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Summary

Background: It is widely accepted that the ancestors of Native
Americans arrived in the New World via Beringia approxi-
mately 10 to 30 thousand years ago (kya). However, the arrival
time(s), number of expansion events, and migration routes into
the Western Hemisphere remain controversial because
linguistic, archaeological, and genetic evidence have not yet
provided coherent answers. Notably, most of the genetic
evidence has been acquired from the analysis of the common
pan-American mitochondrial DNA (mtDNA) haplogroups. In
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this study, we have instead identified and analyzed mtDNAs
belonging to two rare Native American haplogroups named
D4h3 and X2a.

Results: Phylogeographic analyses at the highest level of
molecular resolution (69 entire mitochondrial genomes) reveal
that two almost concomitant paths of migration from Beringia
led to the Paleo-Indian dispersal approximately 15-17 kya.
Haplogroup D4h3 spread into the Americas along the Pacific
coast, whereas X2a entered through the ice-free corridor
between the Laurentide and Cordilleran ice sheets. The
examination of an additional 276 entire mtDNA sequences
provides similar entry times for all common Native American
haplogroups, thus indicating at least a dual origin for Paleo-
Indians.

Conclusions: A dual origin for the first Americans is a striking
novelty from the genetic point of view, and it makes plausible
a scenario positing that within a rather short period of time,
there may have been several entries into the Americas from
a dynamically changing Beringian source. Moreover, this
implies that most probably more than one language family
was carried along with the Paleo-Indians.

Introduction

When and from where did the first Americans arrive, and what
migratory routes did they follow? Scientists from several
disciplines continue to search for answers to these questions,
but, despite new important evidence, the debate concerning
the peopling of the Americas is far from resolved [1-3].

Recent data, based on genetic evidence and archaeological
and environmental records, have proposed that humans
entered the Americas from Beringia as early as 15,000 years
ago and that the dispersal occurred along the deglaciated
Pacific coastline [4-6]. Mitochondrial DNA (mtDNA) data pre-
sented in the scientific literature over the past two decades
indicate that the current native populations of North, Central,
and South America harbor significant variation from their Asian
counterparts and that they belong to four common “pan-
American” haplogroups (A2, B2, C1, and D1), which are found
all over the double continent, and five minor lineages (C4c,
D2a, D3, D4h3, and X2a) [7-15].

As for the pan-American haplogroups A2, B2, C1, and D1,
a considerable number of complete Native American mtDNA
sequences have become available recently [7, 8, 10, 16]. This
has allowed the identification of three different subgroups of
C1 (C1b, C1c, and C1d) as ancestral founders [7, 10] and,
most importantly, has provided divergence values that are
suggestive of a concomitant post-Last Glacial Maximum
expansion from Beringia for all pan-American haplogroups.
However, because of the use of different calibration and
estimation approaches, resulting in time values that range
from ~13.5 thousand years ago (kya) to ~19.0 kya [7, 8, 10],
these studies have not resolved the controversy concerning
the timing for the human entry into the Americas. Moreover,
the lower part of this range has been recently narrowed by
new archaeological findings, attesting to a human presence
prior to 14 kya in both North and South America [4-6, 17].
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Among the minor haplogroups, D3 and D2a are restricted to
Native American populations of northern North America.
Haplogroup D3 is confined to the Eskimos [18, 19], whereas
D2a is detected in Na-Dene, Eskimos, and Aleuts [10, 20, 21],
with a distribution that parallels that of A2a, one of the known
subgroups within A2 [10, 21]. The absence of these hap-
logroups in more southern Amerindian groups and the
concomitant detection in Siberian populations [21, 22] support
the scenario that Na-Dene, Eskimos, and Aleuts arose, at least
in part, from Beringian or Alaskan genetic sources that were
geographically and/or temporally distinct from the source(s)
that gave rise to the first Americans (Paleo-Indians) [9, 10,
13, 21]. Separate genetic stocks of Beringian origin contrib-
uting to the formation of the Na-Dene and the Eskimo-Aleuts
would fit most linguistic classification models, whereas a single
migratory event accounting for the origin of all other Native
American populations from North, Central, and South America
is linguistically extremely controversial [23, 24], but overall
widely accepted by human geneticists [7, 10, 15].

Adding to the uncertainty regarding entry times and migra-
tory paths is the poor representation of the other minor hap-
logroups in the published data. For instance, only 12 complete
sequences for haplogroup X2a and two for haplogroup D4h3
have been reported in the literature to date [8, 10, 15, 25],
leaving important unanswered questions concerning their
origins and dispersal into the American continent.

Haplogroup X2a was first recognized as a fifth Native Amer-
ican haplogroup in 1996 [9] and then reported at a very high
frequency (25%) in the Ojibwas of Manitoulin Island (northern
Ontario) [26]. Later studies found X2a at lower frequencies
also among the Nuu-Chah-Nulth, the Sioux, the Yakima, and
even the Navajo [14, 27], although the presence in the Navajo
(Southern Na-Dene) is most probably due to recent admixture
with other northern Native American groups. Unlike in the case
of all other Native American haplogroups, a close molecular
counterpart for X2a has not been found in Asians [25], suggest-
ing that its X2 ancestor became lost in Asians after entry in
Beringia, most probably because of genetic drift.

The control-region motif for haplogroup D4h3, maintaining
the nomenclature proposed by Tamm [10], was first identified
in the Cayapa of Ecuador nearly a decade ago [28]. In 2007, the
10,300-year-old skeletal remains from the On Your Knees Cave
on Prince of Wales Island (Alaska) were found to harbor the same
control-region motif, thus indicating that an additional hap-
logroup, whose geographical distribution was mainly along the
Pacific coast, was indeed present in early Native Americans [29].

In this study, to shed light on the origin of Paleo-Indians, we
used an approach that is different from those employed in past
mtDNA studies. Instead of analyzing mtDNAs belonging to
the common pan-American haplogroups, we completely
sequenced and analyzed alarge number of mtDNAs belonging
to the rare and poorly known haplogroups D4h3 and X2a,
revealing that each marked a distinct entry path from Beringia,
which contributed to the formation of Paleo-Indians.

Results

To identify mtDNAs belonging to the rare Native American
haplogroups D4h3 and X2a, we searched the Sorenson Molec-
ular Genealogy Foundation (SMGF) mtDNA database [30] for
control-region mutational motifs matching, at least partially,
the diagnostic motifs for D4h3 (152-489-16223-16241-16301-
16342-16362) and X2a (153-195-200-225-16183C-16189-
16213-16223-16278-16519). For haplogroup X2a, some

additional mtDNAs were obtained from an Ojibwa sample
collection [26]. A total of 55 unrelated mtDNAs, from either
Native American populations or American populations of
mixed origin, potentially belonging to D4h3 (n = 44) and X2a
(n = 11) were identified and completely sequenced.

A phylogenetic analysis of these mitochondrial genomes and
14 additional complete sequences available in the literature
was performed, with the tree rooted with a published L3a
mtDNA sequence (Table S1 available online). The branches of
the tree formed by the D4h3 and X2a complete sequences are
illustrated in Figure 1. All mutations observed in each genome
are reported together with the roots of the pan-American
haplogroups A2, B2, C1b, C1c, C1d, and D1 in Figure S1.

Haplogroup D4h3

One of the 44 sequenced D4h3 mtDNAs was actually from
Eastern China (Qingdao, Shandong province) and to date is
the only reported mtDNA from Asia [31] with a control-region
mutational motif (16301-16342) similar to that seen in Native
American D4h3 mtDNAs. The complete sequence of the
Chinese mtDNA (#01 in Figure 1 and Figure S1) confirmed its
D4h3 membership. In fact, the D4h3 branch shows an initial
deep split into two sister subclades, one encompassing all
D4h3 mtDNAs from the Americas (D4h3a) and the other
consisting only of the sequence from China (D4h3b), thus
posing the upper limit for the most recent common female
Asian ancestor of D4h3. The Native American branch D4h3a
is mostly found in South America, with the exception of eight
samples from Mexico and two found in California. Several
basal branches characterize D4h3a. Among these, D4h3a1
and D4h3a2, found only in Chile, have accumulated a large
amount of internal variation, whereas D4h3a3, defined only
by a control-region deletion at nucleotide position (np) 71
(Figure S1), is slightly less differentiated but shared between
a single Chilean representative and a northern subcluster
(Mexico and California).

Haplogroup X2a

As for haplogroup X2a, all but one of the sequenced mitochon-
drial genomes harbored the distinguishing X2a coding-region
motif 8913-12397-14502. The exception was one of the Ojibwa
sequences (#47 in Figure 1 and Figure S1), which did not
cluster either with X2a or any of the known Old World X2
branches (X2b-X2f) [25, 32]. This novel X2 branch has been
named X2g, and its presence in Native Americans most prob-
ably indicates an additional and very rare Native American
founder. The two internal X2a branches—X2a1 and X2a2—
can be easily distinguished on the basis of their private
control-region mutations (143-16093 and 225-16254C, respec-
tively). Thus, whereas most X2a mtDNAs in the Great Lakes
and the Great Plains regions belong to X2a1 and others are
members of the less common X2a2, some mtDNAs observed
at the western fringe of the X2a distribution area (Nuu-Chah-
Nulth and Yakima) might constitute a branch of X2a distinct
from the former two inasmuch as they lack at least one charac-
teristic X2a1 and X2a2 mutation [14, 33, 34]. Such a geographic
pattern suggests that the X2a root was the founder sequence
and that the X2a branches arose in situ.

Expansion Times for D4h3a, X2a, and the Pan-American
Haplogroups into the Americas

As evident from Figure 1, maximum-likelihood (ML) coding-
region divergences for haplogroups D4h3a and X2a show
a significant overlap, with values of ~0.00022 + 0.00003 and



Paleo-Indian Migration Routes from Beringia
3

"0.0070 ' 0.0009 00008 0.0007 ' 0.0006 ' 0.0005  0.0004  0.0003 0.0002 ' 00001 0.0000

Substitutions per Site

Al3a Figure 1. Schematic Phylogeny of Complete
@#01 D36 MtDNA Sequences Belonging to Haplogroups
: §E§ D4h3a and X2a
@ #04 The tree was rooted with a published L3a
@ #05 sequence [54]. A maximum-likelihood (ML) time
@ #06 scale is shown on its bottom. The exact values
::g; Ddn3at for important (sub)clades are also available in
@ #09 Table 1 together with averaged distance (p) of
@ #0 the haplotypes of a clade to the respective root
@ #1 haplotype, accompanied by a heuristic estimate
.gg : of standard error (SE [o]). All sequences within
:#1 4 D4h3a and X2a branches are new except for
@ws |DMaz #32, #44, #48, #52-56, #60, #61, #63, #65, #66,
@ #6 and #69 (Table S1). Two additional novel clades,
E—— here defined as D4h3b (#01) and X2g (#47), are
— O M8 also included. Details concerning phylogeny
A AFRICA .:;g Ddh3a3 construction and mutational motifs of each
21 sequence are provided in Figure S1.
CHINA _EI
#22
#23
@ cHiLE #4 7 D4h3a
4E 05 | Dapas
PERU #26 | . .
I American haplogroups. To evaluate this
2 . . . .
BOLIVIA ::23 Ddh3as issue in det.all, we included 276 cor.nplete
@ #30 coding-region sequences belonging to
BRAZIL #31 ~ A2, B2, C1b, C1c, C1d, and D1 (Table
— g2 . ,
ECUADOR 33 S2) in the phylogeny. Thg resulting treg,
— again rooted on L3a, is reported in
. S. AMERICA — :gg Figure 2, in which each Native American
#7 clade has been condensed in a triangle
MEXICO — :33 with the base and the height representing
. CALIFORNIA — #ig the haplogroup internal variation and the
#41 ML branch length, respectively. The
B usa % ancestral tip of all the triangles corre-
#44 spond to similar values ranging between
CANADA P
m 0.00021 and 0.00025 substitutions per
o w1 Xy site (Table 2). A close similarity was also
W8 T, obtained for the average sequence diver-
|:=:;3 i gences, which we calculated by consid-
— W #51 ering all coding-region base substitutions
—— W #52 as well as only synonymous transitions
W #53 .
W #54 (Table 3). Because the mutation rate of
W #55 Mishmar [35] is probably an overestimate
— = :gg [7, 8], mainly because of partial saturation
#58 X22 of some synonymous mutations, and that
=§gg x2ar |0 of Kivisild [36] represents an underesti-
1 mate [7, 10], we would now recommend
Iggg taking an intermediate global coales-
=#64 cence time of modern human mtDNA as
— m#es a reference point for the internal calibra-
.zgg tion. Accordingly, we converted the
—| #68 substitution distances from the root of
#69 | o each haplogroup into time estimates by

using averaged time calibrations (see
Experimental Procedures) correspond-
ing to 4610 years per coding-region

0.00021 + 0.00006 substitutions per site, respectively. This is
also confirmed when the average distance of the haplotypes
from the root of each haplogroup (p statistics) is computed
(Table 1).

Even when standard errors are considered, the largely over-
lapping sequence divergences observed for haplogroups
D4h3 and X2a indicate a concomitant or very close temporal
expansion of the two haplogroups, from either the same Berin-
gian source population or different yet related Beringian sour-
ces. In either case, D4h3a and X2a did not expand alone, but
did so together with at least a subset of the other Native

substitution and 7650 years per synonymous transition (Table
3 and Figure S1). The average age of the Native American clades
that we obtained by applying the two different approaches is
approximately 16 thousand years (ky) (16.7 and 15.5 ky, respec-
tively), with the ages of the single clades falling into the range
from 14.2 to 18.7 ky (except for the outlier age of C1d).

Spatial Distribution of Haplogroups D4h3a and X2a

Intriguingly, the similarity in coalescence times is not reflected
in terms of spatial distribution. The phylogeography of the
uncommon Native American haplogroups D4h3a and X2a in
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Table 1. Divergence Estimates for Haplogroups D4h3 and X2 and Their
Subclades

Maximum Likelihood p Statistics®

Haplogroups/ Number Substitutions

Subhaplogroups of mtDNAs per site SE P o
D4h3 46 0.00047 0.00009 8.870 2.261
D4h3a 45 0.00022 0.00003 3.911 0.580
D4h3al 1 0.00017 0.00004 4.000 1.408
D4h3a2 4 0.00014 0.00006 2.500 1.061
D4h3a3 7 0.00022 0.00003 2.286 0.904
D4h3a4 3 0.00005 0.00003 0.333 0.333
D4h3a5 4 0.00022 0.00003 5.500 1.732
X2 23 0.00040 0.00010 6.087 1.964
X2a 22 0.00021 0.00006 3.091 1.097
X2a2 2 0.00013 0.00004 0.500 0.500
X2a1 20 0.00009 0.00003 2.050 0.650
X2ala 6 0.00008 0.00003 1.500 0.687
X2a1b 8 0.00003 0.00003 1.750 0.848

2The p estimate was computed as average number of base substitutions in
the mtDNA coding region (between nps 577 and 16,023) from the ancestral
sequence type, with a ¢ error derived from an estimate of the genealogy [18].

the double continent is strikingly different, with the former
being found along the Pacific coast, including in the skeletal
remains from Alaska dated 10,300 years ago [29], and the latter
being restricted to northern North America, with no instances
detected south of the United States. A search for the D4h3
control-region motif in the SMGF mtDNA database [30] and
in the literature allowed an evaluation of its geographic
distribution both in general mixed populations of national
states and autochthonous Native American groups. The
mtDNA #01 in Figure 1 remains the only case found in Asia, indi-
cating a frequency lower than 10™*. In contrast, D4h3a—the
Native American counterpart—is less rare (Figure 3 and Table
S3). This haplogroup is detected at low frequencies in modern
and ancient population samples of both North and South Amer-
ica, with an overall higher frequency and peaks along the
Pacific coast and the western side of the Andes. An analogous
query for the X2a control-region motif confirmed that this hap-
logroup is confined to northern North America, with afrequency
peak in the Great Lakes area (Figure 3 and Table S3).

The overlapping sequence divergences indicate that the
Beringian haplogroup D4h3a started spreading in America at
approximately the same time as X2a. The rapid dispersion of
D4h3a southward along the Pacific coast is supported by
two deep subclades (D4h3a1 and D4h3a2), found exclusively
in Chile, and by its spatial distribution. This pattern differs
somewhat from those of the pan-American Native American
haplogroups in that it is restricted to near-coastal areas in
the west of the double continent, but it fully supports the
hypothesis that the Pacific coast was the major entry and diffu-
sion route for the early Paleo-Indians [4, 6]. In contrast, the
other rare Native American haplogroup, X2a, despite a similar
expansion time, is restricted to northern North America, with
a focus in the Great Lakes and the Great Plains regions.

Discussion

How can the different geographical distributions of hap-
logroups D4h3a and X2a be explained? A priori, we can envi-
sion two possible scenarios. First, haplogroup X2a could
have entered into the Americas by following the Pacific coastal
path just like D4h3a and the pan-American haplogroups.

L3a
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Figure 2. Evolutionary Relationships of 344 Complete Native American
Coding-Region Sequences

The sequences belong to the pan-American haplogroups (A2, B2, C1b, C1c,
C1d, and D1; Table S2) and to the uncommon Native American clades
D4h3a and X2a (Table S1). The evolutionary history was inferred by hand
with the maximum-parsimony method, with all the available pan-American
coding-region sequences included. The tree is drawn to scale. The evolu-
tionary distances were computed with the maximum-likelihood method (see
Experimental Procedures) and are in the units of number of base substitu-
tions per site. All positions containing gaps and ambiguous data were elim-
inated from the data set. The triangle width is proportional to the number of
sequences, thus representing the internal haplogroup variation.

However, in contrast to the other mtDNA haplogroups, it would
have disappeared from the wave front of the expanding popu-
lation at a very early stage, thus remaining confined to some
coastal enclave from where it expanded exclusively toward
the east after the complete retreat of the Cordilleran ice sheet.
This scenario appears rather unlikely, given that it would
require the disappearance of a lineage from the front of an
expansion wave involved in the colonization of a previously
unpopulated territory, a demographic situation in which the
loss of lineages due to genetic drift is minimized [37].
Alternatively, haplogroup X2a might have arrived from
Beringia through a path that was different from that followed
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Table 2. Maximum-Likelihood Divergence of Relevant Nodes in the Native
American Phylogeny of Figure 2

Node/Clade Number of mtDNAs  Substitutions per site* SE

L3 346 0.00107 0.00011
M 160 0.00088 0.00011
D 92 0.00056 0.00009
D4h3 46 0.00042 0.00007
D4h3a 45 0.00022 0.00003
D1 46 0.00025 0.00002
C1 68 0.00031 0.00005
Cib 36 0.00023 0.00003
Clc 23 0.00025 0.00003
Cid 9 0.00023 0.00004
N 185 0.00077 0.00010
X2 23 0.00041 0.00009
X2a 22 0.00021 0.00006
A2 100 0.00023 0.00002
B2 62 0.00025 0.00002

2 All positions containing gaps and missing data were eliminated from the
data set. There were a total of 15,427 positions in the final data set.

by the pan-American haplogroups. According to environ-
mental and paleoecological data, such a path existed and
was represented by the ice-free corridor between the Lauren-
tide and Cordilleran ice sheets, which opened approximately
15 kya [5] or possibly was never completely closed [38].
Through such a corridor, where some glacial-refuge areas
have been recently identified [39], X2a could have moved
from Beringia directly into the North American regions located
east of the Rocky Mountains. This latter scenario would imply
that the X2a expansion in America occurred in the Great Plains
region, where the terminal part of the glacial corridor ended,
and is in complete agreement with both the extent of diversity
and distribution of X2a observed in modern Native American
populations.

In contrast, haplogroup D4h3 clearly signifies the coastal
route. However, the fact that it is very rare in North America
and mainly found in South America with deep variation needs
some explanation. One could envision that the front wave
of the initial coastal-settlement process had most or all pan-

American mtDNA haplogroups in its package, including hap-
logroup D4h3a. Then, the back wave(s) with a slightly shifted
haplogroup composition but no D4h3a mtDNAs might have
had a kind of push effect in North America (and predominantly
founded various riverine offshoots, as simulated by Fix [40])
and led to the settlement along the western coast of South
America. This explanation would thus lower the impact of
subsequent drift in a strict one-wave model as the sole factor
explaining different regional mtDNA-haplogroup compositions
and different physical traits in space and time.

It is tempting to relate the different early entries to the
archaeological record of Beringia and North America. Perhaps
the two inferred dispersal events were responsible for the
emergence of the two major Paleo-Indian traditions of North
America—fluted-point industries in eastern U.S. and
stemmed-point industries in western U.S. [41]. Greater Berin-
gia also carried well distinguishable archaeological traditions
manifest in the Allerad, viz. the Nenana complex (after the
earlier Swan Point microblade industry) and the Sluiceway-
Tuluag complex in the east and the early Ushki complex of
Kamchatka [5]. This would suggest that Beringia at the time
(and also earlier) was settled by a nonhomogeneous popula-
tion group. It would, however, be premature—without direct
evidence of ancient DNA findings from those areas—to see
this division as exactly corresponding to the two entry routes
of the first migrants.

Conclusion

The phylogeography of the rare Native American haplogroups
D4h3a and X2a, when evaluated at the level of complete mito-
chondrial genomes, indicates that at least two migration
routes from Beringia were used at approximately the same
time by the Paleo-Indians. The Pacific coastal path probably
played the major role in the peopling of the double continent,
but the entry through the ice-free corridor between the Lauren-
tide and Cordilleran ice sheets also had a significant impact, at
least for the colonization of northern North America. However,
a precise quantification of the relative inputs in North America
will be possible only after identification and evaluation of the

Table 3. Averaged Substitution Distance from Relevant Nodes in the Native American Phylogeny of Figure 2

All Coding-Region Base Substitutions

Only Synonymous Transitions

Node/Clade Number of mtDNAs e o® T° (ky) AT (ky) p c T° (ky) AT (ky)
L3 346 16.812 1.990 77.4 9.2 9.266 1.524 70.9 11.7
M 160 13.550 2.054 62.4 9.5 6.644 1.372 50.8 10.5
D4 92 8.772 1.604 40.4 7.4 4.457 1.130 34.1 8.6
D4h3 46 8.870 2.261 40.9 10.4 4.783 1.734 36.6 13.3
D4h3a 45 3.911 0.580 18.0 2.7 1.867 0.374 14.3 2.9
D1 46 3.674 0.431 16.9 2.0 2.130 0.315 16.3 2.4
C1 68 4.250 0.702 19.6 3.2 2.222 0.699 17.0 5.3
C1b 36 3.583 0.824 16.5 3.8 2.222 0.699 17.0 5.3
Cic 23 3.739 0.671 17.2 3.1 2.304 0.565 17.6 4.3
C1id 9 2111 0.533 9.7 2.5 1.000 0.333 7.6 2.5
N 185 12.059 1.859 55.5 8.6 5.941 1.213 45.4 9.3
X2 23 6.087 1.964 28.0 9.0 3.217 1.387 24.6 10.6
X2a 22 3.091 1.097 14.2 5.1 2.227 1.047 17.0 8.0
A2 100 3.420 0.289 15.8 1.3 1.960 0.232 15.0 1.8
B2 62 4.065 0.371 18.7 1.7 2.161 0.270 16.5 21
All Native Clades® 343 3.618 1.505 16.7 6.9 2.026 1.201 15.5 9.2

2The average number of base substitutions in the mtDNA coding region (between positions 577 and 16,023) from the root sequence type.

P Standard error calculated from an estimate of the genealogy [18].

¢ Estimate of the time to the most recent common ancestor of each cluster, using a corrected age estimate of approximately 4610 years per substitution in
the whole coding region and approximately 7650 years per synonymous transition (see Experimental Procedures).

d Including A2, B2, C1b, C1c, C1d, D1, D4h3a, and X2a.
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spatial patterns of the subclades within the common hap-
logroups A2, B2, C1b, C1c, C1d, and D1. Indeed, haplogroup
D4h3a and X2a did not enter into the Americas alone. Thus,
if some internal subclades of the pan-American haplogroups
[7] arose before the expansion into the continent, their
geographic distribution patterns should parallel those
reported here for haplogroups X2a and D4h3a.

Overall, these mtDNA findings make plausible a scenario
positing that within a rather short period of time during the
pre-Bolling interstadial (15.8 to 14.9 kya [42]) and during the
warmer Bglling interstadial (14.5 to 13.9 kya), the ice-free
corridor may have opened for successful southward migra-
tion, whereas the Pacific coastal path may have been feasible
somewhat earlier, but not before 17 kya, allowing for succes-
sive small-scale migrations of Beringian groups. Somewhat
later, three short-lived cooling events (intra-Bglling cold
period, Older Dryas, and intra-Allerad cold period [43]) may
have triggered additional coastal north-to-south movements
into (and within) North America from related and dynamically
changing Beringian and North American sources. Parts of
the coast and the interior of Beringia were probably settled

Figure 3. Spatial-Frequency Distributions of
Haplogroups D4h3a and X2a

The upper maps show the frequency distribu-
tions of haplogroup D4h3a, and the lower maps
depict X2a frequencies. On the left are shown
data from general mixed populations of national
states, and on the right are those from Native
: American groups. Note that the frequency scales
4 e (%) employed for general mixed populations and
N Native American groups are different. The dots
indicate the location of the population samples
included in each survey (Tables S3 and S4).
Frequency maps of haplogroups were obtained
as in Olivieri et al. [55].

- ,’ ) o

4 with short interruptions, possibly of
* only a few hundred years, in response
; : to relatively cooler and drier conditions.
KT Y . This would have caused differently

composed population groups to retreat
and expand periodically from core
enclaves, sometimes intermingling with
or integrating with distantly related or
even unrelated population groups newly
arrived from regions located west of
Beringia.

The detection of two distinct entry
paths for Paleo-Indians, both possibly
exploited intermittently by a dynamic
Beringian gene pool that, despite the
narrow time window, was continuously
>, reshaped not only by drift, but also

b gene flow, would also have an impact

' on some linguistic hypotheses. In fact,

the scenario of a structured and tempo-

rally changing Beringian source popula-

tion makes it most unlikely that only

E a single language family was carried

along with the first Pleistocene groups

of migrants [23, 44]. Some of these

different languages may have been in

close contact for several hundred years

in Beringia and on the move into the Americas, rendering

a distinction between contact features and inherited traits

virtually impossible in retrospect after a few thousand years.

Consequently, from a standard linguistic point of view, Green-

berg’s Amerind hypothesis might be regarded as a claim that
can neither be validated nor dismissed [45].

The traditional three-wave model [46] and the now-popular
three-stage model for the peopling of the Americas [8, 10,
15, 47, 48] that emphasizes a single origin are somewhat too
simplistic to explain the initial and subsequent processes
that eventually led to the settlement of the Americas. The use
of simple models in simulation studies [40, 49, 50] cannot
replace a more nuanced interpretation of archaeological
findings and genetic variation. The mitochondrial DNA record
suggests that the resident population of (greater) Beringia
was never replaced completely but, on the other hand, did
not develop in complete isolation until the mid-Holocene.
The initial Pleistocene migrations into the Americas may
have occurred within a narrow time window of no more than
2000 years, with a succession of temporally distinct move-
ments along the coastal route and the ice-free corridor.

ﬂ{{)““" b
/
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Experimental Procedures

Analysis of MtDNA Sequence Variation
Sequencing of entire mtDNAs and phylogeny construction were performed
as previously described [51].

Mutation-Rate Estimate

We propose here for the first time a new mutation rate taking into account the
previous estimates reported by Mishmar [35] for all coding-region base
substitutions and by Kivisild [36] for only synonymous transitions. With three
decimal digits used throughout, the rounded values were 5140 years per
coding-region substitution and 6760 years per synonymous transition,
respectively. The rho estimated (average distance of the haplotypes of a
clade from the respective root) human coalescence times are then 202 kya
according to Mishmar et al. [35] and 160 kya according to Kivisild et al.
[36]. The postulated time obtained as the arithmetic mean of both estimates
is approximately 181 = 21 kya. Thus, ages estimated considering all the
coding-region substitutions have to be decreased by a factor of 181/202 =
0.90, whereas the estimates based only on synonymous transitions have to
be increased by a factor of 181/160 = 1.13. Given that 5140 x 181/202 =
4610 and 6760 x 181/160 = 7650, we obtained the averaged calibrations.

Testing the Molecular-Clock and Maximum-Likelihood Estimates
Assuming the HKY85 mutation model [52] (with indels ignored, as usual)
with gamma-distributed rates (approximated by a discrete distribution
with 32 categories), we used PAML 3.15 [53] to check the molecular-clock
hypothesis by maximizing the likelihood over the branch lengths and the
parameters « (the parameter for the transition/transversion ratio in the
HKY85 model) and «. (the heterogeneity parameter in the gamma distribu-
tion), both with and without the clock enforced. Then we used a likeli-
hood-ratio test to compare the maximized likelihoods. This analysis was
performed on the tree of Figure 2 with a published L3a sequence [54] as
an outgroup. We could not reject the null hypothesis that the molecular
clock describes the evolution of these sequences. The generalized likeli-
hood-ratio statistic was 343.61, which, assuming the asymptotic 2 (345)
distribution as valid, yields a p value of 0.43 under the clock hypothesis.
The maximum likelihood estimates of k and o under the clock model were
35.14 = 4,99 and 0.12 = 0.01, respectively.

Accession Numbers

Fifty-five novel mtDNA sequences have been deposited in GenBank under
accession numbers FJ168712-FJ168766.

Supplemental Data

Supplemental Data include one figure and four tables and can be found
with this article online at http://www.current-biology.com/supplemental/
S0960-9822(08)01618-7.
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