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ABSTRACT Most genetic studies on the origins of
Native Americans have examined data from mtDNA and
Y-chromosome DNA. To complement these studies and to
broaden our understanding of the origin of Native Ameri-
can populations, we present an analysis of 1,873 X-chro-
mosomes representing Native American (n = 438) and
other continental populations (n = 1,435). We genotyped
36 polymorphic sites, forming an informative haplotype
within an 8-kb DNA segment spanning exon 44 of the dys-
trophin gene. The data reveal continuity from a common
Eurasian ancestry between Europeans, Siberians, and
Native Americans. However, the loss of two haplotypes
frequent in Eurasia (18.8 and 7%) and the rise in fre-

In the last few decades, molecular biology and genetics
have joined archaeology, anthropology, and linguistics in
the quest for the understanding of the origins of Native
Americans and the peopling of the Americas. Although it
is generally accepted that the source of Native American
migrations lies somewhere in North Eastern Asia and
that the Bering Strait was the gateway to the Americas,
there is no consensus as to the number and timing of
the migrations, the number of migrants, and the routes
they took.

The debate has principally been driven by studies of
mtDNA and Y-chromosome diversity. Studies of the
maternal lineages described five founding mtDNA hap-
logroups in the Native American population (Torroni et
al., 1992, 1993; Brown et al., 1998), presently referred to
as A2, B2, C1, D1, and X2a, respectively. All five mtDNA
haplotypes were identified in ancient pre-Columbian
Native American remains (Stone and Stoneking, 1998;
Malhi et al., 2002; Jones, 2003). Recent mtDNA analyses
suggest that ancestors of Native Americans paused
when they reached Beringia, which served as a glacial
refugium during last glacial maximum (LGM). At the
end of LGM, the coastal route was presumably used to
reach southern South America around 14,500 years ago,
and this initial migration seems to have involved all five
of the main mtDNA haplogroups (Tamm et al., 2007;
Achilli et al., 2008; Fagundes et al., 2008). Amerindian
Y-chromosome lineages consist of two major haplogroups,
Q and C, also found among Asian populations. In the
Americas, haplogroup Q is spread from north to south,
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quency of a third haplotype rare elsewhere, indicate a
major population bottleneck in the peopling of the Ameri-
cas. Although genetic drift appears to have played a
greater role in the genetic differentiation of Native Ameri-
cans than in the latitudinally distributed Eurasians, we
also observe a signal of a differentiated ancestry of south-
ern and northern populations that cannot be simply
explained by the serial southward dilution of genetic di-
versity. It is possible that the distribution of X-chromo-
some lineages reflects the genetic structure of the popula-
tion of Beringia, itself issued from founder effects and a
source of subsequent southern colonization(s). Am J Phys
Anthropol 140:417-428, 2009.  ©2009 Wiley-Liss, Inc.

while haplogroup C is restricted to the north and is espe-
cially frequent among NaDene speakers (Bortolini et al.,
2003; Zegura et al., 2004; Malhi et al., 2008).

Until recently, data from other genetic systems were
patchy with different markers studied in different popu-
lation groups (Salzano, 2002). A recent study by Mateus
Pereira et al. (2005) analyzed polymorphic L1 and Alu
insertions in 11 Native American populations. They
showed a strong affinity of Native Americans with East
Asians and their clear discrimination from Europeans
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and Africans, and suggested that South-American diver-
sity may have been caused by a major population bottle-
neck and genetic drift. Wang et al. (2007) studied varia-
tions in 29 Native American populations by genotyping
678 microsatellites from throughout the genome. They
observed a decrease in genetic diversity in terms of geo-
graphic distance from the Bering Strait and from west to
east in South America. Their results suggested that
coastal routes played an important role in the peopling
of the Americas, and that most Native American genetic
ancestry could be derived assuming a single wave of
migration. Interestingly, using an approximate Bayesian
computation framework and coalescence-based simula-
tions, Ray et al. (submitted) reanalyzed the same data to
evaluate statistically the relative probability of alterna-
tive migration scenarios. They found that a model in
which an initial migration wave is followed by recurrent
gene flow between Asia and America provides by far the
best fit to levels of genetic diversity observed across the
American continent. Apparently, a strong signal of a sin-
gle migration wave is not inconsistent with subsequent
gene flow (Tamm et al., 2007). Although these studies
analyzed collections of markers from all over the genome,
less attention has been given to individual lineages of sin-
gle DNA segments with correlated genealogies.

Studies focusing on a single locus may reveal specific
aspects of the genetic past of studied populations that
might be lost, less clear, or “invisible” in global analysis
of many markers taken from throughout the genome.
mtDNA and Y-chromosomes are effectively single loci
and capture only partially the history of the population.
Our study of nuclear DNA segments both complements
analyses and challenges these studies.

We focus on the genetic lineages of an 8-kb DNA seg-
ment around exon 44, called dys44, in the middle of a
very large dystrophin gene on Xp2l. Its mostly intronic
sequence can be expected to evolve neutrally (Nachman
and Crowell, 2000). Because of the location in a highly
recombining region, far from other genes and other dys-
trophin exons, we can also assume that its evolution has
not been affected by selection acting on neighboring loci.
X-chromosome facilitates work with extended haplotypes
directly obtained in males. Because of its reduced sensi-
tivity to genetic drift, the X-chromosome covers genetic
lineages with greater historical depth than mtDNA or Y-
chromosome data (Schaffner, 2004). X-linked markers
have additional advantage to be less sensitive to the
genetic admixture than the autosomal markers when
admixture is mostly male-driven. Dys44 was investigated
earlier in a number of human populations from different
continents (Zietkiewicz et al., 1997, 1998, 2003; Xiao et
al., 2004; Lovell et al., 2005). This study adds new infor-
mation and further develops our understanding of the
peopling of the Americas.

MATERIALS AND METHODS
Population samples

The data reported in this article consist of 474 newly
genotyped X-chromosomes, including 205 Native Ameri-
can chromosomes representing Chipewyan (n = 35),
Ojibwa (n = 22), Navajo (n = 24), Algonquian speakers
(n = 33), Cree (n = 36), Ache (n = 40), and Ticuna (n =
15) populations as well as Siberian (n = 5), Spanish
(n = 22), Basque (n = 21), French (n = 79), Breton (n =
60), German (n = 1), Italian (n = 28), and African
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American (n = 53) samples. Our analysis included 1,873
chromosomes (474 + 1,399 previously typed chromo-
somes) representing 36 populations listed in Supporting
Information Table S1 and shown on the map in Support-
ing Information Figure S1. Our North American samples
included Navajo from the South-West, Chipewyan from
northern Saskatchewan and Cree from south-western
Saskatchewan, Ojibwa from Ontario, and Algonquian
speakers from northern Québec; Maya are from Central
America, whereas Karitiana, Ticuna, and Ache repre-
sented South America. Siberian samples were primarily
Tundra and Forest Nentsi from North-Western Siberia.

Genotyping

The genomic segment dys44 consists of exon 44
(148 bp) and its surrounding intronic sequence (positions
—2782 to —1 of intron 43 and positions 1-4987 of intron
44) of the human dystrophin gene at Xp21 (Zietkiewicz
et al., 1998) (accession number: U94396). Thirty-five sim-
ple intronic polymorphisms resulting from 33 nucleotide
substitutions (one site is three-allelic), two three-nucleo-
tide deletions, and one eight-nucleotide duplication were
previously ascertained by SSCP/heteroduplex analysis of
a 7,622 bp within the dys44 segment in 250 worldwide
distributed chromosomes including 40 Native Americans
(Zietkiewicz et al., 1997). The ancestral allele was deter-
mined by comparison with at least two great ape sequen-
ces (Zietkiewicz et al., 1998). In addition, this segment
contains a poly-T microsatellite, (7)14_24. A 7,917 bp dis-
tance between upstream and downstream flanking poly-
morphic sites determines the length of the haplotype.

Four overlapping DNA fragments covering dys44, i.e.,
an 8-kb DNA segment surrounding exon 44 of the
dystrophin gene (Zietkiewicz et al., 1998), were obtained
by PCR using the primers: P1F —2824/-2798 GGC
AATTACCAATATGATGAGTGATTG; P1R —892/-865
CTAAACTATGCGATGCCTTCTTTAATCC; Plg —892/
—-865 GGATTAAAGAAGGCATCGCATAGTTTAG; P2R
+1164/+1188 CCATTATGCTACATTAGCCCAAAAT;
P3F +1164/+1188 ATTTTGGGCTAATGTAGCATAATGG;
P3R  +3351/+3375 GGAAAGAAATACCTTAACTGTT
TGG; P4F +3351/+3375 CCAAACAGTTAAGGTATTTC
TTTCC; P4R +5000/+5024 CTACTGGCAACTACAAACA
TTTTCC. Amplification was in 20 ul containing 1.5 mM
MgCl,, 0.2 mM dNTPs (each), 0.5 uM of each primer,
1020 ng DNA, and 0.2 U Platinum Taq Polymerase
(Invitrogen) in the buffer supplied by the manufacturer.
After 7 min at 95°C, the amplification was carried out
for 45 cycles (95°C for 30 s, 55°C for 30 s, and 68°C for
2 min) and terminated by 10 min incubation at 68°C.
Genotyping of simple segregating sites (Supporting In-
formation Table S2) was performed as described by Ziet-
kiewicz et al. (1997), using a 75-30°C temperature gradi-
ent according to the modified dynamic allele-specific oli-
gonucleotide hybridization protocol (Bourgeois and
Labuda, 2004). In addition, a (7"),-microsatellite within
the dys44 segment, at position 2684, between ancestral
T at position 2663 and eight-nucleotides duplication at
position 3133 (Supporting Information Table S2), was
typed by denaturing gel electrophoresis.

Haplotypes

In female samples, haplotypes were derived as previ-
ously described (Labuda et al., 2000; Zietkiewicz et al.,
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2003) assisted by the PHASE software package
(Stephens et al., 2001). Note that an upper case “B” in
the haplotype name (Supporting Information Table S2)
denotes haplotypes that were directly observed at least
once (i.e., either in a male sample, or in a homozygous
or single heterozygous female), whereas those denoted
with a lower case “b” were inferred from a complex ge-
notype. The (7T),, polymorphism is represented in a hap-
lotype’s name by an extension describing the length var-
iant, e.g., BO01_14 or B001_15 (see Supporting Informa-
tion Tables S3 and S4) referred to below as “extended”
haplotypes.

Statistical analyses

Diversity indices were evaluated using ARLEQUIN v.
3.11 (http:/cmpg.unibe.ch/software/arlequin3d/) (Excoffier
and Schneider, 2005). Gene (haplotype) diversity, which
represents the probability that two haplotypes randomly
chosen from a sample are different, was estimated as

G=ln/n-1)(1-3" p?) (1)

where n is the sample size, £ is the number of distinct
haplotypes, and p; is the frequency of each haplotype.
Both £ and G can be compared in terms of a common
population mutation parameter 6 that depends on the
effective population size N, and the rate/generation with
which new haplotypes are generated and which here
depends both upon mutation and recombination. The
indices £ and G, and their derived 0, and 05 estimates,
are expected to be differentially affected by demographic
processes causing departures from the mutation-genetic
drift equilibrium (migration, founder effect, population
growth, or admixture), justifying their joint use in
describing population diversity. From the observed £ and
G, the corresponding 0, and 0s are obtained using the
formulas

E(k) =003 0 1/(0, +1) 2)
by Ewens (1972) and
E(G) = 0g/(1+ 0g) (3)

by Kimura and Crow (1964), respectively, as imple-
mented in the Arlequin Package, where 0g, referred to
as Ohom in the package, is estimated according to Chak-
raborty and Weiss (1991).

For the timing of founder (colonization) events, we
used the proportion P, of ancestral, i.e., nonmutated or
nonrecombined, chromosomes remaining in the sample.
Provided that mutations or recombinations are rare,
such that recurrent events can be neglected, the propor-
tion Py = (1—c)%, after g generations, is such that
—InP; =g -c, and

—In P A
oA 4
. (4)
where ¢ is either the mutation rate u or the apparent
recombination rate r.,, that corresponds to the rate of
nonsilent recombinations, i.e., those that result in new
observable recombinants (Zietkiewicz et al., 2003). Alter-
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natively, assuming star-like phylogeny, we evaluated the
age of expansion g as

"~ c¢-nR

g (5)

where Ry is the count of new mutations or recombina-
tions (accumulated since the founder event) and ng is
the number of chromosomes. In the calculation of Ps, we
considered the major, highest frequency allele of (7),-
microsatellite to be the ancestral one. In the case of
recombinations, as ancestral we considered a set of com-
mon haplotypes shared with other continents.

Arlequin was also used to obtain genetic diversity indi-
ces, Fgr estimates and to carry out the Mantel test for
geographic, linguistic, and genetic distances. The lan-
guage distance matrix was based on the Atlas of lan-
guages (Matthews et al., 1996), with a distance between
languages directly proportional to the number of levels
separating the languages. The Mantel test was per-
formed twice, with increased value when languages
belong to separate stocks (Supporting Information Table
S5), all yielding similar results (data not shown). We
used Matlab R14 (The MathWorks) to carry out principal
component analysis (PCA), using haplotype frequencies,
as well as multidimensional scaling (MDS), nonmetric
stress method, stress value of 0.1, to display results of
the pairwise Fgr distances (Supporting Information Ta-
ble S6). In the Fgr analysis, negative Fgrs given by Arle-
quin were multiplied by —10 % i.e., a small negative
number, to turn them positive, while keeping them non-
significantly different from zero, and thus suitable for
MDS.

Contour maps were obtained from haplotype frequen-
cies using Surfer 8.02 from Golden Software (http://
www.goldensoftware.com/products/surfer/surfer.shtml),
using the Kriging gridding method (Yang et al., 2004).
Recombination graphs were obtained using Recomb
(http://www.iro.umontreal.ca/~mabrouk/)  (El-Mabrouk
and Labuda, 2004) (for more information, refer to
ALFRED: http:/alfred.med.yale.edu/alfred/; Ethnologue:
http://www.ethnologue.com; Leadmix: http://www.zoo.cam.
ac.uk/ioz/software. htm#LEADMIX; ISOGG [Y-DNA Hap-
logroup Tree]: http://www.isogg.org/tree/index.html.)

The probability of loss of an allele in a population bot-
tleneck, defined by the number of chromosomes and its
duration in generations, was computed using PopG 3.0
(http://evolution.gs.washington.edu/popgen/popg.html) by
averaging the results of five simulations for each param-
eter combination.

Admixture analysis was carried out using the 678
autosomal STR dataset reported in Wang et al. (2007),
including 123 Africans, 160 Europeans, 212 no-Siberian
East Asians, 39 Siberians, and 436 Native Americans
including population samples of Chipewyan, Cree, and
Ojibwa, which partially overlapped with samples of these
populations examined in this study. We used program
STRUCTURE  (http://pritch.bsd.uchicago.edu/structure.
html) (Pritchard et al., 2000) to apply supervised cluster-
ing analysis reported by Wang et al. (2007) using his
STR dataset. STRUCTURE runs used an admixture
model with correlated allele frequencies. A burn-in pe-
riod of 20,000 iterations was followed by an additional
10,000 iterations from which parameter estimates were
obtained. Individuals from Europe, Africa, East Asia
(excluding Siberia), and Siberia were forced into sepa-
rate clusters, and supervised analysis of the Native
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TABLE 1. Genetic diversity estimators
Gene Chakraborty’s p
Population n k diversity = SD Og = SD 0, (95% CI Oy) Expected % (k or more alleles)

Ojibwa 52 10 0.78 = (0.04) 2.73 = (0.64) 3.41 (1.65, 6.71) 8.69 0.35
Chipewyan 75 5 0.69 = (0.03) 1.71 + (0.24) 1.03 (0.40, 2.44) 7.03 0.88
Algonquian 33 5 0.66 = (0.06) 1.48 + (0.42) 1.39 (0.52, 3.44) 5.19 0.63
Cree 36 6 0.79 = (0.04) 2.95 = (0.70) 1.80 (0.72, 4.16) 8.10 0.89
Navajo 24 5 0.72 = (0.05) 2.03 = (0.57) 1.63 (0.59, 4.12) 5.67 0.73
Maya 80 9 0.78 = (0.02) 2.81 = (0.39) 2.40 (1.15, 4.72) 10.03 0.71
Ache 40 2 0.30 = (0.08) 0.31 = (0.12) 0.26 (0.06, 1.00) 2.20 0.72
Karitiana 83 5 0.52 = (0.05) 0.80 = (0.17) 1.00 (0.38, 2.36) 4.30 0.42
Ticuna 15 4 0.70 = (0.08) 1.74 + (0.70) 1.43 (0.46, 4.12) 4.44 0.72
Native Americans 438 20 0.75 = (0.01) 2.31 = (0.13) 4.18 (2.58, 6.56) 12.67 0.02
Kazakh 54 10 0.75 = (0.04) 2.37 = (0.59) 3.34 (1.63, 6.56) 8.03 0.25
Bait 29 7 0.80 = (0.04) 3.35 = (0.95) 2.61 (1.09, 5.90) 8.07 0.77
Derbet 31 8 0.74 * (0.06) 2.15 = (0.73) 3.16 (1.38, 6.87) 6.38 0.27
Kalkha 25 6 0.75 = (0.06) 2.28 + (0.81) 2.18 (0.86, 5.22) 6.16 0.62
Khoton 30 7 0.66 = (0.07) 1.46 + (0.50) 2.56 (1.07, 5.77) 5.00 0.19
Myangad 30 8 0.78 = (0.05) 2.77 = (0.94) 3.23 (1.41, 7.04) 7.33 0.45
Olet 30 8 0.80 = (0.06) 3.27 = (1.29) 3.23 (1.41, 7.04) 8.06 0.59
Uriankhai 32 6 0.75 = (0.05) 2.35 = (0.68) 1.91 (0.76, 4.45) 6.81 0.73
Zakhchin 29 7 0.70 = (0.07) 1.80 + (0.61) 2.61 (1.09, 5.90) 5.63 0.30
Mongolians 290 17 0.75 = (0.02) 2.34 = (0.23) 3.79 (2.23, 6.17) 11.81 0.06
Hiri 18 5 0.67 = (0.08) 1.52 + (0.59) 1.93 (0.69, 5.08) 4.39 0.45
Alores 16 4 0.68 = (0.09) 1.58 * (0.64) 1.37 (0.44, 3.92) 4.31 0.69
Flores 27 9 0.81 = (0.05) 3.31 = (1.18) 4.31(1.92, 9.33) 7.80 0.36
Roti 17 3 0.63 = (0.07) 1.30 + (0.38) 0.77 (0.22, 2.46) 3.96 0.84
Ternate 13 3 0.62 = (0.08) 1.21 + (0.41) 0.89 (0.25, 2.92) 3.50 0.76
Indonesian Isl. 91 12 0.69 = (0.03) 1.67 + (0.27) 3.48 (1.82, 6.36) 7.25 0.04
Chinese 103 9 0.66 = (0.03) 1.44 + (0.20) 2.19 (1.06, 4.27) 6.72 0.20
Japanese 65 7 0.57 = (0.05) 0.99 =+ (0.22) 1.79 (0.78, 3.81) 4.72 0.15
PNG 67 12 0.67 = (0.06) 1.51 + (0.44) 4.00 (2.07, 7.42) 6.30 0.01
Siberian 53 9 0.81 = (0.04) 3.29 = (0.80) 2.86 (1.35, 5.76 ) 9.84 0.70
Asians 669 34 0.73 = (0.01) 2.10 = (0.13) 7.42 (5.11, 10.57) 12.63 <10-5
Spanish 55 14 0.81 = (0.04) 3.38 = (0.97) 5.73 (3.04, 10.48) 10.13 0.09
Basque 41 12 0.85 = (0.03) 4.49 = (1.22) 5.34 (2.67, 10.35) 10.87 0.39
French 129 13 0.81 = (0.02) 3.33 = (0.49) 3.41 (1.85, 6.03) 12.78 0.52
Breton 151 14 0.82 = (0.02) 3.71 = (0.48) 3.58 (1.99, 6.20) 14.34 0.59
German 73 14 0.80 = (0.03) 3.18 = (0.66) 4.88 (2.63, 8.72) 10.60 0.14
Italian 54 10 0.73 = (0.04) 2.10 = (0.50) 3.34 (1.63, 6.56) 7.43 0.17
Western Europeans 503 36 0.80 = (0.01) 3.28 = (0.25) 8.72 (6.03,12.36) 17.05 <10-5
African American 120 43 0.94 = (0.01) 14.69 = (3.34)  23.56 (15.91, 34.58) 32.99 0.02
Biaka 85 16 0.81 =+ (0.03) 3.41 = (0.75) 5.56 (3.12, 9.59) 11.60 0.08
Mbuti 58 11 0.76 = (0.05) 2.43 = (0.74) 3.75 (1.88, 7.17) 8.32 0.17
SubSaharan Africans 263 54 0.91 = (0.01) 8.41 = (1.14)  20.31(17.69, 27.77) 29.71 <10-5

Letter n denotes the number of chromosomes analyzed for each population and % the number of distinct haplotypes (disregarding 7-
repeat variability); two estimators of theta, 65 and 6, are based on haplotype heterozygosity and %, respectively. Note that we were
not looking for new mutations, but genotyped known polymorphisms, so that new haplotypes result from recombination events.
However, the mutation rate and the recombination rate are of the same order within the haplotype. Chakraborty’s test (1990) gives
the probability p to observe & or more haplotypes in a population, given its haplotype heterozygosity.

American data was performed with K = 5 clusters. The
same analysis was applied on the 29 X-chromosome STR
dataset reported in Wang et al. (2008) to which we added
new data on the three Native populations of interest,
Chipewyan, Cree, and Ojibwa, using the same sample
sets as in Wang et al. (2007) (Supporting Information
Table S7).

RESULTS

Diversity and geographic distribution
of Dys-44 haplotypes

In a worldwide sample of 1,873 X-chromosomes, we
find 98 dys44 haplotypes, consisting of 35 segregating
sites, which were previously ascertained in a worldwide
population sample (Table 1 and Supporting Information
Table S2). These haplotypes can be extended by includ-
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ing the allelic status of its imbedded (7),-microsatellite
(see Materials and Methods) (Supporting Information
Table S3). Allelic variation of the (7T),-microsatellite is
bimodal, with two frequency peaks at allele (T);5 and al-
lele (1) (Zietkiewicz et al., 2003). Usually only one of
the length modes predominates against the background
of a given haplotype. For example, 81 copies of the fre-
quent haplotype B005 represent the form B005_22. Two
rare variants B005_21 and B005_23 can be explained by
a stepwise mutation because of a single deletion or addi-
tion starting from the ancestral (T)y, allele. In contrast,
B005_15 is most likely due to a recombination with
another haplotype carrying (7,5, such as a common hap-
lotype B001_15 (581 copies, Supporting Information
Table S3). Likewise, crossovers can also account for
B001_22 and B001_24 singletons given the low probabil-
ity of a stepwise mutation of size 7 or 9. For simplicity,
in the description later, we will define haplotype (7)),
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Distribution of dys44 haplotypes across continents. Contour maps have been obtained using frequencies of haplotypes

B001-B006, all remaining haplotypes being grouped under the denomination “Other” (see Supporting Information Tables S2 and S3, and
Fig. S3), in all populations. The same scale used for all maps is included on the right side, from zero frequency to one. Beside the haplo-

type name, its worldwide average frequency is indicated.

status only when relevant for the analysis. New haplo-
types that are created by recombination and/or gene con-
version usually result from crossovers between the most
frequent haplotypes (see later). Except for (7),, no new
haplotype-creating mutations are observed because the
genotyping is limited to previously ascertained polymor-
phic sites (Zietkiewicz et al., 1997).

Worldwide, there are six common (>~5%) haplotypes,
B001-B006, representing 83% of all X-chromosomes in
our sample. They differ in their continental and inter-
continental distribution (Figs. 1 and 2 and Supporting
Information Fig. S1). BOO1 is the most frequent dys44
haplotype outside of Africa (~37%). Its frequency is
markedly increased in Japan (60%) and decreased in
Papua New Guinea (PNG) (7.5%). In the Americas, only
Karitiana (13.3%) and Aché (82.5%) differ substantially
in their B001 frequency relative to the continental aver-
age (34%). B003 is another ubiquitous haplotype with an
overall frequency of 23.7% in Western Europeans, 4.6%
in Africans and 5.1% in Asians (but 11.3% in Siberians
and 10% in Olet, Mongolia). In the Americas (11.2%) it
is unevenly distributed: absent in Aché and Karitiana,
at 5% in Navajo and Algonquian speakers, up to 21.2%
in Ojibwa and 26.7% in Chipewyan populations.

Two haplotypes, B004 and B006, are characteristic of
the Americas. B004, representing 27.6% of the Native
American chromosomes, is rarely seen elsewhere. It is
almost absent from Europe (a single chromosome in
Basques), whereas one copy found in African Americans

is presumably due to admixture. In Asians (2.2%) its
occurrence is uneven, from 0 to 11.8% (Roti). Its rela-
tively high frequency in Mongolians (Olet: 10%; Zakchin:
6.9%) and Siberians (3.8%) is suggestive of the Northern
Asiatic origin of the Native American B004. In the
Americas, B004 increases in frequency from north to
south (15.3-43.5%), with intermediate frequency in
Maya (31.3%). It occurs at 4% in Chipewyan and 5.8% in
Ojibwa, up to 46.7% in Ticuna and 66.3% in Karitiana,
thus displaying a north to south cline, like B0O03 above,
but in the opposite direction (see Fig. 1). Haplotype B006
(overall 20.1%) also shows a frequency gradient similar
to that of BOO3 (see Fig. 1), decreasing in frequency from
27.3% in native North Americans (51.5% in Algonquian
speakers, 29.2% in Navajo) to 20% in Maya, down to
overall 8.2% in native South Americans: 18.1% in Kariti-
ana, absent from Aché and at 6.7% in Ticuna.

The bulk of the American B006 is represented by
B006_16, but in three northern populations, Algonquian,
Chipewyan, and Cree, the allelic BO06_15 contributes a
significant proportion (up to 40%) of this haplotype. With
a (T), mutation rate estimated at about 2.3 X 10~ ° per
generation (Zietkiewicz et al., 2003) all haplotypes
within each of the two allelic groups, B006_15 and
B006_16, can be considered identical by descent. BO06 is
relatively abundant in Europeans (1.0% B006_15 and
11.5% B006_16) and in Siberians where B006_16 also
predominates (1.9 and 9.4%, respectively). It is found in
Mongolians (5.5%), where, in contrast, 12 of 16 of its
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Fig. 2. Haplotypes distribution at the population level. Bar charts represent frequencies of haplotypes B001-B006 in all popula-
tions. All remaining haplotypes were grouped under the denomination “Other” (see Supporting Information Tables S2 and S3)
Abbreviations: PNG, Papua New Guinea; MONG, Mongolians; ALG, Algonquians; CHIP, Chipewyans.

copies are due to B006_15. The distribution of B006
points to the Euro-Asiatic and Siberian connections of
the early Native Americans. The occurrence of B006_15
restricted to North Americans may reflect its preferen-
tial loss in the southern populations. Alternatively, it
could be due to its subsequent gain through more recent
Asiatic contacts that would have preferentially influ-
enced the northern populations (Bortolini et al., 2003).

Two other common haplotypes, BO02 and B005, are
virtually absent from Native Americans. B002 is found
in one copy in Navajo and another was found in Ojibwa
(overall 2/438). It occurs at a 5% level in Europeans and
is very frequent in Asians, carried by one-third of the
Asiatic chromosomes (33%). It is found at 16.7% in Olet
and 45.2% in Derbet, Mongolia, 20.8% in Siberians,
42.9% in Indonesian Island populations, and 56.7% in
people from PNG. B002 is also relatively frequent in
Africans, where, in contrast to the non-African B002_15,
it is associated with a broader spectrum of (7),-micro-
satellite alleles. Likewise, there is no haplotype B005 in
Native Americans in spite of its substantial presence in
Africans (5%), Europeans (overall 6.8% but notably
10.9% in French), and Asians (7%), where it is highly
represented in Khalkha (20%) and Kazakh (14.8%). Of
note, there is a third, rarer haplotype B008, but equally
common in Europeans (5.2%) and in Mongolians (7%),
which is also almost (one copy in Ojibwa) absent from
the Americas.

In three Native American populations, Navajo, Aché,
and the Ticuna, there are no other haplotypes besides
the six common B001-B006 dealt with above. In con-
trast, in Ojibwa, Maya, and Cree more than 10% of chro-
mosomes carry other haplotypes. The rare haplotypes
B013, B016, B019, B024, B030, B035, b052, B053, and
b086 are shared either with Europeans or Asians or both
(Supporting Information Table S3 and data not shown),
where they are equally rare. In addition, there are b064,
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b066, and b091 seen only in Americans. Recombination
analysis (El-Mabrouk and Labuda, 2004) and direct
inspection of Supporting Information Table S2 suggest
that all these haplotypes originated from recombination
and/or gene conversion events between common haplo-
types, B0O01-B006, B008 or their derivatives. Some of
the rare haplotypes enumerated above have a high prob-
ability of recurrent origin (see Appendix in Zietkiewicz
et al., 2003) and thus, though identical by state, when
seen on different continents could be considered
endemic. In the Americas, this is likely to be the case for
B019, B024, B035, b052, B053, and b086. Counting
these, together with b064, b066, and b091, as de novo
recombinants leads to the proportion of chromosomes
specific to Native Americans of 3.0%.

Time estimates

Except for the BO06 haplotype with its ubiquitous two
variants B006-15 and B006_16, three other major haplo-
types, B0O01_15, B003_15, and B004_15, were most likely
introduced to the Americas as monomorphic in their
(T),-repeats. Using the present proportion of these hap-
lotypes carrying mutated alleles T4 and Tig (6/317 or
1.9%) and taking T;5 as ancestral, we can evaluate
[Eq. (4)] the age of these chromosomes in the Americas.
On the basis of the mutation rate u of 2.3 X 107° per
generation (Zietkiewicz et al., 2003), we obtain 830 gen-
erations or 23,000 years. Here, we used a generation
time of 28 years that averages the relative contribution
of male and female meioses to the X-chromosome trans-
mission (Yotova et al., 2007), based on the male and the
female generation time of 31.5 and 25.6 years, respec-
tively (Fenner, 2005). An independent age estimate can
be obtained from the proportion of new recombinant
haplotypes (13/438 or 3%), which were described in the
previous section. On the basis of the apparent recombi-



FOUNDER EFFECTS IN THE PEOPLING OF THE AMERICAS 423
0B
whBut APHG
& wAfrican American
T 04
- - Algonguin m aBiaka
l Ticiaya . aDarbet =
al e
§ o ) w. .,___. m aFlores aRoti aChi
Fig. 3. Principal component % ' & R ‘ﬁh"a’:w
analysis based on the frequencies of [ Ojibwa - " Berman g o aliriankdai Temate
the haplotypes. Only the two first e Span mm.min
components are shown, represent- 8 Chipewyan
ing a total of 64.96% of the var- -Em- akhaton
iance. The six haplotypes contribut- £
E a-Dipaneen

ing the most to the first component
are represented as vectors, all origi-
nating at the center of the figure,
whose lengths indicate how influen- a8l

tial they were in defining the com-

ponent, pointing toward the popula-

tions with the highest frequency of A 23 28
the haplotype.

nation rate of 3.2 X 10 ° per generation (Zietkiewicz et
al., 2003), we obtained the age of the founder effect at
940 generations corresponding to about 26,000 years. In
turn, assuming a star-like phylogeny [Eq. (5)] and the
observation of two (2/317) distinct (7),, mutations, or
nine (9/438) distinct recombinations, the age of the
American founder effect can be evaluated, applying the
same rates, at 275 generations (7,700 years) and 640
generations (16,500 years), respectively.

Population diversity and genetic structure

There is less genetic diversity in Native Americans
than in Europeans and Africans. The haplotype diver-
sity, G (Table 1), declines from sub-Saharan Africans
(0.91) to Europeans (0.80), down to Asians (0.73) and
Native Americans (0.75). The same trend is observed in
the number of haplotypes, &, and population parameters
®, and ©5. When the two estimates of ® are compared,
they do not differ significantly at the level of individual
populations. Here as well, the number of observed haplo-
types does not exceed the expected number of haplotypes
(Table 1). This is no longer the case when individual
populations are considered together, as subpopulations of
the continental groups or the entire world. Pooling of
continental subpopulations leads to a significant excess
in the number of the observed haplotypes that reflects
the difference in the corresponding estimates of ®, and
®¢. Interestingly, this effect, which can be explained by
population amalgamation (Chakraborty, 1990), is least
pronounced in Native Americans who display the highest
population variance. In the Americas, the Fgr is 0.14
and compares with Fgr of 0.04 in Asia, 0.08 in Africa
and 0 in Europe. The overall world Fgr is 0.13, whereas
the average differentiation of populations within conti-
nents, F, is 0.05 and that among the continental
groups, F, is 0.08. Clearly, genetic drift appears to have
played a more important role in the genetic diversifica-
tion of the American populations than it did on other
continents where, in contrast, we observe a greater accu-

- Ache L i L i
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st Principal Compomnant (43.77% variance explalned)

mulation of new haplotypes that disproportionately
inflate ©®, with respect to ®g in the pooled samples
(Table 1, Fig. 2; Supporting Information Figs. S2 and
S3). It suggests that American populations are relatively
younger and/or of smaller size and that their meridional
distribution was less conducive to gene flow than the lat-
itudinal locations of Eurasiatic populations.

Genetic relations among populations

PCA analysis based on haplotype frequencies (see
Fig. 3) reveals a very similar pattern to that of the anal-
ysis of pairwise Fgrs displayed by MDS (Supporting In-
formation Fig. S4). Native Americans form a widespread
group with Karitiana and Aché as outliers. The cluster
of populations closest to Native Americans consists of
Europeans along with Siberians and Mongolian popula-
tions. Other Asian populations appear further apart,
including outlier PNG, and are accompanied by African
populations additionally removed along a second princi-
pal component axis. The first principal component
accounts for 43% and the second for 22% of the haplo-
type frequency variance. The haplotypes contributing to
the first component are as follows: i) B002, B005, and
B030, with an increase in frequency from the center to
the right, and ii) B003, B004, and B006, increasing in
frequency from the center to the left of the plot, and re-
sponsible for European with Native American clustering
(see Fig. 3). B0O1 does not significantly contribute to the
distribution as its frequency is very similar among differ-
ent populations.

DISCUSSION

To address the question of the genetic origins of Native
Americans, we compiled data on 438 X-chromosomes
from nine Native American populations (205 newly
typed), genotyped for 35 biallelic markers and the (7),-
microsatellite of the dys44 segment. They were analyzed
in the context of 1,435 X-chromosome samples (269
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newly typed) representing 27 populations from other
continents. When analyzed within a worldwide context
(Fig. 3 and Supporting Information Fig. S4), Native
Americans make a widespread but separate cluster close
to Western Europeans that are followed by Northern and
Central Asians, represented here by Siberians and Mon-
golians. This analysis reveals a deep ancestral connec-
tion between genetic lineages leading to Europe, Siberia,
and the Americas. In addition to the most ubiquitous
haplotype B001, West Eurasian, Siberians, and Amerin-
dian populations retained high frequencies of haplotypes
B003 and B006 (Figs. 1 and 2, and Supporting Informa-
tion Tables S3 and S4). In contrast, the otherwise com-
mon haplotypes B005 and B002—especially frequent in
Asia—are not present in the Americas. Importantly, the
overall frequency of haplotype B006 in the Americas is
almost twice that of Europe, whereas the frequency of
B003 is half of that in Europe (though in Chipewayans
it is even more frequent than in Europe). Haplotype fre-
quencies that are higher or comparable with those found
in Europe cannot be accounted for by the effect of post-
Colombian admixture, particularly if these haplotypes
are found throughout the Americas, North and South.
Although such high haplotype frequencies do not exclude
the possibility that Europeans could have contributed
some copies of certain haplotypes, they do show that Eu-
ropean influence did not play a dominant role in shaping
current Native American genetic diversity. A signature
of such admixture is seen in our data, but it is relatively
weak.

We observed one copy of B002_16 in Navajo, where
(T)16 allele suggests African-American origin, and one
copy of B002_15 in Ojibwa of presumably recent Euro-
pean origin. B002_15 chromosomes were also observed
in admixed Mexicans and Colombians (Bedoya et al.,
2006) (data not shown). A single copy of the haplotype
B008 in Ojibwa could be due to European admixture as
well. In contrast, no B005 haplotypes were observed in
our Amerindian sample. This may be surprising, given
the frequency of 6.7% of B005 in Europe (10.9% in
France) and reported European admixture levels in
Native North Americans of 17% (Zegura et al., 2004) or
more (Bolnick et al., 2006). There are two plausible
explanations to our observations.

First is that European admixture was principally
male-driven as shown earlier (Mesa et al., 2000; Bedoya
et al., 2006; Wang et al., 2008). This would lead to 1:1
and 1:3 relative admixture ratios for Y- and X-chromo-
somes, respectively, and to twice greater admixture lev-
els on autosomes than on the X-chromosome. For exam-
ple, in Ojibwa only two non-Native mtDNA sequences
out of 35 (5.7%) analyzed were reported by Scozzari et
al. (1997), consistent with such a scenario. We also com-
bined the data on dys44 haplotypes with data from a
linked, highly informative, compound interrupted micro-
satellite, DXS1238, localized 7 kb downstream of the
dys44 segment. DXS1238 was characterized recently
(Yotova et al., 2007) in a subset of samples analyzed
here that included 76 X-chromosomes (14 Cree, 22 Nav-
ajo, 24 Chipewayan, and 16 Karitiana) of which 27 were
haplotype B001, 11 haplotype B003, and 17 haplotype
B006. In one case, the extended haplotype BO001-
DXS1238 was identical by state with an extended haplo-
type only found in Eastern and Central Asia, three B001
chromosomes shared two such haplotypes with the Mid-
dle-East, and another three carried two ubiquitous hap-
lotypes observed all over the world, including Europe.
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Out of 11 copies of Native American B003, nine shared
the same DXS1238 haplotype, and only one chromosome
shared the extended haplotype with European and Mid-
dle-Eastern samples. Moreover, half of the West Eurasi-
atic B0O03 haplotypes are linked to the DXS1238 hap-
logroup 0000X2Y that was not observed among our
Native American samples. Likewise, in 13 samples of
European descent B006 was found linked to nine distinct
DXS1238 haplotypes, whereas our Native American
B006 was linked with just three DXS1238 haplotypes,
sharing only one of them with West-Eurasians. These
data indicate again that post-Columbian admixture at
the level of chromosome X is relatively modest.

Second might be the fact that northern Native popula-
tions show a considerable genetic affinity to Siberians
that may mimic the effect of admixture and inflate the
estimates of European admixture evaluated using classi-
cal autosomal markers (Field et al., 1988; Cavalli-Sforza
et al., 1994). To revisit these possibilities, we used the
datasets of Wang et al. (2007, 2008) enriched with 29 X-
chromosome STR markers in Chipewyan, Cree, and
Ojibwa (see Materials and Methods). We evaluated
admixture levels in these three populations that were
also analyzed in this article (Supporting Information Ta-
ble S7). We find that the level of European admixture of
5.2, 24.4, and 18.4% evaluated using autosomal STR
markers for Chipewayan, Cree, and Ojibwa sample goes
down to 3.1, 6.8, and 6.9%, respectively, when the analy-
sis is done for the X-chromosome markers. The level of
“Siberian admixture” is much greater from 33 to 62% on
autosomes down to about 30% on the X-chromosome.
There are certain caveats here. We do not know the pro-
portion of European or related alleles that are present in
Siberians and could confound the analysis, especially
given that our sample lacks populations from eastern
Siberia. Because of genetic drift, which is stronger on
the X-chromosome than on autosomes, X-chromosomes
would also differentiate faster. In contrast, this long-
term process is not expected to affect the outcomes of
recent admixture. Finally, when compared with autoso-
mal dataset, the number of X-chromosome STR markers
was small. Nevertheless, this analysis suggests a possi-
bility of a considerable Siberian influence that may con-
found autosomal estimates of post-Colombian European
admixture in northern Native populations. Importantly,
it is consistent with earlier findings pointing to preferen-
tially male-driven admixture. This explains our observa-
tion of a relatively modest admixture effect in dys44
locus and suggests X-chromosome markers as a model of
choice in studies of Native populations.

A dramatic shift in haplotype frequencies in the Amer-
icas relative to other continents includes a prominent
rise in the haplotype B004, an increase in the frequency
of B006, and the disappearance of B002 and B005 (Figs.
1 and 2). This shift can be explained by a founder effect
because of the small number of the initial migrants. In a
population bottleneck any rare allele can serendipitously
rise to high frequencies. B004, although not exclusively
American, can be compared to other frequent variants
which define Native American lineages, such as the 275
allele of microsatellite D9S1120, the mitochondrial
16111T allele, or the Y-chromosome DYS199T allele
(Schroeder et al., 2007). B004 differs from B002 by the
three downstream alleles (Supporting Information Table
S2), which suggests its likely origin in a recombination
between haplotypes B002 and B0O01 (or any other haplo-
type sharing the downstream alleles with B001). The
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Fig. 4. Probability of loss of an allele given population bottleneck (in number of chromosomes) and its duration (in generation)
3D bar charts representing the results of simulations using PopG 3.0 for: (a) population of 100 diploid individuals; (b) population of
200 diploid individuals. The fitness of all genotypes was left to 1, with no possible mutation and no migration rate between popula-
tions, leaving only genetic drift as evolution force. Two hundred populations were evolved at a time (the maximum allowed by the
software), replicated five times, for a total of 1,000 populations evolving during 10-50 generations (y-axis), with a starting minor
allele frequency from 5 to 30% (x-axis). The frequency of loss of the minor allele was averaged between simulations and is reported

in the figures on the z-axis.

same exchange between B001 and B002 but retaining
the “complementary” recombinant leads to haplotype
b054, found in a single copy in Japan (Supporting Infor-
mation Tables S2 and S3). The absence of B002 in the
Americas implies that B004 was imported presumably
by the first migrants along with similarly frequent hap-
lotypes B001, B003, and B006. The probability of the
loss of an allele of frequency p after sampling n chromo-
somes can be evaluated as Pj,ss = (1 — p)"* (for two hap-
lotypes p would represent their cumulative frequency).
In Figure 4, we calculated such probabilities in popula-
tions of 100 and 200 chromosomes (i.e., census size of
about 200 and 400 individuals, respectively, considering
X-chromosomes) for alleles of different initial frequencies
and for a time period of up to 50 generations, i.e., about
1,400 years. In a population of 100 chromosomes, after
50 generations there is a 66% probability of losing an al-
lele initially present at 5% (and 46% in a population of
200 chromosomes). Considering the selective neutrality
of our haplotype (Zietkiewicz et al., 2003; Yotova et al.,
2007), it suggests that the population bottleneck related
to the peopling of the Americas was extremely severe
(Hey, 2005) or lasted much longer (Tamm et al., 2007;
Gonzalez-Jose et al., 2008) to account for the loss of
B002 and B005, whose cumulative frequencies in Eura-
sian populations usually exceed 10%. A single population
bottleneck seems also more likely, otherwise both B002
and B005 would have to be jointly lost twice. These find-
ings argue in favor of a peopling scenario with a single
major migration wave (Merriwether et al., 1995; Forster
et al., 1996; Kolman et al., 1996; Merriwether and Fer-
rell, 1996; Underhill et al., 1996; Bonatto and Salzano,
1997; Bianchi et al., 1998; Stone and Stoneking, 1998;
Santos et al., 1999; Silva et al., 2002; Hey, 2005; Wang
et al., 2007; Fagundes et al., 2008). According to the ar-
cheological and environmental evidence, this could have
occurred around 15,000 years ago, immediately after
deglaciation of the Pacific coastal corridor (Goebel et al.,
2008). Our crude estimates of the age of the founder
effect of between 26,000 and 7,700 years ago fall within
this time range in agreement with the genetic estimates
based on mtDNA and Y-chromosome diversity (Bortolini

et al.,, 2003; Zegura et al., 2004; Tamm et al., 2007;
Achilli et al., 2008; Endicott and Ho, 2008; Fagundes et
al., 2008). Although their accuracy can be disputed, it
shows the potential of genetic systems other than
mtDNA and the Y-chromosome to time past evolutionary
events. Time estimates are important for evolutionary
and historical inferences using population genetics data.
However, they depend critically upon the population
sampled as well as the mutation and recombination mod-
els, rate calibrations, and other necessary simplifying
assumptions, such that the results of such inferences are
often debatable (Fagundes et al., 2008; Ho and Endicott,
2008). Although we used very simple and robust popula-
tion models [Eqs. (4) and (5)], all such estimates are
associated with a large variance. In addition, the muta-
tion and recombination rates we used to infer time are
themselves estimates based on other data sets and rep-
resent point estimates over a range of values that may
be different at different parts of the sequence segment.
Large stochastic errors, particularly affecting our lowest
estimate of 7,700 years, will eventually be improved by
increasing the amount data available to us. Ultimately,
different genetic systems representing different genetic
models should provide congruent time estimates.

More than one migration wave was originally postu-
lated to explain the introduction of distinct linguistic
families, such as NaDene and Amerind, into the Ameri-
cas (Greenberg, 1987; Ruhlen, 1996). In our analysis,
the Mantel test did not reveal any correlation between
dys44 haplotype frequencies and the groups of Na-Dene
or Amerind speakers (value 0.10, P = 0.35), corroborat-
ing other findings (Hunley and Long, 2005; Wang et al.,
2007; Malhi et al., 2008). It yielded a significant correla-
tion between these haplotyge frequencies and geography
(value 0.41, P = 5.6 X 10 °). In the Americas, Fgr anal-
ysis reveals greater differentiation and more genetic
structure when compared with Europe and other conti-
nents. This can be a consequence of the relatively small
population sizes of the Native American groups. In spite
of their common origin from Beringia and low genetic
diversity when compared with other continents (Wang
et al., 2007), their distribution over all climatic zones
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separated by numerous geographic barriers was condu-
cive to genetic diversification, also noted in geographi-
cally less dispersed samples (Torroni et al., 1993; Mesa
et al., 2000; Bortolini et al., 2002). At the same time,
our data reveal noticeable genetic differences between
the south and the north, which cannot be solely ascribed
to a more general effect of the loss of diversity by
genetic drift during southward colonization movements
(Torroni et al., 1993; Lorenz and Smith, 1997; Malhi
et al., 2001; Ramachandran et al., 2005; Wang et al.,
2007). We notice that the two lineages represented by
haplotypes B003 and B006 that are responsible for the
affinity between Native American, Siberian, and Euro-
pean samples observed in PCA and MDS plots (Fig. 3
and Supporting Information Fig. S4) are concentrated in
northern populations (Figs. 1 and 2). Furthermore,
northern populations are enriched in the variant B006-
15, which predominates among contemporary Central
Asians (Supporting Information Table S3), whose distri-
bution seems to overlap with that of the Y-chromosome
haplogroup C3b (Karafet et al., 1999; Bortolini et al.,
2003; Zegura et al., 2004; Malhi et al., 2008). Recently,
Hellenthal et al. (2008), based on the novel analysis of a
set of data from 32 autosomal regions (Conrad et al.,
2006), proposed that the sources of ancestry differed
between Native South and North Americans. Accord-
ingly, this could explain the relationship between dis-
tance from Siberia and greater genetic similarity to
Siberians of northern populations in the data of Wang et
al. (2007), where this similarity was originally attrib-
uted to serial dilution (Ramachandran et al., 2005).
Although, as discussed earlier, our data are consistent
with uneven ancestry of southern and northern popula-
tions as proposed by Hellenthal et al. (2008), they also
point to a strong population bottleneck (Schroeder et al.,
2007) A series of founder effects resulting in a geneti-
cally structured population of Beringia (Tamm et al.,
2007; Achilli et al.,, 2008) as a source of subsequent
southern colonization(s) could provide a plausible expla-
nation for this apparent discrepancy. The analysis of
X-linked lineages of Arctic populations could help test-
ing this hypothesis. In this context, recent analysis of
Ray et al. (submitted) using the data of Wang et al.
(2007) is very revealing by suggesting a model in which
an initial major migration wave is followed by recurrent
gene flow between Asia and America. This could explain
differences between southern and northern populations
in spite of a strong signal of a bottleneck and single
major migration wave observed with most of the genetic
data. Another view on this issue was recently offered by
Perego et al. (2009). They provided mtDNA evidence of
two separate migrations from Beringia, which could
explain the different distributions of haplogroup X2a in
Northern and Southern Native American populations,
thus further substantiating our conclusions based on X-
chromosome diversity.
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