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Abstract

An accurate estimate of the divergence time between Native Americans is important for understanding the initial entry and
early dispersion of human beings in the New World. Current methods for estimating the genetic divergence time of
populations could seriously depart from a linear relationship with the true divergence for multiple populations of a different
population size and significant population expansion. Here, to address this problem, we propose a novel measure to
estimate the genetic divergence time of populations. Computer simulation revealed that the new measure maintained an
excellent linear correlation with the population divergence time in complicated multi-population scenarios with population
expansion. Utilizing the new measure and microsatellite data of 21 Native American populations, we investigated the
genetic divergences of the Native American populations. The results indicated that genetic divergences between North
American populations are greater than that between Central and South American populations. None of the divergences,
however, were large enough to constitute convincing evidence supporting the two-wave or multi-wave migration model
for the initial entry of human beings into America. The genetic affinity of the Native American populations was further
explored using Neighbor-Net and the genetic divergences suggested that these populations could be categorized into four
genetic groups living in four different ecologic zones. The divergence of the population groups suggests that the early
dispersion of human beings in America was a multi-step procedure. Further, the divergences suggest the rapid dispersion of
Native Americans in Central and South Americas after a long standstill period in North America.
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present (BP) or even earlier [7,8]. Many archacologic sites reveal
the presence of humans before 13 kyr BP, such as Schaefer and
Hebior in Wisconsin, La Sena in Nebraska, and Lovewell in
Kansas [7]. The dominance of the Clovis culture (about 13 kyr BP)
in sites across North America was believed to be strong evidence
for a single-wave migration in the pre-Clovis period [9]. Genetic
studies largely support the model of single-wave migration based
on mitochondrial DNA (mtDNA) and Y chromosome data [8,10—
13]. Many other models of more complicated migration scenarios
have also been proposed, although some of them have been largely
rejected by recent studies. For example, a tripartite model was
proposed based on linguistic, archaeologic, and dental evidence in
the 1980s [14]; a recent genetic study of mtDNA introduced a
three-stage colonization model and the recent three-stage model
has little similarity to the previous tripartite model [15,16].
Furthermore, using short tandem repeats (STR) data from 24
Native American populations, a statistical evaluation of multiple

Introduction

The genetic history of human populations, especially their
colonization and migration, contains essential information for
understanding the genetic structure of human populations as well
as the genome landscape of human individuals. America is the
continent most recently colonized by human beings. While
mysteries about colonization in Eurasia and migration in Africa
were partially clarified by genetic studies [1—4], many questions
persist about the genetic history of Native Americans, and this
remains one of the last few frontiers in the study of genetic history
of our species [5,6].

Migration models regarding the initial entry into America is one
of the essential topics in genetic studies of Native Americans.
Different migration models were proposed over the past few
decades for the peopling of America when both archaeologic and
genetic evidence suggested that populations related to Asians were

the first successful colonizers to reach America during the last
glacial maximum around 20 thousand years (kyr) before the
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models indicated that the data do not support models with only a
single or two discrete migration waves and suggest a scenario with
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Figure 1. A four-population model with demographic param-
eters. Population PopD was the reference population with known
divergence time when the model was used in our study.
doi:10.1371/journal.pone.0044788.9001

a more complicated continental migration [17]. However, a
recently published paper suggested a three-wave model that the
first wave migration contributed most of genetic components of
Native Americans, except the Eskimo-Aleut speakers in the Arctic
region and Na-Dene speakers from Canada [18]. Arguments
about possible models for the initial colonization continue and
more rigorous investigation will facilitate further clarification.

The history of population dispersion after the initial coloniza-
tion of Native Americans is less discussed while the debates on the
origins and the time of the first Americans receives the most
attention of geneticists. Coastal routes of early American
migrations have been proposed in both mtDNA and STR studies.
Wang et al. suggested least-cost paths in a coastal migration
scenario including both Pacific and Atlantic coastal routes [19].
Their Pacific coastal routes are well supported by the mtDNA
evidence [8]. The times of the subsequent colonial events along
these routes, however, are not known. An extended genetic study
of the population history of Native Americans would provide
comprehensive insight into the subsequent colonial events.

An understanding of the colonization and migration of Native
Americans will depend on a good understanding of the genetic
relationship of Native American populations. The genetic
distance, a measurement of population divergence, is frequently
applied to explore genetic affinity of human populations because
the genetic distance has a linear relationship with the divergence
time of pairwise populations in simple genetic scenarios [20]. A
linear correlation between serial divergence times and classic
pairwise genetic distances, however, may not hold in complicated
demographic scenarios when multiple populations are involved
and their effective population sizes vary drastically [21,22]. A
better approach that can reliably measure genetic affinity of
populations in complicated genetic scenarios will greatly improve
our understanding of the population genetics of Native Americans.

Microsatellites (or STR), one commonly used genetic marker,
can be fitted well by a molecular clock, and can therefore provide
a reliable estimate of the time of population divergence whereas
even a large-scale single-nucleotide polymorphism (SNP) dataset
cannot [23]. In the present study, we planned to take advantage of
STR markers to explore the migratory and colonial history of
Native American populations. Based on our theoretical work, we
propose a novel genetic measure of the divergence of populations
based on STR data. Computer simulations revealed that the novel
measure maintained a good linear correlation with the divergence
times of populations, even in complicated demographic scenarios,
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such as those related to the dispersion of Native Americans. By
applying the novel measure to the STR data of 21 Native
American populations [19], our investigation disclosed the genetic
structure of these populations across vast geologic zones and
suggests a rapid dispersion in Central and South America during
the peopling of America.

Results

Evaluating the novel method using simulated STR data

A novel method was developed in this study to measure the
genetic divergence of populations in complicated multi-population
scenarios (see Methods for details). We addressed the performance
of the novel method in two separate evaluations using simulated
STR data.

In the initial evaluation, performance of the novel method was
examined for different sample sizes using 50 simulated STR
datasets that were generated for a four-population demographic
model (Figure 1, see Methods for details). Population divergence
was estimated from each of the 50 simulated datasets. On each of
the datasets, the novel method was tested multiple times with
different loci numbers (100, 400, or 1000 loci) and different sample
sizes (20, 40, or 60 chromosomes). The results showed that
variance of the estimations decreased when more genetic loci were
involved. The 95% confidence interval (CI) of the medians of
estimations was significantly narrowed down with an increase in
the loci number (Figure 2). The results suggested that our method
provided estimates with a reasonable variance when the number of
involved loci was larger than or equal to 400 (Figure 2). The results
also indicated that sample size had little effect on the 95% CI.
Therefore, our method performed nearly the same on genetic
samples with 10 or 30 individuals. The mean of the medians of
estimations was very close to pre-given population divergences,
although the medians fluctuated (Figure 2). Hence, the simulations
suggested that our method can be used to measure population
divergence with little bias. More extended evaluations confirmed
the above perspectives (data not shown).

In further evaluation, the novel method was compared with
Goldstein’s method using simulated multi-population STR data
[24]. The simulated data was generated from a complicate genetic
model involving 8 populations (1 hidden population and 7
observed populations, Figure 3). All the populations were assumed
to be expanding and with a different effective population size (Ne,
see Methods for details). Five pairwise divergences among six
observed populations (excluding the reference population) were
estimated and the estimates were plotted against pre-given
divergences using box plots (Figure 4). The estimates from our
method were in good concordance with the pre-given divergences
(Figure 4A). In comparison, the estimates from Goldstein’s method
heavily departed from the pre-given divergences (Figure 4B). In
extended evaluations for more genetic scenarios, our method
consistently produced better estimates (with less bias and moderate
variance) than that of Goldstein’s method, even when effective
population sizes grew in non-exponential modes (data not shown).
A serious bias would limit the application of Goldstein’s method in
genetic studies involving multiple populations with size expansion,
although the estimates from Goldstein’s method had smaller
variances than those in our evaluations.

Genetic divergences among Native Americans

Genetic divergences among Native Americans were investigated
in this study using our novel method because of its competitive
performance in multi-population scenarios. We applied the novel
method on STR data of 21 Native American populations (Figure 5)
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Figure 2. Medians with 95% Cls of 50 estimations for 9 different scenarios. Medians are presented in colored squares and their 95% Cls are
shown as bars across each of the squares. The areas of the squares are in reverse proportion to their 95% Cl. Diamonds indicate all the medians and
the width of the diamond indicates the standard error of the medians. Vertical lines indicate pre-given values of the demographic parameters.

doi:10.1371/journal.pone.0044788.9g002

and present their pairwise divergences in Table 1. The estimated
divergences are also presented as a convenient visualization in
Figure 6.

Population divergences between a given population and all
other populations are important for the historical timeline of the
given population. In our investigation, three populations in North
America had generally deep divergences from the remaining
populations. Chipewyan, a North American population, had the
greatest genetic divergence from the rest of the populations,
ranging from 548 to 697 generations with a mean=*s.d. of
628.65=30.82 generations (Table 1). The results support the
notion that the Chipewyan population is one of the oldest
branches of Native Americans. Ojibwa have a mean=s.d.
divergence of 582.53%£42.65 generations (Table 1). The diver-
gences of the other North American populations: Cree, with
mean=*s.d. of 474.71%80.63 generations (excluding divergence
between Cree and Mixtec), are younger than the Chipeywan and

Pop 1 2 3 4 5 6 7 88

Figure 3. Scenario with 7 observed populations and 1 hidden
population. The populations have current Ne, N;=1000, N, =2000,
N3 =4000, N, = 6000, N5 = 2000, Ng= 10000, N, = 10000, and Ng = 20000.
Divergence times are given as T, =300, T;3=500, T;4= 1000, T45 =600,
T,6=1500, T;7=2000, and T;3=3000. The populations are also assumed
to be in exponential growth with a constant rate of 0.001. *The
population Pop7 was used as a reference for the evaluation. §The
population Pop8 was assumed not to be observed in our study.
doi:10.1371/journal.pone.0044788.g003
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Ojibwa populations (Table 1). Interestingly, the divergence
between Cree and Mixtec is only 233 generations (with first and
third quartiles of 231 and 235 generations, respectively; Table 1).
The small divergence suggests a close genetic relationship between
the Cree and Mixtec. This close relationship is highly suspected to
be a consequence of genetic admixture. Computer simulations
confirmed that the genetic divergence of a mixed population could
be underestimated due to genetic admixture (Text S1).

Among the Central and South American populations, pairwise
divergences varied with a mean¥s.d. of 377.81%£101.47 genera-
tions (Table 1). The divergences were much smaller than that of
the North America populations. The Arhuaco and Guarani
populations showed prominent divergences from the other Central
and South American populations. The Arhuaco peoples living in
the mountainous area of northern Colombia showed pairwise
divergences with mean=*s.d. of 498.5%72.71 generations. The
Guarani (residing in Southern Brazil) had divergences with a
mean¥s.d. of 472.71£44.95 generations from the other Central
and South Americans (Table 1).

The maximum pairwise divergence was 697 generations
between the Mixe and Chipewyan populations (Table 1). The
Chipewyan language is a member of the Na-Dene language family
and Mixe Americans are Amerind speakers [25]. The Na-Dene
language is linked with the Yeniseian languages of Siberia,
whereas most Native American languages are members of the
Amerind family [26]. The minimum divergence was only 141
generations, between the Quechua and Amyra populations. The
two populations lived in the Pacific Rim of South America and
their languages belong to branches of the Andean stock of the
Amerind family.

Population groups & divergences of groups

The genetic relationship of the populations was further explored
using Neighbor-Net because the Neighbor-Net method is more
powerful than the Neighbor-joining tree method (Figure 7) [27].
By combining information from both the structure of the
reconstructed network and geographic locations of the popula-
tions, Native Americans could be categorized into four groups,
except for the aforementioned Arhuaco and Guarani populations
(Figure 5). The first group included three Northern American
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Figure 4. Box plots of the four-population approach and the existing method. A. Estimates from the four-population method show a linear
relationship with the given values; B. Estimates from Goldstein’s method show a departure from the given values.

doi:10.1371/journal.pone.0044788.9g004

populations, Chipeywan, Ojibwa, and Cree. Zapotec, Mixtec, and
Mixe comprised the second group (Central American I). The
remaining populations in Central America and nearby formed the
third genetic group (Central American II, including Kaqchikel,
Cabecar, Guaymi, Kogi, Embera, Waunana, Wayuu, and Zenu).
The populations living in Pacific Rim of South America (Inga,
Ticuna Arara, Quechua, Aymara, and Huilliche), mainly in the
area of the Andes Mountains, comprised the fourth group
(Southern Americans). Historical procedures for forming the four
population groups may be considered as steps of the early
colonization of human beings in America because the route of
early immigration in the Pacific Rim crossed sequentially through
the living areas of the four population groups [8].

To evaluate the serial colonization events in America, we
calculated mean population divergences between the four
population groups (Table 2). An unweighted pair group method

—

with arithmetic mean (UPGMA) tree based on the group
divergences presents the possible colonial process of human beings
in the New World (Figure 8). After the initial colonization in North
America, the first wave of population stratification might have
occurred in 556 generations BP. Some of the early immigrants
moved toward Central America. After a standstill of about 162
generations, the second wave of population stratification occurred
(394 generations BP). Native Americans migrated to the far
southern part of North America. Some of them passed over the
land bridge to South America. In only 23 generations, the early
inhabitants of South America dispersed to distant areas of South
America (371 generations BP), mainly along the Andes Mountains.

=

Discussion

The findings of the present study showed that the proposed
method provided good estimates of population divergence
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Figure 5. Geographic locations of 21 Native American populations. The populations are categorized into four different geographic clusters,
i.e.,, Northern American, Central American |, Central American Il, and Southern American.

doi:10.1371/journal.pone.0044788.9005
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(Figures 2&4). Therefore, the estimates of Native American
populations in this study should provide more details about the
peopling of the Americas, especially the peopling of South
America.

The Clovis culture appeared in many sites of North America
about 13,000 years BP, while the oldest remains of human activity
are at least 18,000 to 22,000 years old [28], suggesting that
humans entered North America long before the Clovis Culture.
Therefore, it is reasonable conjecture that any population arriving
in America in the second-wave of immigration or later should
show substantial differentiation from the first-wave immigrants.
The divergence between the North American populations and
South American populations in this study was only 556
generations BP (Figure 8). The divergence was about 11,120 to
13,900 years old when the duration of a generation was assumed
to be 20 to 25 years. The split between the two population groups,
therefore, is not likely deep enough to support the hypothesis that
their ancestors arrived in America in significantly different
migration waves. It should be mentioned, however, that our study
did not eliminate the possibility of a two- or multi-wave model
with an "equal admixture" or "complete replacement” before the
population divergence. Furthermore, our study did not eliminate
the possibility of a two- or multi-wave model that only one of the
migration waves contributed nearly all of genetic composition in
populations. A recently published paper suggested that the one
wave migration contributed most of genetic components of Native
Americans, except the Eskimo-Aleut speakers in the Arctic region
and Na-Dene speakers from Canada [18].

A population admixture could decrease divergence of the
involved populations. In other words, a split between the involved
populations could be much older than the estimate if genetic
communication occurred between the populations. Thus, the
population divergence estimate may fail to disclose two- or multi-
wave immigration in early colonization in the admixture scenario.
In our study of population group divergence, however, the impact
of admixture is expected to be limited because the two
aforementioned population groups lived far from each other,
thousands of miles away, and geographic space could act as an
efficient barrier of gene flow [29,30]. Potential genetic commu-
nication 1s more likely to happen within population groups, but to
be lower between populations from distinct population groups.
The theory of ’isolation by distance’ in Native Americans was
partially evaluated in a study that examined genetic heterozygosity
and least-cost paths in a coastal migration scenario [19].
Furthermore, extended computer simulations showed that minor
gene influx would have only a limited effect on our divergence
measure (Text S1). It was probably due to the negligible impact of
minor gene influx on the expected coalescent time of the two
lineages.

The European contribution was generally concerned with
genetic studies of Native Americans when the genetic contribution
was not likely to be significant in Native Americans, even for
populations living in North America [19,31]. The results in the
present report are still reliable in a scenario with a limited
European gene influx because of the aforementioned robustness of
the novel method to minor genetic admixture (Text S1). A recent
study suggested that the European contribution might be as much
as ~40% in the North American population [32]. That study,
however, probably highly overestimates the contribution of
Europeans to Native Americans because the result conflicted with
a previous report based on similar analysis and the same STR
data. If a significant European contribution was true, however, our
results and many previously published results should be reconsid-
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ered with a genetic scenario with a non-negligible European
component.

Our analysis suggests the Native Americans had a long-time
standstill in North America before some of them stratified and
moved into South America. The exact duration of the standstill is
not known, but its lower bound is estimated to be 162 generations
(about 3240-4050 years, Figure 8). This estimate is consistent with
a previous report suggesting a long-time standstill in the Bering
area [33].

Estimates of divergences of the population groups suggested that
Native Americans might have reached South America in 394
generation BP (about 7890-9863 years ago, Figure 8). The
estimates are well supported by archeological evidence. The
earliest known skeletal evidence in South America is dated to
almost 8500 to 10,000 years BP [34-37]. Our results also
indicated that Native Americans took only 23 generations (468
585 years) to get across the land bridge (Figure 8). The widespread
distribution of the fishtail point (a type of stone artifact) and its
variants among archeological sites of Central and South America
support the period of rapid movement of the population or
diffusion [37].

A total of 21 Native American populations were involved in this
study. Limited genetic data is a main hindrance to the current
mvestigations of the genetic history of Native Americans. All
published perspectives should be further evaluated with multi-
source genetic data from more populations in the future.

Materials and Methods

Brief summary of previous study

Slatkin showed the relationship between size variance of STR
and coalescent time of pairwise lineages [38]. Suppose two copies
of the same STR marker were sampled randomly from a
population or two different populations and the sizes of the two
alleles were S, and S,. The size difference of the two copies
changes with an accumulation of mutations after the divergence of
the two lineages. If the change in allele size due to mutation ¢ 1s x;,
the size difference of the two alleles could be presented as

S1—8= ixi,

i=1

where o is the total number of mutations that accumulated after
divergence of the two lineages. In the stepwise mutation model,
each x; is independent of the other with a mean of 0 and variance
o°, and the variance of the size difference could be presented as

Var(S) — S2) = E[(S1 — $»)*] =2puta>.

When the STR data of m independent loci is available, the
expected coalescent time of the two lineages is estimated as

E@)= 3" Var(Sia—Si)/2u0”) (n
k=1

Our model and solution for divergence time estimation
I. Relationship of demographic parameters in a two-
population model.. To present the relationship of coalescent
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Figure 6. Pairwise divergences of 21 Native American populations. The size of the circles is proportionate to the value of the divergence.

Color spectrum is given in the right bar.
doi:10.1371/journal.pone.0044788.g006
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Figure 7. Neighbor-Net of 21 Native American populations. The
color of the squares indicates the geographic relationship of the
populations (see Figure 5 for more details).
doi:10.1371/journal.pone.0044788.g007
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time of lineages and the populations’ divergence time in a Wright-
Fisher model with two populations (Figure 9), we assume that
populations grow exponentially (N®=N@e=" shere r is the
increasing factor and ¢ is the time from present) and effective
population size (counting in number of effective chromosome, Ne
in text and JV in equations) of the ancestral population (Pop,y,) is
the sum of the newborn populations’ Ne at divergence time t
(namely, N, =N’ + N at divergence time ¢). Therefore, we have
the equations below:

e — eir

L e
E(éa)ngeXP[*m}-i—
. (2)
o |:_ei<_el‘(l+l):| EOC: ii”ex [_ e —ell :|
PIT V=0 22 N " P Nu(l—e)
t ieri er_eir
E(fb)—;MeXp[—m}‘F
3)

e 7er(t+ 1) © ieri e — eri
e"p[_ Nb(lfe")} 2 N_abe"p[_ Nab(l—erj

i=t+1
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Table 2. Divergences among four population groups. The
results are presented in generations.

[11 [2] [3] [4]

[1] Northern American

[2]  Central American | 536.78
[31  Central American Il 554.42 397.67
[4]  Southern American 577.13 391.40 371.13
doi:10.1371/journal.pone.0044788.t002
0 l'eri e —e't
ECw)= > ——Xp|— v 4)
i=re1Nap Naup(1—e")

where E(€,), E(,), and E(,) are expectations of coalescent times
of pairwise lineages within population A, within population B, and
between populations A and B, respectively. Equations (2)—(4) can
be used to estimate demographic parameters (including population
divergence time) when the expected coalescent times of two
lineages within or between populations are available from
Equation (1).

Using Equations (2)—~(4), three of the four demographic
parameters (N, N, and #4p) in a two-population model can be
calculated (Figure 10, Model M1) if the population growth rate (r)
and expectations of the coalescent times (E(C,), E(,;), and E(E,))
are known. In most studies however, the population growth rate is
not known. To solve this problem, we introduced a reference
population ¢ with a known divergence time (Figure 10, Mod-
el M2). Following the aforementioned relationships among demo-
graphic parameters in the Wright-Fisher model, we could build a
system of equations (including 5 equations) for model M2 to
calculate ¢, and other unknown demographic parameters (V,, N,
N,, and r) simultaneously (results not shown).

II. Extension to a four-population model. It is trivial to
develop a model to include all populations when there are more
than 20 Native American populations involved in our study.
Therefore, we aimed to propose an explicit method that could be
easily applied in scenarios with many populations. Introduction of
any extra populations to model M2 (beyond Populations A, B, and

Southem American

371

Central American Il

Central American |

556

-] ——Northem American

Asian

Figure 8. UPGMA tree of four population groups of Native
Americans.
doi:10.1371/journal.pone.0044788.g008
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C), however, will affect the estimation of #y5 because MNe of the
ancestral population at the time of divergence is the sum of all the
newborn populations’ Ne in our models. We moved from model
M2 to model M3, therefore, to evaluate the impact of an extra
population X on the estimation of 45 (Figure 10, Model M3). It
was assumed that population X appeared in Positions x°, x”, or x’”
(Figure 10, Model M3). In a multi-population scenario (more than
4 populations), we obtained different estimates (values) of
divergence t4p when different populations were introduced as
population X. The median of the serial estimates (values) was used
as a robust estimate of the divergence 45 and distribution of the
serial values supplied information about the reliability of the
indicators. In other words, a four-population model (including
Populations A, B, C, and X) could be applied to estimate
population divergence when multiple populations were involved.

III. Calculating divergence in a four-population or multi-
population scenario. Model M3 could be transformed into a
universal four-population model when we reassigned symbols (A,
B, C, and D) to the four populations (see Figure 3) because the
three possible four-population trees of model M3 had the same
topological structure regardless of where the actual position of the
population X is.

Following the same principles as that of Equations (2)-(4), we
constructed a system of equations for the aforementioned four-
population model (Figure 1). The system includes seven equations
corresponding to seven expectations of coalescent times of pairwise
lineages within or between the four populations (Text S2). Roots
of the equations are estimations of unknown demographic
parameters in the four-population model (Figure 1). The system
of equations can be solved by the damped Newton-Raphson
method with the constraint that all roots of the equations are larger
than or equal to zero [39].

Demographic parameters for 21 Native American populations
were estimated in a two-stage procedure in this report. First, we
estimated the population demographic parameters for all four-
population combinations, including the Asian population refer-
ence and three other Native American populations. After that, the
median of all the estimated divergences between each pair of
Native American populations was used as a robust estimation of
divergences between the paired populations.

IV. Performance evaluation. We evaluated the aforemen-
tioned method in two separate assessments using simulated STR
data. The simulated STR data were produced from simulated
sequences from MS using a strict stepwise mutation model [40,41].
The mutation rate of the STR was assumed to be 6.4x10™* [42].
STR loci were independent in our simulations.

PopA PopB

Figure 9. A two-population model with population growth.
doi:10.1371/journal.pone.0044788.9g009
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Figure 10. Moving from the two-population model to a four-population model.

doi:10.1371/journal.pone.0044788.9010

In the first assessment, we examined the performance of the
system of equations and the equation solver in the genetic model
with only four populations (Figure 1). In the simulation, effective
population sizes of the four populations were given as 4000, 2000,
6000, and 8000 for populations PopA, PopB, PopC, and PopD,
respectively, when divergence times were assumed to be 1000,
2000, and 3200 generations for typ, t4pc, and Lypep, respectively.
The population growth rate was set to 0.001 in the simulations.
The evaluation was carried out with a different sample size (20, 40,
or 60 chromosomes) and different locus number (100, 400, or 1000
loci) on a total of 50 independent simulated data sets. Estimation
bias was cautiously addressed using medians of 50 estimates and
overall means of the medians. The 95% CI of the medians was
used to assess the reliability of the estimates for each different
sample size and locus number (Figure 2).

In the second assessment, our method was evaluated in a more
complicated scenario with one hidden population and seven
observed populations. Pre-given demographic parameters for STR
simulation were presented with the population model in Figure 3.
Using the aforementioned solution for a multi-population condi-
tion, the divergence times of six observed populations were
estimated when the oldest observed population was used as a
reference. Simultaneously, a frequently-used method from Gold-
stein et al. was also applied to the same simulation data to estimate
the divergence times of the pairwise populations [24]. Pre-given
divergence times of the six populations and estimated times from
both the two different estimating methods in box plots are shown
in Figure 4 for direct comparison. More demographic parameters
and models were evaluated in the extended evaluations.

Genetic data

STR data from Wang et al. was used in this study [19]. The full
data set included genotypes of 678 autosome STR markers from
436 individuals. The samples were collected from 24 Native
American populations and one Asian population from Central
Siberia.

We transformed data of all alleles into numbers of repeats. Only
tetra-repeat loci were further investigated. Finally, 451 tetra-repeat
loci were involved in our analysis with missing data less than or
equal to 10% per locus. Genetic relatives were detected in the
primary data set (named N436). Wang et al. excluded the relatives
to reform data sets N379 and N354 [19]. We analyzed all three
data sets for a full view of population divergences. Ache,
Kaingang, and Ticuna (Tarapaca) were excluded from the final
analysis because these populations had larger within-population
divergences than between-population divergences, which might be
due to population admixture, sampling error, or random factors.

PLOS ONE | www.plosone.org

We presented population names and geographic locations of the
remaining 21 Native American populations in Figure 5.

Exploring divergences of Native American populations

Expected coalescent times of pairwise lineages within or
between populations were calculated using Equation (1) in this
study. We used a mean mutation rate p=6.4x10"" per
generation for the involved tetra-repeat loci [42]. The Tundra
Nentsi population from Central Siberians was considered as a
population reference because of its geographic location.

Using Zhivotovsy’s methods, the empirical value of divergence
time between Native Americans and Siberians (Tundra Nentsi
population) was estimated to be 1536 generations with the upper
bound 3721 generations [22]. In the estimation, mean STR size
variance of three gather-hunter populations (Ache, Karitiana, and
Surui) was used as that of common ancestral population of Native
Americans. The empirical estimation was concordant with archae-
ologic and mtDNA studies, suggesting a general range of 20 to 30
kyr BP for the first colonization of America [8,28,43]. Therefore, we
used 1500 generations as the divergence time between Asian
references and Native American populations in further analysis.

Pairwise divergences of populations were estimated using the
aforementioned multi-population method. For each population
pair, we obtained 19 divergence values (estimation) in all,
corresponding to calculations with different interference popula-
tions (Population X in model M3). A median of 19 results was used
as the final estimate for divergence. The first and third quartiles of
the 19 results supplied information for reliability of the final result.
Neighbor-Net was constructed on the basis of the estimated
divergences to present the genetic relation of the Native American
populations. The Neighbor-Net caught more details than the tree-
based presentation [27].

To further eliminate the uncertainty of the estimations, we
divided the 21 populations into 4 population groups according to
their genetic affinity and geographic locations. Divergence of the
population groups was defined as the mean divergences of
between-group population pairs. We constructed a UPGMA tree
for the divergences of groups to present a historical pattern of
sequential colonial events in the geographic regions.

Supporting Information

Text S1 Effects of genetic admixture on the novel method.
(PDF)

Text 82 A system of equations based on the four-population
model.

(PDF)
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