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Summary

Hispanic populations are a valuable resource that can and should facilitate the identification of complex trait genes
by means of admixture mapping (AM). In this paper we focus on a particular Hispanic population living in the San
Luis Valley (SLV) in Southern Colorado.We used a set of 22 Ancestry Informative Markers (AIMs) to describe the
admixture process and dynamics in this population. AIMs are defined as genetic markers that exhibit allele frequency
differences between parental populations ≥30%, and are more informative for studying admixed populations than
random markers. The ancestral proportions of the SLV Hispanic population are estimated as 62.7 ± 2.1% European,
34.1 ± 1.9% Native American and 3.2 ± 1.5% West African. We also estimated the ancestral proportions of
individuals using these AIMs. Population structure was demonstrated by the excess association of unlinked markers,
the correlation between estimates of admixture based on unlinked marker sets, and by a highly significant correlation
between individual Native American ancestry and skin pigmentation (R2 = 0.082, p < 0.001). We discuss the
implications of these findings in disease gene mapping efforts.

Introduction

Admixed populations facilitate mapping complex trait
genes due to the linkage disequilibrium (LD) that is
created when two or more previously separated popula-
tions intermix (Nei & Li, 1973; Chakraborty & Weiss,
1988). If the founding populations differ in trait preva-
lence due to differences in frequency of high risk geno-
types, nearby markers that also differ in allele frequency
between the parental populations will enable the local-
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ization and identification of the genetic variants that are
responsible for the increased disease risk. This general
approach has been referred to as Mapping by Admix-
ture Linkage Disequilibrium (MALD; Stephens et al.
1994; Briscoe et al. 1994) or simply Admixture Map-
ping (AM; Zheng & Elston, 1999; McKeigue et al.
2000). In the New World a number of admixed pop-
ulations arose as a result of a history of conquest and
colonization, followed by genetic exchange among the
members of previously isolated parental populations that
came into contact during the past five centuries. His-
panic and African-American populations are examples
of such groups that can be found in the U.S. Recently, it
has been shown that LD in African-American popula-
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tions may extend over distances considerably larger than
1 cM: 19 cM in the 13p13-p20 region (Rybicki et al.
2002); and 30 cM around the FY locus on chromosome
1q22-q23 (Parra et al. 1998; Lautenberger et al. 2000;
Pfaff et al. 2001). Given these long distances over which
LD extends, admixed populations may be uniquely use-
ful for whole genome association scans.

The U.S. Census Bureau applies the term Hispanic or
Latino to all people who classify themselves as Cuban,
Puerto Rican, Mexican, Mexican American, Chicano,
or other Spanish/Hispanic/Latino. The latter category
includes individuals from the Dominican Republic, the
Spanish - speaking countries of Central and South
America, Spain, and individuals who self-identify as
Spanish Americans (US Census Bureau 2000). Such
a broad definition clusters populations of diverse cul-
tural features and genetic backgrounds. In addition, each
population has its own patterns and histories of immi-
gration and settlement, marriage practices, as well as
specific fertility and mortality rates. Thus, “Hispanic”
is a broad term referring to individuals that can trace
their ancestry, to varying degrees, to several continents.
A good example of this can be found in a paper by
Hanis et al. (1991). These authors estimated the Eu-
ropean, Native American and African genetic contri-
bution to Mexican, Puerto Rican and Cuban Hispanic
samples, based on serum protein and blood group mark-
ers. They described a wide variation in the relative con-
tribution from the three parental groups to each sam-
ple, with the European ancestry ranging between 45%
and 62%, the Native American ancestry between 18%
and 31%, and the African ancestry between 8% and
37%. Hanis et al.’s results were based on a few classi-
cal markers of low information content with respect to
ancestry. Now, it is possible to use highly informative
markers, carefully selected on the basis of a large fre-
quency differential between parental groups, to provide
a more accurate picture of the admixture proportions
and dynamics in the population under study. In view of
the cultural and genetic heterogeneity observed among
Hispanic populations it is, therefore, critical to examine
each population independently to understand their ge-
netic histories and to study how these populations might
best be used for the identification of disease genes using
AM.

Hispanics from a region known geographically as the
San Luis Valley (SLV), that extends through southern
Colorado and northern New Mexico, as well as Hispan-
ics from surrounding areas, commonly self-identify as
Spanish Americans, and generally emphasize their Span-
ish ancestry over their Mexican and/or Native Amer-
ican roots (Swadesh, 1974). The situation of Spanish
Americans differs from that of most other Hispanic
groups in that they became U.S. citizens following the
annexation of present-day New Mexico and parts of
Colorado to the U.S. in 1848, and are settled in a
relatively compact group centered around Santa Fe,
NM, which allowed them to preserve their culture (Ze-
leny, 1974). As a result of its geographical location, a val-
ley 7100 feet above sea level and surrounded on three
sides by mountain ranges, the SLV has remained fairly
isolated. Furthermore, in the early days of the coloniza-
tion of the area the presence of several Native Amer-
ican tribes in the SLV prevented the Spaniards from
successfully occupying this territory (McConnell Sim-
mons, 1999). It was not until the 1830s that the first
Spanish Americans migrated from Taos and Abiquiu
in New Mexico to settle in the valley. The SLV, un-
like Texas and California, received little Mexican im-
migration until the late 20th century (Hamman et al.
1989).

We have studied the admixture pattern, dynamics,
and extent of LD, of the Hispanic population liv-
ing in the SLV in southern Colorado, using a panel
of Ancestry Informative Markers (AIMs). We have
also analyzed the relationship between individual an-
cestry and a complex phenotype, skin pigmentation,
which varies between parental groups. Skin pigmen-
tation is an ideal model phenotype, since it varies
widely between the parental populations, has little en-
vironmental variability and is easily measured. Several
complex diseases, e.g. type 2 diabetes, obesity, and gall-
bladder disease, are thought to show increased preva-
lence in the various Hispanic populations, in part
because there are risk alleles at high frequencies in the
Native American parental populations. These diseases
and the genes that modify their risk may have simi-
lar properties to the pigmentation phenotypes and the
genes determining population differences in skin, hair
and eye color.
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Subjects and Methods

Characteristics of the SLV Hispanic sample. The sample
was selected from participants of the San Luis Valley
Diabetes Study (SLVDS), a geographically based study
of the natural history, incidence and risk factors for
type 2 diabetes conducted in the counties of Alam-
osa and Conejos in southern Colorado. These coun-
ties are 47.7% Hispanic (US Census, 2000). Informed
consent from all participants and approval by the IRB
of the University of Colorado were obtained prior to
data collection. Additional approval of this work was ob-
tained through the Penn State University IRB (ORC#
00M0453). Ethnicity, based on the 1980 US census
question, was self-reported as Mexican, Mexican Amer-
ican or Chicano (N = 118), Cuban or Puerto Rican
(N = 0) and other Spanish/Hispanic (N = 292). The
procedure for selecting the SLVDS study subjects has
been described in detail by Hamman et al. (1989).
In summary, diabetics in the study area were identi-
fied through all health care facilities and through ad-
vertisements in local newspapers, presentations to lo-
cal organizations, and local radio programmes. Eligible
subjects with a medical diagnosis of diabetes were 20–
74 years of age, residents of the study area, mentally
competent and spoke either Spanish or English. Eighty-
two percent of eligible subjects (N = 440) attended
the baseline data collection clinic (1984–1988). Con-
trols were selected using a two-stage sampling method.
First, 57% of all occupied structures in the two county
area were sampled and enumerated. Enumerated persons
of 20–74 years of age were the sampling frame for the
second stage of control selection, where subjects were
randomly selected within age, sex, ethnic group and
country strata to match the age and sex distribution of
diabetics. Sixty-seven percent of eligible controls (N =
1351) attended the baseline clinic. Fifty-nine percent of
the Hispanic SLVDS participants with a history of di-
abetes were confirmed by oral glucose tolerance test,
and controls with confirmed normal glucose tolerance
test were selected for these admixture studies. Overall,
a total of 184 individuals with diabetes and 260 indi-
viduals with normal glucose tolerance at the SLVDS
baseline visit were identified and genotyped for this
study.

Parental population samples. In order to estimate admix-
ture proportions in the population of the SLV, we geno-
typed samples representing three parental populations.
These samples consisted of European Spanish from Va-
lencia (N = 72), Native Americans including Mayas
from the Yucatan Peninsula (N = 96) and Pima (N =
33), Cheyenne (N = 31) and Pueblo (N = 24) from
Southwestern U.S., and Africans from Nigeria (N =
134), Sierra Leone (N = 93) and the Central African
Republic (N = 52). Parental groups were tested for the
presence of association between unlinked AIMs. Using
the program STRUCTURE (Pritchard et al. 2000) we
were able to distinguish several recently admixed indi-
viduals in the parental populations and eliminate them
from the analysis. Altogether we eliminated 8 Mayan
subjects and 15 Southwestern Native American subjects
because of evidence of recent admixture. In this way
we reduced the structure created by recent admixture
in the parental populations. It is important to point out
that we removed only those individuals showing strong
evidence (>10%) of non-Native American ancestry.
Other, less admixed, subjects were retained as part of the
sample.

Ancestry Informative Markers (AIMs). Accurate estimates
of admixture require a panel of unlinked markers with
a large frequency difference (δ) in alleles between the
parental populations. For dimorphic markers, δ = |p1–
p2|, where p1 and p2 are the frequencies of one of
the alleles in parental populations 1 and 2, respectively.
Given the limited available allele frequency informa-
tion on Native Americans and Hispanics, we estab-
lished the threshold δ as a frequency differential of
30% in this study. We selected Single Nucleotide and
Deletion/Insertion polymorphisms (SNPs and DIPs)
from on-line databases (Marshfield, The SNP Consor-
tium, dbSNP, Whitehead Institute, ALFRED) and pub-
lished reports of allele frequencies in diverse populations
(Bieber et al. 1996; Parra et al. 1998; Collins-Schramm
et al. 2002), and tested our set of parental populations
to corroborate the reported δ levels. In this work we
have used a panel of 22 autosomal markers, informa-
tive for Native American/European, African/European,
and Native American/African comparisons. Table 1
lists all the markers used in this study, their allelic
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Table 1 AIM allele frequencies in the parental populations and the SLV Hispanic population and corresponding δ levels

δ δ
Native Spanish/ δ Native
Americans Southwesten Africans Native Spanish/ American/

AIMs Spanish (average) Mayas populations (average) American African African SLV Hispanics

TSC-1102055∗T 0.921 0.137 0.138 0.136 0.487 0.784 0.434 0.350 0.598
MID-93∗ins 0.220 0.919 0.917 0.921 0.739 0.699 0.519 0.180 0.442
MID-52∗ins 0.918 0.237 0.180 0.293∗ 0.737 0.681 0.181 0.500 0.686
WI-11909∗G 0.845 0.181 0.143 0.220 0.805 0.664 0.040 0.624 0.517
CKM∗T 0.257 0.904 0.925 0.882 0.164 0.647 0.093 0.740 0.479
WI-11153∗G 0.172 0.819 0.779 0.858 0.785 0.647 0.613 0.034 0.394
PV 92∗ins 0.171 0.792 0.799 0.786 0.225 0.621 0.054 0.567 0.420
DRD2-Taq D∗T 0.630 0.045 0.052 0.038 0.135 0.585 0.495 0.090 0.427
MID-575∗ins 0.993 0.416 0.420 0.412 0.876 0.577 0.117 0.460 0.831
WI-14319∗C 0.142 0.716 0.651 0.781∗ 0.386 0.574 0.244 0.330 0.295
DRD2-Bcl I∗C 0.135 0.665 0.653 0.677 0.063 0.530 0.072 0.602 0.277
WI-17163∗G 0.197 0.690 0.721 0.659 0.054 0.493 0.143 0.636 0.391
WI-7423∗T 0.517 0.058 0.088 0.028∗ 0.000 0.459 0.517 0.058 0.303
CYP19-E2∗T 0.287 0.741 0.733 0.750 0.332 0.454 0.045 0.409 0.377
TYR 192∗A 0.485 0.034 0.012 0.057∗ 0.005 0.451 0.480 0.029 0.274
MID-161∗ins 0.508 0.109 0.064 0.154∗ 0.637 0.399 0.129 0.528 0.391
SGC-30610∗T 0.300 0.699 0.793 0.604∗ ∗ 0.401 0.399 0.101 0.298 0.442
WI-4019∗A 0.295 0.618 0.489 0.746∗ ∗ 0.430 0.323 0.135 0.188 0.419
D11S429∗T 0.440 0.119 0.109 0.128 0.087 0.321 0.353 0.032 0.407
DYS199∗T 0.000 0.605 0.710a 0.500b 0.000 0.605 0.000 0.605 0.038
FY-null∗T 0.993 1.000 1.000 1.000 0.001 0.007 0.992 0.999 0.951
F13B∗G 0.104 0.018 0.035 0.000∗ 0.704 0.086 0.600 0.686 0.063
GNB3∗T 0.414 0.364 0.402 0.326 0.795 0.050 0.381 0.431 0.371

NOTE. - Useful Spanish/Native American, Spanish/African, and Native American/African δs are shown in bold. Asterisks denote
significant differences between Native American populations: ∗p < 0.05, ∗ ∗p < 0.001. DYS199 allelic frequencies for parental groups
were obtained from the literature (Underhill et al. 1996; Lell et al. 1997). aincludes data from: Mayas, Mixe, Mixtecs and Zapotecs.
bincludes data from: Seminoles and Navajo.

frequencies in the parental groups and the SLV pop-
ulation, and the observed δ between Spanish and Na-
tive Americans, Spanish and Africans, and Africans and
Native Americans. Additionally, we typed DYS199,
a Y-chromosome polymorphism that has been iden-
tified as a Native American-specific AIM (Underhill
et al. 1996; Lell et al. 1997). Detailed information
regarding these markers is available at dbSNP, under
PSU-ANTH as the submitter handle. Most AIMs were
screened with the McSNP method as described by Akey
et al. (2001) and Ye et al. (2002). PV92, an Alu inser-
tion, was assayed using conventional agarose gel elec-
trophoresis and ethidium bromide staining. PCR was
performed in 96-well OmniUltra plates with a PCR
MBS thermal cycler, both obtained from ThermoHy-
baid (Oxford, UK). Amplifications consisted of buffer
(50 mM KCl + 10 mM Tris-HCl pH 8.9), MgCl2
1.0–2.5 mM, deoxynucleotide triphosphates (dNTPs)

200 uM each, primers 0.5 mM each, Taq polymerase
1 U, genomic template 20 ng, and sterile filtered wa-
ter (Sigma) up to 25 ml. PCR conditions were as fol-
lows: 5 min at 94◦C; 35 cycles at 94◦C/specific an-
nealing temperature/72◦C, 30 seconds each; and 5 min
at 72◦C. Restriction analysis was performed as rec-
ommended by the supplier. Table 2 shows PCR con-
ditions and restriction enzymes used for typing each
marker.

Skin pigmentation measurement. The methodology used
is explained in detail in Iyengar (1988). Briefly, skin re-
flectance was measured on the upper inner arm, using a
Photovolt model 575 spectrophotometer (Photovolt In-
struments Inc., Minneapolis, MN) with a Y-sensor unit
and three glass filters: tri-amber (650 nm), tri-green (550
nm) and tri-blue (450 nm). The raw reflectance values of
the tri-green filter were used to calculate L∗ (Lightness),
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Table 2 AIMs used for estimating Native American, African and European ancestry in the Hispanic population of the San Luis Valley

annealing
chromosomal temperature MgCl2 restriction

AIMs alleles location 5′-3′ forward/reverse primers (◦C) (mM) enzyme

MID-575 TTC/— 1p34.3 F-CAAAATCTGCTCCATGTCCA 56 1.5 Ear I
R-CAAGGGTTAGGGAGGTTGGT

FY-null C/T 1q23.2 F-GAACCTGATGGCCCTCATTA 55 2 Nco I
R-TCAGCGCCTGTGCTTCCATG

F13B A/G 1q31.3 F-CCTGAGTAATGGTTACATCTCTGA 58 1.5 Nsi I
R-CCCTCCAGTGGTTTTGTACC

TSC-1102055 C/T 1q32.1 F-GCCTCTCGATGAGTAAATATG 63 2.5 Hae III
R-TTTGATGATACCTACGCATAGTCTG

WI-11153 G/C 3p12.1 F-CTTCAAATTGCTTTAAGTAC 55 1.8 Bsa A I
R-ATCCAACAGTCAAGGTCTaC

MID-52 TTG/— 4q24 F-AGAGGCAGCTAATAATTgAC 51 2.5 Ahd I
R-GATGGTTTTGTTGTAGTgAC

SGC-30610 A/T 5q11.2 F-GCCTGAGAATCCCACACATT 60 2 Xmn I
R-CCTCTGATGGGAGATGGAAA

WI-17163 A/G 5q33.1 F-CCATTTCTTTGTAAAATAACAATAACtTT 60 2 Dra I
R-CTTTTCCAATGTTGGTTTACAGAATC

WI-4019 A/G 7q21.3 F-CAGGCCAAGAGCGTCCTA 55 1.5 Nla III
R-TGCCACTCTGTGAACAGCAA

WI-11909 A/G 9q21.31 F-ATTTGTGTTGGGTGGTCtAG 52 1.5 Xba I
R-GTCCTCCTCTGAGATTTTCTG

D11S429 C/T 11q13.3 F-GGATTCCCTCCCTTTGTAGG 60 2 Sac I
R-CAGAGACAGCGGCTAGAGA

TYR 192 A/C 11q14.3 F-TTATGTGTCAATGGATGCAC 62.5 2.5 Mbo I
R-GCTTCATGGGCAAAATCAAT

DRD2-Bcl I C/T 11q23.2 F-TGCTGTCAGAATCACCTATTCAA 55 1 Bcl I
R-TAAGGGCAGCAGGAACCAC

DRD2-Taq D C/T 11q23.2 F-TGGGGGTGTGAAGAAAAGAG 61 1.5 aTaq I
R-TTTAGTAGCAGAGGAAGGAGTGG

GNB3 C/T 12p13.31 F-CATCATCTGCGGCATCAC 58 1.5 BseD I
R-AATAGTAGGCGGCCACTGAG

WI-14319 C/T 15q14 F-CATCTGAGTGCAAGATAAAAAGGA 55 1 Rsa I
R-CCCACCCCCAAATCATCTAT

CYP19-E2 G/T 15q21.2 F-GCATACCTCCTATGGGTTgTC 58 1.5 Hae III
R-TGTGAACAGGAGCAGATGGC

PV92 Alu indel 16q23.3 F-AACTGGGAAAATTTGAAGAGAAAGT 55 2.5 N/A
R-TGAGTTCTCAACTCTTGTGTGTTAG

WI-7423 C/T 17p13.1 F-CTCCTTGGCAGGGATTTGT 62 2 Sma I
R-CTGGTATCCACGGTGCAAG

CKM C/T 19q13.2 F- AGCTCATGGTGGAAATGGAG 55 1 aTaq I
R-GCAGGCGCCTACTTCTGG

MID-161 ATC/— 20q11.21 F-GTACTTCCACGGCACAATcC 58 2.5 Bsl I
R-GCCTAGAGTACAGGGTGAGCA

MID-93 AGA/— 22q13.2 F-GGGGTGTTCATGAGCCATAG 59 2.5 Mbo II
R-CGTTGTGTTTATTTGTGCAGTC

DYS 199 C/T Yq11.221 F-CCTGACAATGGGTCACCTCT 56 1.5 Mfe I
R-TTTAGGTACCAGCTCTTCCcAAT

NOTE.- Chromosomal location as given in the UC-Santa Cruz database. Restriction sites were engineered for those markers lacking
a natural site; the modified base is shown in lower case.

a color parameter that represents the white-black axis,
as 116 ∗ (y/100)1/3−16, where y is the average of the
tri-green filter measurements taken on the upper inner
aspect of both arms (Billmeyer & Saltzman, 1981).

Data analysis. Group admixture estimates were calcu-
lated using Long’s (1991) weighted least squares (WLS)
method with the program ADMIX. Individual admix-
ture was estimated by the maximum-likelihood (ML)
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method used by Hanis et al. (1986) and Chakraborty
et al. (1986), using the program IBGA (Individual Bio-
Geographical Ancestry) written by CLP and MDS. This
program also estimates the support intervals on the max-
imum likelihood estimates as the points at which M (ad-
mixture proportion) equals the maximum minus one log
unit. Additionally, we tested for admixed individuals in
the parental samples, and for structure in the study popu-
lation, with the program STRUCTURE 2.0 (Pritchard
et al. 2000). This program uses Markov chain simula-
tion to generate the posterior distribution of individ-
ual admixture proportions given the observed marker
genotypes, based on a hierarchical model for popula-
tion admixture, individual admixture and locus ances-
try. Ancestry-specific allele frequencies (the frequencies
of each allele given the subpopulation of ancestry of
the gene copy) are estimated from the data. Haplotype
frequencies were estimated by an expectation maximiza-
tion algorithm using the program 3LOCUS (Long et al.
1995). To test for allelic association between pairs of loci,
a likelihood ratio statistic (G) was calculated as imple-
mented in 3LOCUS. To detect the presence of genetic
structure in the sample, we compared the proportion of
significant associations between unlinked markers with
the expected values at the 5% significance level. We
performed two additional tests for detecting popula-
tion structure. Since the SLV Hispanic population has
originated mainly from the admixture of Native Amer-
ican and European populations, we analyzed the ratio
Dt/D0 as described by Pfaff et al. (2001) using the di-
hybrid model of admixture. Initial disequilibrium levels
(D0) were calculated as m(1–m)δAδB, where m and 1–
m correspond to the admixture contribution from each
parental group, and δA and δB are the frequency dif-
ferentials between these populations at loci A and B,
respectively, and plotted these against observed disequi-
librium levels (Dt). It should be noted that when calcu-
lating D0, δ is defined as (p1–p2), and so can be either
positive or negative. We also tested for correlation be-
tween individual admixture estimates obtained with dif-
ferent sets of markers. The whole panel of markers was
randomly split into two subsets, and we estimated the
correlation of individual ancestry estimates generated by
each subset of markers. The fit of the genotype frequen-
cies to the Hardy-Weinberg equilibrium was checked
with the program HW implemented in the com-

puter package GENEPOP 2.0 (Raymond & Rousset,
1995).

We used linear regression models implemented in the
program SPSS (version 10) to test for an association of
ancestry with skin pigmentation (L∗ ) as a dependent
variable.

Results

Admixture Proportions in the San Luis Valley

Based on our set of 22 autosomal AIMs and a trihybrid
model of admixture, we used the WLS method to esti-
mate the composition of the total sample as 62.7± 2.1%
European, 34.1 ± 1.9% Native American, and 3.2 ±
1.5% African. The allele frequencies for each parental
population and the admixed population are shown in
Table 1, together with the European/Native American,
the European/African, and the African/Native Ameri-
can δ levels. When the sample was subdivided according
to disease status we observed no significant difference
in admixture proportions between diabetics and con-
trols (Table 3). Therefore we used the combined sam-
ple for subsequent analyses. However, it is important to
note that we have not tested the hypothesis of whether
there is an effect of admixture on the risk of type 2 di-
abetes. Doing so would require a careful consideration
of known environmental covariates (e.g. socioeconomic
status; Parra et al. submitted).

We calculated admixture for each individual in the
sample using a ML method implemented in the pro-
gram IBGA, which also gives one-log support intervals
for the estimates. The average individual estimates us-
ing the ML method are very similar to the estimates
obtained with the WLS method. The average Euro-
pean, Native American and African components were
estimated as 61.6%, 32.8%, and 5.6%, respectively. The
distribution of individual admixture values can be plot-
ted as a triangle, where each vertex represents the con-
tribution of one of the parental populations. Figure 1
shows the triangle plot corresponding to the individ-
ual admixture estimates of the SLV Hispanic sample.
Admixture estimates in SLV Hispanics encompass the
whole range of Native American and European contri-
butions. A lower African contribution is also evident in
this graphical representation.
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Table 3 Admixture proportions in SLV Hispanics by disease status, sex, ethnic self-identification, and mention of having Native
American ancestry (mean ± s.e.)

Spanish African
contribution Native American contribution

N (%) contribution (%) (%)

Diabetics 168 60.9 ± 2.2 35.1 ± 2.0 4.0 ± 1.7
Controls 230 64.0 ± 2.3 33.4 ± 2.2 2.6 ± 1.6
Males 179 63.0 ± 2.0 34.2 ± 1.8 2.7 ± 1.4
Females 231 62.7 ± 2.3 33.7 ± 2.1 3.7 ± 1.7
Mexican Americans/Chicanos 118 60.4 ± 2.1 36.9 ± 1.9 2.7 ± 1.4
Spanish Americans 292 63.8 ± 2.3 32.7 ± 2.1 3.5 ± 1.7
Known Native American ancestry 91 61.5 ± 2.4 35.2 ± 2.2 3.3 ± 1.8
Unknown Native American ancestry 319 63.2 ± 2.2 33.6 ± 2.0 3.2 ±1.6
Parental: Mayas 405 63.0 ± 2.1 33.7 ± 1.9 3.3 ± 1.6
Parental: Southwestern tribes 405 62.8 ± 2.3 34.0 ± 2.1 3.2 ± 1.6

NOTE. - The last two rows are the estimates obtained when only one Native American population is used as parental.

Figure 1 Distribution of individual admixture estimates for
the SLV Hispanic population. Each vertex of the triangle
represents a parental population. Open circles depict individuals,
and their relative position in the diagram corresponds to each
individual’s ancestry proportions.

We used two Native American samples to esti-
mate the Native American ancestral frequencies, Mayas
and Southwestern American Indians (including Pima,
Cheyenne and Pueblo). We observed significant differ-
ences between the two samples in eight of the markers
in Table 1 (WI-4019, p = 0.00002; SGC-30610, p =
0.002; MID-161, p = 0.01; WI-14319, p = 0.024;
MID-52, p = 0.025; WI-7423, p = 0.032; F13B,
p = 0.033; TYR-192, p = 0.049). Nonetheless, if ad-
mixture was calculated using either the Mayas or the
Southwestern tribes as the Native American parental

population instead of the average allele frequencies of
both, no significant difference was found between the
estimates (Table 3). The fact that both Native American
groups may be used individually or combined to gen-
erate the parental frequencies is also apparent from the
graphs in Figure 2. As suggested by Long (1991), we
plotted the frequency difference between the admixed
and one of the parental populations (ph–p2) against the
frequency difference between both parental populations
(p1–p2) for each marker. Figure 2 shows the results of
these plots using either of the two Native American
parental populations, the Mayas (panel 2A), the South-
western Pueblo, Pima and Cheyenne (panel 2B), or the
average Native American frequencies (panel 2C). The
goodness of fit of each of these three options is re-
markable (Mayas, R2 = 0.9859; Southwestern groups,
R2 = 0.9830; Native American average, R2 = 0.9866).
The slope of the trend lines represents an estimate of Eu-
ropean ancestry (Long, 1991).

When Native American ancestry is calculated using
the Y-chromosome AIM (DYS199), the estimate drops
considerably to 3.8%, indicating that the male Native
American contribution to this population has been very
small, and that there has been sex-biased gene flow in
this population.

Genotype frequencies for 17 markers did not deviate
from Hardy-Weinberg expectations. Five AIMs, on the
other hand, showed a significant deviation from Hardy-
Weinberg equilibrium: FY-null (p = 0.002), MID-93
(p = 0.021), TSC1102055 (p = 0.031), DRD2-Bcl
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Figure 2 The difference between the allele frequencies in the
admixed population and each (panels 2A and 2B) or both (panel
2C) of the Native American parental populations is plotted
against the allele frequency difference between the parental
populations, for every marker. • = Markers that show
significant differences in allele frequency between Mayas and
Southwestern Native Americans (WI-4019, SGC-30610,
MID-161, WI-14319, MID-52, WI-7423, F13B, TYR-192).

I (p = 0.033), and GNB3 (p = 0.039). This deviation
was due either to excess of homozygotes (TSC1102055,
MID-93 and FY-null) or heterozygotes (DRD2-Bcl I
and GNB3).

We subdivided the sample according to sex (males =
179, females = 231), ethnic self-identification (Spanish
American = 292, Mexican American/Chicano = 118),
and whether the subject stated had any Native American
ancestry (yes = 91, no = 319), and calculated the ad-

mixture proportions for each subgroup. Results of this
analysis are shown in Table 3. Basically, there are no
differences between the groups for most of the above
categories, except for ethnic affiliation, where Mexican
Americans show more Native American admixture than
Spanish Americans.

Admixture Dynamics and Population
Structure in the San Luis Valley

Since population structure has been shown to be a
source of confounding in association studies performed
in admixed populations (Kittles et al. 2002) we tested
for stratification in the SLV population in several ways.
In the SLV sample, 5.9% of unlinked marker pairs ex-
hibited gametic disequilibrium. This is slightly higher
than what is expected by chance assuming a 5% alpha
level. As anticipated, high G values were consistently ob-
served between two markers located within the DRD2
gene (G = 126.2), closely linked at 4.7 kb on chromo-
some 11q. Other AIMs in this region that were linked at
a distance of 39 cM (D11S429/DRD2), 22 cM (TYR
192/D11S429) and 17 cM (TYR192/DRD2) did not
show significant association. Markers linked at 20 cM
on chromosome 15q (WI-14319/CYP19-E2) showed
significant LD (G = 8.17, p < 0.01).

The plot of the observed disequilibrium (Dt)/initial
disequilibrium (D0) ratio as formulated by Pfaff et al.
(2001) for SLV Hispanics is presented in Figure 3. There
is a significant correlation (R2 = 0.0948, p = 2.9∗

Figure 3 Observed LD (Dt) versus initial LD due to admixture
(D0), between pairs of markers.
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10E-6) between these variables. Pfaff et al. (2001) have
simulated the relationship between Dt and D0 for two
models of admixture dynamics. In the Hybrid Iso-
lation (HI) model, admixture takes place in a single
generation, with the hybrid population subsequently
evolving by drift and recombination alone and receiv-
ing no further gene flow from the parental popula-
tions. Under this model there is no significant correla-
tion between the estimated initial disequilibrium due to
admixture, and the observed disequilibrium. In the al-
ternative model of admixture dynamics, which we have
termed the Continuous Gene Flow (CGF) model, there
is a constant rate of gene flow in each generation be-
tween one of the parental populations and the ad-
mixed population. Under this model, a positive and
significant correlation would be expected between Dt

and D0.
In a population with no genetic structure we do not

expect individual ancestry estimates obtained with dif-
ferent sets of markers to be correlated. Evidence for
this comes from the analysis of a simulated population
with the same admixture proportions and size as the SLV
Hispanics under both models of admixture dynamics. In
the simulations of the CGF model there was a low but
significant correlation between independent estimates
(R2 = 0.0242, p = 9.8∗10E-4). In contrast, in the HI
model estimates were not correlated (R2 = 1.3∗10E-4,
p = 0.814). When analyzing the SLV population our
results indicated structure in this group (R2 = 0.0266,
p = 5.4∗10E-4).

Finally, we used the STRUCTURE program to eval-
uate the existence of hidden structure in the sample.
We ran the program with K = 1, K = 2, and K =
3 as the predefined settings for the number of popu-
lations, using 30,000 iterations for the burn-in period
and 70,000 additional iterations to obtain parameter es-
timates. We used several of the available options of the
admixture and the linkage models implemented in the
STRUCTURE 2.0 program, such as independent allele
frequencies, correlated allele frequencies, single alpha,
or independent alphas. When the admixture model was
used no population structure was detected (probability
of K = 1 was highest). However, under the linkage
model K = 2 was most probable. In summary, the pro-
gram STRUCTURE, the Dt/D0 plot, and the positive
correlation of admixture estimates using marker subsets,

Figure 4 Estimated distribution of individual admixture in the
SLV Hispanic population obtained with the Bayesian model
implemented in the program ADMIXMAP.

indicate that there is some structure due to admixture
in the SLV sample.

The presence of genetic structure is also evident in the
distribution of individual admixture in the population.
Figure 4 shows the posterior means and 95% posterior
intervals for the proportions of the sample falling into
each 10% interval of European admixture from 0 to 1.
The estimates of individual admixture were obtained
with the program ADMIXMAP. More than 90% of the
subjects have between 50% and 80% European admix-
ture. The average crossover rate between European and
non-European ancestry was estimated as 3.2 per 100 cM
(95% posterior interval 2.0 to 5.0).

Native American Ancestry
and Skin Pigmentation

We compared individual ancestry as estimated with our
molecular markers to skin pigmentation, a complex
phenotype that differs between the parental populations.
In a population with no genetic structure no correlation
is expected between these variables, unless a marker is
linked to a gene influencing pigmentation and admix-
ture is recent or continuous. Figure 5 shows the relation-
ship between individual admixture estimates and skin
reflectance represented as L∗ . The age-adjusted slope of
the regression of reflectance on European admixture was
estimated as 4.9 units (p < 0.001) in the classical analysis,
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Figure 5 Correlation between skin pigmentation measured as
L∗ and percentage of European ancestry for each subject in the
SLV Hispanic population.

and as 29.6 units (95% posterior interval 29.0 to 30.2)
in the Bayesian analysis, which allows for uncertainty in
the estimation of admixture. The European contribu-
tion is greater in subjects with a higher L∗ value and,
hence a lighter skin. This relationship is only expected
in the presence of population structure.

Discussion

We have compiled a set of genetic markers that are use-
ful for estimation of ancestral proportions in admixed
populations and individuals. Since most of these mark-
ers show no significant differences between two discrete
Native American populations, Southwestern American
Indians and Mayans, these markers may be well suited
to studying a wide range of Hispanic populations either
in the U.S. or in Latin America. Clearly, population his-
tory must be taken into consideration for each particular
population, and specific markers added that represent
other populations involved in the admixture process.
Polymorphic markers situated throughout the genome,
with large frequency differences between parental popu-
lations, like those presented here, will facilitate genome-
wide AM in admixed populations.

The estimates of admixture proportions in the His-
panic population of the SLV show a gene pool derived
primarily from Europeans (63%) and Native Ameri-
cans (34%), with a minor but definite African contri-
bution of approximately 3%. Native American tribes
that populated the area initially comprised the Pueblo
Indians, and the Utes, who entered western Colorado

by A.D 1000–1200. After this time, Navajos, Apaches,
Comanches, Arapahos, Cheyennes and Kiowas also mi-
grated through the valley. In 1598 Don Juan de Oñate
established the first Spanish settlement in the Southwest
at San Gabriel, New Mexico (McConnell Simmons,
1999). Despite several incursions by the Spanish, the
Utes successfully discouraged the colonization of the
SLV region until the 1830s. Mexico became indepen-
dent of the Spanish crown in 1821 and soon encouraged
the settlement of regions north of New Mexico to con-
trol increasing U.S. interest in the area. To accomplish
this goal the Mexican government made several land
grants to families living in New Mexico. According to
historical accounts, these first settlers were Spaniards,
some were mestizos (individuals of mixed Spanish and
Native American ancestry), and some were Indians who
joined the villagers, embracing their culture, taking up
their language and even their names (Zeleny, 1974). Be-
sides New Mexican indigenous peoples, Mexican Indi-
ans and Mexican mestizos might also have contributed
to the SLV population. Spanish colonization parties fre-
quently contained Mexican Indian soldiers, probably
Tlaxcalans and natives from Mexico’s northern states. It
was not until the early 1850s that the Anglo-Americans
first entered southern Colorado (Zeleny, 1974). A reli-
able estimate of admixture proportions depends largely
on how closely related to the real ancestral frequen-
cies are those found in populations selected as putative
parentals (Chakraborty, 1986). In light of the historical
records, we chose as parentals a Mexican native popu-
lation: Mayas from the Yucatan Peninsula, and a group
of Native American populations from the Southwest:
Pueblo, Pima and Cheyenne. Although there were slight
differences in allele frequencies at some loci, ancestry es-
timates did not vary significantly whether obtained with
one, the other or the average of both Native Ameri-
can parental choices. Similarly, Collins-Schramm et al.
(2002) found small intra-ethnic differences for their mi-
crosatellite and insertion/deletion polymorphisms be-
tween Pima and Yavapai, two Arizona tribes belonging
to different linguistic groups. Since we have searched
for markers that maximize the difference between Na-
tive Americans and Europeans it is likely that the
intrapopulation variability in each ancestral group is
generally reduced. This may be one reason why our
marker set is apparently robust with respect to the
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parental populations used to determine the AIM allele
frequencies.

Other Hispanic populations of Mexican origin show
similar levels of Native American ancestry: 29% in Ari-
zona (Long et al. 1991), 30–31% in Starr County, Texas
(Hanis et al. 1986, 1991; Cerda-Flores et al. 1992), 32%
in Oakland, California (Reed, 1974), 40% in Colorado
(Gottlieb & Kimberling, 1979), 18–46% in San Antonio,
Texas (Relethford et al. 1983), and 45–50% in north-
ern California (Collins-Schramm et al. 2002). Previous
Native American admixture estimates in the SLV pop-
ulation using serological and skin reflectance data were
46.0% and 33.5%, respectively, in a sample of 392 His-
panics, most of which are included in our sample set
(Iyengar, 1988). An increase in the number of serolog-
ical markers used (from eight to eleven) reduced the
estimate to 33.2% in the same sample, although only
the RH∗cde, FY∗A and ∗B, and F13B∗1 and ∗3 had
allele frequency differences between founder popula-
tions greater than 30% (Merriwether et al. 1997). Thus,
our marker set provides an estimate that coincides with
previously reported findings, and is also more reliable
because of the large δs displayed by the AIMs we used.

Merriwether et al. (1997) described the existence of
directional gene flow in this population, as mtDNA
admixture estimates indicated a 2.5-fold higher Native
American contribution than nuclear estimates (85.11%
vs 33.15%). We have tested the DYS199∗T allele, which
is restricted to the indigenous populations of the Amer-
icas. The DYS199∗T has a frequency of 2.25% in the
Hispanics of the SLV, giving an admixture estimate of
3.8% Native American male ancestry. Both studies have
revealed a pattern of directional mating in this popula-
tion, an asymmetric interaction between Spanish males
and Native American females, much like in other His-
panic populations of Latin America (Green et al. 2000;
Carvajal-Carmona et al. 2000, 2003; Rodriguez-Delfin
et al. 2001). During the conquest and colonization of
America the immigration of women from the Iberian
Peninsula was significantly lower than that of men,
so European males frequently took native women as
wives or partners (Mörner, 1967). After the initial di-
rectional contact between European and Native Amer-
ican populations it seems likely that the admixed group
became mostly endogamic, which would explain the

high levels of Native American mtDNA (Merriwether
et al. 1997).

It is possible that the African component detected in
this sample (3.2± 1.5%) was already present in the Mex-
ican mestizos that migrated north. Mexico experienced
a massive slave trade during the 16th and 17th centuries,
at which point the black population was larger than
the white population (Aguirre-Beltrán, 1946). Palmer
(1976) reported that at least 200,000 enslaved Africans
were brought to Mexico during the colonial period, al-
though 500,000 might be a more accurate figure due to
unlicensed importation or smuggling (Aguirre-Beltrán,
1946). During Mexico’s last century of Spanish rule,
slave trade had diminished substantially, and by the
beginning of the 19th century the majority of Afro-
Mexicans were admixed. A study of African admix-
ture in current Mexican populations found it to range
from 2.7% in Oaxaca to 40.5% on the east coast (Lisker
et al. 1996). A recently published article by Cerda-Flores
et al. (2002), where they analyzed three Mexican mes-
tizo populations from the states of Nuevo León, Jalisco,
and the Federal District for two nuclear DNA polymor-
phisms (D1S80 and HLA-DQA1), reveals similar ad-
mixture proportions in these populations to our findings
in the SLV Hispanics (50–60% European, 37–49% Na-
tive American, 1–3% African). Remarkably, the north-
eastern population of Nuevo León presents the largest
African contribution (3%). Historical records also re-
fer to individuals of African ancestry who accompa-
nied Spanish explorers in their expeditions throughout
the Southwest (Taylor, 1998). Although gene flow from
African Americans in the U.S. cannot be ruled out, a
very small number of blacks were reported in New Mex-
ico (85, 0.09% of the population) and Colorado (46,
0.13% of the population) in the census of 1860 (Taylor,
1998).

It is interesting to note that Spanish Americans are
to some extent less admixed (32.7 ± 2.1%) with Native
Americans than Mexican Americans/Chicanos (36.9 ±
1.9%), but self-identification as one or the other has,
nevertheless, more cultural than biological meaning.
Spanish Americans and Mexican Americans in Col-
orado revealed a degree of Native American admixture
comparable to that of other Mexican American popula-
tions nationwide, but the latter may not exhibit similar
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admixture dynamics. This is something that should be
explored particularly for each Hispanic population.

Even though the valley has been relatively iso-
lated since the arrival of the Anglo-Americans in
the mid-1800s, there is still genetic structure present
in the Hispanic population of the SLV. The signifi-
cant correlation between individual ancestry and skin
pigmentation, and the correlations observed between
individual admixture estimates based on different sub-
sets of markers, and between the current disequilibrium
levels and the estimated initial disequlibrium due to ad-
mixture, give support to the notion that this population
is structured. Probable causes of structure in this popu-
lation might be assortative mating, and a pattern of ad-
mixture dynamics that combines continuous gene flow
from one of the parental populations for a few gener-
ations with subsequent hybrid isolation. Devor (1980)
reported a marked departure from random mating in the
rural Hispanic population of the village of Abiquiu in
northern New Mexico. The number of potential mates
appeared to be restricted by culture, religion, and ge-
ographic proximity. While these conclusions may not
be valid in the case of the SLV, it should be noted that
the population we studied is basically rural, with farm-
ing and tourism as the primary industries (Hamman
et al. 1989). However, the level of structure due to ad-
mixture seems to be lower than that observed in other
admixed populations, such as African Americans from
Mississippi and South Carolina. In these samples, 37%
and 20%, respectively, of unlinked markers showed a sig-
nificant association (Pfaff et al. 2001). Although there
is very little excess association between unlinked mark-
ers, the correlation of skin pigmentation with estimated
admixture clearly indicate that proportionate admixture
varies between individuals, generating cryptic stratifica-
tion. As mentioned before hidden structure could po-
tentially generate false positive results in association stud-
ies that involve admixed populations (Kittles et al. 2002).
As a result, several methods have been devised that ac-
count for the presence of population structure (Ewens
& Spielman, 1995; Devlin & Roeder, 1999; Pritchard &
Rosenberg, 1999; McKeigue et al. 2000; Pritchard et al.
2000; Reich & Goldstein, 2001; Satten et al. 2001; Pfaff
et al. 2002; Hoggart et al. 2003), one of which has been
used effectively with the SLV population (Hoggart et al.
2003).

What then are the implications for using this popu-
lation for AM of complex phenotypes? Having almost
35% of Native American ancestry makes it well suited
for applying AM to a disease such as type 2 diabetes, as
statistical power to detect genes that underlie ethnic dif-
ferences in disease risk is maximal when the proportion
of admixture from the high-risk population is about 35%
(McKeigue, 1998). Even though we detected moderate
levels of population structure that could eventually rep-
resent a problem, ways of controlling for it are readily
available (Hoggart et al. 2003). The estimated ancestry
crossover rate of 3.2 per 100 cM between European and
non-European ancestry is consistent with a hybrid isola-
tion model, in which the average time back to the most
recent unadmixed ancestor is about 7 generations. The
ancestry crossover rate determines the density of mark-
ers required for AM to search a genomic region, and the
mapping resolution of such studies. From previous sim-
ulations (McKeigue, 1998), we can estimate that AM in
a population with ancestry crossover rate of 3.2 would
require average marker spacing of 2–3 cM to extract at
least 70% of information in the initial genome search.
Mapping resolution, however, would be higher than in
a population where admixture has been more recent. As
the marker set contains only one pair and two triples of
linked markers, estimates of the average crossover rate
are only approximate at this stage.

Conclusions

This work represents an initial step in the systematic
study of Hispanic populations as admixed populations
that might be useful for AM. Admixture between pop-
ulations with widely differing disease rates will produce
LD between genes responsible for the disease and ge-
netic markers with different frequencies in the parental
populations (McKeigue, 1997). AM is a promising ap-
proach that takes advantage of this fact to locate genes for
complex diseases using admixed populations. Hispan-
ics in the U.S. experience a high prevalence of chronic
disorders, such as diabetes mellitus type 2, obesity, and
gall-bladder disease, compared to the general popula-
tion. It is well known that, due to the demograph-
ics of the U.S. Hispanic populations, basically relative
youth, high fertility and high immigration rates, their
disease burden will only rise with time. The rates of these
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particular diseases in Hispanics are intermediate between
those of Native Americans and Europeans, and co-
vary with the distribution of genetic admixture (Weiss,
1993). Yet, before the application of AM, an extensive
characterization of the admixed population is required,
as we have done with SLV Hispanics. Using a Bayesian
hierarchical model that deals with the uncertainty of the
individual ancestry estimates, we were able to directly
and accurately estimate the distribution of admixture
proportions in the population. Our study also provides
a set of polymorphic AIMs with large δ between parental
groups, and quite homogeneous frequencies among dif-
ferent Native American populations that could be used
to detect Native American ancestry in a wide array of
Hispanic populations. Finally, it contributes to a better
understanding of the way admixture has taken place in
a particular Hispanic population, by relating the genetic
analysis to available historical information.
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