MBE Advance Access published February 12, 2009

Haplotypic background of a private allele at high frequency in the
Americas
Kari B Schroeder1, Mattias Jakobsson2,3, Michael H Crawford4, Theodore G Schurr5, Simina M
Boca6, Donald F Conrad7, Raul Y Tito8, Ludmilla P Osipova9, Larissa A Tarskaia10, Sergey I
Zhadanov5,9, Jeffrey D Wall11, Jonathan K Pritchard7, Ripan S Malhi8, David G Smith1,12, Noah A
Rosenberg2
1

Department of Anthropology, University of California, Davis, Davis, California, United States of
America
2
Department of Human Genetics, University of Michigan, Ann Arbor, Michigan, United States of
America
3
Department of Evolution, Genomics and Systematics, Uppsala University, Uppsala, Sweden
4
Department of Anthropology, University of Kansas, Lawrence, Kansas, United States of America
5
Department of Anthropology, University of Pennsylvania, Philadelphia, Pennsylvania, United States of
America
6
Department of Biostatistics, Johns Hopkins University, Baltimore, Maryland, United States of America
7
Department of Human Genetics, University of Chicago, Chicago, Illinois, United States of America
8
Department of Anthropology, University of Illinois, Urbana-Champaign, Urbana, Illinois, United States
of America
9
Institute of Cytology and Genetics, Russian Academy of Sciences, Novosibirsk, Russia
10
Institute of Molecular Genetics, Russian Academy of Sciences, Moscow, Russia
11
Department of Epidemiology and Biostatistics, University of California, San Francisco, San Francisco,
California, United States of America
12
California National Primate Research Center, Davis, California, United States of America

To whom correspondence should be addressed:
Kari Britt Schroeder
Department of Anthropology, 330 Young Hall
University of California, Davis
One Shields Ave.
Davis, CA 95616
email: kbschroeder@ucdavis.edu phone: 530-752-8570

fax: 530-752-8885

Manuscript submitted as a Research Article
Research conducted at the University of California, Davis, the University of Michigan, and the
University of Illinois, Urbana-Champaign
Key words: Private allele, D9S1120, Homo sapiens, Native American, migration
Running title: High-frequency private haplotype in the Americas

 The Author 2009. Published by Oxford University Press on behalf of the Society for Molecular Biology
and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oxfordjournals.org

Abstract
Recently, the observation of a high-frequency private allele, the 9-repeat allele at microsatellite
D9S1120, in all sampled Native American and Western Beringian populations has been
interpreted as evidence that all modern Native Americans descend primarily from a single
founding population. However, this inference assumed that all copies of the 9-repeat allele were
identical by descent and that the geographic distribution of this allele had not been influenced by
natural selection. To investigate whether these assumptions are satisfied, we genotyped 34 SNPs
across ~500 kilobases (kb) around D9S1120 in 21 Native American and Western Beringian
populations and 54 other worldwide populations. All chromosomes with the 9-repeat allele share
the same haplotypic background in the vicinity of D9S1120, suggesting that all sampled copies
of the 9-repeat allele are identical by descent. Ninety-one percent of these chromosomes share
the same 76.26 kb haplotype, which we call the “American Modal Haplotype” (AMH). Three
observations lead us to conclude that the high frequency and widespread distribution of the 9repeat allele are unlikely to be the result of positive selection: 1) aside from its association with
the 9-repeat allele, the AMH does not have a high frequency in the Americas, 2) the AMH is not
unusually long for its frequency compared to other haplotypes in the Americas, and 3) in Latin
American mestizo populations, the proportion of Native American ancestry at D9S1120 is not
unusual compared to that observed at other genomewide microsatellites. Using a new method
for estimating the time to the most recent common ancestor (MRCA) of all sampled copies of an
allele on the basis of an estimate of the length of the genealogy descended from the MRCA, we
calculate the mean time to the MRCA of the 9-repeat allele to be between 7,325 and 39,900
years, depending on the demographic model used. The results support the hypothesis that all
modern Native Americans and Western Beringians trace a large portion of their ancestry to a

single founding population which may have been isolated from other Asian populations prior to
expanding into the Americas.

Introduction
Despite decades of archaeological, linguistic, morphometric, and molecular research, the details
of the peopling of the Americas remain unresolved. One question that has received much
attention is whether all modern Native Americans descend from a single migration. The ongoing
interest in this question can partially be attributed to the idea (e.g. (Nichols 1990; Sardi et al.
2005)) that multiple migrations could reconcile the large amount of phenotypic, cultural, and
linguistic variation that has been observed in the Americas with the short evolutionary time
frame that the American archaeological record provides (Meltzer 1989).

While data from classical genetic markers, the mitochondrial genome, and the Y chromosome
have alternately been interpreted as supporting a single migration (e.g. (Merriwether,
Rothhammer, and Ferrell et al. 1995; Bonatto et al. 1997; Stone and Stoneking 1998)), three
migrations represented today by the Eskimo-Aleut, Na-Dene, and Amerind language families
(e.g. (Greenberg, Turner, and Zegura 1986; Cavalli-Sforza, Menozzi, and Piazza 1994)), or other
scenarios involving multiple migrations (e.g. (Horai et al. 1993; Karafet et al. 1999; Lell et al.
2002; Bortolini et al. 2003)), recent mitochondrial DNA (mtDNA), Y chromosome, and
autosomal results suggest that the molecular data are best explained by a single migration
(Merriwether, Rothhammer, and Ferrell et al. 1995; Bonatto et al. 1997; Stone and Stoneking
1998; Silva et al. 2002; Zegura et al. 2004; Tamm et al. 2007; Schroeder et al. 2007; Wang et al.
2007; Fagundes et al. 2008). However, there is a discrepancy between reasoning that the data are
most parsimoniously explained by a single migration and concluding that the data cannot easily
be reconciled with more than one migration.

Because migration events that did not influence genetic variation in the Americas may have
occurred, a related and more tractable question is whether all contemporary Native Americans
descend from a single founding population. That is, do any extant Native American populations
share more recent common ancestry with Asian populations than with other Native American
populations? Strong support for a single founding population could potentially be found in a
neutral, high-frequency, single-origin, private allele that is widespread across the Americas
(Schroeder et al. 2007). The simplest explanation for such an observation would be that all
populations possessing the allele descend from a single population in which the allele was
segregating (Schroeder et al. 2007). If there had been very large contributions from multiple
sources, then either 1) the other populations would not have contributed the private allele, in
which case it would be difficult to explain the high frequency of the private allele in the present
without acknowledging that one population contributed substantially more ancestry than the
others, or 2) the other populations would also have contributed the private allele, in which case it
would be difficult to explain why an allele common enough to be in multiple diverse founding
populations would be so low in frequency or geographically restricted in modern-day Asia that it
has been lost through genetic drift or not yet sampled.

We have previously suggested that the shortest allele at tetranucleotide microsatellite locus
D9S1120 (also known as GATA81C04 and GATA11E11), a 9-repeat allele (also referred to as the
“9RA” (Schroeder et al. 2007) and the “275 base pair allele” (Zhivotovsky, Rosenberg, and
Feldman 2003; Wang et al. 2007), is such an allele (Zhivotovsky, Rosenberg, and Feldman 2003;
Schroeder et al. 2007; Wang et al. 2007). The 9-repeat allele is present at an average frequency
of 35.4% in all 44 sampled Native American and Western Beringian populations, from the coast

of the Bering Sea to the southern end of Chile, and is absent from all other populations outside
this region, including putative Native American source populations in Asia (Zhivotovsky,
Rosenberg, and Feldman 2003; Schroeder et al. 2007; Wang et al. 2007) (Figure 1). In fact,
high-frequency, region-specific alleles, such as the 9-repeat allele at D9S1120, are quite unusual:
in a worldwide dataset of 78 populations and 678 microsatellite loci, the 9-repeat allele was the
sole observation of a region-specific allele with a frequency over 13% in the region in which it
was observed (Wang et al. 2007). Moreover, the 9-repeat allele has been observed at a frequency
of 10% or greater in all of the 44 Native North and South American and Western Beringian
populations sampled thus far (Zhivotovsky, Rosenberg, and Feldman 2003; Schroeder et al.
2007; Wang et al. 2007). Hence, the distribution of the 9-repeat allele has been used to support
the hypothesis that all modern Native American populations share more recent common ancestry
with each other than with extant Asian populations outside of the eastern edge of Siberia
(Schroeder et al. 2007).

Although these results bolster evidence for a single founding population, it has not been
conclusively established that sampled copies of the 9-repeat allele are identical by descent or that
the distribution of the allele has been unaffected by positive selection. The argument that the 9repeat allele supports the hypothesis of a single founding population would be weakened if
copies of the 9-repeat allele are homoplasic due to recurrent mutation at D9S1120 or if the allele
has reached high frequency as the result of natural selection. In the case of homoplasy, the
presence of the allele on two chromosomes would not necessarily be indicative of shared
ancestry, and the widespread distribution of the allele would not necessarily indicate the
existence of a shared ancestral population. In the case of positive selection, rather than entering

the Americas with a single founding population, the allele could have arisen recently in the
Americas and rapidly spread among the descendants of multiple founding populations.

Using single nucleotide polymorphisms (SNPs), we have ascertained ~500 kilobase (kb)
haplotypes around the D9S1120 locus in a worldwide sample of 1249 individuals from 75
populations (Figures 1 and 2). We use these data, in combination with previously collected
D9S1120 genotype data from the same samples, to address the following questions: 1) Are all
sampled copies of the 9-repeat allele identical by descent or, alternatively, has this mutation
arisen more than once? 2) Is there any evidence that positive selection has influenced the
geographic distribution of the 9-repeat allele? 3) Can plausible neutral demographic models for
the peopling of the Americas produce a high-frequency private allele like the 9-repeat allele? 4)
Is there an identifiable Asian source for the haplotypic background of the 9-repeat allele? 5)
How long ago did all sampled copies of the 9-repeat allele share a common ancestor?

Our answers to these questions bolster the claim made on the basis of the distribution of the 9repeat allele that the ancestry of Native Americans and Western Beringians derives largely from a
single founding population (Schroeder et al. 2007). We also discuss how our results corroborate
the recently-supported hypothesis that this single founding population was isolated from other
Asian populations prior to expansion into the Americas (Tamm et al. 2007; Fagundes et al. 2008;
Goebel, Waters, and O'Rourke 2008; Kitchen, Miyamoto, and Mulligan 2008).

Materials and Methods
Summary of datasets

We integrated existing data from the microsatellite D9S1120 with new data on 51 SNPs spanning
a 541.74 kb region around it (Figure 2A). We genotyped 1249 individuals in 75 worldwide
populations for one of two subsets of these 51 SNPs (Figures 1 and 2A, Tables S1 and S2). A
total of 1017 samples from 53 Human Genome Diversity Project/Centre d’Etude du
Polymorphisme Humain cell line panel (Cann et al. 2002) (henceforth “HGDP”) populations
were genotyped for 45 SNPs spanning 541.74 kb around D9S1120; we refer to this dataset as
“HGDP45.” A total of 232 samples from sixteen Native American, two Western Beringian, and
four East-Central Asian populations were genotyped for 40 SNPs spanning 498.58 kb around
D9S1120; we refer to this dataset as “AMAS40.” The intersection of the SNP sets consists of
34 shared SNPs spanning the same 498.58 kb region around D9S1120; we refer to the dataset
for these SNPs as “WW34.” The combined dataset of 51 SNPs, which includes imputed
genotypes for those SNPs not genotyped in both datasets, we refer to as “WW51.”

Samples
The HGDP-CEPH diversity panel samples (Cann et al. 2002) in HGDP45 are described by
Conrad et al. (2006). All samples in the AMAS40 dataset are described by Schroeder et al.
(2007) except for those from two additional populations, the Washo and Fox, which are
described by Smith et al. (2000). Institutional Review Board approval for research on all
samples in AMAS40 was received from the University of California, Davis, the University of
Pennsylvania, the University of Kansas, or the Institute of Molecular Genetics, Russian Academy of
Sciences. The “Fox” sample in the present study is comprised of a Sauk-and-Fox individual and

a Kickapoo individual; Sauk, Fox, and Kickapoo are considered different dialects of Fox, an
Algonquian language (also referred to as Sauk-Fox-Kickapoo) (Goddard 1978). Cultural affinity

among these tribes is thought to result from shared history prior to European contact (Callender
1978). The sample size, regional classification, and dataset classification for each population are
listed in Table S1. The regional classification we use differs slightly from previous studies that
have used the HGDP (e.g. (Zhivotovsky, Rosenberg, and Feldman 2003; Conrad et al. 2006;
Wang et al. 2007)) in that we place the Uygur in “East-Central Asia” rather than with ethnic
groups sampled in Pakistan which we group as “South Asia.” Our East-Central Asia grouping
also includes the Altaian and Mongolian populations in AMAS40 in addition to the populations
previous studies have grouped together in East-Central Asia.

Eighty percent of the samples genotyped in AMAS40 were successfully whole genome
amplified (WGAed) to produce a sufficient quantity of DNA for the genotyping performed in
this project (Figure S1); the remaining twenty percent had sufficient quantity for genotyping and
did not require WGA. Seventy-five percent of the samples were WGAed by Geneservice Ltd.,
UK, using multiple displacement amplification (Dean et al. 2002). Five percent of the samples
were WGAed at the Smith Molecular Anthropology Laboratory, UC Davis, with the
GenomiPhiTM kit from GE Healthcare, following the manufacturer's instructions, producing 20 l
of WGA product. These samples were then diluted to 50 l and cleaned with MicroSpinTM G-50
columns (GE Healthcare).

SNP choice
The SNPs genotyped in the present study and their positions are illustrated in Table S2. The
SNPs in HGDP45 were chosen to have a high SNP density in the immediate neighborhood of
D9S1120, with a lower density farther away from the microsatellite (see Figure 2A).

Preliminary data from HGDP45 aided us in choosing SNPs for AMAS40. Two SNPs from
HGDP45, rs11141033 and rs1014690, did not pass the SNPlexTM design pipeline, and one SNP,
rs17088334, was removed because preliminary analyses of the HGDP45 data showed it to be in
high LD with some of the other SNPs. Preliminary HGDP45 analysis also showed that all
chromosomes with the 9-repeat allele shared a haplotype of at least 76.26 kb in length. Because
the SNP choice for HGDP45 consisted of a dense core of SNPs placed symmetrically around
D9S1120 and the bulk of the shared haplotype appeared to be to the left of D9S1120, the SNPs
were widely placed at the estimated left end of the haplotype and we were only able to determine
the length of the haplotype with a precision of ~10 kb. Hence, 6 new SNPs, rs2841453,
rs2841443, rs2592991, rs2593017, rs12555508, and rs12685505, all to the left of D9S1120,
were chosen to increase the density of SNPs at the estimated left end of the shared haplotype.
Thus, genotyping of a total of 48 SNPs was attempted for AMAS40.

Genotyping
SNP genotyping for the HGDP45 dataset (1017 samples) was performed on the Illumina
BeadLab 1000 platform simultaneously with the genotyping performed by Conrad et al. (2006)
(Figure S1). SNP genotyping for the AMAS40 dataset (297 samples) was performed with the
SNPlexTM Genotyping System from Applied Biosystems at the UCLA Sequencing and
Genotyping Core Facility (Figure S1). Because AMAS40 was genotyped on a different
platform, we also genotyped two HGDP individuals that were genotyped by Conrad et al. (2006)
on the Illumina BeadLab 1000 platform, HGDP 982 (Mbuti Pygmy) and HGDP 1365 (Basque),
on the SNPlexTM platform at the UCLA Core Facility. This additional genotyping aided in

determining whether there had been any change in major and minor alleles between platforms
(see Supplementary Methods). These replicated genotypes were excluded from AMAS40 for
all analyses following phasing.

All the samples in HGDP45 and AMAS40 datasets except the Washo and Fox had been
previously genotyped for D9S1120 ((Rosenberg et al. 2002) and (Schroeder et al. 2007),
respectively) (Figure S1). The Washo and Fox were genotyped as in (Schroeder et al. 2007). In
addition, all AMAS40 samples genotyped on the SNPlex platform that had previously been
genotyped for D9S1120 were re-genotyped after being transferred to plates in preparation for
SNP genotyping. This was done to so that the mix-up of any samples during the transfer might
be detected and the inference of false haplotypes could be prevented.

Data cleaning, merging of HGDP45 and AMAS40, and phasing are described in the
Supplementary Methods. Following data cleaning, merging of HGDP45 and AMAS40,
phasing, and the removal of three samples with haplotypes which we determined were likely the
result of SNP genotyping error, allelic dropout at D9S1120, or error introduced during WGA (see
Supplementary Methods), our final datasets are as follows: AMAS40 – 232 individuals from 22
populations with genotypes for 40 SNPs and one STR; HGDP45 – 1017 individuals from 53
populations with genotypes for 45 SNPs and one STR; WW34 – 1249 individuals from 75
populations with genotypes for 34 SNPs and one STR; WW51 – 1249 individuals from 75
populations with genotypes for 51 SNPs and one STR (and genotypes inferred for a minimum of
eleven SNPs for samples from AMAS40 and six SNPs for samples from HGDP45) (see Figure
S1 and Supplementary Methods).

Genotype visualization
We created Figure 3 with the WW34 phased data and the Visual Genotypes software available at
http://pga.mbt.washington.edu/VG2.html (Nickerson et al. 1998; Rieder et al. 1999). All Native
American and Western Beringian samples were used to determine “Common” and “Rare” alleles,
but for convenience only samples homozygous for the 9-repeat allele and a maximum of two
samples per population heterozygous for the 9-repeat allele are shown in Figure 3. For this
analysis, D9S1120 was coded as biallelic based on the presence or the absence of the 9-repeat
allele.


Two haplotype properties that are inherently connected are the length of a haplotype and the
frequency of that haplotype. Long haplotypes tend to have lower frequencies than short
haplotypes. Following phasing, we noticed that 90.5% of chromosomes with the 9-repeat allele
share a 76.26 kb haplotype we call the “American Modal Haplotype” (AMH) (Figures 2A, 3, and
4). To assess whether the AMH is unusually long for its frequency, we analyzed data from five
Native American populations in the present study (Pima, Maya, Piapoco, Karitiana, Surui),
which were previously genotyped for 2834 SNPs in 32 autosomal regions, each about ~330 kb in
length (Conrad et al. 2006). Excluding gap regions 30-32 (Conrad et al. 2006) and including the
region surrounding D9S1120 (HGDP45 dataset), we followed the procedure of Jakobsson et al.
(2008), which computes the length of every observed haplotype and its corresponding frequency
without using predefined window sizes of haplotype length, to obtain a bivariate distribution of
haplotype length and frequency for 30 regions across the genome (Figure 5). To adjust for

sample size differences across groups, we used 124 randomly chosen chromosomes (sampled
without replacement).

To examine the possibility that selection favoring Native American alleles at D9S1120 could
have occurred during the formation of admixed populations in the Americas, we considered
genotypes of 678 microsatellites in 249 admixed individuals from Central and South America
(Wang et al. 2008). These data were analyzed together with the corresponding genotypes of 160
Europeans and 463 Native Americans (Wang et al. 2007). This set of Native Americans excludes
the Chipewyan, Cree, and Ojibwa populations reported by Wang et al. (2007). For each of 13
admixed populations represented, as well as for the combined set of 249 admixed individuals, we
estimated the Native American admixture at each locus using maximum likelihood (Millar
1987), treating the full samples of Europeans and Native Americans as ancestral populations.
For any allele present in at least one individual in the admixed group under consideration but not
present in both of the putative ancestral populations, for each ancestral population that did not
possess the allele, a single copy of the allele was artificially added to that ancestral population.
Sample allele frequencies were then obtained for Europeans and Native Americans and were
treated as true allele frequencies for use in the maximum likelihood inference of the Native
American admixture proportion, assuming Hardy-Weinberg equilibrium in each admixed
population. Maximum likelihood estimates were obtained numerically. Similar results to those
shown were obtained in each of several variations of the analysis – for example, including the 67
Chipewyan, Cree, and Ojibwa individuals, omitting modification of allele frequencies of zero, or
including a third African ancestral population based on 69 Bantu, Mandenka, and Yoruba
samples.

Neutral demographic simulations
We simulated data under a variety of population divergence models (Figure 6) with ms (Hudson
2002), a program that uses the coalescent to generate samples under a neutral Wright-Fisher
model. We then analyzed the data to determine whether any high-frequency private alleles with
geographic distributions similar to that observed for the 9-repeat allele were produced. Given a
particular demographic model, we simulated data that mimicked the cumulative sampling of
D9S1120 in Schroeder et al. (2007) and Zhivotovsky, Rosenberg, and Feldman (2003); that is,
we simulated a sample of 740 “Asian” and 972 “American” chromosomes. Also mimicking the
sampling in Schroeder et al. (2007) and Zhivotovsky, Rosenberg, and Feldman (2003), we
considered 24 Asian populations and 20 American populations for the models with population
substructure; here, we treated the sampled Western Beringian populations as American. We
performed the simulations conditional on producing exactly 9,346 independent variable sites,
each with exactly two segregating alleles. This condition was based on the previous observation
that the 9-repeat allele was the sole high-frequency private allele present in all five sampled
Native American populations in a dataset of 9,346 distinct alleles at 783 microsatellites
(Rosenberg et al. 2005).

For each model, we recorded the fraction of simulations (among 1000) that produced one or
more high-frequency private alleles in the Americas (Table 2). Our criteria for a “high-frequency
private allele” were developed to capture the salient features of the distribution of the 9-repeat
allele, as reported by Schroeder et al. (2007) and Zhivotovsky, Rosenberg, and Feldman (2003).
That is, we characterized an allele as a high-frequency private allele if it had frequency 0% in

Asia and frequency greater than or equal to 30% in the Americas, or, for models with population
substructure, if it had frequency between 10% and 97%, inclusive, in every subpopulation in the
Americas, and equal to 0% in every subpopulation in Asia, as had been observed for the 9-repeat
allele.

We simulated data under five different major scenarios, A through E, for the split of Native
Americans from Asians (Figure 6). Models A through C, which consider panmictic Asian and
American populations, are as follows: A) population split with two equal-size descendant
populations (Asia and America), B) population split with American Ne/Asian Ne equal to 0.15 at
the time of the split (TAs/Am), and C) population split with American Ne/Asian Ne equal to 0.02 at
TAs/Am , followed by population growth such that American Ne/Asian Ne is equal to 0.15 at the
present (T0). Models D and E are the same as models B and C, respectively, except that they
include population substructure in Asia and in America.

For all models, we simulated data under different splitting times for Asia and the Americas
(1001, 740, and 500 generations ago), and for models D and E we simulated data under different
splitting times for subpopulations within Asia and the Americas (295, 195, and 75 generations
ago). All results in units of generations assume a current effective population size of 9,000 for
Asia. The ancestral effective population size is equal to the size of the Asian population at the
time of the split.

We also simulated migration among the subpopulations for models D and E using both an
island model and a stepping-stone model. For gene flow under the island model, 5% of each

subpopulation consists of migrants from all other subpopulations each generation; because there
are 24 Asian subpopulations and 20 American subpopulations, 5% / 23 of each Asian
subpopulation consists of migrants from any other given Asian subpopulation each generation,
and 5% / 19 of each American subpopulation consists of migrants from any other given
American subpopulation each generation. Under the island model, when gene flow occurs
between an Asian and an American subpopulation, one American subpopulation exchanges
migrants with one Asian subpopulation at the rate of 0.0022 and does not exchange migrants
with one of the other American subpopulations. The same is true for one Asian subpopulation.
For gene flow under the stepping-stone model, 5% of each subpopulation is comprised of
migrants from the two adjacent subpopulations each generation. For each of the four border
subpopulations (two subpopulations each in Asia and in the Americas have only a single
neighboring subpopulation within their respective “continents”), only 2.5% of the subpopulation
is composed of migrants from the single adjacent subpopulation each generation. When gene
flow occurs between Asia and the Americas, one Asian border subpopulation and one American
border subpopulation exchange migrants at the rate of 0.0022 each generation.

Hey (2005) estimated parameters for neutral “isolation with migration” models using genetic
data from Asia and the Americas. Isolation with migration (IM) models describe an initial split
into two descendant populations followed by migration between the populations; these models
are similar to models B and C above but with migration between Asia and the Americas
following the initial split. To investigate whether the demographic values for the peopling of the
Americas estimated by Hey (2005) can produce a high-frequency private allele, we simulated
data with ms. We refer to Hey's constant population size IM model with an early split as “HA”

and the same model with a late split as “HB,” and we refer to the changing-population-size IM
model with an early split as “HC” and the same model with a late split as “HD.” Using the same
sampling scheme as in models A-C above, we simulated data under models HA-HD, using the
population sizes (current and at the time of the split), splitting times, and gene flow rates between
Asia and the Americas estimated by Hey (2005) under each model. We then determined how
frequently the simulations produced data that met our above criteria for a high-frequency private
allele.

All commands used in ms are available from the corresponding author upon request.

Counting recombination events in the AMH
We required a point estimate of the number of recombination events in the AMH for use in
estimating the TMRCA of the 9-repeat allele. For this analysis, we used WW51, which
incorporates imputed genotypes at two SNPs in the AMH for HGDP45 and at one SNP for
AMAS40, because the strategically denser SNP placement in AMAS40 gives us a more precise
estimate of 82.786 kb for the length of the AMH. Seventeen chromosomes with the 9-repeat
allele do not have the full AMH. In addition to recombination, genotyping error, phasing error,
and SNP mutation could result in a 9-repeat allele without the AMH. Recurrent mutation at
D9S1120 to the 9-repeat allele could also result in a 9-repeat allele without the AMH, but this
seems less likely given the rarity of 10- and 11-repeat alleles and the observation that all nonAMH haplotypes with the 9-repeat allele can be explained easily as recombinants. We used the
following criteria for counting recombinants within the AMH: a haplotype was only counted as
the result of a recombination event if at least one of the following two conditions held 1) it

differed from the AMH at two or more SNPs; 2) two or more samples shared the same
haplotype. Using these criteria, we counted four distinct non-AMH haplotypes (Table 4) that
could have resulted from recombination. Four potential recombination events are uncounted
because they only occur on one sample and only differ from the AMH by one SNP. For one of
the 17 chromosomes the 9-repeat allele genotype at D9S1120 is imputed; however, this same
recombinant is seen on other chromosomes and so this imputation does not affect our count.
Hence, using the above criteria, our conservative estimate for the recombination count is four,
and our non-conservative estimate, without the above criteria, is eight. Using WW51 rather than
WW34 for the AMH does not change our conservative recombination count. With WW34, our
nonconservative estimate is six, rather than eight.

To determine whether our criteria would correctly identify genotyping errors and to study
how different error rates would effect our count of recombination events, we changed each
genotype in the raw WW34 dataset with a probability of 0.001, 0.005, or 0.01, and then rephased the data and counted the number of recombination events using the same criteria as
above. For each error rate, we repeated this procedure ten times.

For the three error rates we observed the following mean numbers of recombination events
before and after applying our recombination counting criteria: 0.001: 9.8, 7.3; 0.005: 12.0, 8.7;
0.01: 13.1, 10.4. On average, our recombination-counting criteria decreased the recombination
count by about three events potentially caused by introduced errors: 0.001: 2.5; 0.005: 3.3; 0.01:
2.7.

Age estimate
We introduce a new method for estimating the TMRCA of all sampled copies of a new allele
using haplotypic data in the neighborhood of the new allele (Figure 7). Given an estimate of the
number of recombination events in the sampled chromosomes (E) and an estimate of the
recombination rate in the haplotype upon which the allele arose (r), we estimate the length (L) in
generations of the intra-allelic genealogy (i.e., the sum of all branch lengths in the genealogy) for
the haplotype since the TMRCA as  = E / r. We then estimate the relationship between the
genealogy length and the height of the MRCA (i.e., the sum of all branch lengths from a terminal
tip to the MRCA) of allelic copies conditional on our best demographic models. Under a
particular demographic model, we use the coalescent to simulate data for one segregating site. If
the geographic distribution of the simulated mutation is similar (here, according to the criteria
specified in Methods: Neutral demographic simulations) to that of the real mutation, then the
length and height of the intra-allelic genealogy are recorded for that mutation (since the TMRCA
of sampled copies). This procedure is repeated until the length and height of 10,000 genealogies
have been recorded. For our point estimate of the length of the intra-allelic genealogy since the
TMRCA, we then have a distribution of genealogy heights, or a distribution of times for the
MRCA of copies of the allele.

For this analysis, we used WW51, which incorporates imputed genotypes at two SNPs for
HGDP45 and at one SNP for AMAS40, because the strategically denser SNP placement in
AMAS40 gives us a more precise estimate of 82.786 kb for the length of the AMH (as detailed
above in the section Methods: Counting recombination events in the AMH). Use of WW51 does
not affect our conservative estimate of four recombination events. We averaged the estimated

recombination rates between all SNPs from the Phase I HapMap data (The International HapMap
Consortium 2005) (downloaded from http://www.hapmap.org/downloads/recombination/200506_16a_phaseI/) to arrive at an estimate of 0.5554549 cM/Mb in the 82.786 kb AMH. This
estimate gives us a rate of r = 0.01 x 0.5554549 x 0.082786 recombination events in the AMH
per generation. Using our conservative estimate of E = 4 recombination events in the AMH
since the MRCA of the 9-repeat allele , we calculated a point estimate of the length of the intraallelic genealogy for the 9-repeat allele on the AMH as  = 4 / 0.0004598389, or 8,699
generations.

Conditional on each of our best demographic models, we estimated the relationship between
genealogy length and height since the MRCA of the AMH with the 9-repeat allele. Our criterion
for choosing the best demographic models was the frequency of simulations with exactly one
high-frequency private allele. From here on, “best demographic models” and “best models”
refers to the fifteen models listed in Table 5; these are the models in Table 2 that produced
exactly one private allele per simulation for 5% or more of the simulations. Under each of the
best demographic models, data for one segregating site were simulated with the program ms
(Hudson 2002). To determine whether an allele was private, we used the same criteria as in the
section Methods: Neutral demographic simulations. This procedure was repeated until the
height and length of 10,000 intra-allelic genealogies with private alleles were collected for each
of the models Partitioning intra-allelic genealogy lengths into 500-generation bins, we
ascertained a distribution of intra-allelic genealogy heights since the TMRCA under each model
by inclusion of all intra-allelic genealogies with lengths between 8,501 and 9,000 generations,
inclusive.

Results
American Modal Haplotype
The 9-repeat allele was present on 179 of the sampled chromosomes, at a frequency of 30.3% in
the pooled American and Western Beringian populations. In the Washo and the Fox, the 9-repeat
allele was observed at frequencies of 38.9% and 0%, respectively (note that the Fox sample has
size two). Prior to haplotype inference, we observed that all but three samples homozygous for
the 9-repeat allele shared the same alleles at multiple SNPs on both sides of D9S1120 (Figure 3);
the three exceptions were later determined to have resulted from error and were excluded from
Figure 3 and from further analysis (see Supplementary Methods). Moreover, the SNP
genotypes of the samples heterozygous for the 9-repeat allele were compatible with the
possibility that almost all chromosomes with the 9-repeat allele shared the same haplotype
around D9S1120 (Figure 3). Following haplotype inference, we observed that 90.5% of 179
chromosomes with the 9-repeat allele shared an identical 76.26 kb SNP haplotype (WW34), the
“American Modal Haplotype” (AMH) (Figure 2A). The AMH lies immediately between two
estimated recombination hotspots (The International HapMap Consortium 2005) (Figure 2A,
2B). The left end of the AMH is less than 6 kb from the right end of the closest hotspot, and the
right end of the AMH is less than 1 kb from the closest hotspot. D9S1120 itself is located 8.53 kb
from the right end of the AMH.

In the same 76.26 kb window, we observed seven distinct non-AMH haplotypes on 17
chromosomes with the 9-repeat allele (Table S6). These 17 chromosomes were sampled in
populations from diverse geographic and linguistic backgrounds: Koryak, Inuit, Dogrib,

Chippewa, Washo, Northern Paiute, Cherokee, Jemez, and Apache. The haplotypes these
chromosomes carry appear to result from recombination events within the AMH. One haplotype
occurs on 11 of these chromosomes. Each of the other six haplotypes was only observed on one
chromosome. Six of the seven non-AMH haplotypes are identical to the AMH on one side of
D9S1120. The one haplotype, observed on one chromosome, that differed from the AMH on
both sides of D9S1120 still shares an identical core of 59.6 kb with the AMH. Hence, we
conclude that it is likely all sampled copies of the 9-repeat allele descend from a single mutation
that occurred on a chromosome with the AMH, and that recombination events within the AMH
have since created the additional haplotypes associated with the 9-repeat allele.

Distribution and origin of the American Modal Haplotype
Outside the Americas and Western Beringia, the AMH is present on 7.44% of chromosomes.
Pooling all populations in the Americas and Western Beringia, the frequency of the AMH is
39.30%. The dramatically higher frequency of the AMH in populations possessing the 9-repeat
allele is consistent with the high frequency of the 9-repeat allele in these populations and with
the presence of the 9-repeat allele on the AMH (Figure 4A). Elsewhere, the AMH is most
frequent in South Asia (12.63%). In Eurasia, the AMH is least common in East-Central Asia
(which excludes Western Beringia) (5.79%) while being almost twice as frequent in Europe
(9.54%) and in the Middle East (9.47%). The AMH was only observed on a single chromosome
in Africa, in the Mandenka population, and it was not observed in Oceania.

Worldwide, the AMH is generally associated with the common alleles at D9S1120 (Figure
4B) which, unlike the 9-repeat allele, lie at the high end of the allele size range. The single 10-

repeat allele at D9S1120 that was observed in our sample, in the Maya, occurs on the AMH.
Two chromosomes in WW34, sampled in the Chippewa and the Northern Paiute, have the same
498.58 kb haplotype as the 10-repeat allele. Both of these chromosomes also have the 9-repeat
allele at D9S1120. This pairing suggests that the 10-repeat allele resulted from a single-step
expansion of the 9-repeat allele on the AMH. No 11- or 12-repeat alleles on the AMH were
observed in the Americas, Western Beringia, or East-Central Asia. Hence, it is likely that the 10repeat allele in the Maya individual is the only sampled allele that descended from the 9-repeat
allele.

In South Asia, the AMH occurs with the 12-repeat allele in five of the eight sampled
populations. The 12-repeat allele is the shortest allele outside of the Americas and Western
Beringia with a worldwide frequency greater than 1%; it is also the only allele shorter than 14
repeats, aside from the 9-repeat allele, with a worldwide frequency greater than 1% (14-repeat:
2.92%; 13-repeat: 0.60%; 12-repeat: 1.76%; 11-repeat: 0.20%; 10-repeat: 0.04%). Because no
11-repeat alleles in association with the AMH were sampled in this study, within the limits of our
sampling, the 12-repeat allele is the shortest allele that could have been ancestral to the 9-repeat
allele. It is possible that a longer allele was ancestral to the 9-repeat allele. However, large
multi-step mutations occur less often than smaller multi-step mutations. In a pedigree-based
study of 236 mutations at 122 tetranucleotide loci, Xu et al. (Xu et al. 2000) observed 115 onestep contractions, eight two-step contractions, five three-step contractions and no contractions
greater than three-steps.

In addition, given the frequencies of co-occurrence with the AMH for alleles of various sizes,

if a 12-repeat allele were to mutate, the probability is greater that the new mutation would be on
the AMH compared to the corresponding probability for a mutation occurring at a longer allele.
Of chromosomes with the 12-repeat allele, 25.00% also had the AMH, whereas 18.75% of 19repeat alleles and 14.64% of 14-repeat alleles occurred on the AMH. For all other sizes greater
than 12 repeats, less than 10% of alleles occurred on the AMH. Chromosomes with both the 12repeat allele and the AMH were observed in groups sampled in Pakistan (Balochi, Brahui,
Burusho, Pathan, Sindhi) and in the Near East (Palestinians). One other haplotype was as
frequently associated with the 12-repeat allele as the AMH; it was observed in the Brahui,
French, Russian, Tuscan, and Mozabite populations. Only one haplotype with the 12-repeat
allele was shared between Asia and the Americas; this haplotype was observed in the Aleut,
Dogrib, Mongola (Outer Mongolia), and Pathan populations.

To summarize these findings, aside from a single 10-repeat allele, the 12-repeat allele was the
shortest allele in our sample co-occurring with the AMH. In addition, the AMH reaches its
highest frequency in association with the 12-repeat allele (aside from in association with 9- and
10-repeat alleles). Since STR contractions greater than three steps are less likely than three-step
contractions (Xu et al. 2000), we therefore view the 12-repeat allele as the most likely ancestor
for the 9-repeat allele. Given that the 12-repeat allele on the AMH is most frequent and
widespread in South Asia, the mutation that resulted in the 9-repeat allele possibly occurred in an
ancient population that shared relatively recent ancestry with the ancestors of modern South
Asians.

Possible selection near D9S1120

The unusual distribution of the 9-repeat allele raises the possibility that the region of the genome
in which D9S1120 is located has been the target of natural selection. We examined the
properties of the AMH in Native Americans and the estimated Native American ancestry at
D9S1120 in Latin American mestizo populations for signatures of selection.

Had an incomplete selective sweep near D9S1120 caused the 9-repeat allele to rapidly
increase in frequency, then we would expect 1) an increase in the frequency of the AMH both for
9-repeat allele-bearing and for non-9-repeat allele-bearing chromosomes in the Americas and
Western Beringia (excepting the case in which the 9-repeat allele was selected itself and the case
in which the 9-repeat allele and a beneficial variant arose on the same chromosome) and 2) the
AMH to be long relative to other haplotypes of similar frequency in the Americas. In regards to
the first expectation, we observed that while the frequency of the AMH for 9-repeat
chromosomes in the Americas and Western Beringia was 90.50%, the frequency of the AMH for
non-9-repeat allele chromosomes in the Americas and Western Beringia was only 11.90%,
similar to that observed in South Asia (12.63%).

To determine whether the AMH is long relative to other haplotypes of similar frequency in the
Americas, we analyzed a bivariate distribution of haplotype length and frequency in five Native
American populations also in the present study (Pima, Maya, Piapoco, Karitiana, Surui) for 30
regions across the autosome (data from    . The 76.26 kb AMH was observed
at a frequency of 54% in the five Native American populations (pooled) in the HGDP45 dataset.
A haplotype of this length at a frequency of 54% was not unusual in the five pooled Native
American populations (Figure 5). In the Americas, haplotypes as long or longer, at frequencies

as high or higher, were observed in 16 of the 30 regions. (Data for the same 30 autosomal
regions were also available for forty-eight other HGDP populations (Conrad et al. 2006), and we
analyzed the data from the African populations in the same manner. In comparison, because
African populations have lower levels of LD than Native Americans (Conrad et al. 2006;
Jakobsson et al. 2008), such an observation was less common in African populations, where only
six of the 30 regions had haplotypes at least as long and at least as frequent as the AMH in the
Americas.) Based on the lack of an increase in the frequency of the AMH in association with
non-9-repeat alleles, and judging from the length and frequency of the AMH in comparison to
other haplotypes across the genome, we conclude that there is no evidence of a selective sweep
in this region of the genome in Native Americans.

   Analysis of ancestry proportions in admixed populations offers another approach for
evaluating whether the distribution of the 9-repeat allele has been affected by recent selection. If
a variant in the vicinity of D9S1120 was favored during the post-Columbian formation of
admixed populations in the Americas, then, following Tang et al. (2007) and Basu et al. (2008),
the level of Native American admixture at D9S1120 would be comparatively higher than at other
loci in the genome. Considering genome-wide microsatellite data in 13 admixed populations
from Central and South America (Wang et al. 2008), we find that although all 13 populations
possess the 9-repeat allele at D9S1120, indicative of partial Native American ancestry, the
estimated level of Native American admixture at D9S1120 is typical of the values observed
across the 678 loci considered (Table 1). Thus, no signal of selection near D9S1120 during the
admixture process is apparent.

Neutral demographic models

To determine whether plausible neutral models for the peopling of the Americas can produce a
high-frequency private allele, we used the coalescent as implemented in the program ms (Hudson
2002) to simulate data under a variety of neutral population divergence models (Figure 6) and
then analyzed the data to determine whether any high-frequency private alleles in the Americas
were produced. For the simplest demographic scenario, model A (in which an ancestral
population splits into two equal-sized populations, corresponding to Asia and the Americas),
high-frequency private alleles occurred less than 1% of the time. Model B (which incorporates a
smaller effective population size in the Americas, reflecting a bottleneck) and model C (which
incorporates a smaller effective population size in the Americas followed by population growth)
produced far more private alleles in the Americas than have been observed (i.e., in a dataset of
9,346 distinct alleles at 783 microsatellites, the 9-repeat allele was the only high-frequency
private allele in all five sampled Native American populations (Rosenberg et al. 2005)). For a
given population splitting time, model C produced a higher frequency of simulations with private
alleles than did model B. Older population splitting times resulted in an increase in the
frequency of private alleles for all three models.

Several studies have shown that significant interpopulation differentiation exists in the
Americas (e.g. (Deka et al. 1995; Urbanek et al. 1996; Novick et al. 1998; Salzano et al. 2006;
Wang et al. 2007)). Therefore, we used additional models (D and E) that took this feature into
consideration. Models D and E correspond to models B and C but also incorporate population
substructure in hypothetical Asian and American populations; model D includes a bottleneck at
the time of the split between Asia and the Americas and model E includes a bottleneck at the
time of the split followed by population growth. For models D and E, within each simulated

continent, we simulated both stepping-stone gene flow, i.e., subpopulations are organized
linearly and exchange migrants only with adjacent subpopulations, and island gene flow, i.e., all
subpopulations receive migrants at the same rate from every other subpopulation.

Considering models with a population bottleneck in the Americas (models B and D), the more
realistic addition of population substructure (i.e., model D) increased the frequency of
simulations with private alleles; this effect was stronger when gene flow among subpopulations
occurred according to the stepping-stone model. For models with a bottleneck and subsequent
population growth (models C and E), the addition of population substructure (i.e., model E)
decreased the frequency of simulations with private alleles, regardless of whether gene flow
occurred according to the stepping-stone or island model. This effect was weaker for the island
model and for more recent subpopulation splitting times under the stepping-stone model. The
average population frequency of private alleles for models D and E, around 50%, was higher
than the observed average population frequency of the 9-repeat allele, 35.4%, based on data
from Zhivotovsky, Rosenberg, and Feldman (2003), Schroeder et al. (2007), and Wang et al.
(2007). The average population frequency of private alleles decreased with the addition of gene
flow between Asia and the Americas, as did the number of simulations with private alleles, the
average number of private alleles per simulation, and the variance among subpopulations in the
frequency of private alleles. For models D and E, increasing the strength of the bottleneck such
that the effective size of the Americas was 10% of the effective size of Asia, rather than 15%,
slightly reduced the frequency of simulations with private alleles and the mean number of private
alleles per simulation. However, it increased the frequency of simulations with exactly one
private allele when gene flow followed the island model.

To determine the models most likely to produce data similar to our observation of the 9-repeat
allele, we enforced a more stringent criterion: the frequency of simulations produced with
exactly one private allele out of 9,346 alleles. Eighteen percent of all the models listed in Table
2 produced simulations with exactly one private allele 5.0% of the time or more. Most of the
best models as determined by this criterion were variants of model E; none included gene flow
between Asia and the Americas. The best model, according to this criterion, produced
simulations with exactly one private allele 11.0% of the time. This model is a variant of model E
(island model within Asia and the Americas, no gene flow between Asia and the Americas), with
an Asia/America splitting time of 500 generations ago and a subpopulation splitting time of 295
generations ago.

Neutral demographic models based on the analysis of Hey (2005)
In another analysis of similar purpose, Hey (2005) estimated parameters for neutral “isolation
with migration” models using genetic data from Asia and the Americas. The results from Hey's
analysis were particularly interesting because of the small effective population size, around 70
individuals, estimated by Hey for the initial founding population. Following the same sampling
scheme as above and using the demographic quantities estimated by Hey (2005), we simulated
data with the program ms (Hudson 2002) under models HA-HD (constant size and early split,
constant size and late split, population size change and early split, population size change and
late split).

None of the model/parameter combinations outlined above produced one or more private

alleles more than 2% of the time (Table 3). Models HA and HB produced similar results in terms
of the frequency of simulations with private alleles, but the more recent split (HB) resulted in a
higher number of private alleles per simulation. Conditioning on a simulation that produced one
or more private alleles, models HA and HB produced far more private alleles than the
observation of one out of 9,346 alleles (Rosenberg et al. 2005), similar to models B and C above.
Both models HA and HB produced more simulations with high-frequency private alleles than did
models HC and HD; this may be because the estimated effective number of reverse migrants
from the Americas to Asia was much higher for models HC and HD than for HA and HB.
Because one of our criteria for identifying private alleles was that an allele have 0% frequency in
Asia, large amounts of gene flow from the Americas to Asia quickly erode the possibility of a
private allele.

Age of the AMH
Using recombination rate estimates from the Phase I HapMap data for the D9S1120 region (The
International HapMap Consortium 2005), and taking a conservative estimate of four
recombination events in the AMH since the origin of the 9-repeat allele (Table 4), we computed a
simple point estimate of the length of the genealogy for the 9-repeat allele since the time of its
most recent common ancestor (TMRCA) as 8,699 generations.

Conditioning on our fifteen best demographic models, as determined by the criterion of
frequency of simulations with exactly one private allele out of 9,346 alleles, we employed a new
method to estimate the TMRCA of the 9-repeat allele based on our estimate of the length of the
genealogy (Figure 7). Under each of our fifteen best demographic models ), we simulated data

to determine the relationship between genealogy length and genealogy height. We then recorded
the distribution of genealogy heights for simulated genealogies of length 8,501 to 9,000
generations, producing a distribution of the TMRCA of all sampled copies of the 9-repeat allele
(Table 5) for each of the best models.

The correlation (Spearman's ) between TAs/Am, the time of the Asia/America split, and the
mean height of intra-allelic genealogies was 0.45 (p = 0.13). The correlation between TSp, the
time of the subpopulation split, and the mean height of genealogies since the TMRCA was -0.06
(p = 0.84). This result was not unexpected, as TMRCA values in recently diverged populations
are quite variable conditional on population splitting times (Edwards and Beerli 2000).

Under the different best models, the mean TMRCA of the 9-repeat allele ranged from 293
generations to 1,596 generations; using a generation time of 25 years resulted in a TMRCA of
7,325 to 39,900 years ago. Averaging over all of our best models, the mean TMRCA is 513
generations ago, or about 12,825 years ago. The 95% confidence intervals for all of the best
models produced ages for the MRCA of the 9-repeat allele which range from 144 to 1951
generations ago, approximately 3,600 to 48,775 years ago.

Our less conservative estimate of eight recombination events since the MRCA of all sampled
copies of the 9-repeat allele doubles the genealogy length for the 9-repeat allele to 17,426
generations. A longer genealogy length results in a longer genealogy height and, therefore, an
older estimate for the TMRCA. Under our best models, very few genealogies with lengths
greater than 12,000 generations were produced; therefore, a reliable relationship between

genealogy length and height was not straightforward to obtain under the models considered. It
should be noted, however, that our non-conservative estimate of eight recombination events in
the AMH with the 9-repeat allele did not take into account potential SNP mutation or genotyping
error (see Methods: Counting recombination events in the AMH).

Discussion
To date, a substantial portion of our understanding of the peopling of the Americas has been
based on data from the mitochondrial genome and the Y chromosome (see (Salzano 2002;
Mulligan et al. 2004; Schurr 2004; Goebel, Waters, and O'Rourke 2008) for review). This
situation has begun to change with the recent inclusion of Native American samples in genomewide scans (Conrad et al. 2006; Wang et al. 2007; Jakobsson et al. 2008; Li et al. 2008).
However, because sampling has been biased towards Central and South America, these studies
have been unable to fully address one of the most controversial issues surrounding the peopling
of the Americas; that is, whether some Native American populations are more closely related to
extant Asian populations than they are to other Native American populations. While our study
focuses on only a single region of the genome, the unusual distribution of the 9-repeat allele
suggested that, due to chance, this region of the genome offers quite high resolution of the
narrow window of time in which the peopling of the Americas occurred. As discussed below, we
find that the variation in the region of D9S1120 cannot easily be explained unless a very large
portion of Native American ancestry is derived from a single founding population that may have
been isolated for some period of time prior to the peopling of the Americas.

Identity by descent

With this study we have established an approach for determining identity by descent of an allele
through analysis of the haplotypic background of the allele in question. The high frequency of
copies of the 9-repeat allele on the 76.26 kb AMH, as well as the observation that 9-repeat allele
chromosomes without the full AMH still share a core of the AMH, strongly suggests that all
sampled copies of the 9-repeat allele are identical by descent. In addition, recurrent mutation to
the 9-repeat allele on the AMH is unlikely given that, aside from the 9-repeat allele and a single
copy of a 10-repeat allele, no alleles smaller than 14 repeats were observed on the AMH in the
Americas, Western Beringia, or East-Central Asia. Hence, barring positive selection, the
widespread distribution and high average population frequency of the 9-repeat allele cannot
easily be explained unless all sampled modern populations with the 9-repeat allele share a very
large portion of ancestry with each other more recently than with any sampled modern
populations that do not have the 9-repeat allele (Schroeder et al. 2007; Wang et al. 2007).

This view is consistent with either a single major migration or multiple migrations from a
single founding population that possessed the 9-repeat allele. In the latter case, this population is
likely to have existed on the Eastern edge of Siberia or in North America; had it lived elsewhere,
descendants in Asia also possessing the 9-repeat allele might have been observed. We
emphasize, however, that our observation does not preclude small genetic contributions from
populations without the 9-repeat allele, nor does it preclude small genetic contributions in Asia
from Native American/Western Beringian populations.

Origin of the 9-repeat allele and Native American source population(s)
Genetic studies have traced the ancestry of Native Americans to a number of different Asian

populations, from Central Asia to northern Siberia (e.g. (Torroni et al. 1993; Kolman,
Sambuughin, and Bermingham et al. 1996; Merriwether et al. 1996; Karafet et al. 1999)). In
recent years there has been mtDNA and Y chromosome support for the hypothesis that modern
Native Americans descend from a single migration from a source population best represented
today by the Altai (Derenko et al. 2001; Zegura et al. 2004), from whose ancestors they would
have likely diverged after the Last Glacial Maximum (Zegura et al. 2004). However, this
conclusion does not account for evidence that the ancestors of modern Native Americans were
differentiated from the ancestors of modern Asians prior to expansion into the Americas (Tamm
et al. 2007; Fagundes et al. 2008; Kitchen, Miyamoto, and Mulligan 2008), an event which
archaeological evidence suggests was not long after the end of the Last Glacial Maximum
(Dillehay 1997).

The relatively low frequency of the AMH and the absence of the 12-repeat allele on the AMH
in East-Central Asia has potentially interesting implications for our current understanding of
Native American source populations. The frequency of the AMH in South Asia is more than
twice that in East-Central Asia. While the highest population frequency of the AMH outside of
the Americas/Western Beringia is observed in the Uygur, a group of Turkic speakers who live
primarily in northwestern China, and in Mongolians sampled in Outer Mongolia, the AMH
reaches similarly high frequencies in populations farther to the southwest (Burusho, Kalash, and
Sindhi of Pakistan). Moreover, across the world, the shortest alleles on the AMH (aside from the
9-repeat allele) are widespread in South Asia and in the Middle East (in Palestinians).

The absence of the 9-repeat allele in Asia (aside from Western Beringia) suggests that the 9-

repeat allele may have originated after the ancestors of modern Native Americans diverged from
the ancestors of modern Asians. The possible origin of the 9-repeat allele on the AMH in a
population that shared recent ancestry with the ancestors of modern South Asian populations
suggests an early divergence of the ancestors of modern Native Americans from those of modern
Asians. This and other findings (discussed below) are compatible with the hypothesis (similar to
that suggested by Bonatto et al. (1997), Santos, Bianchi, and Pena (1999), Bortolini et al. (2003),
and Kitchen, Miyamoto, and Mulligan (2008) and mentioned as a possibility by Zegura et al.
(2004)) that the ancestors of Native Americans may have diverged before or contemporaneous
with other populations expanding out of Southwest or Central Asia. Bayesian skyline plot
analysis of a worldwide sampling of mtDNA coding region sequences suggests that the largest
concentration of human effective population size between about 25,000 and 40,000 years ago
was located in South Asia (Atkinson, Gray, and Drummond 2008). Data from Y chromosome
(Xue et al. 2006), mtDNA (Forster et al. 2001), and autosomal STRs (Liu et al. 2006) place an
expansion into Asia around 30,000 to 40,000 years ago.

Several other genetic markers on the mitochondrial genome and the Y chromosome have
geographic distributions very similar to that of the 9-repeat allele. That is, they are widespread
and, in some cases, ubiquitous, throughout North and South America but are not found elsewhere
other than Western Beringia (Forster et al. 1996; Underhill et al. 1996; Schurr et al. 1999; Kemp
et al. 2007; Tamm et al. 2007). Two hypotheses could conceivably explain this pattern. One
posits that if the ancestors of Native Americans were isolated from the ancestors of modern
Asians prior to range expansion into the Americas, then we would expect to see a number of
genetic markers unique to the Americas, each of which is present in most Native American

populations, and some of which are multiple mutational steps away from homologous markers in
Eurasia. The second hypothesis, based on simulations (Edmonds, Lillie, Cavalli-Sforza 2004;
Klopfstein, Currat, and Excoffier 2006) and empirical evidence (Hallatschek et al. 2007) from
range expansions, posits that if the ancestors of Native Americans experienced a range expansion
without a period of isolation in advance, then we would expect to see a number of geographically
widespread markers in the Americas that are not found in Asia. Based on the work of Klopfstein,
Currat, and Excoffier (2006), we also predict that, if these mutations arose at different times
during the range expansion, then they might have different geographic distributions within the
Americas. By contrast, if most of the mutations were segregating in the population prior to the
range expansion, then they might have very similar geographic distributions. Among markers
unique to the Americas and Western Beringia that have been observed in all or almost all
populations sampled thus far, some are multiple mutational steps divergent from lineages in Asia
(Kemp et al. 2007; Tamm et al. 2007). Additionally, it has been shown that when the carrying
capacity of demes is small, mutations must have a high frequency to spread with a range
expansion (Klopfstein, Currat, and Excoffier 2006). Therefore, our observations are best
explained by a period of isolation for the founding population, during which multiple mutations
may have reached a high frequency and some loci may have experienced multiple mutations,
followed by a range expansion.

In addition to the presence of the 12-repeat allele at D9S1120 on the AMH in South Asia,
other genetic data link Native Americans to populations presently occupying West Asia. An
albumin variant electrophoretically identical to Albumin Naskapi, an alloalbumin at a relatively
high frequency among Athabaskan and Algonquian speakers in North America (Melartin and

Blumberg et al. 1966; Smith et al. 2000), has been observed, at very low frequencies, in Eti
Turks (Franklin et al. 1980) and in Punjabis of western India (Kaur et al. 1982). Additionally,
lineages in the Americas belonging to mtDNA haplogroup X are divergent from those found in
Africa and Eurasia, and the presence of haplogroup X in Southern Siberia appears to be a result
of post-Last Glacial Maximum gene flow from Western Eurasia (Reidla et al. 2003; Derenko et
al. 2007). Those lineages most closely related to the haplogroup X lineages observed in the
Americas are relatively frequent in the Near East (Reidla et al. 2003). While other loci support
the shared ancestry of Native Americans with different populations in Central and East Asia, if
the ancestors of Native Americans had been isolated prior to the divergence of modern regional
Asian populations, then we might expect different loci to support geographically diverse source
populations.

A period of isolation of the ancestors of modern Native Americans from those of modern
Asians prior to the peopling of the Americas has also been inferred from recent whole
mitochondrial genome studies (Tamm et al. 2007; Fagundes et al. 2008; Kitchen, Miyamoto, and
Mulligan 2008). It has been suggested that this isolation occurred in Beringia (Bonatto et al.
1997; Tamm et al. 2007; Fagundes et al. 2008; Kitchen, Miyamoto, and Mulligan 2008).
However, current genetic data and analyses are uninformative as to where this isolation occurred,
and apart from the Yana RHS Site (Pitulko et al. 2004), from which there is evidence for human
occupation of the western edge of Beringia at ~30,000 calibrated years ago, strong evidence for
human occupation elsewhere in Beringia is lacking until about ~14,000 calibrated years ago,
when the archaeological record begins in Alaska (Goebel, Waters, and O'Rourke 2008).

Demographic models for the peopling of the Americas
Although the focus of this study is on a single unusual genomic region, the demographic analysis
uses multilocus information in the sense that we are simulating a multilocus data set and then
assessing the fit of the simulated models to the observed data by the frequency of simulations
that produce only one private allele among the many loci investigated. The top quartile of
demographic models A through E, as judged by this criterion, includes a large range of splitting
times for Asia and the Americas and for subpopulations in these regions. The top quartile also
includes both stepping-stone and island models. However, the results of the simulations should
not be taken as strong evidence in favor of one particular demographic model for the peopling of
the Americas. Rather, the results of the simulations provide evidence that plausible neutral
demographic models for the peopling of the Americas could produce a private allele with a
widespread distribution and a high frequency. Our results also show that demographic models
without a bottleneck, population growth, or substructure (model A) do not produce highfrequency private alleles. Also, the demographic models explored here that do not include
population substructure after the divergence of Asians and Americans (models B and C) do not
produce any simulations with just one private allele. These results are consistent with evidence
of reduced variation in the Native American founding population and of population substructure
in the Americas (e.g. (Wallace, Garrison, and Knowler et al. 1985; Schurr et al. 1990; Deka et al.
1995; Santos, Bianchi, and Pena 1996; Urbanek et al. 1996; Novick et al. 1998; Wang et al.
2007)). Our results further show that gene flow between the Americas and Asia after the initial
population split erodes the occurrence of private alleles, particularly if gene flow among the
subpopulations within each continent occurs through a stepping-stone matrix. However, highfrequency private alleles still occur if a low level of gene flow between Asia and the Americas is

assumed.

The models of Hey (2005) did not produce private alleles at high frequencies. Even so, many
of the demographic estimates of Hey are similar to those we used in our demographic models.
Thus, it might be possible to reconcile the 9-repeat allele data with Hey's models if the models
were refined with the addition of population substructure and/or with a lower gene flow rate
between the Americas and Asia. As suggested by Kitchen, Miyamoto, and Mulligan (2008), it is
possible that gene flow rates between the Americas and Asia were overestimated by Hey (2005).
Data from the Chukchi of the Chukotkan peninsula were included by Hey (2005) in the Asian
sample; if the Chukchi share more ancestry with Native American populations than with other
Asian populations, as we have inferred from the present data, then the inclusion of this
population in the Asian sample may have resulted in an overestimation of gene flow rates
between the Americas and Asia by Hey (2005). However, mtDNA and Y chromosome data are
more equivocal than the present data as to the hypothesis that Western Beringians share more
recent ancestry with Native Americans than with other Asians. While populations on both sides
of the Bering Strait share some mtDNA and Y chromosome haplogroups and haplotypes (Shields
et al. 1993; Bonatto et al. 1997; Karafet et al. 1997; Lell et al. 1997; Starikovskaya et al. 1998;
Schurr et al. 1999; Derbeneva et al. 2002), it has been shown that Western Beringian populations
also have mtDNA and Y chromosome haplogroups that are relatively common in Siberia but that
are absent from the Americas (Starikovskaya et al. 1998; Schurr et al. 1999; Lell et al. 2002).

Possible selection near D9S1120
We have found no compelling evidence that the distribution of the 9-repeat allele has been

affected by positive selection. The AMH does not appear to have increased in frequency in the
Americas aside from in association with the 9-repeat allele, and the length of the AMH, given its
frequency, is not unusual when compared to other haplotypes in the Americas. There is no
evidence of increased Native American ancestry at D9S1120 in mestizo populations, which
would be indicative of positive selection during the admixture process. Additionally, previous
analysis has shown that D9S1120 is not unusual in the Americas in a bivariate distribution of FST
and expected heterozygosity for 116 tetranucleotide microsatellites (Schroeder et al. 2007).

Our results are corroborated by those of genome-wide scans for selection. The availability of
high-density genomic data in African, European, and East Asian populations has led to the
detection of regions of the genome that show potential evidence of natural selection. Analyses of
such data have not identified any regions on 9q21.33 that show strong evidence of selection (The
International HapMap Consortium 2005; Voight et al. 2006; Sabeti et al. 2007).

A claim of selection in the vicinity of D9S1120 would be more plausible if likely candidate
genes in the region were known. There are six genes with characterized proteins that lie within
one Mb of D9S1120 (Figure 2C) (NCBI Build 35, http://www.pantherdb.org (Thomas et al.
2003)). NTRK2, which ends about 453kb to the left of D9S1120, encodes TrkB, one of two
receptors for the neurotrophin BDNF (brain derived neurotrophic factor). Trkb and/or BDNF
have been implicated as playing a possible role in Type 2 Diabetes (T2D) (Suwa et al. 2006;
Krabbe et al. 2007) and obesity (Xu et al. 2003; Yeo et al. 2004; Suwa et al. 2006), conditions
with a disproportionately high prevalence in Native Americans.

A few family linkage analyses have suggested that a variant mapped to 9q21 may be a factor
in the development of T2D or complications from T2D in Asians, Native Americans, and/or
Europeans (Imperatore et al. 1998; Pratley et al. 1998; Luo et al. 2001; Lindgren et al. 2002).
However, none of the genes which have recently been suggested as risk factors in the
development of T2D through genome-wide association studies in Europeans (Diabetes Genetics
Initiative of Broad Institute of Harvard and MIT, Lund University, and Novartis Institutes of
BioMedical Research 2007; Scott et al. 2007; Sladek et al. 2007; Steinthorsdottir et al. 2007;
Zeggini et al. 2007) are located in this region. While different genetic risk factors may be
implicated in Native Americans, a recent 100K SNP scan in the Pima for loci linked to variants
that influence susceptibility to young-onset T2D (Hanson et al. 2007) identified 128 SNPs at P <
0.001; the variant closest to D9S1120 is ~10.5 Mb away.

In conclusion, there is no evidence from functional considerations that would lead to a
hypothesis of selection in the region of D9S1120 for Native Americans. Additionally, we
question the plausibility of a scenario in which selection coefficients have been roughly identical
throughout the variable ecologies of the Americas but not in Asia. One could imagine that the 9repeat allele rose to high frequency, due to positive selection, in a population ancestral to both
modern Native Americans and Western Beringians prior to an expansion into different habitats
within the Americas. However, this scenario would still support our primary assertion that the
distribution of the 9-repeat allele is best explained by descent from a single population. Hence,
in the absence of compelling evidence for selection, the existence of plausible neutral models by
which the observed distribution of the 9-repeat allele could have occurred suggests that the
simplest explanation for the unusual distribution of the 9-repeat allele is that all Native American

and Western Beringian populations have inherited a very large portion of their ancestry from a
single population.

MRCA of the 9-repeat allele
A wider range of dates, from ~2,000 (Underhill et al. 1996) to ~70,000 years (Bonatto et al.
1997), for either the divergence of Native Americans and Asians or for a population expansion in
the Americas has been estimated from mtDNA and Y chromosome data than is supported by
archaeological data. However, several recent estimates based on mtDNA and Y chromosome
data (Silva et al. 2002; Bortolini et al. 2003; Seielstad et al. 2003; Schurr and Sherry 2004;
Zegura et al. 2004; Kemp et al. 2007; Tamm et al. 2007; Fagundes et al. 2008; Kitchen,
Miyamoto, and Mulligan 2008) are more compatible with the oldest widely accepted
archaeological site in the Americas (Monte Verde in Chile at about 14,650-15,600 calendar years
ago (Dillehay 1997)), as is our estimate of 12,825 years ago for the TMRCA of the 9-repeat
allele. If it is assumed that the peopling of the Americas occurred through rapid, long-range
population fissions, then the TMRCA of the 9-repeat allele would give us a maximum age for
when the ancestors of modern Native Americans began expanding into the Americas. While
some of the models produce a TMRCA that is older than the date modeled for the split between
Asia and the Americas, none of the models produce a TMRCA that is more recent than the date
modeled for the split of subpopulations in the Americas. This result further supports our
conclusion that the best explanation for the ubiquity of the 9-repeat allele is that all sampled
modern Native American populations inherited the allele from a single population in which the
allele was segregating.

There is a considerable amount of uncertainty in our estimate for the TMRCA, including
uncertainty about the number of recombination events in the AMH. Our criteria for counting a
haplotype as the result of recombination within the AMH, rather than as the result of SNP
mutation or error introduced through whole genome amplification or genotyping, could have
been too stringent, potentially leading to an underestimation of the number of recombination
events. On the other hand, we could have failed to detect all errors with our criteria for counting
a haplotype as a result of recombination within the AMH and could have overestimated the
number of recombination events.

It is also possible that there exist other unsampled

recombinant haplotypes associated with the 9-repeat allele. However, we sampled the same
number of chromosomes in our simulations as in our data collection, so this should not affect our
estimate of the TMRCA.

Hence, we do not want to bring undue focus to our point estimate of 12,825 years as a
maximum age for a population expansion of the ancestors of modern Native Americans. It
should be noted, though, that evidence for an extraterrestrial impact ~ 12,900 calendar years ago,
which could have resulted in habitat destruction across North America and the Younger Dryas
cooling (Firestone et al. 2007), suggests that the ancestors of modern Native Americans may
have experienced a bottleneck at this time. However, a recent study of radiocarbon dates for
Paleoindian sites in North America concludes that there is no evidence for a population decline at
the time of the extraterrestrial impact (Buchanan, Collard, Edinborough 2008). Our point
estimate is of 12,825 years is also similar to recent estimates from mtDNA data, using a
substitution rate based on an internal rather than interspecific calibration, for a population
expansion in the Americas between about 10,000 and 12,000 years ago (Ho and Endicott 2008).

Conclusion
The haplotypic background of D9S1120 suggests that all sampled copies of the 9-repeat allele
derive from a single mutation and that the distribution of this allele has not been affected by
positive selection in Native Americans. These results lend further support to our original
inference that the geographic distribution of the 9-repeat allele is inconsistent with the hypothesis
that Native Americans derive large portions of ancestry from multiple founding populations.
Within the context of previous research, the presence of 12-repeat alleles on the AMH in South
Asia warrants further investigation of the hypothesis that the population in which the 9-repeat
allele arose was isolated from the ancestors of modern Asians prior to expanding into the
Americas. Our estimate of the timing of the expansion of this population into the Americas is
generally consistent with other recent estimates based on archaeological and genetic data.
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Table 1. Estimated Native American ancestry in 13 Latin American mestizo populations.
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Table 2. Frequency of private alleles under different demographic models for 1000 simulations.
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American Ne/Asian Ne at present is 0.10; for Model E, American Ne/Asian Ne at the time of the population split into Asia and America is

0.010, 20.0022 migration rate between one Asian and one American subpopulation.
Abbreviations: PA = Private allele(s); subpop = subpopulation(s)
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Table 3. Frequency of private alleles under models and estimates of demographic quantities from Hey (2005).
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Table 4. Chromosomes with the 9-repeat allele and non-AMH haplotypes in WW51. The position of each SNP, in Mb, is for NCBI Build
35. From D9S1120 in either direction, cells were colored red until an allele that differed from the AMH. As detailed in the methods,
haplotypes identified as the result of recombination are colored brown and haplotypes identified as potentially the result of mutation or error
are colored pink.
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Abbreviations: M/E = mutation/error; R = recombinant.
1

SNP genotyped in AMAS40 only 2SNP genotyped in HGDP45 only.

,
,
,
,
,
,
,
,
,
,
,
,
,
,

,
,
,
,
,
,
,
,
,
,
,
,
,
,

∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗

,
,
,
,
,
,
,
,
,
,
,
,
,
,
















(

(
(
(
(
(
(
(
(
(
(
(
(
















,
,
,
,
,
,
,
,
,
,
,
,
,
,

Table 5. Heights of genealogies, in generations, simulated for best demographic models (those for which 5% or more of simulations
produced exactly one high-frequency private allele). Statistics are for the subset of genealogies for which the length of the intra-allelic
genealogy of the private allele is < 8501 and = 9000 generations.
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Figure/Table Legends
Figure 1. Geographic distribution of the Asian and American populations genotyped for this
study. Population identification numbers appear in Table S1, and in the bar chart, which shows
the frequency of n-repeat alleles at D9S1120 in each of the populations shown on the map.
Population frequencies of n-repeat alleles at D9S1120 for the mapped populations are taken from
(Zhivotovsky, Rosenberg, and Feldman 2003; Schroeder et al. 2007) except for the Washo and
Fox (present study). In the present study, the 9-repeat allele was not observed in the Fox (sample
size of 2).

Figure 2. Position, in Mb, on chromosome 9 of SNPs included in this study and of other
landmarks near D9S1120. The position of D9S1120 is given by the blue double-cross. (A) The
magenta bars represent SNPs for which both sample sets were genotyped, the gold bars represent
SNPs for which only HGDP45 was genotyped (image resolution does not allow for every SNP to
be represented by a single bar), and the turquoise bars represent SNPs for which only AMAS40
was genotyped. The arrows illustrate the extent of the region for which both datasets (HGDP45
and AMAS40) were genotyped. The position of the AMH is shown; the red bracket illustrates
the extent of the AMH when SNPs for which only one dataset was genotyped are included (i.e.,
using dataset WW51; see Methods: Counting recombination events in the AMH) and the green
bracket illustrates the extent of the AMH when only SNPs for which both datasets were
genotyped are included (i.e., using dataset WW34). (B) The red blocks show the locations of
estimated recombination hotspots (The International HapMap Consortium 2005) within the
genotyped region. (C) The green blocks correspond to genes with characterized proteins within
one Mb of D9S1120.

Figure 3. Visual genotypes plot (unphased data, dataset WW34), clustered by population, for
individuals either homozygous or heterozygous for the 9-repeat allele. Each row represents an
individual and each column represents a SNP, with the SNP position labeled above the plot. The
three colors represent the three genotypes possible at a SNP. SNP positions (NCBI Build 35) are
shown at the top of the graph. D9S1120, located at 85321417 bp and indicated by light blue
shading, was coded as biallelic (presence or absence of the 9-repeat allele) for this analysis. At
most two heterozygous individuals per population are shown. “Common” and “Rare” refer to
the frequency of the SNP among all sampled Native American and Western Beringians in this
study. Samples with the 9-repeat allele and recombinant haplotypes are marked with green
asterisks.

Figure 4. Frequency of n-repeat alleles at D9S1120 on the AMH and the frequency of the AMH
in (A) the Americas and Western Beringia and in (B) Asian populations. Only populations in
which the AMH was observed are shown. The overall height of the bars represents the total
frequency of the AMH by population. Note that because samples missing >20% data were
removed, the final AMAS40 dataset contains only one chromosome sampled from the Jemez
with the 9-repeat allele (which does not have the full AMH) and no chromosomes sampled from
the Sioux with the 9-repeat allele.

Figure 5. Joint distribution of haplotype length and frequency for the five Native American
populations in the HGDP. The x-axis represents frequency, indicated by number of
chromosomes observed for a given haplotype in a sample of 124 chromosomes (each "box"

combines the numbers of observations for two values of the number of chromosomes), truncated
at 12 chromosomes. The y-axis represents haplotype length, and the z-axis represents density of
haplotypes of specific length and frequency. A heat map of the density is shown on a logarithmic
scale below the histogram. The red line shows the length and frequency of the AMH in the
HGDP Native American populations.

Figure 6. Schematics of the demographic models used for the coalescent simulations: A)
population split with two equal-size descendant populations (Asia and America), B) population
split with NAs/NAm equal to 0.15 at TAs/Am, and C) population split with NAs/NAm equal to 0.02 at
TAs/Am , followed by population growth such that NAs/NAm equals 0.15 at T0. Models D and E are
the same as models B and C, respectively, but include population substructure in Asia and in
America. For D and E, the number of populations pictured is not representative of the number
used in the simulations (24 Asian populations and 20 Native American/Western Beringian
populations, following the sampling of (Zhivotovsky, Rosenberg, and Feldman 2003; Schroeder
et al. 2007)). Abbreviations: NAs, effective population size of Asia; NAm, effective population size
of America; T0, present time; TAs/Am, time of population split into Asia and America; TSp , time of
split into subpopulations within Asia and within America.

Figure 7. Method for estimating the TMRCA of copies of an allele from the number of
recombination events on its shared haplotypic background. The figure represents the genealogy
at a specific genomic position for lineages that share a specific allele. Recombination events
(yellow arrows) erode the shared haplotypic background (blue) of the shared allele (red). By
examining the haplotypic background of copies of the shared allele in the present, the number of

recombination events that have occurred on the haplotypic background of the allele can be
counted. This number of recombinations represents a draw from a Poisson distribution with rate
proportional to the product of the recombination rate and the length of the genealogy
(6T6+5T5+4T4+3T3+2T2 in this example). As a result, the number of recombinations divided by
the local recombination rate (estimated externally from genomic maps) provides an estimate of
the total length of the genealogy. By using coalescent simulations of sensible demographic
models (here, we chose those models for which 5% or more of simulations produced a single
high-frequency private allele) to evaluate the relationship between the length of the genealogy of
copies of an allele and the height of the genealogy (T6+T5+T4+T3+T2), we can translate the
estimated length of the genealogy into an estimate of the TMRCA of sampled copies of the
allele.

