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A Genomewide Admixture Mapping Panel for Hispanic/Latino
Populations
Xianyun Mao, Abigail W. Bigham, Rui Mei, Gerardo Gutierrez, Ken M. Weiss, Tom D. Brutsaert,
Fabiola Leon-Velarde, Lorna G. Moore, Enrique Vargas, Paul M. McKeigue, Mark D. Shriver,
and Esteban J. Parra
Admixture mapping (AM) is a promising method for the identiﬁcation of genetic risk factors for complex traits and
diseases showing prevalence differences among populations. Efﬁcient application of this method requires the use of a
genomewide panel of ancestry-informative markers (AIMs) to infer the population of origin of chromosomal regions in
admixed individuals. Genomewide AM panels with markers showing high frequency differences between West African
and European populations are already available for disease-gene discovery in African Americans. However, no such a
map is yet available for Hispanic/Latino populations, which are the result of two-way admixture between Native American
and European populations or of three-way admixture of Native American, European, and West African populations. Here,
we report a genomewide AM panel with 2,120 AIMs showing high frequency differences between Native American and
European populations. The average intermarker genetic distance is ∼1.7 cM. The panel was identiﬁed by genotyping,
with the Affymetrix GeneChip Human Mapping 500K array, a population sample with European ancestry, a Mesoamerican
sample comprising Maya and Nahua from Mexico, and a South American sample comprising Aymara/Quechua from
Bolivia and Quechua from Peru. The main criteria for marker selection were both high information content for Native
American/European ancestry (measured as the standardized variance of the allele frequencies, also known as “f value”)
and small frequency differences between the Mesoamerican and South American samples. This genomewide AM panel
will make it possible to apply AM approaches in many admixed populations throughout the Americas.

Admixture mapping (AM) is a promising approach for
mapping complex diseases.1–9 In populations descended
from the admixture of two or more previously isolated
populations, chromosomes are composed of segments derived from each of the parental populations, with proportions related to the relative parental contributions. The
lengths of these blocks are dependent on the number
of generations since admixture. The more time that has
elapsed since the admixture event, the shorter the blocks
of shared ancestry, because of the action of recombination.
In admixed individuals with a disease, chromosomal segments harboring susceptibility variants will show an excess of ancestry from the parental population in which
the risk alleles are more frequent. AM works by identifying
chromosomal regions that show an excess of ancestry from
the high-risk parental population in individuals with the
disease. This is accomplished by testing for association
between the disease and locus ancestry, with use of either
an affected-only design that compares observed and expected ancestry proportions or a case-control comparison.
The past 5 years have witnessed impressive developments
in statistical and computational methods in this area. Currently, there are three Bayesian programs for AM: ADMIX-

MAP,3,8 ANCESTRYMAP,4 and STRUCTURE/MALDSoft.5
In addition to these, classic likelihood-based approaches
have also been developed.6,10 AM offers important advantages over alternative mapping methods. AM (1) does not
require recruitment of families with multiple affected members, in contrast with traditional linkage studies; (2) has
higher power to detect variants of modest effect than do
linkage studies; (3) requires far fewer genetic markers
(1,500–3,000) than do haplotype or direct association
studies (1300,000); (4) is not as affected by allelic heterogeneity as are linkage disequilibrium (LD)–based approaches, and (5) can be implemented in case-only study
designs.3,4 Efﬁcient application of AM requires the use
of a genomewide panel of ancestry-informative markers
(AIMs) to infer the ancestry of the chromosomal regions
of admixed individuals. Such panels are already available
for disease-gene discovery in African Americans. In 2004,
Smith et al.11 described a high-density admixture map
comprising 3,011 markers showing high frequency differences between European and West African populations,
with an average intermarker distance of 1.2 cM. More recently, Tian et al.12 described an even more informative
panel, with 4,222 AIMs. Advances in computational meth-
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Figure 1. Outline of the screening procedure for identiﬁcation of AIMs
ods and the availability of these genomewide panels have
made it possible to apply AM in African American populations. To date, there have been three genomewide AM
scans of African Americans that have identiﬁed signiﬁcant
linkage signals for different diseases. Zhu et al.13 used a
panel of microsatellites designed for linkage analysis in
families to perform an AM genomewide scan in a sample
comprising African American hypertensive subjects and
normotensive control individuals, and they identiﬁed two
regions on chromosomes 6 and 21 that may harbor genes
inﬂuencing hypertension risk. Reich et al.14 identiﬁed, using a dense panel with 11,100 AIMs, a region on chromosome 1 that is signiﬁcantly associated with multiple
sclerosis. More recently, Freedman et al.15 identiﬁed, using
a high-density admixture map, a linkage signal for prostate cancer at 8q24.
The application of AM is currently possible for populations resulting from the recent admixture process between West African and European populations. However,
the same cannot be said about other admixed populations
in the Americas, which primarily result from two-way admixture between Native American and European populations or three-way admixture among Native American, European, and West African populations. This group of populations includes the largest population minority in the
United States, commonly known as “Hispanic” or “Latino,” as well as many other admixed populations from
Central and South America and the Caribbean. Brutsaert
et al.,16 Collins-Schramm et al.,17 Bonilla et al.,18 Choudhry
et al.,19 and Martinez-Marignac et al.,20 among others, have
described limited collections of AIMs for Hispanic populations, but genomewide panels of markers informative
for Native American/European ancestry and Native American/West African ancestry are not currently available. Recent large-scale projects to characterize SNP variation in
human populations, such as the International HapMap
Project, have not included Native American populations,
so it has not been possible to select informative AIMs for
AM applications from the millions of SNPs available in
those databases.
We report here a high-density admixture map for Hispanic/Latino populations. Our genomewide panel comprises 2,120 AIMs that are informative for Native American/European ancestry, with an average intermarker genetic distance of 1.74 cM. To build this admixture map,
we used the Affymetrix GeneChip Human Mapping 500K
array to genotype 1500,000 markers in four population
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samples from the Americas (Native Americans): a sample
of Maya from the Yucatan Peninsula, Mexico (N p 25);
a sample of Nahua from the state of Guerrero, Mexico
(N p 30); a sample of primarily Aymara individuals, also
including some Quechua individuals from La Paz (N p
25); and a sample of Quechua from Cerro de Pasco, Peru
(N p 25). For data analysis, we grouped the Nahua and
Maya individuals into a “Mesoamerican” sample, and we
also combined the Quechua and Aymara individuals into
a “South American” sample. All the Native American samples were characterized for admixture proportions in previously published16,18 or the authors’ unpublished anthropological studies, by use of a panel of AIMs. The individuals who were analyzed in the present study were selected
to represent a subgroup of individuals with low non–Native American ancestry. Data about genotype frequencies
for the 500K array were also available for a sample of U.S.
residents of European ancestry, which will be abbreviated
“Europeans” throughout the text (N p 60), a West African
sample (Yoruba from Ibadan, Nigeria [N p 60]), and an
East Asian sample (Chinese [N p 45] and Japanese [N p
45]), all from the International HapMap Project. The 500K
array is the latest SNP-genotyping platform developed by
Affymetrix. It comprises two arrays (the Nsp and Sty arrays)
capable of genotyping ∼262,000 and ∼238,000 SNPs, respectively, and it uses the same whole-genome sampling
assay ﬁrst introduced in the 10K array. Detailed information about the 500K array is available at the Affymetrix
Web site. Population samples were all collected with the
approval of local ethics committees and with receipt of
informed consent for human genetic–variation research.
This study was also approved by the Ethics Review Ofﬁce
at the University of Toronto and by the Institutional Review Board at The Pennsylvania State University.
The selection of markers was performed in three stages,
which are summarized in ﬁgure 1. In the ﬁrst stage, a
preliminary genomewide panel of markers informative for
Native American/European ancestry was selected on the
basis of the following criteria:
1. Genotype quality. Markers with !40 genotype calls in
the European, Mesoamerican, or South American samples were excluded from the analysis, to minimize the
effect of small sample size on the estimation of allele
frequencies. Additionally, markers showing strong deviations from Hardy-Weinberg proportions (P ! .005,
by a G test) in any of the ﬁve groups (Nahua, Maya,
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Quechua, Aymara, and European American) were excluded from the analysis.
2. Ancestry-information content. Marker-information content for ancestry was measured using the standardized
variance of allele frequencies, or f value.1 For a diallelic
marker,
fp

(ux ⫺ uy)2
,
4u(1 ⫺u)

where ux and uy are the allele frequencies in population x
and population y and
up

ux ⫹ uy
2

is the average allele frequency.
To select markers in this ﬁrst stage, the following cutoffs
for the f values were used.
1. f ⭓ 0.3 between the European and Mesoamerican samples and between the European and South American
samples. The main goal was to ensure that the genomewide panel will be applicable to admixed populations
throughout the Americas.
2. f ⭐ 0.1 between the Nahua and Maya, between Aymara
and Quechua, and between Mesoamerican (Nahua and
Maya) and South American (Aymara and Quechua) samples. The purpose of this limit was to ensure that the
AIMs show low heterogeneity between Native American parental populations.
In the ﬁrst stage of the project, 6,703 markers were selected on the basis of the criteria deﬁned above. In the
second stage of the selection process, the presence of LD
between all possible pairs of AIMs located !1 Mb apart was
evaluated in each of the three groups (Mesoamericans,
South Americans, and European Americans) with use of a
Fisher exact test based on phased haplotypes estimated
using the program PHASE.21 In this second stage, the preliminary list of AIMs was further screened by implementing an algorithm to select markers on the basis of intermarker distance, linkage equilibrium, and ancestry-information content. Because of the complexity of the problem
caused by the above constraints, a divide-and-conquer algorithm was implemented. In this stage, chromosomes
were divided into consecutive bins such that the distance
between the last marker in any given bin and the ﬁrst
marker in the next bin was at least 1 Mb. In each of these
bins, the largest possible number of AIMs covering the
genomic region was selected, with the constraint that
markers be at least 300 kb apart and not show strong LD
(P 1 .005, by Fisher’s exact test). When several combinations of AIMs were possible in any given bin because two
or more AIMs were within 300 kb, the combination of
AIMs with the highest average f value (estimated as the
average f values between the Mesoamerican and European
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American and between the South American and European
American samples) was selected, to maximize information
content for ancestry.
A total of 1,642 AIMs were selected in this second stage.
In the third and ﬁnal stage of the selection process, the
genome coverage of our genomewide panel was maximized by relaxing the f cutoff for European/Mesoamerican
and European/South American samples from 0.3 to 0.2,
while keeping the constraints regarding genotype quality,
intermarker distance, and LD. The ﬁnal number of AIMs
included in the genomewide AM panel was 2,120 markers.
Table 1 provides details on the main characteristics of the
genomewide panel. The average (SD) intermarker physical
distance (excluding known gaps for which sequence information is not available) is 1.22 Mb (832 kb). The genetic
map position of each AIM was estimated using the Rutgers
Combined Linkage-Physical Map,22 which implements a
smoothing calculation to estimate genetic map positions,
including those markers that have not been mapped directly. See the SNP Genetic Mapping Web site for an online
resource for calculating smoothed estimates of map positions. The average (SD) intermarker genetic distance is
1.74 cM (1.8 cM). The average (SD) European/Mesoamerican f value is 0.361 (0.088), and the average European/
South American f value is 0.374 (0.094). In contrast, the
average Mesoamerican/South American f value is 0.007
(0.01). When ancestry-information content is expressed
in terms of allele-frequency differences (D), the average for
European/Mesoamerican ancestry is D p 0.57, the average
for European/South American ancestry is D p 0.58, and
the average for Mesoamerican/South American ancestry is
D p 0.047. When ancestry information is expressed in
terms of Weir and Cockerham’s FST,23 the average European/Mesoamerican FST is 0.52, the average European/
South American FST is 0.53, and the average Mesoamerican/South American FST is 0.0086. Detailed information
for each marker in the ﬁnal AM panel—including rs number, physical distance, genetic distance, European allele

Table 1.
Map

Characteristics of the Hispanic/Latino AM
Value on Map

No. of loci
Average (SD) intermarker distance:
Physical
Genetic
Average f value (SD) between:
South American and European American
Mesoamerican and European American
Mesoamerican and South American
Average Da (SD) between:
South American and European American
Mesoamerican and European American
Mesoamerican and South American

2,120
1.22 Mb (832 kb)
1.743 cM (1.795 cM)
.374 (.094)
.361 (.088)
.007 (.011)
.580 (.088)
.569 (.084)
.047 (.045)

NOTE.—For a detailed description of the markers, see the txt ﬁle
(online only). Scatter plots showing genome coverage are shown in
ﬁgure 2.
a
Absolute allele-frequency difference.

The American Journal of Human Genetics

Volume 80

June 2007

1173

frequency, Mesoamerican allele frequency, South American allele frequency, West African allele frequency, European/Mesoamerican f value, European/South American
f value, and Mesoamerican/South American f value—is
available as a txt ﬁle (online only). The complete information for the 500K array data set can be obtained from
the authors. Figure 2 shows scatterplots for each chromosome, indicating, in the X-axis, the genome coverage of
the panel of AIMs, and, in the two Y-axes, the density of
SNPs in the 500K array and the ancestry-information content for each AIM measured as the f value. Note that,
although the genome coverage of the panel is quite good,
there are some chromosomal regions showing signiﬁcant
gaps. These regions can be easily identiﬁed in the scatterplots as regions showing large distances between consecutive AIMs and high marker densities in the 500K array.
Therefore, in these regions, we could not identify European/Native American AIMs, even though they show good
coverage by the markers of the 500K array. There are 46
gaps in the map for which intermarker distances are 13
Mb (excluding gaps due to poor genome coverage of the
500K chip). Further efforts will be necessary to identify
AIMs in these chromosomal regions.
Figure 3 shows principal coordinates (PCO) representations of the samples included in this study that are based
on genetic distances between individuals estimated using
the allele-sharing distance.24 Figure 3A depicts the 3D plot
for the seven population samples included in this study
(Europeans, Nahua from Mexico, Maya from Mexico,
Quechua from Peru, Aymara/Quechua from Bolivia, West
Africans, and East Asians), which is based on the full set
of autosomal SNPs from the Affymetrix 500K array. The
variance explained by the ﬁrst three axes is 31.8%. The
autosomal markers of the 500K array (∼490,000) provide
clear discrimination of the four major continental groups
included in the analysis: West Africans, Europeans, East
Asians, and Native Americans. In accordance with anthropological, genetic, and archaeological evidence indicating an East Asian origin of Native Americans, the East
Asian sample is the closest to the four Native American
samples. All the Native American individuals cluster together in the PCO plot. Figure 3B shows the 3D plot of
the European and Native American samples with use of
all the autosomal markers of the 500K array. The variance
explained by the ﬁrst three axes is 23.0%. The ﬁrst axis
separates the European and Native American groups, and
the second axis discriminates the Mesoamerican (Nahua
and Maya) and South American groups. Note that all the
Europeans, the Nahua from Mexico, the Aymara/Quechua
from Bolivia, and, to a lesser extent, the Quechua from
Peru cluster quite tightly in the plot. This is in sharp contrast to the Maya, who show a considerable dispersion in
the plot. Some of the Mayan individuals seem to show
European admixture, judging by their position toward
the European cluster (the same can be said about some
Quechua individuals). However, European admixture does
not appear to be a sufﬁcient explanation of the pattern
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Figure 2. Scatterplots showing, for each chromosome, the physical location of the AIMs selected for the genomewide AM panel
and the f values indicating the ancestry-information content for
each marker. The legend is available in its entirety in the online
edition of The American Journal of Human Genetics.
of dispersion of the Mayans in the PCO plot, which is
apparent not only in the ﬁrst axis but also in the second
and third axes. The Mayan sample shows substantially
more heterogeneity than do any of the other samples characterized in this study. Figure 3C shows a PCO representation of the European and Native American samples with
use of the 2,120 AIMs selected for the Hispanic/Latino AM
map. The variance explained by the ﬁrst three axes is
73.6%. As expected from the high ancestry-information
content of the panel, the ﬁrst axis, which explains most
of the variance, discriminates the European and Native
American individuals. However, the panel does not discriminate between the Mesoamerican and South American groups. This is the result of the criteria used for the
selection of markers in this study; we included markers in
the ﬁnal panel only if they showed high information content for European/Native American ancestry but low variance between the Mesoamerican and South American samples. The reasons for this are explained in more detail below. Given the patterns observed in the PCO plots, the
presence of European ancestry in the Native American
samples was further evaluated with the program STRUCTURE,25 through use of the genotype data for the 2,120
markers of the AM panel (ﬁg. 4). In agreement with the
distribution of individuals in the PCO plots, the results
obtained with STRUCTURE indicate that the Nahua from
Mexico and the Aymara/Quechua from Bolivia have very
low European contributions (2.3% and 1.4%, respectively), whereas the Quechua from Peru and the Mayans from
Mexico show higher European contributions (8.5% and
9.2%, respectively).
We provide additional justiﬁcation about the criteria
used for marker selection, because alternative strategies
were possible. Our goal was to develop a genomewide AM
panel that could be applicable to admixed populations
throughout the Americas. Therefore, in addition to selecting markers showing large frequency differences between the European and the two Native American samples
(Mesoamericans and South Americans), we imposed as an
additional criterion the presence of low heterogeneity between the two Native American groups (f values !0.1), in
the hope that the panel would be informative irrespective
of which Native American population was the actual parental population for the particular admixed population
under consideration. This implied the rejection of a number of markers that are informative for European/Meso-
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Figure 3. A, 3D PCO plot of the seven population samples included in this analysis (Europeans, Nahua from Mexico, Maya from Mexico,
Quechua from Peru, Aymara/Quechua from Bolivia, West Africans, and East Asians), based on the allele-sharing distances between
individuals estimated using 490,032 autosomal SNPs genotyped with the Affymetrix 500K Mapping Array. B, 3D PCO plot of the European
and Native American populations, based on the allele-sharing distances between individuals estimated using 490,032 autosomal SNPs
genotyped with the Affymetrix 500K Mapping Array. C, 3D PCO plot of the European and Native American populations, based on the
allele-sharing distances between individuals estimated using the 2,120 AIMs selected for the Hispanic/Latino map. The proportion of
variance explained by the ﬁrst axis is indicated in each plot.

american comparisons but not for European/South American comparisons, and vice versa. Although this selection
strategy implies a reduction in the number of markers, it
increases the portability of the AM panel and also has
advantages, in terms of a reduced effect of sampling bias,
because the markers selected are based on comparisons of
the European sample with two independent Native American samples. It is important to mention that we detected
the presence of some non–Native American contribution
to the Native American samples included in this study. In

www.ajhg.org

particular, there is evidence of some European contribution to the Quechua and Maya samples. This European
ancestry component is relatively small (!10%) and its effect in marker selection is minor. The expected effect of
this small European contribution to the Native American
samples is to underestimate the f values and D values reported here. Additionally, we tried to minimize sampling
bias by excluding markers for which the number of genotype calls was !40 (80 alleles) in any of the three population samples being compared. Therefore, the SE of the
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Figure 4. Plot showing results of the analysis of the European
and Native American samples with use of the program STRUCTURE,
based on the genotype data for the 2,120 AIMs selected for the
genomewide AM panel. The program was run using the linkage
model, with 10,000 iterations for the burn-in phase and 50,000
iterations to collect parameter data. The model with two parental
populations is the model that best ﬁts the data.

frequency estimates should be ⭐0.055, depending on the
allele frequencies.
To select AIMs for our genomewide AM panel, we used
the statistic f, which is equivalent to Fisher’s information
when the admixture fraction is 0.5. Therefore, this panel
of markers is optimal for admixed populations showing
equal Native American and European admixture proportions. Some admixed populations in the Americas, such
as Mexican Americans,17,19,26–28 ﬁt this model quite well,
and this panel will be particularly informative for these
populations. However, this panel may not be optimal
when admixture fractions are very different from 0.5. We
evaluated the correlation of ancestry-information content
of the markers of the 500K microarray using the f statistic
and the Fisher information content (FIC), an alternative
measure of ancestry information that can be calculated
for different admixture scenarios.29 Figure 5 shows the relationship of f values (with the assumption of 50% Native
American and 50% European contributions) and FIC values with the assumption of two alternative admixture scenarios: 75% Native American and 25% European ancestry
and 25% Native American and 75% European ancestry.
Figure 5 shows Spearmann’s rank correlation coefﬁcients
(r) for the whole set of markers of the 500K chip and the
subset of markers with f values 10.3. Although the correlations are strong (r 1 0.98 for the full set of markers and
r 1 0.61 for the set of markers with f values 10.3), implementation of our algorithm for marker selection with use
of FIC values instead of the f statistic results in limited
overlap between the AIMs selected in each panel. Genomewide panels with AIMs selected on the basis of FIC
(75%:25% Native American:European and 25%:75% Native American:European) are available on request. It should
be noted that many populations in the Americas, including those in the Caribbean region (e.g., Cuba and Puerto
Rico),19,30–32 depart signiﬁcantly from a two-way admixture
model and have substantial West African components in
addition to Native American and European components.
The availability of the 500K data that include information
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about allele frequencies in a West African sample, a European sample, and four Native American samples will
make it possible to design a genomewide AM panel for
populations resulting from three-way admixture from European, West African, and Native American populations,
dramatically expanding the number of admixed populations that can be studied using AM.
In terms of the practical application of AM with use of
this panel, although we have identiﬁed markers showing
large frequency differences between European and Native
American populations and reduced heterogeneity between
Mesoamerican and South American groups, in any AM
study, it is always advisable to characterize samples of unadmixed individuals that best represent the parental populations involved in the admixture process for the admixed population under study. There are two possible strategies to implement AM studies: affected-only and casecontrol designs. In the affected-only design, local mean
ancestries are compared with the genomewide mean ancestry, and signiﬁcant deviations indicate the presence of
disease genes. In the case-control design, local mean ancestries are compared in the case and the control group,
and the statistical tests of signiﬁcance take into account
potential differences in genomewide mean ancestry between the cases and controls. Although the affected-only

Figure 5. Plot showing the relationship of f values and FIC values
for the full panel of markers of the 500K array (A.1 and A.2) and
the subset of markers with f values 10.3 (B.1 and B.2). Panels A.1
and B.1 show f values and FIC values with the assumption of a
model with 75%:25% Mesoamerican:European ancestry, and panels A.2 and B.2 represent f values and FIC values with the assumption of a model with 25%:75% Mesoamerican:European ancestry. Spearman’s rank correlation coefﬁcients (r) are indicated
in bold above each panel. eupEuropean; mspMesoamerican.
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design is, in principle, more powerful than the case-control design,3–5 it is more prone to false-positive results due
to misspeciﬁcation of ancestral allele frequencies. To minimize these potential problems, characterization of a sample of unadmixed individuals representative of the parental populations, if available, and inclusion of a sample of
a few hundred controls are recommended. As described
above, the effective number of generations back to unadmixed ancestors is also relevant for AM, because that
number determines the density of the markers required
to extract information about ancestry and the resolution
of the AM study. Both historical and genetic data20 indicate
that, in populations of Mexican ancestry, the number of
generations since admixture (with the assumption of a
single pulse of admixture) is slightly higher than that for
African American populations and therefore will require
maps with relatively higher density for the initial AM
scans. Our estimates indicate that ∼2,000 AIMs will sufﬁce for performing an AM scan in Mexican and Mexican
American populations, with a 1100-fold reduction in genotyping effort with respect to whole-genome association
methods.
In summary, we describe a genomewide panel of AIMs
for AM applications in populations resulting from the recent admixture process between European and Native
American populations. The panel comprises 12,100 AIMs
with intermarker genetic distances of ∼1.74 cM. Although
this panel was selected primarily for populations following
a biparental admixture model, the availability of allelefrequency data for half a million markers in West African,
European, and Native American samples from Mesoamerica and South America (available on request) will pave
the way for the application of AM in admixed populations
throughout the Americas.
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