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Summary Introduction

Despite considerable investigation, two main questions
on the origin of Native Americans remain the topic of
intense debate-namely, the number and time of the mi-
gration(s) into the Americas. Using the 720 available
Amerindian mtDNA control-region sequences, we rean-
alyzed the nucleotide diversity found within each of the
four major mtDNA haplogroups (A-D) thought to have
been present in the colonization of the New World. We
first verified whether the within-haplogroup sequence
diversity could be used as a measure of the haplogroup's
age. The pattern of shared polymorphism, the mismatch
distribution, the phylogenetic trees, the value of Tajima's
D, and the computer simulations all suggested that the
four haplogroups underwent a bottleneck followed by
a large population expansion. The four haplogroup di-
versities were very similar to each other, offering a strong
support for their single origin. They suggested that the
beginning of the Native Amer-
icans' ancestral-population differentiation occurred
-30,000-40,000 years before the present (ybp), with a
95%-confidence-interval lower bound of -25,000 ybp.
These values are in good agreement with the New
World-settlement model that we have presented else-
where, extending the results initially found for haplo-
group A to the three other major groups of mtDNA
sequences found in the Americas. These results put the
peopling of the Americas clearly in an early, pre-Clovis
time frame.
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The question of the origin of the indigenous peoples of
the Americas has been the object of great debate. Some
major problems have been slowly resolved since the last
century, the main agreement achieved so far being that
concerning these peoples' origin by migrations from Asia
through the region of the Bering Strait > 12,000 years
before the present (ybp) (Cavalli-Sforza et al. 1994).
However, the time and number of such migrations, as
well as the size of the ancestral populations, are still
important unsettled questions.

Previous studies based on high-resolution RFLPs and
control region (CR) sequences have shown that the great
majority of the Native American mtDNAs screened so
far could be classified into four distinct clusters, called
haplogroups "A"-"D" (for a review of the RFLP data,
see Wallace 1995; for the CR sequence data, see Forster
et al. 1996). The distribution of these four haplogroups
in the populations that spoke the three main sets of
languages found in the Americas (Amerind, Na-Dene,
and Eskaleut), as well as the, estimates of the internal
diversity of each haplogroup, led to several hypotheses
regarding the number and age of the migration(s) that
colonized the New World. Although Amerind popula-
tions in general have all four haplogroups, Na-Dene and
Eskimo groups have mainly sequences from haplogroup
A (Merriwether et al. 1995; Wallace 1995). Moreover,
using RFLP data, Torroni et al. (1992, 1993, 1994)
found a much lower haplogroup A sequence diversity
in the Na-Dene than in the Amerinds, whereas, within
Amerinds, haplogroup B had sequence diversity lower
than those of the other three haplogroups. These results
led these authors to suggest that the Na-Dene entered
the continent by means of an independent migration
(Wallace 1995). The Amerinds, on the other hand,
would have migrated to the Americas in two waves; the
more ancient carried haplogroups A, C, and D, whereas
the more recent carried haplogroup B sequences only.
On the basis of the mean diversity found in the haplo-
groups, Wallace and co-workers dated the major Am-
erind migration into the Americas as having occurred
-26,000-34,000 ybp, the haplogroup B migration as
having occurred '12,000-15,000 ybp, and the Na-Dene
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migration as having occurred -7,000-9,000 ybp (Wal-
lace 1995). In contrast, Horai et al. (1993), using CR
sequence data, postulated that each major haplogroup
would represent separate migrations that occurred
'14,000-21,000 ybp.
We have recently shown (Bonatto and Salzano 1997),

on the other hand, that mtDNA sequence data strongly
support a single and early (>20,000 ybp) origin for the
Amerinds, Na-Dene, and Eskimo, in agreement with
other molecular studies (Merriwether et al. 1995; Forster
et al. 1996; Kolman et al. 1996). Our results were based
mainly on the analysis of the CR sequences from hap-
logroup A, since it is the only haplogroup widely dis-
tributed among all Native Americans (Merriwether et
al. 1995). It remained unknown whether the other three
major Native American haplogroups would indicate the
same picture. Also, although most studies on the prob-
lem of dating the colonization of the Americas have used
sequence diversity as a measure of age, few (e.g., Bonatto
and Salzano 1997) have investigated whether their sam-
ples met the very stringent assumptions required by this
practice (Rogers and Jorde 1995).
The goals of the present study were to analyze the

four major Native American mtDNA haplogroups' di-
versity and to evaluate the implications of these results
for the estimation of the number and age of the migra-
tion(s) to the Americas. Specifically, we tested the hy-
pothesis that one or more of the haplogroups may rep-
resent different migrations to the continent (e.g., Horai
et al. 1993; Wallace 1995). It should be noted that here
we will not test the hypothesis of different migrations
that is based on linguistic groups (Amerinds, Na-Dene,
and Eskimo), since this has been done elsewhere (Bon-
atto and Salzano 1997). The analyses involved the use
of two data sets, one including 720 Native Americans,
with their hypervariable segment I (HVS-I) sequences,
and another composed of 217 individuals, with their
HVS-I+HVS-II sequences. Several methods were ap-
plied, including computer simulations over a wide range
of demographic scenarios, to determine whether the data
were consistent with a bottleneck followed by a large
population expansion. We finally calculated the within-
haplogroup nucleotide-diversity values, and, using ap-
propriate substitution rates and methods, estimated their
mean ages and 95% confidence interval (CI) values.

Subjects and Methods

Population Samples

All available CR sequences from Native Americans
were employed, with the exception of the two popula-
tions described by Horai et al. (1993), since they were
not sequenced for the first 100 bases of HVS-I. Also,
only some sequences from Easton et al.'s (1996) Yan-

omami were used, since many of them present several
unusual features that preclude their utilization until they
are further investigated (authors' unpublished data). The
other sequences have the complete set of nucleotides for
HVS-I (positions 16024-16383 [numbering is according
to Anderson et al. 1981]) or HVS-I+HVS-II (positions
45-390 for HYS-II), or only a small fraction of them
are missing. Two data sets were assembled, one with
HVS-I sequences and the other with HVS-I+HVS-II se-
quences. The sequences were aligned by hand, and in-
sertions in relation to the reference sequence (Anderson
et al. 1981) were not considered. For the HVS-I, the
Native American sample consists of 720 individuals
from a total of 24 populations (with sample sizes
n > S) from North, Central, and South America, for
each continent, as follows: for South America (n =
318)-Xavante (n = 25), Zoro (n = 30), and Gavido
(n = 27) (Ward et al. 1996); Wai Wai (n = 26) and Surui
(n = 24) (authors' unpublished data); Mapuche (n =
39) (Ginther et al. 1993); Yanomama (n = 27), Way-
ampi (n = 21), Kayapo (n = 13), Arara (n = 9), Ka-
tuena (n = 9), Poturujara (n = 9), Awa-Guaja (n = 2),
and Tiriyo (n = 2) (Santos et al. 1996); Yanomami
(n = 50) (Easton et al. 1996); and Colombian mummies
(n = S) (Monsalve et al. 1996); for Central America
(n = 136)-Huetar (n = 27) (Santos et al. 1994); Ng6be
(n = 46) (Kolman et al. 1995); and Kuna (n = 63) (Ba-
tista et al. 1995); and, for North America
(n = 228)-Nuu-Chah-Nulth (n = 63) (Ward et al.
1991); Bella Coola (n = 40) and Haida (n = 41) (Ward
et al. 1993); and Yakima (n = 42), Athapascan (n =
21), Inupiaq Eskimo (n = 5), and western Greenland
Eskimo (n = 16) (Shields et al. 1993). The 38 individuals
whose mtDNA Torroni et al. (1993) have sequenced
from several populations all over the Americas were also
included.

For HVS-I+HVS-II, sequences were available from a
total of 217 individuals from the Huetar (Santos et al.
1994), Ng6be (Kolman et al. 1995), Mapuche (Ginther
et al. 1993), and Yanomami (Easton et al. 1996) and
from 24 Surui, 26 Wai Wai, 3 Xavante, 1 Gaviao, and
1 Zoro (authors' unpublished data).

Phylogenetic Analysis

Several DNA distances were used in the tree construc-
tions, from the simplest (proportion of differences) to
the most complex (Tamura-Nei gamma [Tamura and
Nei 1993]), but all gave essentially the same results;
therefore, only those with the Kimura two-parameter
(K2P [Kimura 1980]) distance were presented. Because
of the large number of sequences used, trees were con-
structed with the neighbor-joining (NJ) method, by use
of the Njboot program (N. Takezaki; available at In-
ternet address http:/iubio.bio.indiana.edu). The inte-
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rior-branch-test confidence probability (CP) values for
branches in the trees (Rzhetsky and Nei 1992) were es-

timated by the CheckSzDv program (from the TreePack
package [I. Belyi; http://trantor.cse.psu.edu/-belyi]), by
means of the pairwise option and the K2P distance. Min-
imum-spanning trees (Excoffier et al. 1992) were also
constructed, by means of the Minspnet program (L. Ex-
coffier; ftp:llacasunl.unige.ch/pub/comp/win).

Diversity and Divergence Estimates

The nucleotide diversity within and between haplo-
groups was calculated by means of the Sendbs program

(N. Takezaki; http:iiubio.bio.indiana.edu). Several
DNA distances were calculated, and the standard error

(SE) values of these estimates were obtained with a boot-
strap approach with 1,000 replications over sites. The
95% CI for the diversity and divergence values were

calculated by use of ± 2 SE. The 95% CI for the time
of origin (expansion) of the haplogroups, on the basis
of the nucleotide diversity values, was estimated as de-
scribed by Bonatto and Salzano (1997), by use of their
formula 1 (modified from Redd et al. 1995) for the cal-
culation of the minimum SE of the time (TMSE) and by
use of ± 2 TMSE for the lower- and upper-bound values.
We should note that our 95% CI considers both the
nucleotide diversity and the mutation-rate errors.

For the time estimates, we need the substitution rates

for the HVS-I and HVS-I+HVS-II regions, as well as

their SEs. For HVS-I, we used the slow and fast rates
given by Bonatto and Salzano (1997): 10.3%
(±1.35%)/million years (Myr) and 15% (±1.97%)/
Myr. For the HVS-I+HVS-II data sets, we used the fol-
lowing two rates: 8.85% (±0.9%)/Myr and 11.5%
(± 1.15% )/Myr. Both slow rates were taken from Horai
et al. (1995), and the fast rates were taken from Ward
et al. (1991) (in the case of HVS-I) and Stoneking et al.
(1992) (in the case of HVS-I+HVS-II), whereas the SEs
were those either given by Horai et al. (1995) or esti-
mated by use of their approach.
The a parameter for our data sets was calculated by

means of Yang and Kumar's (1996) method and the
Pamp program (from the Paml package [Z. Yang; http:
Hiubio.bio.indiana.edu]), by use of trees calculated by
use of the K2P distance.

Mismatch Distributions

The evolutionary history of the four haplogroups was
also examined, by use of the mismatch-distribution ap-

proach (Rogers and Harpending 1992; Rogers 1995;
Rogers and Jorde 1995). The relevant parameters were

calculated by means of the method of moments (Rogers
1995), by the Mmest program (from the Mismatch pack-
age [A. Rogers; ftp://anthro.utah.edu]). The 95% CI for
the times of expansion of each haplogroup was estimated

in a manner similar to that used in the nucleotide-di-
versity approach presented above, as described else-
where (Bonatto and Salzano 1997).

Simulations

Rogers and Jorde (1995) showed that the only sense
in which sequence diversity can be constructed as a
measure of age is as an estimation of the time during
which a population has expanded since a severe bottle-
neck. Although it is clear that the peopling of the Amer-
icas was probably characterized by a population reduc-
tion followed by expansion (Bonatto and Salzano 1997),
there is considerable uncertainty about the sizes of the
founding and the more recent pre-Columbian popula-
tions (Cavalli-Sforza et al. 1994). Besides, we are dealing
here with groups of sequences (haplogroups), not with
distinct populations. Thus, we want to test also the as-
sumptions of a small founding population and a large
expansion, for each haplogroup independently, so that
we may apply dating methods that use sequence diversity
as a measure of age.

Following the work by Eller and Harpending (1996),
we designed simulations of various situations of sta-
tionary and expanding populations, to test (1) in which
conditions the empirical estimates would be reproduced
and (2) whether we could reject or accept the hypothesis
that the haplogroups were stationary or had expanded
and, if the latter was true, to what degree. Specifically,
we tested in which demographic scenarios the simula-
tions would give values at least as extreme as the ones
estimated directly from the samples, for two statis-
tics-Harpending's raggedness (r; Harpending 1994)
and Tajima's D (Tajima 1989). Raggedness quantifies
the smoothness of a distribution: the smaller the value,
the smoother the (mismatch) distribution. Harpending
et al. (1993) found that expanding populations showed
very small r values, since their mismatch distributions
have the shape of a smooth wave. However, Aris-Brosou
and Excoffier (1996) showed that a high heterogeneity
of substitutions among the sites (a lower a parameter
for the gamma distribution) may cause a stationary pop-
ulation to exhibit very smooth distributions. Therefore,
in such cases the results of the simulations using the
raggedness of a distribution may not readily distinguish
between stationary and expanding scenarios. Moreover,
they also showed that, although (large) population ex-
pansions shift Tajima's D to (significant) negative values,
substitution-rate heterogeneity has the opposite effect,
moving Tajima's D to more-positive values for more-
uneven substitution rates. Since the mtDNA CR in hu-
mans is known to have substitution-rate heterogeneity
(Kocher and Wilson 1991; Wakeley 1993), Tajima's D
may be a better statistic to distinguish between station-
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ary and expanding populations than is the r used by
Eller and Harpending (1996) in their simulations.
The simulations were performed by the Mmgen pro-

gram (from the Mismatch package; see above), which
uses the coalescent model to generate simulated histories
by assuming some input parameters, such as size of the
mismatch distribution, number of sites, sample size, and
time since the expansion (for details of the coalescent
algorithm, see Rogers et al. 1996). All the above input
parameters were calculated from the empirical data for
each haplogroup, so that the simulations mirrored as
closely as possible the actual demographic parameters
for each haplogroup. The other parameters of interest
are the degree of expansion of the population and its
final size, in units of 0, where 0 = 2Nfu, with Nf denoting
the number of females and with u denoting the per-
generation mutation rate for the nucleotide region (see
Rogers and Harpending 1992).
We modified the program so that it generated empir-

ical distributions of 10,000 D and r values for each
combination of final 0 and degree of expansion. Final 0
ranged from 0.1 to 1,000, and degree of expansion
ranged from 1 (for a stationary population) to
100,000,000. Most of the simulations were performed
considering only one final random mating population,
but, to test whether geographic population structure
could influence the results, some simulations were also
generated considering that, after expansion, the popu-
lation would split into 3 or 20 groups. Besides the model
of "infinite sites," we also did simulations by using a
mutation model that takes into account the mutation-
rate heterogeneity in the mtDNA CR (Rogers et al.
1996), using the "finite sites with gamma-distributed
rates" model of substitution (Rogers et al. 1996). The
a parameters of the gamma distribution used in the sim-
ulations were those calculated for our data sets, as de-
scribe above. As in the work of Eller and Harpending
(1996), a specific scenario of final 0 and degree of ex-
pansion was rejected if <500 (<5%) simulations
showed a D or r value more extreme than that calculated
from the data.

Results

Of the 720 Native American individuals sequenced
for HVS-I, 592 (82%, comprising 125 different se-
quences) have sequences with all the markers for one of
the four haplogroups (the marker substitutions for four
major haplogroups are those listed by Forster et al. 1996
as the founding sequences A2, B, C, and D1). For HVS-
I+HVS-II, this value is 161/217 (74%, comprising 52
different sequences). If we exclude Easton et al.'s (1996)
Yanomami sample, these values are 87% for HVS-I and
89% for HVS-I+HVS-II, respectively. To minimize the
possibility of the occurrence of multiple, yet closely re-

lated founding sequences in each haplogroup, which
would result in overestimation of the diversity values
since colonization, we used for each haplogroup only
the sequences that have all its marker substitutions. By
doing this we tried to ensure that all sequences analyzed
here were derived from just one founding sequence per
haplogroup. Also, we used for haplogroup A sequences
from Amerinds, Na-Dene, and Eskimo, since we have
shown elsewhere (Bonatto and Salzano 1997) that they
all have a common origin. However, it is important to
note that the diversity values for haplogroup A (see be-
low) did not change much ifwe remove the non-Amerind
sequences.
A striking feature of the two data sets is that, for each

haplogroup, the polymorphisms, especially at HVS-I, ei-
ther exist in only one sequence or are shared by a small
fraction of the sequences, with no substitution occurring
in >20% of the haplogroup sequences (not shown). Ac-
cording to Slatkin and Hudson (1991), this pattern is
exactly what we would expect in a situation of expo-
nential growth from a single ancestral sequence (from
whom the descendant sequences inherited the marker
substitutions).

Haplogroups' Nucleotide Diversity

One important requirement in the coalescence theory
(Donnelly and Tavare 1995) and the mismatch-distri-
bution methods (Rogers and Jorde 1995) is the use of
a random sample of genes from the population under
study. The population for the problem in which we are
interested-the peopling of the Americas-is the entirety
of Native Americans, not the local groups. However, two
individuals from the same local population will have a
much higher probability of being closely related than
will two individuals from different populations, espe-
cially if we consider the generally small sizes of the Na-
tive American local populations (Salzano and Callegari-
Jacques 1988). The use of the within-local-population
frequency of the sequences, highly affected by each pop-
ulation's specific recent demographic history, will un-
derestimate the nucleotide diversity of Native Americans
as a whole. On the other hand, the occurrence of the
same sequence in different populations is more likely to
have been affected by more-ancient events. Therefore,
since we are interested in the early evolutionary history
of the continent, for the estimation of the within-hap-
logroup nucleotide diversity we used the between-pop-
ulations frequency of the sequences (also see Bonatto
and Salzano 1997). To estimate the between-populations
frequency of each different sequence in the data set, we
counted only the number of populations in which it oc-
curred, disregarding its frequency within the
populations.

Table 1 shows the nucleotide diversities (with their

1416



Bonatto and Salzano: Native American mtDNA Diversity

Table 1
Nucleotide Diversity and Age Estimates for Native American's mtDNA Haplogroups

NUCLEOTIDE MEAN AGE (95% CI)
DIVERSITYa (years)

No. OF No. OF (95% CI)
HAPLOGROUP INDIVIDUALS SEQUENCES (%) 10.3%/Myr 15%/Myr

HVS-I:
A 71 45 .84 (.72-.97) 41,014 28,163

(34,887-47,142) (23,949-32,377)
B 45 31 .80 (.71-.89) 39,017 26,791

(36,240-44,569) (22,972-30,611)
C 36 25 .84 (.68-.99) 40,680 27,933

(34,150-47,210) (23,443-32,423)
D 36 24 .96 (.77-1.16) 46,778 32,121

(38,979-54,576) (26,759-37,482)
Average' 188 125 .86 (.79-.93)c 41,576 28,549

(35,869-47,283) (24,623-32,475)
Divergence' 2.67 (2.42-2.92)' 129,469 88,902

(111,458-147,480) (76,513-101,292)

8.85%/Myr 11.5%/Myr

HVS-I+HVS-II:
A 17 17 .83 (.76-.89) 46,635 35,889

(41,504-51,765) (31,940-39,837)
B 16 15 .71 (.62-.80) 40,144 30,894

(35,360-44,929) (27,212-34,576)
C 11 10 .64 (.45-.82) 36,034 27,730

(29,615-42,453) (22,790-32,670)
D 10 10 .83 (.74-.92) 46,999 36,169

(41,610-52,388) (32,022-40,316)
Averageb 54 52 .75 (.70-.81) 42,620 32,799

(38,029-47,211) (29,266-36,332)
Divergenced 2.03 (1.92-2.13)' 114,639 88,222

(102,604-126,674) (78,961-97,484)
a Tamura-Nei gamma distance, for a values given in the text.
b Weighted by the number of sequences in each haplogroup.
c SEs for the weighted averages were calculated as the square root of the sum of the squared weighted SEs from the

individual comparisons.
d Weighted average of the pairwise haplogroup divergence.

95% CIs) for the four haplogroups, for both HVS-I and
HVS-I+HVS-II. The remarkable feature is the high sim-
ilarity of the values in each data set, especially for HVS-
I (with higher sample sizes), which have a range of
0.80%-0.96% with a mean of 0.86%. Note that, on
the contrary, the studies with RFLPs (Torroni et al. 1994)
found that haplogroup B had a much lower diversity
than the other three. For the RFLP data the mean di-
versity value of the other three haplogroups is 2.2 times
higher than the haplogroup B diversity, whereas this ra-
tio for the CR data is only -1.1. This ratio for the CR
data is maintained even when the within-population fre-
quency of the sequences is used, the sample size being
563 individuals in this case (not shown), which is higher
than the 335 individuals used in the RFLP studies. There-
fore, this difference between CR sequences and RFLP
data cannot be either explained by sample size or at-
tributed to the different ways in which the haplotype
frequencies were treated, more probably being due to

the different populations, regions of the mtDNA studied,
or haplogroup definitions. Diversity values for the HVS-
I+HVS-II data set were more variable, possibly because
of smaller sample sizes and, perhaps, the higher muta-
tion-rate heterogeneity in HVS-II (see below).
The between-haplogroup divergence values are much

higher than the within-haplogroups diversity, and the
average among all pairwise comparisons is more than
three times (for the HVS-I) and more than two times
(for the HVS-I+HVS-II) higher than the within-haplo-
group averages (table 1). This result supports the notion
that the haplogroups' divergence (not diversification) be-
gan well before their entering the Americas and that any
analysis that lumps together different haplogroups (e.g.,
the mismatch distributions of Horai et al. 1993 and Aris-
Brosou and Excoffier 1996) will furnish results from
events that occurred much earlier than the colonization
of the New World.

In light of both the existence of rate heterogeneity in
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the mtDNA CR (Wakeley 1993) and its effects on the
estimation of the true DNA distance (Yang 1996), the
diversity values were calculated by means of the Tamura-
Nei gamma distance. The ax parameter used in the cal-
culations was estimated the Yang and Kumar (1996) new
method. For the Native American HVS-I and HSV-
I+HVS-II data sets, the a values were .5 and .16, re-

spectively, in close approximation with those calculated
for similar data sets (Wakeley 1993; Yang and Kumar
1996). The lower number for the HVS-I+HVS-II is due
to the extremely low value for the HVS-II region, which
alone has an estimated a of .07.

Mismatch Distributions

A one-wave-shaped distribution of the number of nu-
cleotide differences between all pairs of individuals
within a population, the mismatch distribution, is a sig-
nature of a population expansion in the past (Rogers
and Harpending 1992), and extensive simulations have
corroborated this finding (Slatkin and Hudson 1991;
Rogers and Harpending 1992; Harpending et al. 1993).
Figure 1 shows the mismatch distributions for the Native
American haplogroups, for both the HVS-I and HVS-
I+HVS-II data sets. The haplogroups' wave profiles are

remarkably similar to each other, suggesting that these
sequences were taken from the same ancestral popula-
tion, which underwent a large expansion in the past.
The waves are not so similar for the HVS-I+HVS-II
data, probably because of smaller sample sizes and the
much higher mutation-rate heterogeneity in the HVS-II
region. The raggedness values for the HVS-I (table 2)
data set are very low, as is generally found in expanding
populations (Harpending et al. 1993).

Several studies have shown that the phylogeny of a

sample of genes taken from a population that has ex-

perienced a large expansion after a bottleneck has the
shape of a star tree (DiRienzo and Wilson 1991; Slatkin
and Hudson 1991; Rogers and Jorde 1995). Figure 2
shows the NJ tree of the 125 different HVS-I sequences
from the four haplogroups; only two D sequences did
not cluster with the others of their respective haplo-
groups. The statistical support for the haplogroups is
high, all CP values being >85%, with the exception of
haplogroup D, which does not have unique markers (see
Forster et al. 1996). The most remarkable feature of this
tree is that each haplogroup presents a clear star-shaped
subtree, similarly to what was found with the use of the
minimum-spanning tree (not shown). This result sup-

ports again the hypothesis of a large population expan-
sion for Native Americans.

Simulation Results

Tajima's D values for the haplogroups were signifi-
cantly negative for the HVS-I data set (table 2). Aris-

Brosou and Excoffier (1996) demonstrated that a large
(>100-fold) population expansion moves Tajima's D to
significantly negative values but that mutation-rate het-
erogeneity shifts it to more positive values. Therefore,
the significantly negative D values obtained for the four
haplogroups when the HVS-I data are used, despite the
existence of a moderate mutation-rate heterogeneity
(a = .5) in this region, is a strong support for a large
expansion that affected all four haplogroups. However,
the much higher mutation-rate heterogeneity (a = .16)
in the HVS-I+HVS-II data shifted the D values to num-
bers inside the 95% CI, although they still are moder-
ately negative, as was found by Aris-Brosou and Ex-
coffier (1996) in their simulations. The much lower a
(.07) for the HVS-II region alone shifted Tajima's D for
haplogroups B and C to positive values (not shown).

Figure 3 shows the results of the simulations for each
haplogroup when Tajima's D statistics and the finite-
sites gamma-rates model are used for the simulation. The
darker-shaded values denote specific combinations of de-
gree of expansion and value for final 0 (population size)
that could not be rejected by the simulations; that is,
these are scenarios in which >500 (>5%) of the simu-
lations resulted in a value ofD lower than that estimated
from our HVS-I data set. The minimum degree of ex-
pansion not rejected by the simulations was 100-fold for
haplogroups A, B, and C and 50-fold for D. Table 2
presents the maximum size, of the initial population, that
was not rejected by the simulations (the size of the initial
0 was calculated by dividing the final 0 by the degree of
expansion for each combination of values that were not
rejected, and the maximum value for each haplogroup
was taken). From these values of initial 0 the effective
number of females was calculated by O0 = 2Nfu, as given
above. These results suggest that each Native American
haplogroup, as defined here, was founded by a small
number of females. Since the values above are the num-
ber of females in the founding population that carried
each haplogroup-founding sequence, to estimate the size

Table 2
Summary Statistics for the Four Native American mtDNA CR
Haplogroups, Based on the HVS-I Data Set

TAJIMA'S N0b
HAPLOGROUP D r 0Oa 10.3%/Myr 15%/Myr

A -2.363' .0496 .25 135 93
B -2.359* .0414 .3 162 111
C -2.226* .0498 1.0 539 370
D -2.060' .0294 2.0 1,078 740

NOTE.-Number of individuals and number of sequences are as in
table 1.

a Maximum value of 0 not rejected by the simulations.
. Effective number of females in the initial population, calculated

as OJ2u.
*P< .05.
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that of the raggedness statistics, especially when a mu-
tation-rate-heterogeneity model was used in the simu-
lations (not shown). The use of final, geographically
structured populations, instead of a randomly mating
one, in the simulations had no qualitative effect on the
tests.

Estimating the Age of the Four Native American
mtDNA Haplogroups

All the results that we have presented so far strongly
argue in favor of the hypothesis that, in the process of
the colonization of the Americas, there was, for each
haplogroup, a bottleneck, followed by a large (>100-
fold) expansion. Therefore, we now have justification to
use the sequence diversity found in each Native Amer-
ican haplogroup as a measure of the latter's expansion
age. Table 1 shows the mean ages and their 95% CIs
for each haplogroup, for both data sets and all mutation
rates. The diversification times are very similar both to
each other and between the HVS-I and HVS-I+HVS-II
data sets. The average ages for the HVS-I values were
-42,000 and -29,000 ybp, and those for the HVS-
I+HVS-II values were -43,000 and -33,000 ybp, for
the slower and faster substitution rates, respectively. The

9 10 11 12

Figure 1 Mismatch distributions for the four haplogroups, with
HVS-I and HVS-I+HVS-II data sets. Fi denotes the relative frequency
of pairs of sequences that differ by i nucleotide sites.

of the whole founding population for the four haplo-
groups we should sum the individual values for each
haplogroup, which results (when we use the 10.3% rate)
in a maximum value of -2,000 females and a founding
population of <5,000 individuals. The possible existence
of other, less successful founding haplogroups (e.g., see
Forster et al. 1996; Merriwether and Ferrell 1996),
which may account for -10% of the mtDNA now found
in the Americas, may increase these estimates to some
degree. These figures, although approximate, suggest
that during the colonization process the ancestral
population was never much higher than -10,000
individuals.
The use of the finite-sites model with gamma-distrib-

uted rates in the simulations-rather than the unrealistic,
infinite-sites model (e.g., see Eller and Harpending
1996)-turned the tests more stringent in relation to the
scenarios that could be rejected. Also, in distinguishing
the stationary scenario from the expanding scenario, Ta-
jima's D had a discriminating power much higher than

C

0 0.01

Figure 2 NJ tree of 125 different Native American HVS-I se-

quences from the four major haplogroups. All sequences clustered
according to the haplogroup (A-D) to which they belong, except for
two haplogroup D sequences. The interior-branch-test CP values for
the main clusters are shown above the branches.
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lower-bound estimates for the averages were -25,000
(HVS-I) and -29,000 (HVS-I+HVS-II) ybp; and the
minimum value for all estimates was -23,000 ybp, for
haplogroup C with use of the HVS-I+HVS-II data. The
upper-bound age was -50,000 ybp. The average diver-
gence time between the haplogroups was >110,000 ybp,
being, in general, three times higher than the haplogroup
ages. The ages estimated by use of the mismatch-distri-
bution approach, by means of the method of moments,
were identical or very similar to those calculated by use

of nucleotide diversity (not shown), further indicating a

strong initial bottleneck (Bonatto and Salzano 1997),
although the CIs of the mismatch-distribution method
were larger.

Discussion

When we consider mainly the HVS-I data, the pattern
of shared polymorphisms, the mismatch distribution (fig.
1), the phylogenetic tree (fig. 2), the values of Tajima's
D and raggedness (table 2), and the simulation results
(fig. 3), all suggest that the four major haplogroups un-

derwent a bottleneck followed by a large population
expansion. These results give strong support for our fur-
ther use of the within-haplogroup sequence diversity as

an estimate of the time since that bottleneck. The very

similar diversity values found for the four haplogroups,
both with the HVS-I data set and with the HVS-I+HVS-
II data, strongly suggest that they all expanded at ap-

proximately the same time and, therefore, that they most
likely came from the same population, a result that is
in agreement with a single-migration model suggested
by several recent studies (Merriwether et al. 1995; For-
ster et al. 1996; Kolman et al. 1996; Bonatto and Salzano
1997).

In our previous study (Bonatto and Salzano 1997),
using mainly haplogroup A sequences, we concluded
that those mtDNA data strongly indicate that all Native
Americans originated from a single colonization event
that occurred in Beringia >22,000 ybp ago, possibly
-30,000-40,000 ybp. We suggested a scenario, based
on Szathmary's works (e.g., see Szathmary 1993), in
which the Native American ancestral population settled
in the Beringian landmass during sometime before ex-

panding. Eventually they crossed the Alberta ice-free
corridor and colonized the rest of the American conti-
nent. The collapse of that corridor, -25,000-14,000
(Hoffecker et al. 1993) or -30,000-11,000 (Lemmen et

al. 1994) ybp, isolated the people still living in Beringia,
from whom originated the Na-Dene and Eskimos (with
their reduced overall mtDNA diversity); those south of
the ice sheets gave rise to the Amerind-speaking peoples.
The present results for the four major haplogroups' di-
versification ages agree very well with these estimates.
When only the mean values are considered, these esti-

mates suggest a very early date (-30,000-40,000 ybp)
for the beginning of the diversification of the Native
American ancestral population, with a lower bound of
-25,000 ybp.
At least two types of evidence support the idea that

haplogroups' sequence differentiation probably began
during Beringia's settlement and not in Asia before the
colonization process: (1) our estimates of > 100-fold an-
cient population expansion suggest that the diversifi-
cation began during an intensive colonization process;
and (2) if the expansion had occurred somewhere else
in Asia, then one should find there sequences, with all
markers for each haplogroup, at a high number and
frequency, similar to the '90% frequency found in Na-
tive Americans; however, only the founding sequences
for each haplogroup have been found in Asia so
far-and they have been found at a very low frequency
(see Forster et al. 1996; Kolman et al. 1996; Bonatto
and Salzano 1997). The few additional founding se-
quences for haplogroup A that have been suggested-in
the Na-Dene and Eskimo (see Forster et al. 1996)-are
probably derived ones and will be discussed elsewhere
(authors' unpublished data).
We agree that some additional founding haplogroups

(such as group X from Forster et al. 1996; also see Bail-
liet et al. 1994; Merriwether and Ferrell 1996) might
exist, besides the four major ones studied here. However,
they constitute only -10% of the sequences now found
in the Americas and, because of their very small sample
size, could not be analyzed in the study. Since we ana-
lyzed each haplogroup separately, and since the number
of haplogroups was not a relevant parameter, including
these putatively additional founding haplogroups should
not significantly change the results presented here.
Some recent studies also tried to estimate the time of

entry into the Americas by means of haplogroup-diver-
sity values, on the basis of both RFLP data (Torroni et
al. 1992, 1994) and CR sequence variation (Forster et
al. 1996). We emphasize that our inferred CIs took into
account both the mutation-rate heterogeneity and the
nucleotide-diversity variance, whereas the estimates of
other recent studies considered, at most, only one source
of error; the CI for their estimates would be much
broader than the range that they have provided. As for
Torroni et al.'s (1992, 1994) hypothesis, our previous
results do not support the idea of an independent Na-
Dene migration (Bonatto and Salzano 1997), and our
present analyses also do not support their suggestion of
a more recent haplogroup B migration. Similarly, neither
Horai et al.'s (1993) proposal of different migrations,
-14,000-21,000 ybp, for each haplogroup nor the hy-
pothesis of a Polynesian contribution for haplogroup B
sequences found in America (see Bonatto et al. 1996)
was supported. In any case, Torroni et al.'s (1994) es-
timated average arrival date, -26,000-34,000 ybp, for
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the other three haplogroups is very close to our estimates
(table 1).

In general, Forster et al.'s (1996) scenario for the peo-
pling of the Americas is similar to that which we pro-
posed (see above and Bonatto and Salzano 1997). They
postulated a single and early entry (>20,000 ybp) and
suggested that, although the Amerinds colonized all the
continent and maintained their original diversity, Ber-
ingians (Eskimo + Na-Dene) reduced their diversity, be-
cause of the climate's deterioration until -11,000 ybp,
at which time they reexpanded to their present size. For-
ster et al. also have presented coalescence ages for Native
American haplogroups, using a data set very similar to
our HVS-I-but very different methods-to estimate
the haplogroups' age. Although they did not calculate
any CI for their age estimates, they suggested
-20,000-25,000 ybp as the arrival time for the Amer-
inds, which is near our lower-bound estimates. Their
haplogroup coalescence ages, however, are probably un-
derestimates of the diversification times since these pop-
ulations' entrance in the Americas, since they estimated
the diversity values on the basis of each haplogroup
within each tribe separately. Their results would receive
a strong influence from the recent demographic history
of each tribe, which could significantly change the an-
cient parameters that we are interested to estimate. A
good example of this can be seen in their estimated age
for the Central American Amerinds, which showed a
coalescence age lower than that of the South Americans.
Far from suggesting that Central American Amerinds
originated more recently than South American Amer-
inds, this result only reflects the reduced mtDNA diver-
sity found in the Chibcha groups, from which all Central
American mtDNA sequences came. The Chibcha's re-
duced mtDNA diversity is thought to have occurred be-
cause of recent events (Kolman et al. 1995).
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