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Summary
Conventional descriptions of the pattern and process of human entry into the New World from Asia are

incomplete and controversial. In order to gain an evolutionary insight into this process, we have sequenced the
control region of mtDNA in samples of contemporary tribal populations of eastern Siberia, Alaska, and
Greenland and have compared them with those of Amerind speakers of the Pacific Northwest and with those
of the Altai of central Siberia. Specifically, we have analyzed sequence diversity in 33 mitochondrial lineages
identified in 90 individuals belonging to five Circumpolar populations of Beringia, North America, and
Greenland: Chukchi from Siberia, Inupiaq Eskimos and Athapaskans from Alaska, Eskimos from West
Greenland, and Haida from Canada. Hereafter, we refer to these five populations as "Circumarctic peoples."
These data were then compared with the sequence diversity in 47 mitochondrial lineages identified in a sample
of 145 individuals from three Amerind-speaking tribes (Bella Coola, Nuu-Chah-Nulth, and Yakima) of the
Pacific Northwest, plus 16 mitochondrial lineages identified in a sample of 17 Altai from central Siberia.
Sequence diversity within and among Circumarctic populations is considerably less than the sequence diversity
observed within and among the three Amerind tribes. The similarity of sequences found among the
geographically dispersed Circumarctic groups, plus the small values of mean pairwise sequence differences
within Circumarctic populations, suggest a recent and rapid evolutionary radiation of these populations. In
addition, Circumarctic populations lack the 9-bp deletion which has been used to trace various migrations out
of Asia, while populations of southeastern Siberia possess this deletion. On the basis of these observations, while
the evolutionary affinities of Native Americans extend west to the Circumarctic populations of eastern Siberia,
they do not include the Altai of central Siberia.

Introduction

Most serious students of human history support an
Asian origin for New World natives (Szathmary 1985).
However, there are unresolved questions concerning
the number and timing of migrations into the New
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World, where in Asia they may have arisen, their com-
position, and the ultimate fate of the descendants of
these early Americans (Owen 1984; Greenberg et al.
1986; Greenberg and Ruhlen 1992; Szathmary 1993).
While archaeological and linguistic data can provide
considerable insights into these early migrations, a mo-
lecular approach gives two additional dimensions: (i) it
has the advantage of defining the genetic affinities of
the contemporary populations inhabiting the region
through which the migrations occurred, and (ii) it also
provides an evolutionary perspective from which pre-
sumed times of divergence, and relative ordering ofpop-
ulation origins, can be inferred. In this respect, se-
quence analysis of mtDNA has been exceptionally
informative in defining the evolutionary relationships
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of populations that have diverged during the past

100,000 years (Wilson et al. 1985). There are several
advantages of using mtDNA to address questions of the
evolutionary origins of New World populations. The
rapid rate of evolutionary change of the mitochondrial
molecule (Brown et al. 1979), especially the mitochon-
drial control region, means it will be informative for the
relatively short time period during which New World
populations are thought to have arisen. Its maternal,
essentially haploid, mode of inheritance (Giles et al.
1980) means that molecular phylogenies can be esti-

mated without the ambiguity caused by recombination.
In addition, because molecular variability of mtDNA
has been used to define evolutionary relationships in
many contexts (Wilson et al. 1985), including an analy-
sis of the origin and subsequent radiation of aborig-
inal humans within the Old World (Stoneking et al.
1986; Cann et al. 1987; Di Rienzo and Wilson 1991;
Vigilant et al. 1991), the distribution of sequence vari-
ants within New World populations can be placed
within an established evolutionary framework. Finally,
because mtDNA is a haploid, nonrecombining mole-
cule, the average number of nucleotide differences in
pairwise sequence comparisons can be used to estimate
the time depth during which the molecular divergence
occurred (Nei 1987). Since molecular divergence will
generally precede population divergence (Nei 1987),
these estimates of molecular time depths can be used to

establish an approximate upper bound for population
divergence times.

Recent studies of mtDNA have attempted to deter-
mine the number of molecular genetic lineages that en-

tered the New World, as well as to evaluate the molecu-
lar diversity of Amerindian populations (Wallace et al.
1985; Schurr et al. 1990; Ward et al. 1991; Torroni et al.
1992; Horai et al. 1993; Ward et al., in press). However,
apart from one exception (Shields et al. 1992), the
mtDNA of contemporary populations indigenous to

Beringia and adjacent regions has not been studied.
Here we follow Hoffecker et al. (1993) in defining Ber-
ingia as extending from just east of the Verkhoyansk
Range in Siberia (1300 E) to the Richardson Mountains
just west of the Mackenzie River (1350 W). Since all
populations worldwide north of 550 N are termed
"Circumpolar," we use the term "Circumarctic" to

refer to that subset of Circumpolar populations that
inhabits the area from the western extremity of Beringia
(1300 E) to Greenland. While these Circumpolar popu-

lations have definite affinities with Amerinds, the Cir-
cumpolar peoples west of 1300 E clearly do not. Ac-
cording to the most recent linguistic classification
(Ruhlen 1991), there are three major linguistic phyla

contained in the region that we define as "Circumarc-
tic"-Chukotko-Kamchatkan (Krauss 1988), Eskimo-
Aleut, and Na-Dene-while the somewhat controver-
sial classification of Greenberg (1987) places all
remaining languages of the Americas within a single
phylum, Amerind. Therefore, we have obtained
mtDNA sequence data from five populations belonging
to all three major linguistic groups. Three of these popu-
lations were sampled from Beringia: Chukchi from
northeastern Siberia and Inupiaq Eskimos and Atha-
paskans from Alaska. We also sampled Eskimo from
West Greenland and the Na-Dene-speaking Haida
from British Columbia, Canada. For comparison, we
obtained mtDNA sequence data from three Amerind-
speaking tribes (Bella Coola, Nuu-Chah-Nulth, and Ya-
kima) of the Pacific Northwest and, as an outlier group,
a sample of Altai from central Siberia. Two of the Paci-
fic Northwest tribes, the Nuu-Chah-Nulth and Bella
Coola, speak Mosan languages thought to be closely
related (Wakashan and Salishan, respectively), while the
Yakima, living east of the Cascades Range, speak a
more distantly related Penutian language. The linguistic
origins of the Altai sample are harder to define, since
the villages from which the samples were drawn have
historically been influenced by both Turkic-speaking
groups and Samoyedic-speaking groups. Finally, we
also sequenced six Siberian Eskimos and extended our
ongoing survey of the 9-bp deletion in region V (Ward
et al. 1991; Shields et al. 1992) to two additional Siber-
ian populations, the Evenk and the Buriats.

Results of this survey of mitochondrial sequence vari-
ation allow us to (1) obtain a better understanding of
the evolutionary relationships between these popula-
tions, (2) determine the relative levels of sequence di-
vergence within and among Circumarctic populations
and thus estimate the relative time depth of their origin
and subsequent radiation, and (3) determine, within Si-
beria, the geographic extent of shared ancestry with
Amerind populations. In addition to providing a phylo-
genetic glimpse of the process of human entry into the
New World, this study also provides an initial assess-
ment of the distribution of molecular genetic data in
the rapidly vanishing gene pools of the aboriginal
groups that inhabit the Beringian region.

Subjects, Material, and Methods

Populations
mtDNA was purified from whole blood of 17 Altai

from the villages of Ust-Kan (4 individuals), Ulagan (6
individuals), and Chibit (7 individuals) of the former
Gorno-Altai Autonomous Territory, Siberia; 7 Chukchi
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from the villages of Ust-Belaia (4 individuals), Kancha-
lan (2 individuals), and Uelen (1 individual) of the
former Chukchi Autonomous Territory, Chukotka,
and 6 Siberian Eskimos from the villages of New Chap-
lino (5 individuals) and Lorino (1 individual) of the
Chukotka Peninsula. DNA was isolated by cesium-
chloride density-gradient centrifugation (Carr and Grif-
fith 1987; Shields and Wilson 1987) from placenta of 5
Inupiaq mothers and 21 Athapaskan mothers who gave
birth to their children at Fairbanks Memorial Hospital.
The 5 Inupiaq Eskimos came from the villages of Shak-
toolik (1 individual), Barrow (2 individuals), Anaktuvuk
Pass (1 individual), and Tanana (1 individual), while the
21 Athapaskans came from nine communities in inte-
rior Alaska: Tanana (6 individuals), Fairbanks (5 individ-
uals), Hughes (2 individuals), Fort Yukon (3 individ-
uals), with one individual each coming from St. Mary's,
Nulato, Ruby, Koyukuk, and Stevens Village. DNA
was also extracted from serum samples of 17 Eskimos
from West Greenland and from whole blood samples
of 42 Yakima from the Yakima Indian Reservation in
Washington State. We thus obtained new mtDNA se-
quence data for a total of 115 individuals. In addition
to the new sequences generated from these samples, we
extended the analysis to the existing sequence data for
63 Nuu-Chah-Nulth (Ward et al. 1991), 41 Haida, and
40 Bella Coola (Ward et al., in press). The total data set
thus included mtDNA control region sequences for
259 individuals, of which 97 belonged to five Circum-
arctic populations, 145 belonged to three Amerind-
speaking populations, and 17 belonged to the linguisti-
cally and geographically remote Altai.
We interviewed donors regarding their knowledge of

their maternal ancestry; all stated that their grand-
mothers and great-grandmothers belonged to their re-
spective native groups. Although estimates of genetic
admixture are not available for all of these populations,
estimates of Caucasian admixture for Beringian popula-
tions fall into the range of 2%-5% (Alekseyev 1979;
Ferrell et al. 1981). Since these estimates are based on
nuclear markers, and since mitochondrial admixture
would be affected only by gene flow from non-native
females, we feel that foreign admixture of mtDNA in
our samples is undoubtedly less than 5%.

Amplification and Sequencing ofDNA
We used PCR (Saiki et al. 1985; Kocher et al. 1989) to

amplify a segment of mtDNA which included the first
360 nucleotides of the mitochondrial control region,
corresponding to region I in Vigilant et al. (1989).
DNA was amplified for sequencing by using one of the
following two sets of primers: L15926: 5'-TCAAAG-

CTTACACCAGTCTTGTAAACC-3' and H16498: 5'-
CCTGAAGTAGGAACCAGATG-3' (Kocher et al. 1989)
or L15997: 5'-CACCATTAGCACCCAAAGCT-3' and
H16401: 5'-TGATITCACGGAGGATGGTG-3' (Ward
et al. 1991). The numbers of the primer designations
identify the 3' ends according to the reference sequence
(Anderson et al. 1981), while "L" and "H" designate
the light and heavy strands of the mtDNA molecule,
respectively. Single-stranded DNA was obtained for se-
quencing by means of asymmetric PCR, with the limit-
ing primer diluted 1: 50. DNA sequences were obtained
for both strands of the control region, via the dideoxy
chain-termination procedure of Sanger et al. (1977), by
using Sequenase kits (U.S. Biochemicals), with the limit-
ing primer of the preceding asymmetric amplification
being used as the sequencing primer. We surveyed for
the presence of the 9-bp deletion in region V by using
the primer pair A L8196: 5'-ACAGTTTCATGCCCA-
TCGTC-3' and B H8316: 5'-ATGCTAAGTTAGCTT-
TACAG-3' (Wrischnik et al. 1987) to amplify a 121-bp
segment of region V in 8 Evenk, 10 Buriats, 17 West
Greenland Eskimos, and 42 Yakima. Absence of the
deletion (i.e., presence of two identical copies of the
CCCCCTCTA 9-bp sequence) was verified through di-
rect sequence analysis (Shields et al. 1992), and the re-
sults were compared to all published studies.

Phylogenetic Analysis
For the majority of the analyses, direct pairwise com-

parison of sequences was used to generate the distribu-
tion of pairwise sequence differences, since the applica-
tion of the multiple-hit correction gave essentially
identical results for all instances where only transitions
occurred. For sequence comparisons involving trans-
versions, we also calculated pairwise sequence differ-
ences by using Kimura's multiple-hit correction (Ki-
mura 1981) and an estimated transition:transversion
ratio of 30:1 (Ward et al. 1991). The distribution of
pairwise sequence differences was then evaluated
within populations, between populations, and for all
Circumarctic populations combined. Were this proce-
dure to be carried out for allele frequency data, it
would be appropriate to correct the between-popula-
tion dispersion for the amount of within-population
dispersion. However, since the distribution of sequence
differences is a direct function of evolutionary time,
such a procedure would fail to be meaningful. Hence,
we simply present the direct comparisons of the distri-
bution of pairwise sequence differences between popu-
lations. We also computed the distribution of pairwise
sequence differences within an "average Amerind-
speaking tribe" by separately calculating the intratribal
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distribution for each of the three Amerind-speaking
tribes and then by combining the resulting proportions
to obtain a simple average, with each tribe being
weighted equally.

Pairwise differences can be translated into diver-
gence times by one of two methods. The most com-
monly used method relies on the fossil record to esti-
mate divergence times between humans and chimpanzees.
When applied to sequence data for the mitochondrial
control region, this method gives an estimate of approx-
imately 1% sequence divergence/30,300 years, when a
transition: transversion ratio of 30:1 is assumed (Ward
et al. 1991). Alternatively, the mutation rate can be esti-
mated directly, by using a model based on the coales-
cent (Lundstrom et al. 1992). By extension of the coales-
cent model of Kingman (1982), the ancestry of a
random sample of n DNA sequences can be modeled
by two components: (a) the genealogy of the n se-
quences, where the distribution of evolutionary time
between the nodes in the ancestral tree is defined by an
exponential random variable with parameter j(j - 1)/2,
where j is the number of distinct ancestors in the sample
and (b) the number of nucleotide substitutions along
the branches of the tree, where the substitutions occur
at a rate of Nft along each branch, where Nf is the
effective population size (females for mitochondria)
and g is the substitution rate per nucleotide per genera-
tion. When this latter method is applied to data from an
Amerind population, the divergence time for the hu-
man mitochondrial control region is estimated as ap-
proximately 1% sequence divergence/8,950 years. Al-
though this latter estimate is substantially faster than
the former, we use this estimated rate of control region
sequence divergence because it is based on firmer sta-
tistical principles and does not rely on a potentially
imprecise estimate for the temporal separation of hu-
mans and chimpanzees.

Molecular phylogenies were estimated for the 33
unique mitochondrial lineages found in the Circumarc-
tic populations by using both maximum-likelihood
methods (Felsenstein 1981) and maximum-parsimony
algorithms, using the PHYLIP package (Felsenstein
1991). A "mitochondrial lineage" is defined by the
unique combination of nucleotides in a particular se-
quence, whereas a "clade" refers to a cluster of lineages
for which there is statistical support of a monophyletic
origin (Ward et al. 1991). The existence of mitochon-
drial clades was evaluated statistically by bootstrap anal-
ysis of the parsimony trees (Felsenstein 1985), by using
1,800 bootstrap iterations. Finally, the set of mean pair-
wise sequence differences between populations was
used to estimate an inferred population phylogeny, by

reference

s
11
21
29
30
31
32
33
34
35

57
58
59
60
61

62
63
64
65
66
67
69
69
70
71
72
73
74
75
76
77
78
79

90
91
82
83

Shields et al.

I 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3
6 7 a8 0 0 5 5 6 6 6 8Y 9 0 1 1 3 3 3 4 4 6 7 7C8 9 0 0 0 3 3
3 0 4 8 1 6 0 3 5 6 9 6 9 7 0 0 1 4 7 B 2 8 7 5 8 I 8 6 2 4 8 2 9

T T C C T G C C C T C T1 A A C A C C C C A Tr C T C T Tf 0 T C A C T

. .

. . T .

.. T

. . T .

. . T

. . T .

T

. . T .

. .
T

.T..
..T

T

.T...... T .A.... T ... T. . T............T.

.... T C A.
...CT T. C

T.CT ....C

T T T. ..
T....T

T ....G T T T ...AC
.T........ 2.C
T .T C.. ...

Figure I Thirty-seven Circumarctic lineages for the control
region of mtDNA. The shading is used to highlight lineages that have
been observed in previous studies (8-35; Ward et al. 1991, and in
press), newly described lineages that occur in more than one popula-
tion (57-61), and lineages that were not used in the statistical analysis
(see text). The remaining lineages (62-79) are newly described and
were observed in only one population. The positions define variable
nucleotides in the control region, where position 1 corresponds to
position 16086 in the human reference sequence published elsewhere
(Anderson et al. 1981). The nucleotides in the reference sequence are
indicated by the top line, while dots in the subsequent lines indicate
identity with the reference sequence. Nos. on the left define the
identity of sequences consecutively discovered in this laboratory.
The 27 newly described sequences have been deposited in the GEN-
BANK data base (accession nos. L20157-L20183).

using the least-squares criteria of the FITCH algorithm
in PHYLIP (Felsenstein 1991).

Results

Control Region Sequences
Circumarctic populations.-When the six Siberian

Eskimos are included, the first 360 nucleotides of the
control region defined 37 lineages in the total sample of
97 Circumarctic individuals (fig. 1). The top 10 se-
quences (shaded) have been reported elsewhere: lin-
eages 8, 11, and 21 initially were described in the Nuu-
Chah-Nulth (Ward et al. 1991), and lineages 29-35
were described in the Haida (Ward et al., in press). Of
the 27 previously undescribed lineages, 5 (57-61) were
observed in more than one Circumarctic population,
while 22 were observed in only a single Circumarctic
population. Three of the last four lineages were
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Figure 2 Fourteen previously undescribed mtDNA control
region sequences observed in the Yakima. The format is identical to

that of fig. 1. These sequences have been deposited in the GEN-
BANK data base (accession nos. L20184-L20197).

excluded from subsequent statistical analyses, because
we could not exclude the possibility of recent admix-
ture and because they either are identical to the Cam-
bridge consensus sequence (lineage 83 found in a single
West Greenland Eskimo) or are broadly divergent from
other Circumarctic lineages (81-82 found in two Siber-
ian Eskimos). Finally, because the exclusion of lineages
81 and 82 resulted in an inadequate sample size for
the Siberian Eskimo population, we also excluded the
remaining lineage (80) found in this population. The
remaining 23 previously undescribed Circumarctic lin-
eages (57-79) are characterized by 23 variable posi-
tions, all involving transitions. Fourteen of these transi-
tions represent unique derived sites (autapomorphies),
since they occur in only a single lineage.
Nine of the lineages depicted in figure 1 occur in

more than one Circumarctic individual. The lineages
with multiple occurrences, and the number of times
they occur, are as follows: lineage 11 (27 individuals),
lineage 21 (2 individuals), lineage 29 (10 individuals),
lineage 34 (3 individuals), lineage 57 (4 individuals), lin-
eage 58 (2 individuals), lineage 60(6 individuals), lineage
61 (13 individuals), and lineage 71 (2 individuals). All
other lineages were observed in only a single individ-
ual. Four of the lineages with multiple occurrences

are found in only a single population: lineage 21 (2
Haida), lineage 29 (10 Haida), lineage 34 (3 Haida), and
lineage 71 (2 Athapaskans). The other five lineages
with multiple occurrences that are found in more

than one population are discussed at greater length
below.
Amerind populations.-The data for the 28 lineages

found in a sample of 63 Nuu-Chah-Nulth have been
reported elsewhere (Ward et al. 1991), as have the data
for the 10 lineages found in the sample of 40 Bella
Coola (Ward et al., in press). The sample of 42 Yakima
identified a total of 20 lineages, of which 5 had been

described elsewhere (Ward et al. 1991), in the Nuu-
Chah-Nulth: lineages 1 (2 individuals), 11 (1 individual),
21 (1 individual), 24 (1 individual), and 27 (11 individ-
uals). In addition, lineage 59, found in the Inupiaq (fig.
1), was also found in a single Yakima. The remaining,
previously undescribed 14 lineages, found in 25 individ-
uals of the Yakima sample, are presented in figure 2. All
of the 28 substitutions observed in these 14 new lin-
eages are transitions, 15 of them involving single unique
derived sites, while 4 of them (C at 166, T at 200, C at
302, and C at 339) occur in at least 6 of these lineages.
Apart from lineage 95 (which occurs in 7 individuals)
and lineage 96 (which occurs in 6 individuals), the lin-
eages described in figure 2 were observed in only a sin-
gle individual.

Altai.-Figure 3 presents the 16 lineages observed
among the 17 Altai studied. Lineage Alt 01 was ob-
served in two individuals, while all other lineages oc-

curred only once in this sample. Twenty-eight substitu-
tions occur among the Altai, of which 16 are single
unique derived sites. However, 3 of these 16 autapo-
morphic substitutions are transversions (G- C at posi-
tion 106, A- T at position 254, and A-RT at position
320). Also, a fourth transversion (A- T) was noted at
position 242 in lineage Alt 10, in addition to the transi-
tion (A-OG) also observed at this position in lineage Alt
14. The high number of unique lineages observed in this
small sample (16 lineages in 17 individuals), plus the
presence of four transversions, suggests that, relative to
Amerind and Circumarctic populations, the Altai are a

more genetically diverse population.
Within-population sequence differences: Circumarc-

tic populations.-Table 1 presents within-population
mean pairwise sequence differences for the Circumarc-
tic populations. No transversions were observed, and,
with the exception of the Inupiaqs, mean values for all
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Figure 3 Sixteen mtDNA control region lineages observed in
the Altai. Format is identical to that of figs. 1 and 2. Shaded positions
indicate transversions. These sequences have been deposited in the
GENBANK data base (accession nos. L20198-L20213).
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Table I

Within-Group Mean Pairwise Sequence Differences for the First 360 Nucleotides of the
mtDNA Control Region Observed in Five Circumarctic Populations

Group No. of Individuals No. of Lineages Mean SD

Chukchi ..................... 7 6 2.57 1.29
Athapaskans .................. 21 12 2.47 1.63
West Greenland Eskimos ...... 17 9a 2.06 1.61
Inupiaqs ..................... 5 4 4.00 1.94
Haida......................... 41 10 2.49 3.18

a While 10 lineages were observed, lineage 83 was excluded from this analysis, because it was presumed to
be present because of admixture.

groups are low, suggesting a recent origin for these pop-
ulations. Since we believe that the Inupiaq values may
have been adversely influenced by sampling error, we

have not estimated molecular divergence times for this
group. With the estimated mutation rate corresponding
to approximately 1% sequence divergence/8,950 years

(Lundstrom et al. 1992; see Subjects, Material, and
Methods), an average of 5,100-7,100 years would be
required to generate the sequence diversity observed
within these Circumarctic populations. While this time
period refers to the ancestry of the molecular lineages
rather than to the absolute ages of the populations, it
suggests an upper limit for the origin of these popula-
tions. Also, under the assumption of comparable popu-

lation sizes and similar levels of population subdivision
and migration, the similarity in average molecular di-
vergence found within these populations suggests that
their evolutionary ages are also similar.

Within-population sequence differences: Altai and
Amerind populations.-Table 2 lists the within-popula-
tion mean pairwise sequence differences for the three
Amerind-speaking populations and for the Altai popula-
tions. In each instance, the mean within-population
pairwise sequence differences are considerably higher

than those of Circumarctic populations. The sequence

differences for the Amerind-speaking groups involve
only transitions and are, therefore, directly comparable
to the sequence differences calculated for the Circum-
arctic populations. The mean pairwise sequence differ-
ence within Amerind tribes ranges from 4.86 (Yakima)
to 5.32 (Nuu-Chah-Nulth), or nearly twice the values
observed within Circumarctic populations. While the
Amerind tribes also exhibit similar within-population
values, suggesting a similar evolutionary history for all
three groups, their average pairwise sequence differ-
ences correspond to a larger time depth of 12,100-
13,200 years. The comparison with the Altai sequences

is less straightforward, since, as noted above, the 16
lineages observed in this population contain four trans-
versions. Hence, a simple pairwise sequence difference
calculation is an inadequate measure of the amount of
mitochondrial divergence that has occurred within this
group. However, when a transition:transversion ratio
of 30:1 is used to estimate sequence divergence, the
resulting estimate (5.33% ± 5.0% sequence divergence)
has an unacceptably large standard error. In all likeli-
hood, a sample size of 17 is too small to provide a

reliable estimate of the distribution of molecular diver-

Table 2

Within-Group Mean Pairwise Sequence Differences for Control Regions of the Altai
Population and of Three Amerindian Populations

Group No. of Individuals No. of Lineages Mean SD

Altai ............... 17 16 5.52a 2.01b
Nuu-Chah-Nulth ...... 63 28 5.32 2.70
Bella Coola ............ 40 10 5.02 3.12
Yakima ............... 42 20 4.86 3.15

a When a ratio of 1:30 is used for transversions:transitions, this value becomes 19.2.
b When a ratio of 1:30 is used for transversions:transitions, this value becomes 18.0.
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Figure 4 Top, Distribution of mean pairwise nucleotide sub-
stitutions observed in the control regions of mtDNA of Circumarctic
populations. Bottom, Distribution of the average mean pairwise nu-

cleotide substitutions in control regions of mtDNA of three popula-
tions of Amerind (Bella Coola, Nuu-Chah-Nulth, and Yakima). This
fig. was obtained by calculating the distribution of pairwise nucleo-
tide differences in each tribe separately and then by taking the aver-

age for all three tribes.

gence in this group. Accordingly, we did not attempt to
estimate a mitochondrial time depth for this group, al-
though it is bound to be substantially greater than the
time depth of the other populations in this survey.

Pairwise sequence comparisons.-Figure 4 (top) de-
scribes the distribution of pairwise sequence differ-
ences within Circumarctic populations and demon-
strates sequence similarity among these far-flung
groups. The mean pairwise sequence difference is 2.80
(SD = 2.45) or 0.8% sequence difference for this area of
the control region. Sequence similarity among Circum-
arctic populations contrasts markedly with the average

pairwise sequence diversity for Amerind-speaking
tribes (fig. 4, bottom). The mean of the average distribu-
tion of pairwise sequence differences within Amerind
tribes is 6.1, corresponding to 1.7% difference for this
area of the control region. Moreover, most pairs of
lineages within Amerind tribes differ by 5-13 substitu-

tions, whereas most of the pairwise comparisons within
the total Circumarctic sample are characterized by zero
to three mutations. This distribution of mitochondrial
sequence differences implies a relatively short period of
evolutionary divergence, as well as relative homogene-
ity, among the Circumarctic populations as compared
with the Amerind populations.

Lineage sharing between tribes.-When lineages 80-
83 are excluded (fig. 1), there are a total of 92 distinct
lineages in this study. As indicated in table 3, 12 of
these lineages are shared between two or more of the
populations. It is notable that these shared lineages
tend to fall into two groups: those lineages found pre-
dominantly among Amerind tribes and four lineages
(57, 58, 60, and 61) found only among Circumarctic
populations. However, six lineages are shared between
the Circumarctic groups and the Amerind tribes, of
which three (lineages 8, 11, and 21) occupy nodal posi-
tions in the molecular phylogeny (fig. 5) and are there-
fore presumed to be ancestral lineages. Of the other
two lineages found in both groups, lineage 59 falls into
cluster II of the Amerind phylogeny (Ward et al. 1991),
while lineage 34 is presumed to have entered the Haida
by admixture from the Bella Coola (Ward et al., in
press).

Lineage 11, the most frequently shared lineage, is not
only widespread within Amerind speakers (found in all
three tribes) but is also present in a large number of
Haida (20) and more than one-fourth of the Athapas-
kans sampled. This suggests that it may be ancestral to
many of the lineages found in North America. Simi-
larly, lineage 61 may represent an ancestral Circumarc-
tic lineage, since it is both frequent and found in three
widely scattered populations (Athapaskans, West
Greenland Eskimos, and Chukchi).

Population sequence differences.-Table 4 gives the
average between-group pairwise sequence difference
values, which can be used as an approximate estimate
of the upper limit of population divergence (Nei 1987).
It is clear that the four Circumarctic populations
(Chukchi, Eskimos, Athapaskans, and Haida) have the
smallest values, suggesting that they are the most
closely related populations. It is notable that the be-
tween-group sequence difference values for these four
populations are all very similar and that they are equiva-
lent to their within-group difference. By contrast, the
three Amerind groups have between-group mtDNA se-
quence difference values that are twice as large, sug-
gesting that Amerind speakers diverged substantially
before the separation of the Circumarctic groups.
While the pairwise sequence differences between the
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Table 3

Lineages Shared by Two or More Tribes of This Study

TRIBE

West Greenland Siberian
LINEAGE Nuu-Chah-Nulth Bella Coola Yakima Haida Athapaskans Inupiaqs Eskimos Eskimos Chukchi

1 .... 3 2 ... ... ... ... ... ... ...

22 .... 3 2 ... ... ... ... ... ......

27 .... 1 ... 9 ... ... ... ...

8 .... 2 8 ... 1 ... ... ... ... ...

11 5.... 3 1 20 6 ... ... ... 1
21 .... 3 5 2 2 ... ... ... ... ...

34 ..... ... 3 ... 3 ... ... ... .....

59 ...... ... ... I ... ... 1

57 ...... ... ... ... ... .2 1...
58 ..... ... ... ... ... ... 1 1 ... ...

60 ..... ... ... ... ... 3 2 1 ... ...

61 ...... .... ... ... ... 2 ... 7 2 2

Altai and the other groups appear to be similar to the
values for the Amerind populations, when the presence
of the four transversions is taken into account, these
values double. While we have no valid statistical tech-
nique for estimating evolutionary time depth from se-

Figure 5 Maximum-likelihood tree of Circumarctic popula-
tions. Unshaded bars represent multifurcations in which branching
orders cannot be resolved. Lineages identified by an asterisk (*) refer
to Circumarctic lineages which are also found in other New World
groups (see table 3). Lineage 57 is shared with another Inupiaq, two
West Greenland Eskimos, and a Siberian Eskimo. Lineage 58 is
shared with another Inupiaq and a West Greenland Eskimo. Lineage
60 is shared with three other Athapaskans, two Inupiaqs, and a West
Greenland Eskimo. Lineage 61 is shared with two other Athapaskans,
seven West Greenland Eskimos, two Siberian Eskimos, and two

Chukchi. Lineage 11 (originally described in a Nuu-Chah-Nulth) is
shared with 4 other Nuu-Chah-Nulth, 3 Bella Coola, 1 Yakima, 20
Haida, 6 Athapaskans, and 1 Chukchi.

quences with transversions, it appears that the Altai are
very distinct from the other populations in this study.

Phylogenetic analyses.-In order to assess whether
the Circumarctic populations contained major clades
or clusters of mtDNA lineages comparable to those
found within Amerind tribes (Schurr et al. 1990; Ward
et al. 1991; Torroni et al. 1992; Horai 1993), we carried
out a phylogenetic analysis of the 33 mtDNA lineages
that are unambiguously Circumarctic in origin. This
analysis also allows an assessment of whether the Cir-
cumarctic mtDNA lineages assort on the phylogenetic
tree in accordance with their population affiliation, as
might be expected if each population has been evolving
in isolation for some time. Figure 5 presents a phylo-
genetic tree based on maximum likelihood analysis for
these lineages. The most obvious feature of this tree is
that most lineages originate from multifurcations in
which the branching order cannot be defined (un-
shaded bars). Moreover, there is no clear-cut clustering
of lineages in terms of the populations from which they
were sampled. For example, while two Haida lineages
are separated out at the top of the tree, most other
Haida lineages reside in an unresolved cluster at the
bottom of the tree which also includes Chukchi, West
Greenland Eskimo, and Inupiaq lineages. Overall, the
results of the bootstrap analyses (1,800 iterations) indi-
cate that there are no clades with greater than 45%
support and, further, that these weakly defined lineage
clusters include no more than 2-3 lineages. The lack of
well-defined lineage clusters, plus the intermingling of
lineages among different populations, argues against a
long-term separation among these Circumarctic popula-
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Table 4

Between-Group Sequence Difference Values for Control Regions of All Populations

MEAN ± SD FOR

West
Greenland

Altai Chukchi Eskimo Athapaskan Haida Nuu-Chah-Nulth Bella Coola

Chukchi ............. 5.97' ± 1.84
West Greenland
Eskimo ............ 7.24a ± 1.68 2.53 ± 1.52

Athapaskan .......... 6.78a + 1.93 2.50 ± 1.52 2.35 ± 1.65
Haida ............. 6.53' ± 1.81 2.72 ± 2.20 2.81 ± 2.51 2.91 ± 2.53
Nuu-Chah-Nulth ..... 6.19' ± 1.84 4.62 ± 2.31 5.36 ± 2.83 5.12 ± 2.75 4.75 ± 2.95
Bella Coola ........... 7.05a ± 2.25 4.24 ± 2.09 4.58 ± 2.44 4.56 ± 2.46 4.10 ± 2.95 5.53 ± 2.89
Yakima ............. 6.29a ± 2.00 6.44 ± 2.31 7.42 ± 2.02 7.31 ± 2.00 6.94 ± 1.96 6.49 ± 2.11 6.96 ± 2.30

a When adjusted for a transversion:transition ratio of 1:30, these values become increased by 6.9 substitution units because of the presence of
four transversions in the Altai lineages.

tions. We also note that lineages 11 and 61 fall on
nodes of the tree, in support of the hypothesis that they
are ancestral lineages. This is also true for two of the
other shared lineages (57 and 60). Lineage 58 is the only
lineage shared among Circumarctic populations that
does not fall on a node of the Circumarctic molecular
phylogeny and is thus the only lineage which suggests
recent migration between Circumarctic populations-
in this case between two Eskimo groups.

Figure 6 presents an inferred population tree derived
from average sequence divergence values for all se-
quences of Circumarctic populations in this study, as

ALTAI

Figure 6 Inferred family tree based on least-sqi
of the mean pairwise sequence differences between mtD
lations (Felsenstein 1991). "Greenlandic" refers to the
land Eskimo. Siberian Eskimos are not included bec
small sample size (see text).

INUPIAQ

GREENLANDIC

well as for the Nuu-Chah-Nulth, Bella Coola, and Ya-
kima, plus the Altai. This inferred population tree em-
phasizes the broad divergence of the Altai from both
the Circumarctic and Amerind populations. However,
the five Circumarctic populations essentially form a
polychotomy, with relatively little genetic divergence
separating the nodes that link them and without statis-
tical support for any one population's having diverged
before any other. The relatively short branch lengths
leading to each of these populations are also consistent
with the hypothesis of a relatively recent origin for Cir-
cumarctic populations. By contrast, the branch lengths
leading to the Amerind populations are considerably
longer, and the internodes between populations are sig-
nificantly greater than zero. This is consistent with a
much greater age for the Amerind populations and also
suggests they have evolved in relative isolation.

ATHAPASKAN Region V Deletion
CHUKCHI Figure 7 shows the distribution of the region V dele-
HAIDA tion among indigenous eastern Asians and northern

North Americans. Five of the lineages found in the Ya-
kima (lineage 27 and lineages 94-97) corresponding to
26 individuals (62% of the sample) possess the deletion.

BELLA COOLA The Altai (Shields et al. 1992) possess the deletion at
frequencies similar to those of southeastern Asians, as

NUU-CHAH-NUL`M do the Buriats (present study) and Mongols (Sam-
YAKIMA buughin et al. 1991) of south-central Asia. Although

some sample sizes for some of these groups are low
Nares analysis (Lamut [1 individual], Nanai [1 individual], Koryak [1
West Grepen- individual], Chuvan [2 individuals], and Yukagir [4 indi-
:ause of their viduals]), there is the consistent finding that all Circum-

arctic populations lack the deletion. Conversely, as in-
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Figure 7 Percentage distribution of the region V 9-bp dele-
tion in Circumarctic populations. Sources for data are as follows:
Dogrib (Torroni et al. 1992); Nuu-Chah-Nulth (Ward et al. 1991);
Haida and Bella Coola (Ward et al., in press); Mongols (Sambuughin
et al. 1991); and Altai, Nanai, Lamut, Koryak, Yukaghir, Chukchi,
Chuvan, Siberian Yup'ik, Inupiaqs, Alaskan Yup'ik, Aleut, and Atha-
paskans (Shields et al. 1992). Shading indicates geographic regions
where the region V 9-bp deletion has been observed to occur.

dicated by the shaded area in the figure, all populations
that have been examined south of 550 N possess the
deletion, irrespective of whether they are in Asia or

America.

Discussion

In this study, we have used mtDNA sequence varia-
tion to infer population affiliations, as well as evolu-
tionary divergence, for those populations whose evolu-
tionary history has some bearing on the origins of New
World populations. The two major groups compared
here, Amerind tribes and Circumarctic populations,
present contrasting patterns in the diversity, and geo-

graphic distribution, of their mtDNA control region
sequences. Low values for pairwise sequence differ-
ences within and between the far-flung Circumarctic
populations contrast with higher difference values for
the three Amerind-speaking tribes localized to the Paci-
fic Northwest. In the absence of extensive admixture, it
is difficult to think of plausible biological processes

that could give rise to population divergences that are

deeper than the molecular divergences contained
within the population. Extensive admixture seems un-

likely in view of the relatively low levels of lineage shar-
ing, especially for "nonancestral" lineages that occur

on the tips of the molecular phylogeny. Hence, the
most plausible explanation for these observations is
that the evolutionary radiation of these Circumarctic

groups, in concert with the evolution of their mito-
chondrial lineages, occurred within a shallow time
depth. Low sequence diversity, coupled with the broad
geographic distances over which some Circumarctic
populations (e.g., Alaskan Inupiaqs and West Green-
land Eskimos) have become established, suggests that
the establishment of these far-flung populations oc-
curred during a relatively short period of time. By con-
trast, the mtDNAs of Bella Coola, Nuu-Chah-Nulth,
and Yakima are broadly divergent, even though the
present geographic distribution of these people is con-
fined to a relatively small region. This suggests that
these Amerind tribes are much older than the Circum-
arctic tribes and have undergone considerable localized
genetic differentiation. In this context we note that,
while all three tribes are grouped in Greenberg's (1987)
Amerind linguistic phylum, two tribes, Bella Coola and
Nuu-Chah-Nulth, speak the closely related languages
of Salishan and Wakashan, respectively, while the Ya-
kima belong to the more distantly related Penutian
phylum. Recent radiation of Circumarctic populations
is also supported by the analysis of mean pairwise se-
quence differences among the various groups. mtDNAs
of Circumarctic populations have a low (2.80) mean
pairwise number of sequence differences separating
them, whereas mtDNAs of Amerinds have a relatively
high (6.1) mean pairwise number of sequence differ-
ences, with a substantial proportion of the pairwise dif-
ferences involving from 5 to 13 nucleotides. By con-
trast, most mtDNAs of Circumarctic individuals either
are identical or differ from one another by only a few
(0-3) substitutions.

Relative recency of Circumarctic populations is fur-
ther substantiated by the maximum likelihood phylog-
eny for the 34 lineages found in these five populations
(fig. 5). The most obvious feature of the maximum like-
lihood tree is that, for the majority of the lineages, the
branching order cannot be resolved, suggesting recent
origin by a series of independent mutations, with little
time for branching order to become established. More-
over, lineages observed in distinct populations are in-
termingled among the branches of the tree, with no
obvious clustering of lineages by the geographic loca-
tion, or linguistic affiliation, of the tribe from which
they were ascertained. For example, individual lineages
of Chukchi, West Greenland Eskimos, Athapaskans,
and Haida are scattered throughout the tree. This pat-
tern is exactly what would be expected for populations
which have recently undergone a demographic expan-
sion and which are in the early stages of evolutionary
divergence.
The inferred population tree, based on average be-
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tween-population sequence differences, also suggests a
close evolutionary relationship between the five Cir-
cumarctic populations (fig. 6). In fact, there appears to
be no clear separation among Circumarctic populations
in this tree; nodes at branch points in the Circumarctic
data set are so shallow that their phylogeny could be
considered a polychotomy. One notable aspect of this
inferred population tree is that it links both Na-Dene-
speaking groups in the New World (Alaskan Athapas-
kans and northwest coast Haida) with Eskimos and
Chukchi, rather than with the three Amerind popula-
tions of the Pacific Northwest. While this contrasts
with some analyses based on classical genetics (Schell et
al. 1978; Harper 1980; Harper and Laughlin 1982), oste-
ology (Levin 1963), and linguistics (Swadesh 1964;
Krauss 1979; Greenberg 1987; Cavalli-Sforza et al.
1988; Greenberg and Ruhlen 1992), it reaffirms the ear-
lier conclusions of Szathmary and Ossenberg (1978),
who demonstrated that a careful analysis of classical
genetic markers indicated a close relationship between
Athapaskans (Na-Dene-speaking) and Eskimos. Szath-
mary (in press) has recently included Gm allele frequen-
cies in her analyses of the phylogenetic relationships of
Athapaskans to Eskimos and Amerindians and shows
that Athapaskans are intermingled with Eskimos and
Siberian Chukchi in similar fashion to the relationships
depicted in figure 6. Hence, despite the fact that se-
quence data from mtDNA represent only a single "gene
tree," they appear to confirm the results obtained by
analyzing a set of the more informative classical genetic
markers. When both data sets are taken together, it
appears that, despite their geographic separation, Cir-
cumarctic populations form a cohesive biological entity
that includes the Na-Dene-speaking Haida and Atha-
paskans, as well as West Greenland Eskimos, Inupiaqs,
and Chukchi. By contrast, the Amerind-speaking
groups (Bella Coola, Nuu-Chah-Nulth, and Yakima)
are genetically distinct.
Our sample sizes for Haida (n = 41), Alaskan Atha-

paskans (n = 21), and West Greenland Eskimos (n = 17)
are reasonably large and appear adequate for these
types of comparisons (Hey 1991; Ward et al., in press).
Therefore, it is unlikely that the similarity in the distri-
bution of sequences from these three groups is an arti-
fact of sampling error. Further, we do not believe that
the close association between Na-Dene speakers and
West Greenland Eskimos is a consequence of extensive
non-native admixture: there is simply no evidence for
this occurrence among the sequences themselves, and,
because of the different histories of these three popula-
tions, non-native admixture would be more likely to
increase genetic differences between the groups than to

obscure them. Moreover, it is difficult to argue for re-
cent admixture between these groups, in view of both
their extensive geographic separation and the small
number of lineages they share. All three instances of
lineage sharing (lineage 11 found in Haida and Alaskan
Athapaskans; lineages 60 and 61 found in Alaskan Ath-
apaskans and West Greenland Eskimos) involve lin-
eages which are situated on nodes of the molecular
phylogeny and thus appear to be ancestral. Hence, we
interpret the occurrence of these lineages in multiple
populations as indicative of common ancestry rather
than of recent admixture. While the sample sizes for the
other two Circumarctic groups are much smaller, their
similar pattern of lineage distribution suggests that the
same reasoning applies to these groups as well.
However, while the influence of recent admixture

can be discounted, the consequences of very early in-
teractions between the Circumarctic groups are more
difficult to assess. Burch (1979) suggested an early asso-
ciation between Alaskan Inupiaqs and Athapaskans on
the basis of archaeological finds, and Dumond (1987)
suggests that the archaeological distribution of blades
and microblades is a reflection of extensive cultural ties
between Eskimos and groups to the south. Hence, two
possible scenarios exist. One possibility is that, as the
progenitors of the contemporary Eskimos moved
across what is now Arctic Alaska and Canada, ancient
and extensive gene flow may have occurred between
populations that originally differed genetically. This
gene flow would have had to have been sufficiently
extensive to have obliterated the original mitochondrial
lineages that presumably existed in the ancestral Na-
Dene populations. Alternatively, as suggested by the
mitochondrial data, all Circumarctic populations had
their genetic origins about the same time, and the cul-
tural differences that subsequently occurred were ac-
companied by relatively little biological differentiation.
While we favor the second hypothesis, resolution of
the true relationships of "northern" native populations
of North America awaits the more detailed study of
additional native groups in this region.

Here it should be noted that the majority of the Cir-
cumarctic lineages exhibit close affinities with those
Amerind lineages that fall into cluster II, as defined by
Ward et al. (1991). The only major exceptions are lin-
eages 34 and 35, both of which are presumed to have
entered the Haida by admixture (Ward et al., in press).
Of the remaining 31 lineages, 27 have so far been ob-
served only in Circumarctic populations, while 4 are
found in one or more Amerind-speaking tribes. Hence,
the overall affiliation of the unique Circumarctic lin-
eages with the cluster II Amerind lineages suggests that
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these Circumarctic populations originated from an
Asiatic population whose own ancestors had previously
contributed to a substantial fraction of the lineage an-
cestry of contemporary Pacific Northwest Amerind
populations.
The inferred phylogenetic relationships of the nine

populations included in this study (fig. 6) suggest that
Altai are only distantly related to Circumarctic and
Amerind populations. Additionally, all four of the
transversions observed in the present study occur
among Altai. This suggests a greater evolutionary time
depth for the Altai compared with that for both Cir-
cumarctic and Amerind populations. The fact that Altai
appear broadly divergent from all other groups of this
study, as well as the fact that 7% of Altai possess the
deletion in region V (Shields et al. 1992), suggests that
they are not directly related to the eastern Siberian
groups in this study, which contrasts with the interpre-
tation based on immunological allotypes (Schanfield et
al. 1980). Our observations corroborate an earlier find-
ing, based on blood group frequencies, that there is a
substantial degree of genetic divergence between the
Altai and other groups of eastern Siberia (Crawford and
Enciso 1982).

Distribution of the region V deletion among indige-
nous populations allows additional predictions about
relationships among these groups. Indigenous popula-
tions of northeastern Siberia (Lamut, Evenk, Yukagir,
Chuvan, Koryak, Yakut, Nanai, Chukchi, and Siberian
Eskimos) lack the 9-bp deletion, as do Inupiaq Eski-
mos, Yup'ik Eskimos, Aleuts, Athapaskans, West
Greenland Eskimos, Haida, and Dogrib of the New
World. By contrast, Buriats and Mongols of southeast-
ern Siberia possess the 9-bp deletion at frequencies
which suggest an evolutionary affinity with many
Asian, Southeast Asian, and Pacific populations (Hertz-
berg et al. 1989; Stoneking and Wilson 1989; Harihara
et al. 1992). In general, we find it noteworthy that there
seem to be two distributions for the 9-bp deletion: Cir-
cumarctic populations uniformly lack the deletion,
while populations to the south of 550 N (shaded area in
fig. 7) possess the deletion in variable frequencies. In
addition to the Asian populations mentioned above,
the deletion is found in a wide variety of Amerind
groups in North America-Nuu-Chah-Nulth (Ward et
al. 1991), Bella Coola and Yakima (Ward et al., in
press), and Pima and Maya (Torroni et al. 1992); Cen-
tral America-all Chibchan groups (R. H. Ward, un-
published data); and South America (Horai et al. 1993;
D. A. Merriwether and R. H. Ward, unpublished data).
One explanation for this distribution is that the 9-bp
deletion was originally present in Circumarctic popula-

tions but was subsequently lost due to drift. However,
this explanation is somewhat improbable, because it
requires that all lineages with the deletion were indepen-
dently lost from the entire set of the isolated Circum-
arctic populations. Hence it is more likely that the lin-
eages found in Amerind speakers are descended from
the set of lineages that occurred in a genetically diverse
set of early migrants. These early migrants, who intro-
duced mitochondrial lineages with and without the de-
letion, are presumed to have reached the New World
well before the subsequent radiation of an ancestral
population lacking the deletion gave rise to the present-
day Circumarctic populations. If sustained, our hy-
pothesis would imply that mitochondrial sequence di-
vergence could be used to place an upper limit on the
time depth when the radiation of these two groups oc-
curred. Intriguingly, our estimate of a 12,100-13,200-
year time depth for the evolutionary divergence of
mtDNA in Amerind populations happens to corre-
spond to the most recent estimate for Clovis occupa-
tion, based on C-14 accelerator mass spectrometry anal-
ysis of artifacts (Hoffecker et al. 1993).
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