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Abstract Contemporary variation in skin pigmentation is
the result of hundreds of thousands years of human evo-
lution in new and changing environments. Previous studies
have identified several genes involved in skin pigmentation
differences among African, Asian, and European popula-
tions. However, none have examined skin pigmentation
variation among Indigenous American populations, creat-
ing a critical gap in our understanding of skin pigmentation
variation. This study investigates signatures of selection at
76 pigmentation candidate genes that may contribute to
skin pigmentation differences between Indigenous Ameri-
cans and Europeans. Analysis was performed on two
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samples of Indigenous Americans genotyped on genome-
wide SNP arrays. Using four tests for natural selection—
locus-specific branch length (LSBL), ratio of heterozy-
gosities (InRH), Tajima’s D difference, and extended
haplotype homozygosity (EHH)—we identified 14 selec-
tion-nominated candidate genes (SNCGs). SNPs in each of
the SNCGs were tested for association with skin pigmen-
tation in 515 admixed Indigenous American and European
individuals from regions of the Americas with high ground-
level ultraviolet radiation. In addition to SLC24A5 and
SLC45A2, genes previously associated with European/non-
European differences in skin pigmentation, OPRM1 and
EGFR were associated with variation in skin pigmentation
in New World populations for the first time.
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Introduction

A complex and highly variable trait, human skin pigmenta-
tion shows a striking amount of variation within and among
human populations. Skin color is predominantly determined
by the pigment melanin and varies based on the amount and
type of melanin synthesized in organelles called melano-
somes as well as the number, size, and distribution of mela-
nosomes in the epidermis (Thong et al. 2003). Human
mapping studies and research in model organisms have led to
the inclusion of more than 70 candidate genes for pigmen-
tation in the Online Mendelian Inheritance in Man (OMIM)
database. Because of the intense research on pigmentation in
mouse models, the genes involved in the pigmentation
pathway are well characterized; yet, their role in human skin
color variation is not fully understood.

As Homo sapiens spread across the globe, pigmentation
was subject to a number of evolutionary forces including
new environmental pressures, mutation, drift, and sexual
selection. Of these, natural selection has been the pre-
dominant research focus. A strong, positive correlation
between the intensity of ultraviolet radiation (UVR) and
skin pigmentation suggests that local adaptation is a pri-
mary contributor to the modern geographic distribution of
the phenotype (Relethford 1997; Jablonski and Chaplin
2010). The intensity of this selection is evident in European
and East Asian populations where genes related to skin
pigmentation consistently show extreme deviations from
neutrality (Voight et al. 2006; Lao et al. 2007; Myles et al.
2008). It is a reasonable hypothesis, then, that genes
exhibiting strong evidence of selection contribute to dif-
ferences in skin pigmentation between the Indigenous
American and European parental populations of contem-
porary, admixed New World populations.

Previous studies have evaluated selection at skin pig-
mentation genes in Old World populations, but failed to
consider the Americas. Indigenous populations in the
American tropics, while less pigmented than tropical
populations in Africa and South Asia, are more deeply
pigmented than modern inhabitants of northern and central
Asia (Jablonski and Chaplin 2000). This study represents a
first step in detecting the genes involved in pigmentation
differences between New World and Old World popula-
tions by identifying pigmentation genes showing consistent
deviations from neutral expectations in multiple tests of
selection. Additionally, it is the first to test the effects of
selected genes on variation in skin color.

Materials and methods

Analysis was performed in two population samples which
were genotyped on two different genome-wide single
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nucleotide polymorphism (SNP) arrays. The first dataset
included 88 Indigenous Americans (Quechua from Peru,
Aymara from Bolivia, Maya from the Yucatan Peninsula in
Mexico, and Mixtec, Tlapanec, and Nahua from Guerrero,
Mexico) who were compared to the CEPH Europeans
(n = 60) and East Asians (Chinese + Japanese, n = 90)
from the HapMap Project Phase I + II (The International
HapMap Consortium 2003). Subjects were genotyped at
906,600 SNPs on the Affymetrix Genome-Wide Human
SNP Array 6.0 (Affymetrix, Inc., Santa Clara, CA) as
described in Bigham et al. (2010). The second dataset
comprised publicly available genome-wide SNP data from
the HGDP-CEPH samples genotyped on the Illumina
HumanHap650 K Beadchips (Illumina, Inc., San Diego,
CA) which included over 650,000 SNPs (Li et al. 2008).
From this set, only Indigenous American (n = 156), East
Asian (n = 232), and European (n = 156) individuals
were included in analyses following the classification of
populations by Li et al. (2008). In both samples, the
Indigenous American populations are predominantly
localized to the high-UVR regions of the Americas.
Many methods have been developed to identify regions
of the genome diverging from neutrality. Frequently
referred to as tests of selection, the methods vary in their
ability to assess selection at different time-depths and their
robustness to population demography (in particular, popu-
lation size changes which feature prominently in the recent
evolutionary history of the Americas). For the best reso-
lution of Indigenous American specific changes—which
would have occurred in the last 20,000 years, locus-spe-
cific branch length (LSBL) (Shriver et al. 2004), the ratio
of heterozygosities (InRH) (Schlotterer and Dieringer
2005), Tajima’s D difference (Bigham et al. 2010; Tajima
1989) and extended haplotype homozygosity (EHH)
(Sabeti et al. 2007) were considered. For each of the
analyses, Indigenous American populations were grouped
and compared to populations from East Asia, the most
closely related available sample population. In the case
of LSBL, where a three-way comparison is necessary,
Indigenous Americans were compared to both East Asian
and European populations. Each SNP with a call rate >95%
was considered for LSBL and InRH, and was included in
the Tajima’s D difference sliding window analysis that
used 10 kb sliding windows with 5 kb offsets. Because
EHH is calculated for genic regions, only SNPs within
200 kb of pigmentation candidate genes were considered
with automated identification of the core haplotype regions.
Seventy-six candidate genes for skin pigmentation from
the OMIM database were identified based on key-word
searches for “color” and “pigmentation”—ADAMI7,
ADAMTS20, AP3BI (ADTB3A), AP3DI, ASIP, ATP7B,
ATRN, BCL2, BLOCISI, BLOCIS3, BNC2, BRCAI,
CITED2, CNO, CYPIA2, CYPIBI, CYP2C8, CYP2C9,
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DAGI, DCT, DTNBPI, ECEl, EDN3, EDNRB, EGFR,
ERCC2, FGFR2, GNA11, GNAQ, GPNMB, HPSI, HPS3,
HPS4, HPS5, HPS6, KIT, KITLG (MGF), KRTI1, KRT2A,
LMXIA, LYST, SLC45A2 (MATP), MCIR, MCOLNS3,
MGRNI, MITF, MLPH, MREG (DSU), MYOS5A, MYO7A,
OCA2, OPRM1, PAX3, PLDN, POMC (o-MSH), RAB27A,
RAB38, RABGGTA, SFXNI, SILV, SLC24A5, SLC7AIl,
SNAI2, SNAPAP, SOX10, SOX18, STK11, TBX19 (ACTH),
TFAP2A, TYR, TYRPI, VPS13B (COHI, CHS1), VPS33A,
WNTI, WNT3A, and ZIC2. In an effort to capture near-by
regulatory elements, because selective sweeps generally
affect large expanses of DNA, and to lessen bias against
detection of selection in small genes, the gene regions were
classified as an interval encompassing 200 kb upstream and
downstream of the gene itself. Gene locations were defined
by the UCSC Genome Browser Build 35 (Kent et al. 2002).
For InRH, LSBL, and Tajima’s D difference, SNPs or
windows in the top (or bottom, depending on the nature of
the test) 5% of the distribution of all SNPs were considered
statistically significant. For all three tests, only a single tail

SLC24A5

was considered to focus specifically on directional selec-
tion in the ancestors of contemporary Indigenous Ameri-
cans. When calculating EHH, cores were automatically
defined by Sweep (Sabeti et al. 2002) and the three most
common cores were used for each gene. In practice, there
were rarely more than three core haplotypes at substantial
frequencies in the Indigenous Americans. Supplementary
file 1 contains all InRH, LSBL, and Tajima’s D difference
scores for the pigmentation candidate genes.

Since multiple lines of evidence were evaluated, genes
were considered to show substantial evidence of selection
if there were significant results on two or more tests
spanning across a region of three or more SNPs or two
windows. Genes meeting this threshold are referred to as
selection-nominated candidate genes (SNCGs). Based on
this criteria, 14 SNCGs were identified—ADAMI7,
AP3DI1, ASIP, ATRN, EGFR, HPSI, KIT, MYOS5A,
OPRM 1, PAX, PLDN, POMC, RAB27A, and SILV. Figure 1
depicts the LSBL, InRH, and Tajima’s D difference
results for OPRM as compared to SLC24A5, a gene which
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Fig. 1 Plots of deviation from neutrality at OPRM 1 and SLC24AS5 in
Indigenous Americans. Scores for LSBL, InRH, and Tajima’s
D difference are plotted for regions extending 200 kb on either side
of the gene. Black bars represent SNPs (or windows in the case of
Tajima’s D difference) with scores that fall in the 5% tail of genome-
wide results. While SLC24A5 is among the most strongly selected
genes in European populations, there is no evidence of selection in the

Indigenous Americans. The contribution of SLC24A5 to pigmentation
differences in the admixed sample reflects the European/non-Euro-
pean distribution of rs1426654. In contrast, OPRM1 shows strong
evidence of selection in Indigenous Americans. Only the data
genotyped on the larger Affymetrix 6.0 panel are shown here, but
there is substantial concordance with the HGDP data for these genes
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shows no evidence of selection in Indigenous American
populations, but strong evidence of selection in European
populations (Lamason et al. 2005; Norton et al. 2007).

Even if all SNCGs are assumed to have undergone
selection in Indigenous Americans, this does not prove that
the favored polymorphisms contribute to population-level
differences in pigmentation. To test the effects of the
SNCGs on pigmentation differences between Indigenous
American and Old World populations, one to three SNPs
per gene were genotyped in an admixed Hispanic sample
using a custom Sequenom iPLEX Gold assay (Table 1). To
afford the maximum ability to detect admixture linkage
association, only SNPs showing high allele frequency dif-
ferences (0) between the European and Indigenous Ameri-
can populations in the Affymetrix 6.0 data and that were
not in linkage disequilibrium (LD) were included. SNPs in
SLC24A5 (rs1426654) and SLC45A2 (rs16891982) were
also genotyped as they have been shown to be associated
with skin pigmentation differences between European and
non-European populations (Lamason et al. 2005; Norton
et al. 2007). Therefore, they would be expected to influence
pigmentation differences in this sample. In total, 29 SNPs
passed quality control with a 97% call rate.

Five-hundred and fifteen individuals were successfully
genotyped on the custom Sequenom array. These include
individuals ascertained in a marketplace in Tlapa, Guer-
rero, Mexico (N = 95) (Bonilla et al. 2005), Hispanics
participating in a diabetes study from the San Luis Valley,
Colorado (N = 180) (Bonilla et al. 2004), self-identified
Hispanic and Indigenous American students at the Uni-
versity of New Mexico in Albuquerque (N = 67) (Klim-
entidis et al. 2009) and individuals from Popayan,
Colombia (N = 173). All individuals gave signed informed
consent in their own language prior to participation and all
sample collection and genotyping was performed under
IRB approval. These populations differ in mean levels of
Indigenous American and European admixture, but all
reside predominately in regions with high ground-level
exposure to UVR and show darker average skin pigmen-
tation than populations in Northern Europe and East
Asia (Jablonski and Chaplin 2000). Although current res-
idence in high-UVR climates does not guarantee that their
Indigenous American ancestors were exposed to the same
conditions, it is the best available proxy.

For each individual, biogeographical ancestry (BGA)
estimates were calculated using Maximum Likelihood
Estimation (MLE) from panels of ancestry informative
markers (AIMs). The AIMs varied among the populations
and all available AIMs were used to calculate individual
BGA. The samples from Tlapa and the San Luis Valley
were genotyped previously for a panel of 22 AIMs (Bonilla
et al. 2004, 2005) and the Albuquerque sample was gen-
otyped for a panel of 76 AIMs (Klimentidis et al. 2009).
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Table 1 SNPs genotyped in selection-nominated candidate genes

rsID Gene Chr Location European  Indigenous
frequency American
frequency
rs11895982 ADAMI17 2 9484791 0.692 0.034
1s7596929  ADAMI17 2 9635096 0.917 0.040
rs551573 pPoMC 2 25159008  0.900 0.068
rs12233134 POMC 2 25182520  0.042 0.875
rs10186053 POMC 2 25263694  0.792 0.313
rs6748403  PAX3 2 222589683 0.442 0.733
12726648  KIT 4 55379488  0.642 0.943
rs16891982 SLC45A2 5 33840180  1.000 0.000
rs2333857 OPRMI 6 154705260 0.559 1.000
rs6917661  OPRMI 6 154763249  0.450 0.756
rs12668421 EGFR 7 55076671  0.025 0.807
rs11238349 EGFR 7 55123565  0.008 0.972
rs4948023  EGFR 7 55421761  0.342 0.852
rs10736126 HPSI 10 100015914 0.642 0.102
rs705698 SILV 12 54670954  0.042 0.034
rs12439639 PLDN 15 43634372  0.150 0.693
rs1426654  SLC24A5 15 46142550  1.000 0.000
rs12396 MYO5A 15 50200608  0.058 0.051
rs8026828 MYO5A 15 50252879  0.667 0.845
rs4776017  MYO5A 15 50285718  0.083 0.205
rs11632529 RAB27A 15 53123546  0.300 0.136
1516976220 RAB27A 15 53326152  0.325 0.585
rs472579 RAB27A 15 53455706  0.200 0.938
rs8105923  AP3DI 19 1860478 0.583 0.341
rs4807227  AP3DI 19 2269180 0.319 0.432
1s562926 ATRN 20 3573436 0.100 0.659
rs3859664  ATRN 20 3619891 0.775 0.256
rs1015361  ASIP 20 32202347  0.675 0.585
rs6087577  ASIP 20 32419084  0.550 0.057

The number of SNPs genotyped in each SNCG reflects both the size of
the gene and the functional constraints of the array. SNPs were chosen
with large allele frequency differences between Indigenous American
and European populations for optimal performance in admixture
linkage analysis. European and Indigenous American allele frequen-
cies were taken from the Affymetrix dataset

The Colombian sample was genotyped for 112 AIMs
(Fejerman et al. 2008) for this study. Individuals with more
than 10% West African and/or East Asian genomic
ancestry were removed from the sample to minimize the
influence of alleles other than those commonly found in
Indigenous American and European populations. Melanin
Index (M) was calculated for all participants using reflec-
tometry on the proximal medial portion of the arm with
multiple measurements across both arms averaged to gen-
erate a single value. This location was chosen to best
capture constitutive skin pigmentation—the basal amount
of melanin produced by the body due to genes—not the
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effect of sun exposure on the skin, known as facultative
pigmentation.

Associations between the 29 SNPs and the M index were
assessed using admixture linkage analysis implemented in
ADMIXMAP (Hoggart et al. 2004) and analysis of vari-
ance (ANOVA). ADMIXMAP allows for finer scale anal-
ysis by imputing the likely ancestry for each allele at each
locus of interest based on the allele frequencies of the
AIMs in modern Indigenous American and European
populations. To control for population stratification in the
ANOVA, Indigenous American BGA was included as a
covariate. The inclusion of BGA in these analyses is
essential to avoid spurious associations between skin pig-
mentation and any marker with high Fst between the
parental populations. Because skin color and ancestry are
strongly correlated in this sample (R2 = 0.37,p < le—15),
each of the 29 SNCG SNPs is associated with M when
individual BGA is not included in the model. Admixture
linkage analysis was performed on the set of 29 SNPs with
individual BGA estimates supplied as prior to improve the
convergence of locus-specific ancestry estimation. Age and
sex were included as covariates for all analyses and a
Bonferroni-corrected p value threshold of 0.0017 was
considered for assessing statistical significance. This value
is probably overly conservative as it treats SNPs within the
same gene as independent. A less stringent correction,
considering each of the 16 genes as an independent test,
produces a p value threshold of 0.0042, which is consid-
ered here as a suggestive result.

Results

Previous research indicates that pigmentation genes tend to
have higher Fst values in pairwise comparisons between
Europeans and Africans and between Europeans and East
Asians than randomly selected regions of the genome

(Pickrell et al. 2009). To determine if a similar pattern of
selection was present for pigmentation genes in Indigenous
Americans, 100 randomly selected sets of 76 genes were
generated from the manually annotated GENCODE data-
base (Harrow et al. 2006). The mean scores for normalized
Tajima’s D difference, InRH, and LSBL were calculated
for all genic SNPs in the pigmentation and random gene
sets. In all cases, the mean scores for pigmentation genes
fell in the middle of the distributions of mean scores for the
randomly ascertained gene sets. This indicates that, as a
class, pigmentation genes have not undergone greater
selection than randomly selected genes in Indigenous
Americans. However, it does not follow that individual
pigmentation genes have not undergone substantial selec-
tion in these populations.

In order to determine the effects of individual pigmen-
tation candidate genes on skin color, ADMIXMAP applies
an allelic association test that calculates z scores equivalent
to likelihood odds ratios (LOD scores) as well as p values.
The highest statistically significant z scores are located on
chromosome 15 in a region that includes the genes PLDN,
SLC24A5, MYO5A, and RAB27A (Fig. 2). The effect of the
SLC24A5 SNP on skin pigmentation may be large enough
and the region of LD sufficiently broad to cause the SNPs
in PLDN, MYO5A, and RAB27A to show false positive
associations. Although these SNPs are 2.58, 4.00, and
7.11 Mb away from SLC24A5, LD created by admixture
can generate blocks of this length. If the adjacent SNPs are
being swept along due to the strong effect of SLC24A5, the
z scores should decrease steadily with increasing distance
from that gene.

In order to assess the legitimacy of these associations,
the two largest individual populations, those from
Colombia and the San Luis Valley, were analyzed sepa-
rately with all available AIMs included with the test SNPs.
Although the z score for SLC24A5 is the largest in the
region for both populations, MYOS5A and particularly
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Fig. 2 ADMIXMAP z scores at 15q21.1. The region of the genome
surrounding SLC24A5 contains several other pigmentation candidate
genes of which PLDN, MYO5A, and RAB27A were considered SNCG
with one, three, and three SNPs genotyped in each gene, respectively.
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Mb

The approximate size and position of each gene can be seen along the
horizontal axis and the z scores are plotted along the vertical axis.
Z scores were significant after Bonferroni correction for all SNPs
except rs11632529 in RAB27A
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RAB27A have separate peaks as in the full sample analysis
seen in Fig. 2. This may be an indication that these genes
play an independent role in skin color variation in this
sample. Notably, PLDN, MYO5A, and RAB27A show evi-
dence of selection in Indigenous Americans, while
SLC24A5 does not. However, including the SLC24A5
genotype as a covariate when analyzing the effects of the
surrounding genes renders these genes’ associations with
skin color non-significant after Bonferroni correction. A
larger sample size and denser marker panel may be nec-
essary to independently assess the effects of these genes.

The second largest z score in the analysis was found at
SLC45A2 (z = 20.66, p = 2e—31), another gene previ-
ously associated with substantial European/non-European
differences in skin pigmentation. OPRM1 (rs6917661,
7=28.613, p=1228e—4) and EGFR (1512668421,
z=11.22, p = 6.25e—7) were also significantly associ-
ated with skin color. When SLC24A5 and SLC45A2
genotypes are included as covariates, the z scores for EGFR
and OPRM1 increased. Treating these known contributing
factors as covariates increases the proportion of observed
variation that can potentially be explained by each candi-
date SNP and reinforces the independence of these genes’
effects.

In order to confirm the ADMIXMAP results, ANOVA
methods were employed using age and individual genome-
wide BGA as covariates. Pigmentation is not significantly
sexually dimorphic in this sample, so sex was not a sig-
nificant covariate in the ANOVA. The results of the
ANOVA are largely concordant with the ADMIXMAP
results, with significant findings for the genes in the
SLC24A5 region and for SLC45A2 as well as suggestive

results for OPRM1 and EGFR. The use of a genome-wide
correction for ancestry in the ANOVA presents a challenge
because we are seeking to identify genes contributing to
differences in skin pigmentation between Europeans and
Indigenous Americans. By including ancestry as a covari-
ate, some of the variation potentially explained by these
genes is removed and the power to identify genes associ-
ated with this variation is diminished. The degree to which
this occurs is related to the effect size of the genes. For
genes of larger effect like SLC24A5 and SLC45A2, the
associations appear weaker in the ANOVA analysis than in
the ADMIXMAP analysis, but are still significant. For
OPRM1I and EGFR, the associations with ANOVA are
suggestive but no longer significant. A second SNP in
EGFR, 511238349, was also suggestively associated with
skin pigmentation in the ADMIXMAP results. When these
two EGFR SNPs are combined into a haplotype,
rs12668421*T-rs11238349*A, it is associated with darker
skin pigmentation (p = 0.022).

This problem recurs when attempting to assess the
magnitude of the effects of these genes on skin pigmen-
tation. The residual values from an ANOVA including age
and ancestry, referred to here as adjusted M, are graphed
for each gene in Fig. 3, and the differences in adjusted
M between the homozygotes were assessed using a 7 test.
SLC24A5 and SLC45A2 were significant for mean differ-
ences in skin color with a magnitude of 3.06 and 3.07
adjusted melanin units between the homozygotes. OPRM 1
and EGFR also showed significant differences, but have
smaller effects. For OPRMI, individuals who were
homozygous for the T allele, which is more common in
Indigenous Americans, were 0.982 adjusted melanin unit

SLC24A5 SLC45A2 EGFR OPRM1
g GG cC TT TT
I | | | N e
g AG CG AT CT
3 i e dbn b
g AA GG AA cC
1 dl s e 1

-22 -14 -6 2 18 22 -14 -6 2 10

Fig. 3 Distribution of adjusted melanin index (M) values by geno-
type. Adjusted M was calculated as the residual values of M in an
ANOVA including age and BGA. Higher values of adjusted
M indicate darker skin color. In each case, the allele more common
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in Indigenous Americans is shown at the top of the graph and the
allele more common in Western Europeans is shown at the bottom of
the graph
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darker than individuals homozygous for the C allele. EGFR
showed the same pattern with TT homozygotes, more
common in Indigenous Americans, on average 1.73
adjusted melanin units darker than AA homozygotes.
These differences are for adjusted melanin units which
have been corrected for the effect of ancestry and nor-
malized. It is imperative to bear in mind that adjusting for
ancestry will decrease the apparent effect size of the genes,
while failing to adjust for ancestry will falsely inflate the
apparent effect. For example, when M is considered
directly, the difference in homozygotes for OPRMI and
EGFR is 493 and 6.11 M units, respectively.

Discussion

Four genes were found to contribute to skin pigmentation
variation in the admixed sample and reflect the differences
that have arisen since the split between the ancestors of
modern European and Indigenous American populations.
Two of these genes, SLC24A5 and SLC45A2, have previ-
ously been investigated for their roles in differences between
European and West African skin pigmentation. Both show
evidence of recent selection in Europe contributing to lighter
skin pigmentation found on that continent and in parts of
North Africa and the Middle East but not in East Asia
(Norton et al. 2007). Based on this distribution, these genes
are expected to contribute to variation in skin color between
western Europeans and any other group, including Indige-
nous Americans. However, this association has not previ-
ously been described for Hispanic populations.

Although not previously associated with pigmentation
variation among human populations, EGFR is a type-1
tyrosine kinase receptor that plays a major role in many
cellular functions including keratinocyte proliferation,
differentiation, migration, and death (reviewed in Jost et al.
2000). The keratinocytes, in turn, regulate the proliferation
and differentiation of melanocytes (Hirobe 2011). This
pathway is the hypothesized mechanism for the Dsk5
mutation in the homologous mouse gene that causes both
the proliferation of basal keratinocytes and an increased
number of melanocytes (Fitch et al. 2003).

While selection at EGFR has been identified in both East
Asians and Africans (Akey et al. 2002; Lao et al. 2007;
Johansson and Gyllesnsten 2008), this is the first association
of EGFR with selection in the Americas and with pig-
mentation variation in a phenotyped sample. To assess
shared selective pressures among the populations, haplo-
type blocks were generated from the phased Affymetrix
data and characterized by solid spines of LD with blocks
combined if the multiallelic D’ between adjacent blocks
was greater than 0.95 using Haploview (Barrett et al. 2005).
As expected, the haplotype blocks were smallest and most

variable in the Yorubans with longer blocks found in the
East Asian populations and the longest blocks in the
Indigenous Americans. Lao et al. identified statistically
significant EHH values 0.067 cM upstream in African
populations and both 0.027 cM downstream and 0.03 cM
upstream in East Asians. This is reflected in the HapMap
East Asians by a large haplotype block approximately 233
kbp upstream of rs12668421, the SNP associated with
pigmentation variation in Indigenous American popula-
tions. The second large LD block in the East Asian popu-
lations is located approximately 35 kbp downstream of the
haplotype block defined by rs12668421 and rs11238349. In
the Yorubans, the haploblock identified by Lao et al. is also
more than 220 kbp upstream of rs12668421. Although the
haploblocks found in the East Asians are apparent in the
Indigenous Americans, neither these nor the Yoruban
haploblocks show strong LD with rs12668421 or overlap
with the 102 kb haploblock defined by rs12668421 and
rs11238349. The core haplotype associated with darker skin
color in the admixed populations is the most common in
both the Indigenous Americans (40.2%) and the East Asians
(47.3%), but absent in the Yorubans. Although it does not
overlap with the region Lao et al. identified, this shared
haploblock raises the possibility of a shared role for EGFR
in pigmentation in these populations. However, association
between pigmentation variation and EGFR in East Asians
and Africans remains to be investigated.

OPRM]1 is an unusual candidate for influencing pig-
mentation because it is largely known as an opioid recep-
tor. However, its function as a neuronal regulator suggests
a possible association with skin color based on the common
origins of the skin and nervous system (Simonin et al.
1995). Opioid receptors are active in both keratinocytes
and melanocytes and may influence the differentiation of
these cells (Bigliardi et al. 2009; Ho et al. 2010). Although
the mechanism remains unknown, this association suggests
that further investigations would be worthwhile.

This research has demonstrated, for the first time, evi-
dence of selection at multiple skin pigmentation genes in
New World populations. Although there is substantial
statistical evidence for selection in these skin pigmentation
genes, this evidence alone should not be used to conclude
that these genes necessarily influence skin pigmentation.
Selection driving these non-neutral patterns could be acting
on some trait other than skin pigmentation. While a rela-
tively large proportion of the genes show evidence of
selection but no association with skin pigmentation varia-
tion in this sample, it remains possible that these genes
contribute to skin color but have very small effects that are
below the power of this study to detect.

The broad, continuous nature of skin pigmentation
indicates that many genes are involved in both within- and
among-population variation. Genomic signatures of
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selection provide a means to prioritize candidate genes for
among-population differences; but additional associations
based on phenotypic observations are essential to bolster
the functional significance of SNCGs in pigmentation. The
utility of this approach is demonstrated in the novel asso-
ciations of EGFR and OPRM1 with pigmentation differ-
ences between Indigenous Americans and Europeans.
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