore is hypothesis-generating (Fig. 2) (Hardy et al.
2010). With advancements in genotyping arrays and genome
sequencing technology, there have been a burst of whole-
genome scans for signals of adaptive evolution in human
populations (Crawford et al. 2017b; Eaaswarkhanth et al.
2020; Grossman et al. 2013; Ilardo et al. 2018; Karlsson
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et al. 2013). Often, these scans identify several candidate
genes and/or regulatory regions, or detect signals spanning
large segments of the genome (Vitti et al. 2013). In order to
pinpoint the causal variant(s) that underlies a putative adap-
tive phenotype and understand its function, work must first
link genetic variation to biological phenotypes.

Identifying putative adaptive phenotypes associated
with selection signatures

A common strategy for linking genetic variation to pheno-
typic variation is to perform genotype—phenotype associa-
tion analyses. Association analysis can be targeted, such as
candidate gene association studies, or genome-wide, such
as genome-wide association studies (GWAS) (Rodriguez-
Murillo and Greenberg 2008). Population-based association
mapping is the process of linking genotypes to phenotypes
within a population of unrelated individuals by leverag-
ing LD (Singh and Singh 2015). Study designs include
case—control association using a logistic regression and
linear regression for quantitative traits (Tak and Farnham
2015). These approaches can help detect genomic regions
harboring functional variants, but need to be followed up
with further statistical and functional testing to identify the
causal variants driving the association (Schaid et al. 2018).

The power of association mapping is dependent upon
genotyped markers that lie in regions of strong, detectable
LD in the population of interest (Risch and Merikangas
1996; Tak and Farnham 2015). Sample size, effect size,
number of causal variants, and allelic heterogeneity all
influence the statistical power of detecting an association
(Schaid et al. 2018). A major issue with association mapping
is that neutral variants linked to the causal variant can be
identified as false positives (Tak and Farnham 2015). Also,
association mapping is less powered to detect rare functional
variants and those of small effect size (Xu et al. 2017). Bet-
ter phenotypic measurements can sometimes improve the
genetic effect size as can increased SNP density and sample
size (Schaid et al. 2018). Furthermore, when phenotypic
variation correlates with genetic relatedness, or when the
study sample has unidentified population structure, mark-
ers may produce a false signal of association (Kang et al.
2008). Study designs can control for population structure to
reduce the number of false associations (Kang et al. 2008).
Given that association mapping can become cumbersome
when several causal alleles exist or the relevant phenotypic
variation is unavailable, a more efficient strategy to find and
prioritize candidate alleles may be preferred. For example,
some association methods combine expression data with
genetic and phenotypic variables, such as with expression
Quantitative Trait Locus (eQTL) mapping (Hormozdiari
et al. 2016) and Backward Three-way Association Mapping
(BTAM) (Lee et al. 2017).
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Integrating selection mapping with association analysis
can be a powerful tool to refine loci and localize candidate
adaptive alleles (Guo et al. 2018; Johnsson 2018). For exam-
ple, testing genetic variation in the candidate pigmentation
gene, SLC24A5, that is under positive selection revealed
that the rs1426654-A allele was able to explain~22-32%
of total skin color variation in a cohort of individuals from
across South Asia (Basu Mallick et al. 2013). Furthermore,
selection mapping can be performed before or after geno-
type—phenotype association analysis, or the two can be
statistically combined. However, most combined selection-
association mapping studies identify several candidate
genes or larger candidate genomic regions. For instance,
studies in Bangladeshi individuals from the Ganges River
Delta show evidence that cholera has exerted strong selec-
tive pressures at~305 candidate genes (Chowdhury et al.
2011; Faruque et al. 2003; Karlsson et al. 2013). Likewise,
for putative polygenic adaptations, extensive lists of can-
didate loci driving overlapping selection and association
signals have been compiled, such as for high animal-fat
diet adaptation in indigenous Central Siberian populations
(lipid and fatty acid metabolism genes FADSI, FADS2,
HADHA, HADHB, MANIBI, PLD2, and AGPATI) (Hsieh
et al. 2017), or pygmy stature adaptation in African rain
forest hunter-gatherers (~ 60 Mb region comprising genes
DOCK3, MAPKAP3, and CISH) (Jarvis et al. 2012). While
these data represent key initial steps to understanding human
genetic adaptation, they nevertheless substantiate the need
for further strategies to map causal alleles. These datasets
thus serve as rich sources for the fine-mapping and prioriti-
zation of candidate adaptive variants for functional testing.

Fine mapping and functional annotation to prioritize
candidate adaptive alleles

‘Fine mapping’ is a strategy to localize causal variants from
association and/or selection mapping hits through statistical,
bioinformatic, and/or functional approaches (Schaid et al.
2018). Common statistical fine mapping methods, developed
for GWAS hits, include heuristic methods (analyze pairwise
correlations of each surrounding SNPs with the identified
lead SNP), penalized regression models (use cross-valida-
tion to randomly partition into training sets to select SNPs
to use in the regression), and Bayesian methods (probabil-
istic modeling) (Schaid et al. 2018). Fine mapping meth-
ods include CMS (described above), ‘selection detection
by conditional coalescent tree’ (SCCT) (Wang et al. 2014),
‘integrated selection of allele favored by evolution’ (iSAFE,
exploits the shoulders of sweeps with high performance up
to 5 Mbp regions) (Akbari et al. 2018), and Fine-Mapping of
Adaptive Variation (FineMAYV, combines population differ-
entiation, derived allele frequency, and molecular functional
annotation) (Szpak et al. 2018).

Functional annotation of variants present within candi-
date genes or non-coding regulatory regions can help rank
and prioritize variants for functional investigation. It can be
used to inform statistical fine mapping or be assessed follow-
ing fine mapping analyses (Schaid et al. 2018). Annotation
criteria include mutation type (substitution, insertion, dele-
tion, duplication, inversion, translocation), effect on cod-
ing sequence (missense, nonsense, frameshift, splice), and
non-coding regulatory element type (promoter, enhancer,
silencer, insulator) (Ip et al. 2019; Zhou and Zhao 2018).
Variants also can be prioritized based on where they local-
ize in the functional element, such as within a particular
protein domain, splicing site, transcription factor binding
site, among others (Ip et al. 2019; Zhou and Zhao 2018).

Functional annotations can be made from search-
ing published literature, mining publicly available func-
tional annotation databases, and using free bioinformatics
tools. CAUSALJDb is a free database that offers uniform
fine-mapping of GWAS summary data pulled from 3000
studies using three state-of-the-art tools (including PAIN-
TOR, CAVIARBF and FINEMAP), combined with func-
tional annotation, offering users a browser view of variant-,
gene-, and trait-level causal relations (mulinlab.tmu.edu.cn/
causaldb, (Wang et al. 2020). Some tools have been curated
for improving variant prioritization based on annotation
data and functional prediction, such as Variant Prioritization
Ordering Tool (VPOT) (Ip et al. 2019). The Encyclopedia
of DNA Elements (ENCODE) Project portal (encodepro-
ject.org) is a great resource for genome-wide annotations
of functional elements, including a web interface called
SCREEN, or Search for Candidate cis-Regulatory Elements
by ENCODE (screen.wenglab.org). The UCSC Genome
Browser is another excellent resource to simultaneously
visualize functional annotations across a genomic interval
from several databases, with annotation tracks for cross-
species conservation scores, structural variants, phenotype-
associated variants from the Online Mendelian Inheritance
in Man (OMIM, omim.org), ClinVar (ncbi.nlm.nih.gov/clin-
var/), UniProt (uniprot.org), and GWAS studies, to name a
few. The browser also includes tracks for common SNPs
from catalogs such as dbSNP (ncbi.nlm.nih.gov/projects/
SNP) and the Genome Aggregation Database (GnomAD)
(gnomad.broadinstitute.org). The GnomAD browser, devel-
oped by the BROAD Institute, compiles whole genome and
exome sequencing data from disease-specific and popula-
tion genetic cohorts, totaling 213,158 unrelated individuals,
offering variant-level annotations (gnomad.broadinstitute.
org). The Genotype-Tissue Expression (GTEx) Portal (gtex-
portal.org) provides extensive information on the relation-
ship between genetic variants and human gene regulation/
expression by using global RNA expression data across
several tissue types and eQTL analysis. The WashU Epi-
genome Browser (epigenomegateway.wustl.edu) is a great
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visualization tool of high-throughput epigenomic and
expression data from diverse adult and embryonic cell types,
including annotated regions of open chromatin from DNAse
hypersensitivity assays as well as histone modifications asso-
ciated with gene repression or activation.

Insight into the molecular mechanism of an adaptive
change can be gained from determining where candidate
variants localize with respect to protein structure and pro-
tein sequence. Some popular biomolecular structure data-
bases include Protein Data Bank (PDB, rcsb.org/pdb),
Structure Classification of Proteins (SCOP, scop.berkeley.
edu), and ‘Class, Architecture, Topology’ (CATH, cathdb.
info). Three-dimensional structural analysis can be helpful
to model the variant effect on protein structure, which can
be achieved using free bioinformatics tools, such as PyMol
(pymol.org/2/) and Missense3D (sbg.bio.ic.ac.uk/~ mis-
sense3d/). PDB offers a suite of other available molecular
graphics software (rcsb.org/pages/thirdparty/molecular_
graphics). Useful resources to analyze protein function and
domain information include PFam (pfam.xfam.org), Prosite
(prosite.expasy.org), and PRINTS (130.88.97.239/PRINTS/
index.php). Lastly, phenotype-drive mutagenesis screens,
using different genome editing tools, are a rich source of
annotated variants with visible phenotypes. Several high-
throughput mutagenesis screens have been performed in
diverse human cells, and available databases include Geno-
meRNAi (genomernai.org) and GenomeCRISPR (omictools.
com/genomecrispr-tool). Functional annotation and bioin-
formatic modeling of genetic variants across diverse criteria
using different online resources is a cost- and time-effective
way to prioritize candidate variants for additional allele fre-
quency tests and for functional investigation. Together these
data can build a case for putative adaptive function in human
evolution.

Major challenges remain for fine-mapping and variant
prioritization despite the growing number of functional
annotation resources and tools. This is particularly the case
when results from integrated selection and association map-
ping studies detect extensive and/or numerous genomic loci;
or when several causal variants of small effect contribute
to the statistical signature of selection (Akbari et al. 2018;
Schaid et al. 2018; Szpak et al. 2018; van de Bunt et al.
2015). While it remains an ongoing challenge to pinpoint the
functional allele(s) driving the selection signal, we discuss
successful examples in human populations below including
infectious disease resistance and/or susceptibility, climatic
adaptations, and dietary adaptations (Fig. 3, Table 2).

Candidate adaptive alleles identified in human populations
Infectious disease adaptations: malaria Searching for sig-

natures of selection to identify susceptibility alleles for
infectious disease is an appealing strategy as pathogens are
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hypothesized to have exerted strong selective pressures on
evolving modern humans (Fumagalli et al. 2011; Haldane
1932; Karlsson et al. 2014). Many genes subject to local
positive natural selection (e.g. DARC) or balancing natural
selection (e.g. G6PD, SLC4Al) are associated with suscep-
tibility to infectious disease (Bamshad et al. 2002; Hughes
and Yeager 1998; Sabeti et al. 2002a). Malaria, perhaps
the most extensively studied human infectious disease,
imparts one of the strongest selective pressures on modern
humans (Evans and Wellems 2002). Co-evolution with the
malaria parasite has led homozygous deleterious alleles that
are associated with particular blood disorders to confer a
selective advantage in the heterozygous state (Kwiatkowski
2005; Luzzatto 2012). The most well-known adaptive allele
that confers resistance to Plasmodium falciparum malaria
is the sickle cell allele (HbS) of the beta-globin locus,
HBB, wherein individuals heterozygous for the HbS allele
are protected from malaria invasion due to the malforma-
tion of a portion of the erythrocytes, yet do not present with
severe sickle cell anemia (Allison 1954; Haldane 1949; Piel
et al. 2010). The HbS allele of SNP rs334, caused by a mis-
sense variant c.20A>T(p.Glu7Val) in HBB, may function
to reduce malarial virulence by reducing surface expression
of P. falciparum erythrocyte membrane protein-1 (PfEMP-
1) on infected erythrocyte cells, thereby impairing their
cytoadherence to microvascular endothelial cells, a property
necessary for the parasite to escape bloodstream removal by
the spleen (Cholera et al. 2008).

In addition to the well-known HBB example, additional
candidate alleles under balancing selection have been identi-
fied that underlie malarial resistance adaptations. Hypomor-
phic alleles at the glucose-6-phosphate dehydrogenase locus
(G6PD) on the X chromosome that cause G6PD enzyme
deficiency are the genetic basis for a number of hemo-
pathologies in humans (Gregg and Prchal 2018). Among
these alleles, the rs137852331-G (or “G6PD A”) allele and
the rs1050828-A (or “G6PD A-") allele are under balanc-
ing selection for partial malaria resistance in sub-Saharan
African populations, while the rs5030868-T (or “G6PD
Mediterranean’) allele may be under balancing selection in
Southern European, Middle Eastern, and Indian populations
(Kwiatkowski 2005; Saunders et al. 2002, 2005; Tishkoff
et al. 2001; Verrelli et al. 2002). The G6PD A- allele results
in the missense change ¢.292G > A(p.Val98Met) that reduces
G6PD activity by 82% compared to the ancestral allele and
is associated with a 46-58% reduction in severe malaria
risk in both heterozygous females and hemizygous males
(Ruwende et al. 1995). Southeast Asian Ovalocytosis (SAO)
is another blood disease resulting in oval-shaped erythro-
cytes that is protective against severe vivax malaria (Jarolim
et al. 1991). A 27 base-pair deletion (A27) in the SLC4A1
gene which encodes an anion transport protein is responsible
for this phenotypic trait, and while the SLC4A1A27 allele
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Fig.3 Map illustrating the suite of discovered candidate adaptive
alleles within diverse human populations highlighted in this review.
These alleles are represented by rectangular bands, color-coordinated
by the general geographic region of the study population(s), and
mapped to the respective broader chromosomal region. Selection

is protective against malaria and typically asymptomatic in
heterozygous individuals, it is lethal in its homozygous state
(Jarolim et al. 1991; Paquette et al. 2015; Wilder et al. 2009).
Indonesian populations exhibit an excess of high-frequency,
derived variants around SLC4A1A27 (Wilder et al. 2009),
suggesting that natural selection has acted recently on this
locus.

The Duffy antigen receptor for chemokine, DARC (or
ACKR]1), is another target of selection from malarial pres-
sure (Oliveira et al. 2012). DARC encodes the transmem-
brane glycoprotein Duffy antigen (Fy) (Hadley and Peiper
1997), which exhibits allelic differentiation by geographic
region with near fixation for the Duffy-null allele, Fy-, in
the majority of sub-Saharan Africa (Livingstone 1984). The

Populations:
- Sub-Saharan African
- Middle Eastern
European 1
- South Asian 2
- Tibetan 4
East Asian 5
6
Siberian 7
Indonesian 8
9
- Australo-Melanesian 10
- Orang Asli 1 i
. 12
- Sama-Bajau 13
- Andean 14
15 5
Colla 16
Mexican-American 17 17
. 18
Alaskan Yup’ik 19 i
20 |
N 21
Selection type: 2o I
[ Positive selection X
¥ Balancing selection Y

type is indicated by pattern: solid (positive selection) and striped (bal-
ancing selection). Multi-colored bands indicate loci where adaptive
alleles are found in multiple populations. Note: this is not a compre-
hensive map of all identified candidate adaptive alleles in humans

Duffy-null allele is due to a A>G substitution at rs2814778
in the GATA promoter of DARC, and individuals homozy-
gous for Duffy-null (Fy-/Fy-) are resistant to erythrocyte
invasion by Plasmodium vivax malaria (Miller et al. 1976).
The selection signature around DARC extends ~6 kb
upstream of the 5' UTR (Hamblin and Di Rienzo 2000).
Levels of sequence diversity and site frequency spectrum
results indicate directional positive selection at DARC in
sub-Saharan African populations (the Mandinka, Beti,
Hausa, Mbuti, and Luo) when compared to sequence data
from non-African groups (Italian, Han Chinese, Pakistani)
that do not fit simple models of selection (Hamblin and Di
Rienzo 2000; Hamblin et al. 2002). These results support
the hypothesis that the fixation of the Duffy-null allele in
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Sub-Saharan
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Table 2 (continued)
Immunity Substitution
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(2001), Verrelli
et al. (2002)

YUTR untranslated region

2CNV copy number variant

mainland sub-Saharan Africa was the result of selective
pressures from vivax malaria. Additionally, multiple Mala-
gasy populations in Madagascar show high frequencies of
the Duffy-null allele, with evidence for recent positive selec-
tion in the Merina Highlanders (Hodgson et al. 2014).

The GYPA locus encodes a ligand of the glycophorin A
receptor expressed on the cell surface of erythrocytes that P.
falciparum malaria uses to gain cell entry (Camus and Had-
ley 1985; Sim et al. 1994; Tolia et al. 2005). From targeted
selection tests, GYPA shows patterns of variation support-
ing balancing selection in both malaria-endemic populations
as well as in European populations (Bigham et al. 2018;
Ko et al. 2011). Candidate adaptive alleles driving balanc-
ing selection at GYPA are the ancestral alleles rs7682260-
G and rs7687256-C, and derived alleles rs7682260-A
and rs7687256-T, which encode the M and N antigens on
GYPA, respectively (Bigham et al. 2018; Ko et al. 2011).
Alleles 1s7682260-A and rs7687256-T result in missense
changes p.Ser20Leu and p.Glu24Gly, respectively. In addi-
tion, the glycophorin locus (spanning genes GYPE, GYPB,
and GYPA) is known to undergone copy number variation
and gene conversion in the human population (Algady et al.
2018; Leffler et al. 2017; Suktitipat et al. 2014). A struc-
tural variant called DUP4, likely the result of a series of six
copy number changes at the glycophorin locus, generates a
GYPB-GYPA fusion protein (Leffler et al. 2017). The DUP4
allele is under positive selection in East African populations,
likely conferring protection against P. falciparum infection
by altering the parasite’s ability to interact with erythrocyte
surface receptors (Algady et al. 2018). Differential signals
of positive selection also have been discovered across Orang
Asli populations from peninsular Malaysia in the immune
response interleukin genes /L3 and IL4, as well as genes
HMOXI, LTA, TNF, CDHI13, NOS2, IRF1, and FAS, sup-
porting the hypothesis that these groups have undergone con-
vergent adaptation to counteract malaria (Liu et al. 2015).
Fine mapping of candidate alleles within /L3 and /L4 genes
that are under positive selection in the Che Wong popula-
tion identified top candidate SNPs rs40401, rs2243250, and
rs2070874 (Liu et al. 2015). The rs40401-T allele of IL3,
which causes a missense change c.79C>T(p.Pro27Ser), is
observed at high frequency in the Che Wong, as well as in
Ghanaian, Nigerian, and African American populations (Liu
et al. 2015). Furthermore, epidemiological studies found a
33% protective effect from recurrent malaria episodes in
Ghanaians (Meyer et al. 2011). Top candidate alleles of /L4
(rs2243250-T and rs2070874-T) lie within the promoter, and
are associated with higher anti-malarial antibody levels (Liu
et al. 2015). The only other candidate alleles identified were
in the Jakun population in the heme oxygenase regulator
HMOX]1 gene (rs2071748-A and rs8139532-G) (Liu et al.
2015), both were previously found to be associated with cer-
ebral malaria protection (Sambo et al. 2010). Altogether, the
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above examples from diverse populations demonstrate that
malaria has been a robust evolutionary pressure resulting in
localized adaptations in immune response.

Infectious disease adaptations: HIV-1 Selection mapping
also can be used to identify risk alleles to modern patho-
gens that were not the past selective agent (Karlsson et al.
2014). This is particularly relevant given the high level of
redundancy of cellular and molecular protective activity
within the immune system (Nish and Medzhitov 2011).
This evolved redundancy arms the immune system with
surplus compensatory mechanisms, for example, when loss
of function variants disrupt certain immune response path-
ways (Fischer and Rausell 2016). In this way, host immune
response utilizes existing genomic and molecular variation
to respond to novel pathogens. Favored host genetic varia-
tion from past selective pressures from ancient pathogens
can influence host immune resistance or susceptibility phe-
notypes in the face of novel pathogens. One well-studied
immune locus under natural selection in human populations
is the gene CCRS5, which encodes a protein expressed on the
cell surface of white blood cells (Libert et al. 1998; Novem-
bre et al. 2005; Stephens et al. 1998). A 32 base-pair dele-
tion (A32) at this locus, CCR5A32, is at high frequencies
and under selection in Europe and western Asia (Novembre
et al. 2005). Interestingly, the CCR5A32 allele confers resist-
ance to infection by Human Immunodeficiency Virus-1
(HIV-1) by abrogating expression of the CCR5 chemokine
receptor exploited by HIV-1 for entry into CD4+T cells
(Liu et al. 1996; Samson et al. 1996). The HIV-1 lentivi-
rus evolved less than 100 years ago in Africa from simian
immunodeficiency virus, and is therefore not the selective
pressure that previously acted on the CCR5 locus (Sharp
et al. 2001). Through the reconstruction of historical events,
scholars hypothesize a different pathogen, such as smallpox,
drove the signature of selection observed at this locus (Gal-
vani and Slatkin 2003). The story of the CCR5A32 allele
demonstrates how previously adaptive genetic variation can
influence current susceptibility to modern infectious dis-
eases. Further, it substantiates the use of selection mapping
for identifying genes and/or regulatory elements that harbor
resistance and/or susceptibility alleles to modern pathogens.

Infectious disease adaptations: West Nile Virus West Nile
Virus (WNV) is second modern pathogen for which suscep-
tibility alleles have been identified by prioritizing genes with
strong signatures of natural selection (Bigham et al. 2011;
Lim et al. 2009; Yakub et al. 2005). WNV is responsible
for highly variable infection outcomes across populations
wherein infected individuals may be asymptomatic, present
with West Nile fever, or develop potentially fatal West Nile
neuroinvasive disease (Bigham et al. 2011). A case—control
association study informed by selection mapping to identify

host genetic susceptibility factors to WNV infection among
Europeans found strong associations at intronic SNPs in
IRF3 (1s2304207-C allele) and MX1 (rs7280422-G allele)
with symptomatic WNV infection, as well as in OASI
(rs34137742-T allele) with severe infection (Bigham et al.
2011). This research illustrates how selection mapping can
be used to prioritize candidate genes for case—control asso-
ciation testing to localize susceptibility alleles.

Climatic adaptations: high altitude High altitude, defined
as regions lying above 2,500 m, represents one of the most
marginalized and harsh environments inhabited by humans
(Niermeyer et al. 2001). There are three high-altitude regions
where humans have resided for millennia: the Tibetan Pla-
teau, the Andean Altiplano, and the Semien Plateau of Ethi-
opia (Beall 2013). Populations from these regions display
physiological and genetic adaptations to overcome reduced
oxygen levels (Bigham and Lee 2014; Scheinfeldt and
Tishkoff 2013; Simonson et al. 2012). Genome-wide and
candidate gene research has identified compelling evidence
for selection on the hypoxia-inducible factor (HIF) pathway
and hypoxia-related genes (Alkorta-Aranburu et al. 2012;
Beall et al. 2010; Bigham et al. 2010; Scheinfeldt et al. 2012;
Simonson et al. 2010; Yi et al. 2010). Candidate alleles in
EGLNI, EPASI, and PRKAAI are suggested to underlie
altitude-adaptive phenotypes including hemoglobin con-
centration, birth weight, and maximal oxygen consumption
during exercise (Beall et al. 2010; Bigham et al. 2010, 2014;
Brutsaert et al. 2019; Eichstaedt et al. 2017; Simonson et al.
2010; Yi et al. 2010). For example, high frequency candi-
date alleles in EGLNI, rs12097901-C and rs186996510-G
(resulting in missense changes ¢.380G>C(p.Cys127Ser) and
c.12C>G(p.Asp4Glu), respectively), are associated with
hemoglobin concentration in Tibetan highlanders (Lorenzo
et al. 2014). In addition to high altitude, human adaptation
to hypoxic conditions may have occurred in the Bajau deep-
sea divers of Southeast Asia. An intronic SNP in PDEI0OA
(rs3008052) that is found within a peak positive selection
signal in this population, shows significant association with
enlarged spleen size (Ilardo et al. 2018). The discovery and
functional investigation of adaptive alleles that mitigate
hypoxia has translational implications for understanding
and treating the disease biology caused by chronic hypoxia,
including cases of ischemic heart disease, cerebrovascular
disease, anemia, chronic obstructive pulmonary disease,
and pulmonary hypertension.

Climatic adaptations: cold climate Another extreme envi-
ronmental pressure that challenges human survival is cold
climate. Siberia is the coldest region inhabited by humans
with an average annual temperature roughly 5 °C. Archae-
ological data estimate first human arrivals into the region
around 45-40 kya (Goebel 1999; Goebel et al. 2008).

@ Springer
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Although cultural adaptations can help buffer humans from
the physiological stressors of extreme cold, biological adap-
tations, such as increased levels of thermogenic brown adi-
pose tissue (Daanen and Van Marken Lichtenbelt 2016), are
necessary to withstand continued sub-zero temperatures.
Genome-wide selection scans on indigenous populations
from Siberia using iHS, XP-EHH, and PBS discovered a
3 Mb region on chromosome 11, containing ~79 genes with
strong positive selection signals (Cardona et al. 2014; Cle-
mente et al. 2014). While genes involved in the regulation
of energy and metabolism (CPTIA, LRP5, and THADA) as
well as the smooth muscle contraction, PRKG 1, were iden-
tified in this scan, candidate alleles driving this signal we
not identified (Cardona et al. 2014). However, further selec-
tion mapping work using whole genome sequencing data
from Canadian and Greenland Inuit populations identified a
nonsynonymous variant [c.1436C>T (p.Pro479Leu)] at the
rs80356779 SNP in CPTIA, which is essential for fatty acid
oxidation (Clemente et al. 2014). Given the rs80356779-T
allele also is observed at a very high frequency in the North-
east Siberian populations from Cardona et al., 2014, it is a
top candidate causal allele driving the strong signal of posi-
tive selection from cold exposure (Clemente et al. 2014).
Functional evidence shows that the CPTIA c.1436C>T
(p.Pro479Leu) missense variant decreases fatty-acid oxi-
dation and ketogenesis, decreases mitochondrial inhibition
of malonyl-CoA on fatty acid p-oxidation, and is associ-
ated with increased high-density lipoprotein cholesterol
with reduced adiposity in the Alaskan Yup’iks population
(Clemente et al. 2014; Greenberg et al. 2009; Lemas et al.
2012). Together these data suggest an adaptive metabolic
role based on gene-environment interaction (Clemente et al.
2014; Collins et al. 2010). Functional models seeking to
recapitulate an adaptive function of this allele based on dif-
ferent environmental parameters of temperature and diet will
be important to shed light on gene-environment interaction
hypotheses. In addition, further fine mapping and functional
investigation of other candidate adaptive alleles underly-
ing cold adaptation in humans may help to uncover regula-
tory mechanisms of human adipogenesis, with potential to
inform medical research of certain metabolic diseases, such
as obesity.

In addition to metabolic adaptations, it is widely hypoth-
esized that human body size and body proportions have
adapted to temperature exposure for proper thermoregula-
tion. Signatures of positive selection surrounding height loci
have been identified (Amato et al. 2011; Voight et al. 2006;
Wu et al. 2012). One interesting selection candidate for short
stature is GDF5, which encodes the growth differentiation
factor 5 protein involved in skeletal, joint, and central nerv-
ous system development (Buxton et al. 2001; Francis-West
et al. 1999). Among East Asian populations, GDF5 shows
evidence of positive selection and variation in this gene is

@ Springer

associated with both decreased stature and osteoarthritis risk
(Wu et al. 2012). Using a CMS approach, a strong selection
peak was observed surrounding the 3' UTR of GDF5 (Capel-
lini et al. 2017). Functional fine-mapping analysis of this
signal through a series of transgenic mouse reporter assays
and gene rescue experiments led to the discovery of a novel
growth enhancer of GDF5, named GROWI. A search for
candidate alleles driving the positive selection signal sur-
rounding GROW1 identified the regulatory rs4911178-A
allele, which is associated with short height, observed at a
high frequency in non-African populations, and is present in
Neanderthal and Denisovan genomes (Capellini et al. 2017).
These findings highlight the potential of selection mapping
in unmasking adaptive variants in regulatory elements of
the genome.

Climatic adaptations: ultraviolet radiation Changes in
exposure to ultraviolet radiation (UVR) accompanied
changes in temperature as humans migrated out of Africa.
The continuous spectrum of human skin color across the
globe strongly maps onto the latitudinal distribution of UVR
intensity (Chaplin 2004; Elias and Williams 2013; Jablonski
and Chaplin 2000, 2013). Darker pigmentation is caused by
an increased production of eumelanin in the dermis, which
acts to absorb UV light and scatter it. In this way, melanin
protects against dermal damage as well as UV-A photolysis
of folate—the breakdown of which can lead to neural tube
defects (Brenner and Hearing 2008; Kaidbey et al. 1979;
Schmitz et al. 1995). Conversely, in regions of low UVR,
lighter pigmentation is hypothesized to have been selec-
tively favored for sufficient endogenous synthesis of Vita-
min D, minimizing risk of Vitamin D deficiency (Loomis
1967).

Selection scans for candidate alleles underlying skin
pigmentation adaptation have uncovered a handful of can-
didate genes that differ in signals between human popula-
tions, supporting evolutionary convergence (Alonso et al.
2008; de Gruijter et al. 2011; Izagirre et al. 2006; Lama-
son et al. 2005; Lao et al. 2007; Myles et al. 2007; Norton
et al. 2007; Voight et al. 2006). For instance, evidence for
positive selection in African populations has been found
at pigmentation-associated genes ASIP, MFSD12, DDBI,
HERC2, TMEM138, OCA2, TP53BP1, DCT, TYRPI, EGFR,
and DRD?2 (Alonso et al. 2008; Crawford et al. 2017b; Iza-
girre et al. 2006; Lao et al. 2007), whereas MCIR is under
strong functional constraint by purifying selection (John
et al. 2003; Harding et al. 2000; Rana et al. 1999). In Euro-
pean populations, the strongest signals of positive selection
have been found in SLC24A5, TYRP1, KITLG, MATP, and
TYR (Lamason et al. 2005; Lao et al. 2007; Norton et al.
2007). OCA2, DCT, KITLG, TYRP1, EGFR, and DRD?2
have been suggested as candidates for positive selection
in Asian populations (Alonso et al. 2008; Lao et al. 2007,
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Myles et al. 2007). In indigenous American populations, 14
candidate genes under positive selection have been iden-
tified, including SLC24A5, MATP, OPRM1I, and EGFR
(Quillen et al. 2012). Within these candidate genes, several
candidate pigmentation alleles have been fine-mapped and
functionally annotated. Identified dark pigmentation alleles
include: rs6058017-G (ASIP); rs6510760-A, rs10424065-T,
rs112332856-C, and rs56203814-T (MFSD12); rs11230664-
C (DDBI1); rs7948623-T (TMEM138); rs1800404-C
(OCA2); rs4932620-T and rs6497271-A (HERC?2) (Craw-
ford et al. 2017b). Associated light pigmentation alleles
include: rs1426654-A (SLC24A5); 1s16891982-G (MATP),
rs6058017-A (ASIP); rs1800414-G and rs1448484-T
(OCA2); 1s1042602-A and rs1126809-A (TYR) (Lamason
et al. 2005; Lao et al. 2007; Norton et al. 2007).

Recently, it has been suggested that light pigmentation
alleles in modern human populations were present in the
hominin lineage before modern humans evolved (Crawford
et al. 2017b), supporting a model of selection on standing
variation instead of convergent de novo variants in northern
latitude groups. Significant associations with skin pigmen-
tation variants in SLC24AS5, MFSD12, DDBI, TMEM138,
OCA2, and HERC?2 were observed among diverse Afri-
can populations (Crawford et al. 2017b). The well-known
light-pigmentation allele in SLC24AS5, rs1426654-A, was
introduced via gene flow from non-African groups into
East Africa (Crawford et al. 2017b). The dark pigmenta-
tion alleles rs6510760-A, rs10424065-T, rs112332856-C,
and rs56203814-T (MFSD12), rs11230664-C (DDBI),
rs7948623-T (TMEM138), rs1800404-C (OCA2),
rs4932620-T and rs6497271-A (HERC?2) are identical by
descent between African populations and populations from
South Asia and Australo-Melanesia (Crawford et al. 2017b).
These fascinating results demonstrate the evolutionary com-
plexity of human pigmentation as the result of both shared
ancestry and derived adaptive variation. Together, the exten-
sive body of research on the genetics of human pigmentation
variation represents one of the greatest selection mapping
efforts across diverse human populations.

Dietaryadaptations The advent of agriculture brought about
new selective pressures on human populations in response
to changes in diet. A prominent example of dietary adapta-
tion is lactase persistence in diverse pastoralist populations.
A 3.2 Mb region defining a strong signature of selection in
these groups contains the lactase gene, LCT (Bersaglieri
et al. 2004; Peter et al. 2012; Tishkoff et al. 2007; Voight
et al. 2006). The protein encoded by this gene is responsible
for breaking down lactose found in dairy products into glu-
cose and galactose, thus enabling digestion in the intestines
(Arribas et al. 2000). In northern European populations,
two intronic SNPs upstream in MCM6 (within the regula-
tory region of LCT) are under strong positive selection

(rs4988235-T and rs182549-A) and regulates LCT expres-
sion (Enattah et al. 2002). Evidence supports recent de novo
selection for these regulatory alleles (Bersaglieri et al. 2004;
Peter et al. 2012; Tishkoff et al. 2007; Voight et al. 2006).
Among African pastoralist populations from Tanzania,
Kenya, and Sudan, three derived alleles (rs145946881-C,
rs41525747-G, and rs41380347-G) in intron 13 of MCM6
enhance LCT gene expression (Tishkoff et al. 2007). Lactase
persistence thus represents another example of convergent
evolution in humans from a shared cultural adaptation of
adult milk consumption in northern Europe and East Africa.

Additional examples of dietary pressures driving human
evolution include increased starch and fat consumption and
exposure to arsenic in drinking water. Copy number varia-
tion of the salivary a-amylase gene (AMY1) is under posi-
tive selection among populations with dietary histories of
high-starch consumption (Perry et al. 2007). Greater AMY1
copy number corresponds to increased salivary amylase
protein expression, which has led to the hypothesis that
increased AMY 1 protein levels enhances starch digestion
and/or plays a role in reducing risk of intestinal disease
(Perry et al. 2007). However, conflicting evidence exists
for the biochemical role of AMY1 in starch digestion, and
some scholars argue AMY 1 expression profiles across tis-
sues need to be considered when hypothesizing an evolution-
ary role (Fernandez and Wiley 2017). Selection mapping in
other populations points to additional parts of the genome
involved in starch digestion. Signals of positive selection in
the maltase-glucoamylase gene, MGAM, involved in the final
stages of starch digestion, have been identified from compar-
ative analysis of ancient Andean genomes (~ 7000 years ago)
and contemporary lowland and highland Peruvians (Lindo
et al. 2018). The top candidate adaptive allele in MGAM is
the C allele of intronic SNP rs77768615—a locus annotated
with promoter-associated histone modifications in intestinal
cells and enhancer-associated histone marks in cells of the
duodenum, stomach, and intestines (Lindo et al. 2018). The
findings suggest an adaptive shift to a starch-rich diet in
these Peruvian populations consistent with archaeological
evidence of intensive potato processing and consumption in
the region (Haas et al. 2017; Rumold and Aldenderfer 2016).

Aside from food pressures, exceptionally high levels of
the carcinogen arsenic have permeated the water source
of the Colla population in the Puna region of Northwest
Argentina for thousands of years (Eichstaedt et al. 2015).
Candidate adaptive alleles rs1046778-C and rs7085104-
G, located within the arsenic methyltransferase gene,
AS3MT, under positive selection in the Colla population,
are associated with decreased expression of ASIMT and
lower excreted monomethylarsonic acid levels in urine
(Eichstaedt et al. 2015; Schlebusch et al. 2013). Given
that high levels of monomethylarsonic acid are associated
with arsenic-related illness, these data suggest adaptive
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variants altering AS3MT expression underlie adaptation to
high arsenic environments in the Colla (Eichstaedt et al.
2015). Altogether, natural selection in response to die-
tary changes further exemplifies the diversity of adaptive
genetic variation that underlies human adaptation.

Cardiovascular health Selection mapping is useful for the
study of complex diseases, such as cardiovascular disease.
As discussed earlier, when a trait is subjected to positive
directional selection, linked variation rises in frequency
along with the causative adaptive allele(s). In some cases,
linked deleterious variants may exist on the adaptive
haplotype(s). If the fitness benefits of the adaptive allele(s)
outweigh the costs of the accompanied deleterious vari-
ants, those variants may persist in a population through
time. In addition, beneficial (or neutral linked) alleles in
a past environment may become deleterious alleles in a
novel or changing environment, resulting in a gene—envi-
ronment mismatch or interaction (Corbett et al. 2018). A
powered phenotype-genotype association analysis of the
top candidate loci under positive selection in a Mexican—
American cohort identified candidate risk alleles for dys-
lipidemia—a highly prevalent condition among Amerin-
dian-origin populations that results in elevated lipid levels
in the blood (Ko et al. 2014). Among the top associated
hits were well-known obesity and cardiovascular disease
genes, previously associated risk alleles rs3135506-A and
1s662799-C of APOAS, and novel risk alleles rs139961185-
A of SIK3 and intergenic rs28680850-A (nearby LPL) (Ko
et al. 2014), potentially pointing to a gene-environment
mismatch underlying disease risk in these populations.
Similarly, it is well-described that high-altitude Andean
populations, unlike other groups adapted to high alti-
tude, exhibit polycythemia—an extreme production of
red blood cells that can hinder blood flow to tissues from
increased viscosity (Ledn-Velarde 2003; Monge 1942).
Top candidate alleles within haplotypes showing strong
signatures of positive selection in a high-altitude Andean
cohort—BRINP3 (rs11578671-A), NOS2 (rs34913965-T),
and TBX5 (rs10744822-C)—were associated phenotypic
variation in cardiovascular health (Crawford et al. 2017a).
The authors propose that high-altitude adaptation in Ande-
ans involved changes in cardiovascular tolerance to poly-
cythemia, instead of its reduction (Crawford et al. 2017a).
Together, this work emphasizes how the application of
selection mapping can aid in the discovery of risk alleles
for complex disease, particularly when disease expression
depends upon gene-environment interactions. Subsequent
functional investigation of identified human candidate
alleles for both adaptive traits and disease risk is neces-
sary to determine the molecular mechanism, build models
of human evolution, and facilitate medical research.
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Downstream approaches for functional validation
of candidate adaptive alleles

Functional investigation of candidate alleles under natural
selection predicted to mediate adaptive phenotypic change
is necessary to link putative adaptive biology to underly-
ing molecular mechanisms. With the exception of forward
genetics approaches noted above (e.g. malaria resistance
alleles), most candidate adaptive alleles identified by evolu-
tionary geneticists and molecular anthropologists have not
been investigated functionally. The following discussion
offers suggestions on how to pursue functional validation in
cases where candidate adaptive alleles are identified, yet the
molecular mechanism is unknown and thus the link to physi-
ological adaptation is unclear. We include examples of func-
tional investigations of human candidate adaptive alleles that
provide supporting evidence for evolutionary hypotheses.

Mpyriad functional assays are currently available to inves-
tigate the contribution of high-priority candidate adaptive
genetic variants to adaptive phenotypes. In order to devise an
effective research strategy to test for putative adaptive roles,
it is imperative that researchers confirm a genetic mechanism
of action for the candidate adaptive allele(s), identify a bio-
logical readout of the adaptive allele(s), and develop model
systems (Fig. 2). We divide this section into (1) functional
assays to investigate genetic mechanism of candidate alleles,
(2) systems to model molecular, cellular, and/or anatomical
phenotypes, and (3) omics methods, which can collectively
help link candidate adaptive variation to putative adaptive
biology.

Functional assays for determining genetic mechanism

A major first step in detecting molecular phenotypes and
ultimately linking this to adaptive biology is determin-
ing the genetic mechanism of candidate adaptive alleles.
Genetic mechanism refers to the allele’s effect on functional
sequence, RNA, and protein products (Marchetti et al. 2012).
As mentioned earlier, mining functional databases and pub-
lished research can help guide functional assays, e.g., by
identifying the cell type(s) in which the variant is highly
expressed. There are numerous functional analyses that
allow researchers to assess the genetic mechanism of can-
didate allele(s) on molecular biology, such as the effect on
spatial and temporal expression profiles of RNA and protein
across cell types and development, subcellular localization,
splicing patterns, 3D structure, molecular interactions, and
chromatin organization (Musunuru et al. 2018). Genetic var-
iants that alter the protein sequence can have consequences
for the protein’s function, including loss-of-function alleles
that reduce (hypomorph) or completely abrogate (null) pro-
tein activity, or gain-of-function alleles that confer novel or
augmented (hypermorph) protein activity (Marchetti et al.
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2012). For example, functional studies suggest both a gain-
of-function and loss-of-function for alleles in EGLN] alleles
among Tibetan highlanders, acting to lower hemoglobin con-
centration (Tashi et al. 2017; Song et al. 2020). Quantitative
PCR (qPCR) is a commonly used technique to assess RNA
expression of target RNAs in a sample (Maddocks and Jen-
kins 2017), which may offer preliminary evidence of altera-
tions to RNA expression from the adaptive allele compared
to the ancestral allele. This method uses reverse transcrip-
tion of RNA to complementary DNA (cDNA) and absolute
quantification of target molecules by calibration with DNA
standard controls (Peirson and Butler 2007). If the candi-
date adaptive variant lies within a non-coding regulatory
element (i.e., promoter, enhancer, silencer, insulator), gene
reporter assays can be used to assess the impact of regulatory
changes on gene expression (Davidson et al. 2011; Fu and
Xiao 2006; Smemo et al. 2012). In this assay, the regulatory
element is inserted within an expression plasmid upstream
of a minimal promoter that drives expression of a detectable
reporter gene, such as lacZ or luciferase (Davidson et al.
2011; Fu and Xiao 2006; Smemo et al. 2012). The ability
and strength of the regulatory element to drive expression
is then measured in cells transfected with the reporter con-
struct via enzymatic activity of the reporter proteins (David-
son et al. 2011; Fu and Xiao 2006; Smemo et al. 2012).
For example, fine-mapped, dark pigmentation-associated
variants rs6510760-A and rs112332856-C, under selection
in an upstream regulatory element of MFSDI2 in African
populations, showed ~ 4.9 x decreased luciferase expression
than light pigmentation-associated variants rs6510760-G
and rs112332856-T (Crawford et al. 2017b). This reporter
method can be modified for testing sequences predicted to
affect splicing patterns by inserting the sequence between
two exons and measuring expression of spliced transcripts
in transfected cells using qPCR (Cooper 2005). Comparison
of assays with wildtype and variant sequence can help assess
allele-specific effects on splicing.

A generic approach for evaluating a genetic variant’s
effect on protein expression in a given biological sample is
western blotting (Mahmood and Yang 2012). This technique
first separates proteins by molecular weight through gel elec-
trophoresis then transfers or blots proteins to a membrane
where they are incubated with labeled protein-specific anti-
bodies (Mahmood and Yang 2012). To determine if there
is an impact on protein localization in the presence of the
candidate adaptive variant, within tissues or specific cell-
types, several techniques using protein- or RNA-specific
labels have been developed, such as immunohistochemistry/
immunocytochemistry and fluorescent in situ hybridization
(FISH) (Coons et al. 1942; Langer-Safer et al. 1982). Cellu-
lar and subcellular localization also can be carried out using
artificial peptide protein tags, such as a FLAG-tag or green
fluorescent protein (GFP), genetically joined to the protein

product via recombinant DNA techniques that require spe-
cific recognition antibodies for analysis (Einhauer and Jung-
bauer 2001; Kimple et al. 2013). The tag can then be visual-
ized with immunofluorescence microscopy to reveal where
the protein localizes (Einhauer and Jungbauer 2001; Kimple
et al. 2013). Certain tags can be used in western blotting
and immunoprecipitation, or to pull down the protein for
3D protein structure and X-ray crystallography analysis.
Co-immunoprecipitation is a useful method for identifying
altered or novel protein—protein interactions due to the vari-
ant using a protein-specific antibody to capture the target
protein and any binding partners (Phizicky and Fields 1995).
For every functional experiment, proper positive and nega-
tive controls as well as biological and technical replicates are
crucial for validation. Steps to reduce experimental noise or
off-target effects need to be taken to ensure the data reflect
true molecular changes. After gaining preliminary insight
into the basic molecular mechanism of the candidate adap-
tive allele, it is necessary to perform further experiments
using appropriate model systems to delineate the contribu-
tion of the candidate adaptive alleles to putative adaptive
biology (cellular, anatomical, physiological), and to inform
evolutionary models of adaptation.

Modeling adaptive phenotypes

It is well known from work in molecular biology that the
expression of specific RNA transcripts and protein isoforms,
or use of certain regulatory elements, often exhibit develop-
mental and cell-type specificity across organisms (Cardoso-
Moreira et al. 2019; Mayer et al. 2019; Pollen et al. 2019;
Sapkota et al. 2019). In vitro and in vivo model systems
therefore offer a great opportunity to capture or enrich for
the relevant, affected biology of the candidate variant pre-
dicted to underlie physiological adaptations. These model
systems include bacteria, yeast, animal models, and cell
culture. Model organisms such as the mouse, zebrafish, fer-
ret, macaque, fruit fly, and C. elegans are commonly used
(Leonelli and Ankeny 2013), depending on the ability of that
organism to recapitulate the human phenotype(s) of inter-
est, feasibility of genetic manipulation, and generational
time course. In recent years, some studies have modified
the genomes of animal models for functional characteriza-
tion of candidate adaptive alleles and define their putative
role in human evolution. Transgenic mouse models carrying
the candidate derived regulatory allele (rs4911178-A) in the
GROWI enhancer of GDF5 for human height adaptation
showed significantly reduced long bone length compared
to the ancestral allele (Capellini et al. 2017). Addition-
ally, a human-specific deletion of a regulatory enhancer for
penile spine development, likely from selection relaxation
in humans, results in failure of penile spine formation when
knocked out in mouse models (McLean et al. 2011).
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In conjunction with model organisms, researchers often
use in vitro cell lines (Carter and Shieh 2015). Cell culturing
is favorable as it offers a platform to model human cellular
biology, and can offer a feasible, malleable, and quick way to
obtain informative functional data (Carter and Shich 2015).
For example, cultured human keratinocytes were used to
investigate the impact of a candidate adaptive SNP in KITLG
under positive selection in Europeans and associated with
blond hair color phenotypes, revealing an alteration in the
LEF1 transcription factor binding site coupled with a reduc-
tion in enhancer activity (Guenther et al. 2014).

Cell lines for culturing can be obtained directly from
primary tissue, or derived from an established cell line or
strain. For instance, stem cell lines can be reprogrammed
and differentiated into different cell types, or tissues, in the
body (Park et al. 2008). Stem cells can either be embry-
onically-obtained or generated from chemically-inducing
reprogrammable adult cells, such as fibroblasts, to a pluri-
potent stem cell-like state (Chin et al. 2009; Zhou and Ding
2010). The latter are referred to as induced pluripotent stem
cells (iPSCs). Recent advancements in stem cell technol-
ogy allow for the differentiation of iPSCs into 3D structures
called ‘organoids’ that recapitulate in vivo organs, dependent
on a standardized combination of nutrients, growth factors,
inhibitors, and other small molecules to specify organogen-
esis (Yin et al. 2016). This model system may be especially
informative if the associated adaptive biology of the candi-
date allele is developmental (Lancaster et al. 2013). Perhaps
the greatest insights from organoid models have come from
modeling species-level adaptive variation in brain develop-
ment (Kanton et al. 2019; Li et al. 2017; Pollen et al. 2019).
For instance, recent work using cerebral organoids has
demonstrated that human-specific NOTCH2NL gene dupli-
cates—candidates for human brain evolution—are highly
expressed in neural progenitor cells in the developing brain
(Fiddes et al. 2018; Suzuki et al. 2018). Additionally, their
expression is involved in delaying the differentiation of these
cells, which corresponds to an increase in neuronal output
underlying a larger brain (Fiddes et al. 2018; Suzuki et al.
2018). While this work shows the utility of organoid mod-
eling of macroevolutionary differences, one can imagine
the use of organoids for modeling putative adaptive alleles
within human populations (e.g., spleen organoids to model
the candidate PDEIOA SNP for deep-sea diving adapta-
tion (Ilardo et al. 2018)). The appropriate model system
is imperative for the applicability of functional findings to
the understanding of human evolution. For example, using
a mouse model to explore the role of a candidate genomic
region during human brain development may be less useful
than using human fetal brain tissue and/or human cerebral
organoids as a result of unique features of cellular prolifera-
tion, differentiation, and organization of the human brain
that are not conserved in the mouse (Huch and Koo 2015).
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Upon selecting an appropriate model system, knockdown,
knockout, and overexpression assays can be used to test suf-
ficiency and/or necessity of the gene or regulatory region
containing the variant for a particular biological feature, or
to test the downstream targets of the variant, if not previ-
ously conducted. These data can help guide additional phe-
notyping. Such methods include CRISPR-Cas9 knockout
(Ran et al. 2013), morpholino knockdown (Timme-Laragy
et al. 2012), RNA interference (Agrawal et al. 2003), and
CRISPR gene knock-in into a safe harbor locus (Verma et al.
2017). For example, morpholino knockdown of SLC24A5 in
zebrafish (Lamason et al. 2005) and CRISPR-Cas9 knockout
of MFSD12 in mice (Crawford et al. 2017b)—two genes
under positive selection in humans and harboring candi-
date pigmentation alleles—confirmed a functional role in
melanogenesis.

After selection of a suitable model system, one must
determine a method for introducing the candidate allele.
Given that the genetic variants may be as small as a SNV or
as large as a chromosomal aberration, efficacy and feasibility
must be considered. Two sources for which the desired allele
can be acquired include: (1) original genomic sequence from
the individual(s) with the allele, or (2) genetic engineering
(Fig. 2) (White 1997). Aside from primary tissue or iPSC-
based analyses, cloning of the human genetic variants into
a vector system for transfection may be desired for func-
tional assays in bacteria, yeast, or in vivo transgenic models
(Reed et al. 2017). For molecular cloning, the target region
of interest is amplified and ligated into a selected cloning
vector, generating recombinant DNA that can be introduced
into the host organism for replication (Ashwini et al. 2016).
Standard vectors contain a DNA replication origin, unique
restriction endonuclease recognition sites for introduction
of selectable marker gene(s) that aid in the selection of cells
with successful integration of the vector sequence, and a tag
gene for screening (Ashwini et al. 2016). In addition, if it is
desired to have control over when the variant is expressed
during development, or in which cell types, one might use a
cell-type specific promoter or chemically inducible promoter
systems, such as the piggy-bac transposon inducible expres-
sion system (Glover et al. 2013).

Artificially introducing genetic variation depends on the
type of genetic variant. For instance, genetically engineer-
ing a bi-allelic substitution into the model system requires
a different methodology than introducing a heterozygous
deletion (Supharattanasitthi et al. 2019). The most recent
and effective technique in gene editing is the CRISPR/Cas9
system in which guide RNAs direct the Cas9 nuclease to a
specific genomic site and induce a double-stranded break
(Cong et al. 2013). CRISPR/Cas9 is most often used to
knockout a gene by introducing a deletion at the target site.
However, current technological advancements allow for
single base substitution changes by use of single-stranded
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oligodeoxynucleotides that are tethered to the Cas9-guide
RNA ribonucleoprotein complex to promote homology-
directed repair (Aird et al. 2018; Zhang et al. 2019).

Omics technologies

Downstream ‘omics’ approaches can offer valuable informa-
tion on the global impact of the candidate adaptive variant(s)
on expression dynamics and/or interaction networks involv-
ing several biological pathways across cells and tissues that
underlie modeled phenotypes (Manzoni et al. 2018). These
approaches include transcriptomics (RNA), proteomics (pro-
tein), and interactomics (molecular interactions) (Manzoni
et al. 2018). Research studying human variation and disease
is growing towards the integration of different omics tech-
niques to concurrently evaluate different aspects of molecu-
lar biology (Karczewski and Snyder 2018). This exciting era
of integrative omics analyses offers novel opportunities to
investigate complex biological processes underlying adap-
tive evolution.

The complete set of transcribed or expressed RNA within
a cell, tissue, or whole organism is referred to as the tran-
scriptome (Berg 2001). Distinct features of expressed RNA
can be exploited experimentally to capture the transcriptome
of a sample using a method known as transcriptomics (Lowe
et al. 2017). A popular method is bulk RNA-seq, a high-
throughput sequencing approach that extracts and reverse
transcribes RNA molecules from a population of cells in
a given sample together (i.e., ‘bulk), generating a cDNA
library for sequencing, processing, and alignment to a ref-
erence for averaged quantification of transcript expression
within the sample (Wang et al. 2009). Library preparation
for bulk RNA-seq can be performed to include the com-
plex suite of functional RNA molecules present in the sam-
ple (including ribosomal RNA, transfer RNA, non-coding
RNAs, and messenger RNA (mRNA)), or enriched for pro-
tein-coding mRNAs through polyadenylation capture tech-
niques and/or depletion of non-mRNAs (Lowe et al. 2017;
Wang et al. 2009; Zhao et al. 2014). Upregulation and down-
regulation of genes and gene sets in a sample positive for
the candidate adaptive allele compared to wildtype can be
assessed using bioinformatics analyses. For example, RNA-
seq of cultured primary melanocytes obtained from African
individuals carrying derived upstream regulatory alleles of
MFSD12 (rs6510760-A and rs112332856-C) confirmed a
significantly decreased expression of MFSD12 compared to
cultured melanocytes derived from individuals carrying the
ancestral alleles (Crawford et al. 2017b).

More recently, methods have been developed to obtain
sequencing data at single-cell resolution, allowing for the
potential discovery of novel and/or unexpected biology not
captured with traditional bulk sample approaches (Chen
et al. 2019; Gierahn et al. 2017; Islam et al. 2014; Jaitin

et al. 2014; Macosko et al. 2015). Single-cell RNA sequenc-
ing (scRNA-seq) methods resolve cellular heterogeneity in
a sample, allow for cell lineage tracing during development,
can uncover novel or rare cell populations, and often inform
gene regulatory relationships (Hedlund and Deng 2018). The
general analysis pipeline begins with sample dissociation,
single-cell isolation, cell and transcript barcoding, library
preparation, and high-throughput sequencing (Chen et al.
2019). Single-cell isolation can be carried out through the
use of cell sorting techniques or through micro-well arrays,
and transcripts are often captured via the 3’ end polyadenyla-
tion tail common to many protein-coding genes for reverse
transcription (Gierahn et al. 2017; Islam et al. 2014; Jaitin
et al. 2014; Macosko et al. 2015). Following sequencing,
quality control and alignment to a reference genome are
carried out, and data is often analyzed using unsupervised
graph-based clustering methods, such as the Seurat R toolkit
pipeline (Butler et al. 2018). Given proper control of batch
effects, scRNA-seq comparison across genotypes can expose
differentially expressed genes within an affected cell popu-
lation of a sample, changes in cellular composition, and/
or variation in cellular differentiation rates, together pro-
viding insight into allele-specific functional effects (Hagh-
verdi et al. 2018). Current efforts in the field are focused on
improving the ability to comprehensively integrate single-
cell sequencing data across experiments and modalities (Stu-
art et al. 2019).

Other approaches seek to evaluate the entire set of trans-
lated proteins within a cell, tissue, or sample (the proteome)
called proteomics. Two-dimensional gel electrophoresis
combined with mass spectrometry, or more recently shot-
gun mass spectrometry, is often used for the identification
and quantification of the sample proteome (Martins-de-
Souza 2014). Proteome studies tend to combine approaches
that characterize other features of proteins, such as post-
translational modifications or interacting partners (Ke et al.
2016). Other research methods seek an ample readout of
the molecular interaction dynamics in a sample, such as
DNA-DNA, DNA-RNA, DNA-protein, and/or protein-pro-
tein—collectively called interactomics (Salas et al. 2020).
A recent protein-protein interaction assay, Affinity Capture
of Polyribosomes followed by RNA sequencing (ACAPseq)
captures and sequences the polyribosomes of nascent pro-
teins that bind to a bait protein to detect protein interactions
(Peng et al. 2018). Thus, this approach may be very useful to
assess changes in protein interactions for a candidate adap-
tive variant that alters a specific protein domain. Changes
on genome-wide protein interactions with DNA, as well as
epigenetic histone and DNA modifications, can be assessed
with chromatin immunoprecipitation followed by sequenc-
ing (ChIP-seq) (Raha et al. 2010). One may wish to assess
genome-wide changes in such interactions if the candidate
adaptive variant affects the activity of a known chromatin
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modifier or a transcription factor, for example. There are also
recently optimized single-cell ChIP-seq pipelines available
that offer better resolution of the heterogeneity of chromatin
states across cell-types (Grosselin et al. 2019).

Candidate adaptive variants (especially deletions, dupli-
cations, inversions, and translocations) may disrupt or
re-organize topologically-associated domains (TADs)—
domains that are proposed to partition the genome into
regulatory units wherein several enhancers and promoters
interact (Szabo et al. 2019). Chromatin conformation cap-
ture methods, such as Hi-C, evaluate spatial organization of
chromatin in the cell and can be useful for understanding
genomic changes that alter TAD structures (Lieberman-
Aiden et al. 2009). Pairing findings of TAD disruption or
re-organization with changes in expression can thus offer
substantial insight into the mechanism of action of adap-
tive alleles. In general, there are limitations to be consid-
ered for each omics approach, in terms of method efficacy,
batch effects, bioinformatics, and interpretation of results.
Often, these results are hypothesis-generating and require
additional follow-up experiments using specific functional
assays. The most robust arguments for putative functional
roles of candidate adaptive alleles will build on data from
several model systems and experiments to generate sufficient
biological readouts for confirmation and validation. Thor-
ough and systematic functional validation work is crucial
for informing adaptive hypotheses and models of human
evolution.

Conclusion

Selection mapping can be informative for the broader scope
of human biology, health, and disease when combined with
association, fine-mapping, and functional analyses. Given
the complexity and diversity of human genetic variation,
environmental and cultural conditions, and gene-culture-
environment interactions across geographicallydefined
human populations through time, it is crucial for scientists
to increase the number of selection mapping studies in non-
European and admixed populations in order to better under-
stand how natural selection shapes human biology across
varying ancestral genomic backgrounds (Bentley et al. 2017,
2020; Popejoy and Fullerton 2016; Sirugo et al. 2019). It is
imperative to note that scientific bias in human genomic sci-
ences is not limited to which populations are being studied.
Greater efforts must also be made to increase representation
within the community of scientific leaders who study human
genetic variation beyond westernized scientists to include
individuals from under-represented, vulnerable, and indig-
enous populations (Claw et al. 2018; Jackson et al. 2019). A
more representative, global map of functional variants under
natural selection in humans will have translational value for

@ Springer

variant annotation in clinical disease cohorts, which are
currently barraged with hundreds of variants of unknown
significance from whole genome and whole exome sequenc-
ing data. In addition, given the limited sensitivity of current
genotype—phenotype methods to polygenic traits or rare vari-
ants, selection mapping can enhance the power of these anal-
yses to detect causal variants. Nonetheless, limitations of
current selection detection methods need to be overcome to
inform the genetics of complex traits, and include improving
both statistical inference methods and theory to better model
complex soft selective sweeps. Moving forward, inclusion
of additional global populations, particularly those with
unique adaptive histories, to the growing database of selec-
tion maps will provide a fruitful source for phenotypic and
disease mapping. Pairing selection mapping with association
analysis has been useful for fine mapping causal variants of
several traits in humans and other species. Beyond geno-
type—phenotype mapping, genome-wide selection mapping
has the potential to enrich epigenetic, transcriptomic, prot-
eomic, and interactomic research by pointing to functional
factors that are evolutionarily conserved or adaptable.
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