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Summary

A total of 1558 base pairs in the 16p13.3 region were investigated in 98 individuals of Mongolian, Northern Arctic

and Amerindian affiliation, and the results compared with those obtained in a previous worldwide study of the

same genomic region. Fifty-five polymorphic sites could be classified into thirty-five haplotypes from the total

data. A median joining network based on the haplotypes revealed two distinct clusters: one with low diversity, with

haplotypes found in all five geographic-ethnic categories; while the other, with the most divergent haplotypes,

was composed mainly of Africans and a few Amerindians. Almost all neutrality parameters yielded significantly

negative values. Demographic simulations with the exclusively Amerindian dataset rejected all scenarios, including a

bottleneck beginning more than 12,000 years ago. The demographic scenarios tested considering population growth

were similar among the Amerindian and worldwide or Eurasian data sets. The results suggest that Amerindians are a

representative sample of Eurasian populations, preserving the signal of demographic growth from the out of Africa

exodus and, together with data from uniparental markers, support a scenario of a bottleneck of moderate intensity

during the peopling of the New World.
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Introduction

Studies of human genetic variation provide a power-

ful tool for elucidating the genetic, evolutionary, and

demographic factors shaping the human genome. Con-

siderable work has accumulated over the last decades

documenting DNA sequence variation in humans.

Early studies focused primarily on mitochondrial DNA
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(mtDNA) (e.g. Vigilant et al. 1991; Ingman et al. 2000)

and the Y chromosome (e.g. Hammer, 1995; Whitfield

et al. 1995; Underhill et al. 2000). More recent single-

locus studies have focused on the X chromosome (e.g.

Nachman et al. 1998; Harris & Hey, 1999; Kaessmann

et al. 1999; Nachman & Crowell, 2000; Gilad et al. 2002;

Hammer et al. 2004; Garrigan et al. 2005) and auto-

somes (reviewed in Przeworski et al. 2000; Excoffier,

2002). Particularly for autosomal noncoding regions the

number of surveys is still low, but they are beginning to

reveal more complex demographic events than those re-

vealed by uniparental markers (Yu et al. 2002). In relation

to Amerindians the number of surveys and diversity of

markers has been growing (reviewed in Salzano, 2002;
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Bortolini et al. 2003; Dornelles et al. 2004; Schmitt

et al. 2004; Kohlrausch et al. 2005; Mateus-Pereira et al.

2005). However, there are very few studies describing

sequence variability in nuclear loci in populations from

this continent, and most only screened a few individ-

uals from a couple of populations. Two exceptions are

Heller et al. (2004) and Fagundes et al. (2005) who stud-

ied the genetic variability in the 3′-UTR of the LDLR

gene from many individuals of African, Asian, Euro-

pean and especially Amerindian ancestry. They found a

lower value of genetic diversity in Amerindians as com-

pared to other populations, suggesting a single origin

and a bottleneck during the peopling of the American

continent. However, neutrality statistic tests point to the

possible action of worldwide balancing selection at this

locus.

Alonso & Armour (2001) studied a region localized

between the minisatellite loci D16S309 (MS205) and

D16S83 (EKMDA2), immediately flanking the 5′ end

of minisatellite MS205 at 16p13.3. This region con-

tains the first nine exons of the α 1H subunit of a

human voltage-dependent T-type Ca2+ calcium chan-

nel (CACNA1H) (Cribbs et al. 1998). The sequence

analysed (about 1.5 kb) maps inside intron 2 (which is

approximately 41 kb long) of this gene, about 35 kb

downstream of exon 2 and 6 kb upstream of exon 3,

and is G+C rich (65%). The estimated average substi-

tution rate per site per year found by Alonso & Armour

(2001) (2.19 × 10−9), obtained from 100chromosomes

sampled from different African and Eurasian popula-

tions, was higher than most other estimates in the lit-

erature (e.g. Harding et al. 1997; Harris & Hey, 1999;

Jaruzelska et al. 1999; Kaessmann et al. 1999; Nachman

& Crowell, 2000). Alonso & Armour (2001) found that

this region is highly polymorphic and could constitute

a very informative source for investigating recent hu-

man evolution. In addition, it maps to a region of high

recombination which may help to shield it from the

distorting effects of genetic hitchhiking or background

selection. Badge et al. (2000) had previously studied this

region and described a recombinational hot spot in the

85 kb separating the 3′ end of minisatellite MS205 and

the 5′ end of minisatellite EKMDA2. Recombination,

however, does not seem to disrupt the reconstruction

of the evolutionary history of this region, as Alonso &

Armour (2001) estimated the recombination rate to be 0

in this specific sequence. As the region analyzed is short

(1.56 kb) this also reduces the chance of it containing a

recombinational hot spot.

We have sequenced 1558 base pairs of this region in a

set of different ethnic Amerindian and Asian groups and

integrated these data with those of Alonso & Armour

(2001). Our objectives were to investigate the molecular

variability of this region, to make inferences about the

early peopling of the Americas, and also to evaluate if the

extended dataset would shed new light on the process

of human continental diversification.

Subjects and Methods

Samples

Information about the studied populations is presented

in Table 1. A total of 98 individuals have been tested: 4

Mongolians (2 Khalkh, 2 Khoton), 4 Northern Arctic

(2 Chukchi, 2 Eskimo), 12 Central Americans (from

six tribes) and 78 South Americans (affiliated with

17 tribes or ethnic groups). As indicated by the geo-

graphical coordinates, they are spread all over Central

and South America, while non-Americans are located

in places from which the prehistoric colonization of the

New World has presumably taken place. Wide linguis-

tic representation is also found among the Central and

South Americans.

DNA Extraction, PCR Amplification,

and DNA Sequencing

The region analyzed includes the first 1558 base pairs

(bp) of the 1742bp sequence studied by Alonso &

Armour (2001). The genomic DNA samples were ex-

tracted from plasma and glycerolized red blood cells

stored in Porto Alegre, using the QIAamp DNA Mini

Kit (Qiagen). Six primer pairs were designed with over-

lapping regions to amplify the 1558 base pairs (one of

them designed by Alonso & Armour, 2001; primer se-

quences are available on request). Amplification was per-

formed using 10–50 ng of genomic DNA, 1.5 mM

of MgCl2, 0.2 mM of each dNTP, 0.2 μM of each

primer, and 0.5 U of Taq DNA polymerase (Ampli-

Taq Gold [Applied Biosystems] or Platinum [Invitrogen

Life Technologies]). Cycle conditions were 94◦C for
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Table 1 Sample size, geographic location, and linguistic information for the studied populations

No. of Geographic Linguistic

Population individuals location familya References for further information

South Americans

Aché 5 23◦30′–24◦10′S;

55◦50′–56◦30′W
Guayaki Brown et al. (1974); Hill & Hurtado (1996)

Ayoreo 5 16–22◦S; 58–63◦W Ayore Dornelles et al. (2004)

Arara 3 3◦30′S; 53◦W Arara Salzano et al. (1991)

Cinta Larga 4 9◦50′–12◦30′S;

59◦10′–60◦50′W
Tupi Mondé Callegari-Jacques et al. (1994)

Foz do Içana 3 1◦N; 67◦30′W Cubeo,

Tucano,

Baniwa,

Tariana

Salzano et al. (1986)

Gavião 4 10◦10′S; 61◦08′W Tupi Mondé Hutz et al. (1997); Andrade et al. (2000)

Guarani 3 23◦6′S, 55◦12′W;

23◦12′S, 55◦6′W
23◦48′S, 54◦30′W

Guarani Salzano et al. (1997)

Kaingang 4 27◦20′S; 52◦45′W Ge-Kaingan Salzano et al. (1980)

Lengua 3 23◦S; 56◦W Macro-Panoan Brown et al. (1974); Goicoechea et al. (2001)

Pacaás Novos 7 11◦8′S; 65◦5′ W Chapacura Salzano et al. (1985)

Parakanã 14 5◦S, 50◦10′W;

4◦30′S, 50◦W

5◦55′S; 52◦42′W

Tupi Black et al. (1988)

Quechua 5 12◦33′S, 75◦83′W;

16◦38′S, 71◦52′W
Quechua Tarazona-Santos et al. (2001)

Suruı́ 4 10◦50′S; 61◦10′W Tupi Mondé Hutz et al. (1997); Andrade et al. (2000)

Waiãpi 3 1◦N; 53◦W Oyampi Mestriner & Salzano (1998)

Wai Wai 3 0◦40′S; 58◦W Carib Callegari-Jacques et al. (1996)

Xavante 4 13◦20′S; 51◦40′W Gê Coimbra et al. (2002)

Zoró 4 10◦20′S; 60◦20′W Tupi Mondé Heidrich et al. (1995); Andrade et al. (2000)
Central Americans

Bribri 2 9◦38′N; 82◦50′W Chibchan Barrantes (1993)

Cabecar 2 9◦26′N; 83◦09′W Chibchan Barrantes (1993)

Guatuso 2 10◦40′N; 84◦49′W Chibchan Barrantes (1993)

Guaymi 2 8◦13′N; 82◦57′W Chibchan Barrantes (1993)

Huetar 2 9◦53′N; 84◦14′W Chibchan Barrantes (1993)

Teribe 2 9◦20′N; 82◦35′W Chibchan Barrantes (1993)
Northern Arctic

Chukchi 2 64◦N; 175◦W Chukot Erdesz et al. (1994); Krylov et al. (1995)

Eskimo 2 64◦N; 175◦W Yupic Erdesz et al. (1994); Krylov et al. (1995)
Mongolians

Khalkh 2 46◦N; 106◦E Altaic Kolman et al. (1996)

Khoton 2 45◦N; 94◦E Qotong Munkhbat et al. (1997)

aAccording to Campbell (1997).

1 min, 62◦C for 2 min, and 72◦C for 2 min, with

an initial denaturing step of 94◦C for 1 min and a

final extension step of 72◦C for 10 min. The PCR

products were purified with exonuclease I and alkaline

phosphatase (Amersham Biosciences) and sequenced

on both strands using the amplification primers. Se-

quencing was performed with the DYEnamic ET Dye

Terminator Kit (MegaBACE, Amersham Biosciences)

as instructed and read in a MegaBace1000 (Amer-

sham Biosciences) automated system. All determina-

tions which indicated possible variants were confirmed

by exhaustive re-sequencing, including for some samples

sequencing in an ABI Prism 3100 (Applied Biosystems)

machine.
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Haplotype Assignment

Samples with confirmed multiple variants had their hap-

lotypes determined experimentally by cloning the PCR

products with the Topo TA Cloning Kit for Sequencing

(Invitrogen Life Technologies). Plasmid DNA extrac-

tion was carried out according to Sambrook & Russell

(2001). Sequencing of the cloned fragments was per-

formed as indicated above.

Data Analysis

All chromatograms were manually checked using the

CHROMAS 1.45 (www.technelysium.com.au/index.

html) program, and all sequences were manually aligned

using BIOEDIT 6.0.7 (www.mbio.ncsu.edu/BioEdit/

bioedit.html). To test departures from the neutral model,

such as selection or population change, Tajima’s D

(Tajima, 1989), Fu & Li’s D∗ and F∗ (Fu & Li,

1993) and Fu’s Fs (Fu, 1997) statistics were calcu-

lated; additionally, diversity parameters such as haplo-

type (Hd) and nucleotide (π ) diversity (Nei, 1987),

as well as theta (θ ) (Watterson, 1975), were obtained,

all employing the DnaSP 4.0 (www.ub.es/DNASP)

software. The relationships among haplotypes were ob-

tained by the median joining method using NET-

WORK 4.1.0.8 (www.fluxus-engineering.com). The

ARLEQUIN 2.0 package (Schneider et al. 2000) was

used to perform the Analysis of Molecular Variance

(AMOVA).

Mean divergence (K) between humans and one

chimpanzee (GenBank accession number AJ252012)

was calculated using the PAUP∗ 4.0 program (Swof-

ford, 2002), with a Tamura-Nei with invariants dis-

tance selected by MODELTEST (Posada & Crandall,

1998). The nucleotide substitution rate was inferred

from the divergence value using the formula μ =
K/(2t), considering a divergence time (t) of 6 million

years.

To additionally test if there are signals of past de-

mographic fluctuations in the samples of all individ-

uals (worldwide sample), and Amerindians alone, co-

alescence simulations were performed using Rogers’

algorithm (Rogers, 1995) as implemented by Wood-

ing et al. (2004) in the DFSC 1.0 program

(www.xmission.com/∼wooding/DFSC/). These sim-

ulations were also performed with the original data of

Alonso & Armour (2001) only and with a Eurasian sub-

set. This algorithm assumes that, t generations ago, a

population increased suddenly from an ancient popula-

tion size (N 0) to a larger population size (N 1), with

an infinite-sites mutation rate (μ). The use of sim-

ulations based on coalescent theory to test complex

demographic scenarios from genetic polymorphisms

is considered one of the most powerful methods to

study human demographic evolution (Rosenberg &

Nordborg, 2002). This is achieved due to the efficiency

of the simulations, which can simulate a wide range of

scenarios with a reduced number of assumptions. The

simulations employed here considered a combination of

demographic scenarios, from growth factors of 1-fold

(stationary) to 500-fold, beginning 3,000 to 150,000

years ago for all individuals; and for the Amerindian

dataset, between 2,500 and 50,000 years ago, respec-

tively. For Amerindians assumptions about population

decline (bottleneck) were performed, considering re-

duction factors of 1-fold to 50-fold beginning 12,000 to

50,000 years ago. Different values of theta (θ ) were used

in the simulations (0.01, 0.1, 1.0, 10) to verify how the

effective population size (Ne) influences the proposed

scenarios.

Results

Polymorphic Sites and Haplotype

Determination

A total of 1558 base pairs of 196 chromosomes were

sequenced. Of the 98 individuals tested 95 had their

haplotypes directly determined, since they were ei-

ther homozygous or heterozygous for a single site. The

remaining three had their phase assigned by cloning

(seven clones of each individual were sequenced):

they comprise one Aché, one Kaingang, and one

Parakanã. In the Aché and the Kaingang we found

some recombinant clones between the two alleles that

may be explained as an artifact of the PCR pro-

cess, perhaps originating as described by Ennis et al.

(1990).

Combining our data with those obtained by Alonso

& Armour (2001), 55 polymorphic sites (including a 5

bp indel in two haplotypes) were observed in this seg-
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ment. Of these 12 were observed in this study for the

first time. These new substitutions can be character-

ized as follows: nine transitions at sites 143, 735, 1535

(C/T); 264, 468, 491, 535, 722 (G/A); 1510 (T/C); and

three transversions at sites 1132 (A/C); and 1141, 1251

(A/T).

The haplotypes observed by Alonso & Armour (2001)

and those inferred in this study were combined, result-

ing in a total of 35 haplotypes (Table 2). By far the most

common was HP1, occurring in 62% of the 296 chro-

mosomes studied. HP5 has a frequency of 11%, while

all the others have a prevalence of 5% or less. Twelve oc-

cur in Amerindians and Northern Arctic only, and were

newly identified in the present investigation. Nineteen

others were found by Alonso & Armour (2001) only,

in Asian, European, and African subjects, while four

were observed by both studies. HP1 occurs in the five

ethnic-geographic categories established; HP13 in four,

HP5 in three, and HP10 in two of them. In Amerindi-

ans, among the 180 chromosomes tested, the three

most common haplotypes are (in percentages) HP1 (68),

HP5 (14), and HP6 (8).

Of the 27 local ethnic groups studied here (listed in

Table 1), seven comprise individuals who are all ho-

mozygous for the most common allele (HP1): South

Americans; Arara, Lengua, Pacaás Novos, Wai Wai;

Central Americans; Huetar, Teribe; and Mongolians;

Khalkh. The following haplotypes are found in only one

ethnic group: HP3 (Quechua), HP4 (Waiãpi), HP11

(Gavião), HP12 (Foz do Içana), HP14 (Cinta Larga),

HP15 (Chukchi), and HP16 (Aché). Haplotype six oc-

curs in 11 individuals belonging to the Aché, Parakanã,

Suruı́, and Xavante tribes. Parakanã is the tribe with

the highest diversity, presenting HP6, HP1, HP2, HP5,

HP7, HP8, and HP9 haplotypes.

Median Joining Network

A Median Joining Network was constructed with all

haplotypes (those detected here and those listed by

Alonso & Armour, 2001), and is pictured in Figure 1.

Two clusters are apparent, one with the most diver-

gent haplotypes and the other with a starlike structure,

where haplotype 1 is the central and most numerous

one. This second cluster is more compact, with most

haplotypes differing from HP1 by just one mutation.

Included in this are haplotypes found in the five major

geographic-ethnic categories established in the present

work. Of the haplotypes found exclusively in Amerindi-

ans the most frequent is HP6, which differs from HP1

by a mutation at site 491. Four other haplotypes, HP7,

HP8, HP9, HP11, also differ from HP1 by just one

mutation. The most derived Amerindian haplotype in

this cluster is HP2, found in the Parakanã, which dif-

fers from HP1 at three sites, and from HP8 at two

sites.

The second cluster originates from HP27, the hap-

lotype identified by Alonso & Armour (2001) as the

root of their tree. Mostly exclusively African haplo-

types are represented in this cluster, but several ex-

ceptions occur. HP28 was found in one Basque indi-

vidual: HP10, found by Alonso & Armour (2001) in

Kenya, was also observed among the Kaingang. Three

other haplotypes in this clade are found exclusively

in Amerindians: HP3 in the Quechua, HP16 in one

Aché and HP14 in one Cinta Larga. HP15, which is

very derived, was found in the Chukchi. The reticu-

lations observed derive from haplotypes confirmed by

cloning.

Nucleotide Substitution Rates

Mean divergence (K) between humans and one chim-

panzee was 0.026 ± 0.00082. The average substitution

rate, estimated from this divergence, was 2.16 × 10−9

per site per year. The substitution rate per sequence

(1558 sites) per generation (20 years) was estimated at

6.75× 10−5.

Genetic Structure

To investigate the partition of variance within and

among populations, an AMOVA analysis was per-

formed comparing five geographic arrangements. The

results are shown in Table 3. In the first compar-

ison, involving all the geographic-ethnic categories

considered, ∼87% of the variance occurs at the in-

trapopulation level, ∼10% among populations within

these categories, and ∼3% among these categories.

There is no clear differentiation between Central and

South Amerindians (negative value), but moderate vari-

ation occurs among the different tribes or populations
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Table 2 16p haplotypes observed in the present investigation and by Alonso & Armour (2001) showing their geographical rangea

Sites

6 7 1 1 1 2 2 2 2 2 3 3 3 3 3 4 4 4 4 5 5 5 6 7 7 7 7 7 7 7 8 8 8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

9 4 2 4 7 2 3 6 7 7 2 3 5 6 7 3 6 6 9 3 8 9 9 1 2 3 3 5 5 8 0 1 5 0 0 1 1 1 1 1 1 1 2 2 3 4 5 5 5 5 5

7 3 1 1 9 4 4 9 1 4 6 3 0 3 3 8 1 5 1 8 0 4 2 5 6 6 7 8 9 0 5 7 8 3 4 4 4 4 7 8 5 6 7 2 0 0 1 2 3 N◦

Haplotypesb 4 4 2 1 2 3 5 9 9 1 2 2 3 2 6 0 1 5 foundc Geographical ranged

1 (122) 2 (4) 3 (17)
HP1/a GGGCA+CGCCGGGCCGGGGGACCCGCCCGACGGGGAATAAGCATAAGGTGC 184

4 (28) 5 (13)

HP2 . . . T . . . . . . . . . . . . . A . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . 2 1 (2)

HP3 . . . . . . . . . . CA . T . . . . . . . . . . . . . . A . . . . A . . . . . . AT . . . G . . . . . 1 1 (1)

HP4 . . C . . . . . . . . . . . . . . . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1 (1)

HP5/b . . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 1 (25) 2 (1) 3 (4) 4 (3)

HP6 . . . . . . . . . . . . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 1 (14)

HP7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . 2 1 (2)

HP8 . . . . . . . . . . . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1 (2)

HP9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T 5 1 (5)

HP10/n . . . . G . . . . . . . . . . . . . . . G . . . . . . . . . . . . A . . . . . . A . . . . G . . . . . 3 1 (1) 5 (2)

HP11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . . 2 1 (2)

HP12 . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . 2 1 (2)

HP13/e . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . 12 2 (1) 3 (2) 4 (1) 5 (8)

HP14 . . . . G . . . . . . . . . . . . . . . G . . . . T . . . . . . . A . . . . . . A . . . . G . . . . . 2 1 (2)

HP15 . . . . . . . . . . CA . T . . . . . AG . . . . . . . A . . . . A . . T . . . AT . . . G . . . . . 2 2 (2)

HP16 . . . . . . . . . . C . . T . . . . . . G . . . . . . . A . . . . A . . T . . . AT . . . G . . . . . 1 1 (1)

HP17/c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . 3 4 (3)

HP18/j . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 5 (1)

HP19/h . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . 1 3 (1)

HP20/g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . 1 3 (1)

HP21/p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A . 1 4 (1)

HP22/d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . . . . 2 4 (1) 5 (1)

HP23/l . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . A . . . . . . . . . . . . . . . . . . . . 2 5 (2)

HP24/r . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . 1 4 (1)

HP25/o . A . . . . . . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 4 (1)

HP26/i . . C . . . . . . . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 3 (1)

HP27/k . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . 2 5 (2)

HP28/f . . . . . . . . . T . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . 1 4 (1)

HP29/w . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . A . . . . . . . . . . . . . . . . A . . . 1 5 (1)

HP30/u . . . . . . . . . . . . . . . A . . . . . . . . . . T . . . A . . . . . . . . . . . . . . . . . . . . 1 5 (1)

HP31/s A . . . . . . . . T . . . . . . . . . . GT . . . . . . . . . . A . . . . . . . . . . . . GA . . . . 3 5 (3)

HP32/x . . . . . . T . . . . . . . . . . . . . G . T . . . . . . . . . . . A . . . ACG . . . . G . . . . . 1 5 (1)

HP33/t . . . . . . . . . . CA . T . . . . . . G . . . . . . . A . . . . A . . . . . . AT . . . G . . . . . 1 5 (1)

HP34/y . . . . . - . . . T . . . . . . . . . . G . . . . . . . . . . A . . . . . . . . . . . . . G . . . . . 3 5 (3)

HP35/z . . . . . - . . GT . . . . . . . . . . G . . . . . . . . . . A . . . . . . . . . . . . . G . . . . . 1 5 (1)

aDots indicate agreement and dashes deletions in relation to the most common haplotype (HP1).
bHaplotypes inferred in the present study and their equivalents in Alonso & Armour (2001). Those in boldface were found in this

study for the first time.
cNumber of chromosomes.
d1. Amerindians; 2. Northern Arctic; 3. Asians (Mongolia and Japan); 4. Europeans; 5. Africans; number of chromosomes found in

these groups indicated in parentheses.

studied in Central and South America (∼15%). The

numbers in the Amerindian vs Asian comparison are

similar, while the large between-group variation in the

Amerindian vs Northern Arctic may be related to the

small sample size of the latter, and the previosuly men-

tioned Chukchi, who present an unusually high num-

ber of mutations. The last comparison (African vs non-

African) shows 11% of between-group variation, as

expected, since Africans have several of the most dis-

tinctive haplotypes.
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Figure 1 Median-joining network showing the relationships among haplotypes. Each

circle represents a different haplotype, and its size is proportional to its relative frequency.

For each haplotype, the different shading and the diagonal cross pattern indicate the

fraction of observations in Asians, Africans, Amerindians, Europeans and the Northern

Arctic. The numbers in parentheses under the branches correspond to the amount of

nucleotide substitutions in excess of one, and the number beside each circle is the

haplotype assignment. Reticulations indicate ambiguous relationships. HP27 is the root

of the tree.

Table 3 AMOVA results: intra- and interpopulation variability considering different hierarchical arrangements

Among Populations Within

Among Groups Within Groups Populations

Population Structure (%) (%) (%)

Geographic-Ethnic Categoriesa 3.32ns 9.70 86.98

Central vs South Amerindians −0.34ns 15.12 85.22

Amerindians vs Asians −3.33ns 14.00 89.33

Amerindians vs Northern Arctic 31.52 6.45 62.03

Africans vs non-Africansb 11.44 8.05 80.51

aGroups: Africans, Amerindians (South and Central), Asians, Europeans and Northern Arctic.
bnon-Africans: Amerindians, Asians, Europeans and Northern Arctic.
ns: p > 0.1; all the other values are significant at the 0.1% or lower level.

Genetic Diversity

Results of haplotype and nucleotide diversity, as well

as the neutrality tests, are presented in Table 4. Haplo-

type and nucleotide diversity indices are generally sim-

ilar among the major ethnic groups, with the excep-

tion of Africans who present with significantly higher

values. Northern Arctic populations also have high val-

ues, but these are probably due to one Chukchi that

is homozygotus for a very divergent haplotype (HP15).

Our results for the world sample are similar to those

found by Alonso & Armour (2001), although diver-

sity values from our data are smaller, as expected, since

the low-diversity Amerindian group comprises a high

proportion of the sample. Almost all neutrality statistics

(Tajima’s D, Fu and Li’s D∗ and F∗ , Fu’s Fs) gave neg-

ative values, except those for Northern Arctic popula-

tions that were positive, but not significantly; Fu and Li’s

D∗ for Amerindians was also non-significantly positive.

Europeans and the world sample gave significant values

for all neutrality tests, and Amerindians for Tajima’s D

and Fu’s Fs. Asian estimates were significant for Fu’s Fs

only.
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Table 4 16p haplotype and nucleotide diversity, as well as neutrality test results, by major geographic-ethnic categories

Amerindians Northern World

Characteristics Central South Arctic Asian Europeans Africans World A & Aa

No. of chromosomes 24 156 8 28 40 40 296 100

No. of haplotypes 14 4 6 9 14 35 28

No. of polymorphic sites 23 13 5 11 28 49 42

Haplotype diversity (Hd) 0.519 0.750 0.598 0.508 0.853 0.598 0.765

Nucleotide diversity 0.064 0.335 0.048 0.050 0.243 0.098 0.147

(π ) (SE)b % (0.011) (0.116) (0.010) (0.013) (0.037) (0.012) (0.020)

Tajima’s D −2.08∗ 0.20 −1.18 −2.12∗ −1.46 −2.32∗ ∗ −2.14∗

Fu and Li’s F∗ −0.66 0.90 −1.58 −3.55∗ −2.07 −2.88∗ −3.76∗

Fu and Li’s D∗ 0.46 1.00 −1.44 −3.45∗ −1.90 −2.46∗ −3.80∗

Fu’s Fs −7.60∗ ∗ 2.30 −2.68∗ −5.97∗ ∗ −2.72 −32.70∗ ∗ −18.42∗ ∗

aAlonso & Armour (2001); bSE; standard error, ∗ : p < 0.05; ∗∗ : p < 0.01

Demographic Simulations

As most of the values of Tajima’s D statistic were signif-

icantly more negative than expected under the neutral

model (assuming constant population size and no selec-

tion, see discussion), they are consistent with the hy-

pothesis of a population bottleneck followed by growth

or a selective sweep. Considering the vast evidence for

population growth in the history of modern humans

(reviewed in Harpending & Rogers, 2000) and the ev-

idence presented by Alonso & Armour (2001) that the

16p13.3 region is neutral, we only considered the hy-

pothesis of demographic change. To better investigate

this possibility with our datasets a wide variety of de-

mographic scenarios (see Subjects and Methods) were

considered in the coalescent simulations.

Two historical events were tested with the ex-

clusively Amerindian dataset: population decline

(bottleneck) and growth (Figure 2I). All scenarios of

population decline (>1-fold to 50-fold) were rejected

(data not shown). Simulations considering population

increase, with thetas of 0.01 and 10, rejected almost

all scenarios, while those with theta of 0.1 and 1.0

rejected only scenarios with more recent expansions

(Figure 2a–d).

Our and Alonso & Armour’s (2001) samples were as-

sembled into a worldwide dataset. For this dataset all

scenarios with θ = 0.01 were rejected (Figure 2e). For

other theta values the results were not very different

from those of the Amerindians. The implication is that

the Amerindian genetic pool may be considered to be

a representative sample from the world population. To

test if the results with the world dataset could have been

influenced by the large Amerindian sample size, simula-

tions were also run exclusively with Alonso & Armour’s

(2001) dataset (Figure 2i–l). The results were similar,

suggesting that the total set was not appreciably affected

by the inclusion of the Amerindians.

As there is a clear difference in the demographic his-

tory of Africans vs non-Africans (e.g. Harpending &

Rogers, 2000), and it is widely accepted that the lat-

ter are Amerindians’ ancestors, it was interesting to

compare the Amerindian with the Eurasian scenarios

(Figure 2m–p); the results were also similar.

Discussion

We have expanded the information on the 16p13.3 re-

gion for Amerindian and Asian groups, and integrated

these data with those from African, Europe and Asian

populations, to investigate this region’s molecular vari-

ability and make inferences about the early peopling

of the Americas, as well as the subsequent process of

Amerindian genetic diversification. Our results have re-

vealed new and divergent haplotypes, the latter pre-

viously found in Africans only. The five recognized

geographic-ethnic categories were differentially sam-

pled: by far the largest was the Amerindian, with 180

chromosomes, which may partially explain why they

contained the largest number (11) of specific haplotypes.

In relation to haplotype frequencies, in both Alonso &

Armour (2001) and the present investigation HP1 (or
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Figure 2 Simulation tests based on coalescence in four datasets: I) Amerindians; II) worldwide; III) data from Alonso & Armour

(2001) only; and IV) Eurasians. Black shading indicates rejected scenarios (P < 0.025) and light shading scenarios that could not be

rejected; on the axes are the magnitude of growth (1 to 500-fold) and time of growth (thousands of years ago).

Hpa in the former nomenclature) was the most frequent

(respectively 62% and 52%).

Considering the substitution rate estimated for all

populations together, this differed little from that cal-

culated by Alonso & Armour (2001). Divergence (K)

between human and chimpanzee, as calculated here and

by the previous study, was very similar (0.029 and 0.026

respectively), the same being true for the substitution

rates (2.18 × 10−9 and 2.19 × 10−9 respectively). For

the whole dataset nucleotide diversities were recalcu-

lated to include the same number of base pairs. As ex-

pected, Africans gave the highest value (0.243%), with

Amerindians presenting a value of the same order of

magnitude (0.064%) as Europeans (0.050%) and Asians

(0.048%).

When the data were hierarchically analyzed, as is

usually found in human populations (e.g. Wilder et al.

2004) most of the variation was found within popula-

tions. Central and South Amerindians showed no signif-

icant differences. But in Central America only the two

most common haplotypes (HP5 and HP1) were found,

and this low genetic variability may have occurred be-

cause of isolation followed by a population reduction

(Barrantes et al. 1990; Azofeifa et al. 2001). The dif-

ference observed among populations within groups

(∼15%) was probably due to genetic structure within

South America. The very high between-group diversity

value found between Amerindians and the Northern

Arctic was unexpected, and could be explained by the

presence of a highly divergent Chukchi sample. Con-

sistent with this hypothesis, when we performed the

AMOVA without this individual (data not shown) the

result was reduced to a negative value (−6.74%, P >

0.1), in agreement with the other results. As expected,

after this correction the highest between-group value

was that for the Africans vs non-Africans comparison.

The statistical neutrality tests calculated for this and

the Alonso & Armour (2001) worldwide datasets re-

sulted in significant negative values (Table 4); this is a

signal of population growth but may also be due to ge-

netic hitchhiking, as this region is located near an exon.

However, we agree with Alonso & Armour (2001) who

suggested that genetic hitchhiking is not the likely ex-

planation, as there are recombination hotspots near this
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region. Additionally, the pattern of distribution of the

significant values is totally concordant with the most

widely accepted human demographic scenario. When

separated by the main continental groups, Africans did

not show the significant values found in Eurasians, cor-

roborating the widely supported hypothesis that the

strong past population growth occurred after the ex-

odus from Africa. This scenario is further corrobo-

rated by the median-joining network with two clus-

ters, one with very divergent haplotypes, mainly found

in Africans, and another with a starlike shape mainly

due to Eurasians. This last mainly non-African cluster

suggests a strong population expansion from a restricted

source, as extensively found by mitochondrial (Ingman

et al. 2000) and some nuclear data (Williamson et al.

2005). However, we also found some very divergent

haplotypes in Amerindians and Northern Arctic popu-

lations (grouped into the African cluster). As these di-

vergent haplotypes were found at very low frequencies

they could have been missed if our sample sizes were

small and/or the ethnic diversity low. In relation to the

out-of-Africa exodus this result supports a scenario of a

larger and more diverse founding population than that

initially suggested by Alonso & Armour (2001). These

results also recommend being cautious about conclu-

sions concerning genetic diversity in human popula-

tions that are supported by samples from very limited

sources.

The signal of population growth observed in

Amerindians is most likely the same as that of the out-

of-Africa exodus, and would not had been erased during

and after the demographic events that led to the colo-

nization of the New World, since the statistics (Table 4)

and scenarios (Figure 2) from this continent are very

similar to the worldwide sample. These results concur

with the simulations that also rejected all scenarios of a

past population decline (bottleneck) in the Amerindian

sample. Therefore, the hypothesis of a strong bottle-

neck during the entrance of prehistoric humans into

the Americas is not supported by the 16p13.3 locus,

which on the contrary indicates that the genetic vari-

ability of the source population has been maintained to a

certain degree in Amerindians. The question of a pop-

ulation decline associated with the prehistoric human

arrival in the Americas is controversial. A recent study

of a noncoding region in Amerindian and Asian pop-

ulations (Heller et al. 2004) did not find evidence of a

significant bottleneck, as was true for the investigation of

Hutz et al. (2002) with five Brazilian Indian populations

and fifteen short tandem repeat polymorphisms (STRs).

On the other hand, Fagundes et al. (2005), studying

the low density lipoprotein receptor gene (LDLR) in

222 chromosomes from individuals of African, Asian,

Caucasian and Amerind ancestry, found a signal of a

moderate population bottleneck. This last result agreed

with polymorphisms in the Y chromosome (Bortolini

et al. 2003) and mtDNA (Bonatto & Salzano, 1997) that

also suggested a bottleneck during the peopling of the

Americas. However, mtDNA and the non-recombining

region of the Y chromosome are uniparentally inher-

ited, and have effective population sizes that are one

fourth of the autosomal locus considered here; their di-

versity would therefore be much more strongly affected

by a moderate population size reduction than the lat-

ter (Avise, 2000; Birky, 2001). Also, independent auto-

somal loci need not show similar population histories

in stationary scenarios due to the vagaries of the co-

alescent process (Rosenberg & Nordborg, 2002), and

some loci may be subjected to the effects of different

natural selection regimes which should affect only the

local genomic region containing the target of selection

(Stajich & Hahn, 2005). On the other hand, a strong

bottleneck should affect all loci equally, and its effects

should be directly proportional to the intensity of the

event (Galtier et al. 2000). Considering all these di-

verse situations, a scenario suggesting a bottleneck of

moderate intensity in the peopling of the New World

may be most compatible with all the data presented

so far.

The debate about the colonization of South Amer-

ica is strongly linked to the theories on the peopling

of North America, as most scholars agree that peo-

ple arrived in South America after traversing Central

America (see Salzano & Callegari-Jacques, 1988). Al-

though there have been early suggestions that the en-

try into South America was followed by a population

bottleneck (see Salzano & Callegari-Jacques, 1988), re-

cent studies have not found statistically significant differ-

ences for mtDNA and nuclear DNA markers (reviewed

in Salzano, 2002 and e.g. Heller et al. 2004; Mateus-

Pereira et al. 2005) between South and North American

Amerindians. Considering the results presented here, as
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the majority of our data were from South American na-

tive populations the conclusions above concerning the

absence of a strong bottleneck in the colonization of

the New World may also be valid for the settlement of

South America.
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