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ABSTRACT New frequencies for the b-globin gene
cluster haplotypes are presented for the Aché (N ¼ 82 indi-
viduals), Guarani (N ¼ 76), and Kaingang (N ¼ 54), three
Native South American populations that live in an area
between parallels 208S and 308S not covered by previous
studies at this locus. The haplotype frequencies obtained
for the three populations are within the interval observed
for 28 other Native American populations. The Aché show
much less haplotypes (five) than the other two populations
(9–10), the haplotype prevalences being more similar to
those of the Guarani than to the Kaingang. The Native

American total heterozygosity was about half (0.41) that
obtained for the African populations (0.71), but was not
much different from those obtained for other continents. A
geographical pattern was disclosed in South America by
mapping the frequencies of the most common haplotype
(haplotype 2), and by means of spatial correlation analysis.
The analysis of molecular variance (AMOVA) and pairwise
FST data suggest three distinct sectors for the genetic land-
scape of Native South America: the Andes, the Center/
Southeast region, and the Amazon. Am J Phys Anthropol
134:190–197, 2007. VVC 2007 Wiley-Liss, Inc.

Although many studies tried to understand the spatial
distribution of genetic variation in native South America,
only one feature seems clearly supported by different
approaches: a west-east division, separating the Pacific
coast plus Andes highlands, versus the lowlands of South
America. This pattern was observed using craniofacial
data (Rothhammer and Silva,1989), blood group and pro-
tein markers (Rothhammer and Silva, 1992; Luiselli
et al., 2000; Simoni et al., 2000), HLA frequencies (Roth-
hammer et al., 1997), Y chromosome variation (Tarazona-
Santos et al., 2001), mtDNA results (Fuselli et al., 2003;
Lewis et al., 2004), and linguistic data (Nichols, 2002).
Different results however were obtained by Salzano and

Callegari-Jacques (1988), who analyzed the genetic vari-
ability in South America using principal components (PC)
based on allele frequencies of 13 blood groups and protein
loci of 19 Native American populations (from now on, we
will use the terms \Native Americans" or \American
Natives" to refer to indigenous peoples of all the Americas).
In a tridimensional graphical representation of 54% of the
total variation, they observed that populations that speak
languages of Loukotka’s (1968) Tropical Forest division
clearly separated from those who speak Paleo-American
(Xavante, Kayapó, Krahó, Mataco, Ayoreo, Choroti) or
Andean (Quechua, Aymara) languages. Paleo-American
speakers live in Central Brazil or in the Chaco region
(southeast of South America), and based on the simple
west/east division, they would be expected to cluster with
Amazonian Tropical Forest speakers.
Other studies showed still different patterns. Using the

first three PC maps based on 11 classical systems for 70
populations, O’Rourke and Suarez (1985) obtained a
patchy distribution, which they interpreted as being pro-
duced by local isolation and drift (although the PC2 map

had a general west/east differentiation). Callegari-Jac-
ques et al. (1993) also observed a patchy distribution
when mapping axis 1 scores (57% of variation) in a corre-
spondence analysis of gammaglobulin (Gm) haplotypes
from 36 South American native populations.
The synthetic maps obtained by Cavalli-Sforza et al.

(1994) using principal components based on 72 \classical"
gene frequencies depicts different scenarios according to
the principal component considered. The first (represent-
ing 33% of all America’s variation) supports the differen-
tiation between the western and the eastern halves of
South America, whereas the second (13%) presents a
patchy pattern.
The usefulness of the b-globin gene cluster haplotypes

for studying human evolutionary relationships has al-
ready been demonstrated. Its DNA can be conveniently
assessed by five restriction enzymes, and the different
haplotypes observed in relation to the corresponding
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restriction sites can be hierarchically ordered, showing also
extensive interethnic variability. The split between Afri-
cans and the rest of the world was clearly seen using these
markers (Wainscoat et al., 1986; Chen et al., 1990; Long
et al., 1990), as well as the structuring according to conti-
nental regions. Similarities of East Asians, Pacific popula-
tions, and Native Americans were also observed, but no
specific investigation about its pattern of distribution in
Native Americans is available. This fact is unfortunate,
since these haplotypes have already been investigated in
28 Native American populations, three of them located in
the northern/central subcontinent (Guerreiro et al., 1992,
1994; Bevilaqua et al., 1995; Kaufman et al., 1998; Mattevi
et al., 2000; Mesa et al., 2000; Villalobos-Arámbula et al.,
2000; Mousinho-Ribeiro et al., 2003; Shimizu and Hari-
hara, 2004). Twenty-four of the 25 South American popula-
tions live north of latitude 148S, the Mapuche inhabiting a
more southern location (around 398S, 688W). A large area
between 148S and 398S have populations not studied for
this locus; therefore, we decided to study three populations
that live between 20–308S and 50–608W. The results were
integrated with the published information, with the follow-
ing questions in mind: (a) How do the Native American fre-
quencies and variability compare with those obtained in
other continents? (b) Can distinctive geographical patterns
be observed within the American continent? and (c) What
inferences can thus be obtained about the continent’s early
colonization?

SUBJECTS AND METHODS

Populations

Three Native American populations were studied. The
Guarani and Kaingang are the two major Native Ameri-
can groups living in southern Brazil, and speak languages
of the Tupian and Jean stocks, respectively (Campbell,
1997). The Guarani (N ¼ 76) were sampled in Amambaı́,
Limão Verde and Porto Lindo, Mato Grosso do Sul (aver-
age geographical coordinates: 238300 S, 558 W, Tsuneto
et al., 2003). The Kaingang (N ¼ 54) live in Nonoai, Rio
Grande do Sul (278200 S, 528450 W). Both populations are
in an advanced stage of acculturation but still keep their
language, and the fact that they live in reservations con-
dition a relative isolation. Although living in nearby areas
for centuries, the Guarani and Kaingang still differ in
many cultural and biological aspects (Petzl-Erler et al.,
1993; Salzano et al., 1997; Tsuneto et al., 2003). The Aché
from Paraguay (N ¼ 82) have a series of morphological
and genetic distinctive peculiarities (Hill and Hurtado,
1996; Tsuneto et al., 2003; Schmitt et al., 2004). Linguisti-
cally, they are related to the Guarani (Tupian stock,
Loukotka, 1968; Campbell, 1997), but there are also sug-
gestions that they may have descended from a Jean group
that preceded the Guarani colonization of Paraguay (Hill
and Hurtado, 1996). The individuals were sampled in
Arroyo Bandera and Chupa-Pou (average coordinates: 248
S, 568 W). The geographic location of these and the other
populations considered can be visualized in Figure 1. The
interviews and sampling collections were always made
after appropriate informed consent. Materials from all
volunteers were obtained, but the tests were conducted
duly considering their biological relationships.

Laboratory tests

The blood samples were obtained with anticoagulant,
refrigerated shortly after collection, and sent by air to

Porto Alegre or Curitiba (Brazil), where DNA was
extracted by standard salting out procedures. Five poly-
morphic restriction sites of the b-globin gene cluster
(HincII-50e, HindIII-Gg, HindIII-Ag, HincII-wb, and
HincII-30wb) were investigated. PCR amplification condi-
tions and primers used were as described in Bevilaqua
et al. (1995).

Statistical analyses

Three softwares were employed to determine the b-globin
haplotypes and to estimate their frequencies: the Multiple
Locus Haplotype Analysis program (MLOCUS, Long et al.,
1995, 1999; Petterson et al., 1999), and the ARLEQUIN v.
3.1 program (Excoffier et al., 2005), both producing maxi-
mum-likelihood estimates; and the PHASE v.2.1.1 software,
which implements a Bayesian estimation method (Stephens
et al., 2001; Stephens and Donnelly, 2003).
Measures of genetic diversity (heterozygosity, GST, and

G0
ST) were calculated according to Nei (1987). The DIS-

PAN program (Ohta, 1993) was used to obtain these esti-
mates as well as modified Cavalli-Sforza DA genetic
distances (Nei et al., 1983). The analysis of molecular var-
iance (AMOVA) (Weir and Cockerham, 1984; Excoffier
et al., 1992; Weir, 1996) was employed to test for popula-
tion subdivision, using the ARLEQUIN program. FST esti-
mates were also obtained with this software.
Geographical distances were great-circle distances. Lin-

guistic distances between the Native South American
populations were coded using the following scores: 2 for
languages classified in different major categories as pro-

Fig. 1. Geographic location of 28 South Amerindian popula-
tions for which b-globin gene cluster haplotype data are avail-
able. New data: (1) Aché; (7) Guarani; (9) Kaingang. Names for
the other populations are given in Table 2.
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posed by Loukotka (1968), namely: Paleo-American, Trop-
ical Forest, and Andean; 1 for languages of different
stocks belonging to the same major category; 0.5 for the
distance between the Tupi-Mondé and the Tupi-Guarani
speakers; and 0 for languages belonging to a group with
no subdivision. There is no consensus among linguists
about the relationships among South American Indian
languages. We have chosen Loukotka’s approach because
our group showed in a previous study (Salzano et al.,
2005) that this language classification correlates better
with South American genetic data than Greenberg’s
(Greenberg, 1987) proposal. Other classifications (e.g.
that presented by Campbell, 1997) do not present suffi-
cient hierarchical levels to allow an appropriate distinc-
tion by means of a score.
Correlation coefficients between genetic, geographic,

and linguistic distance matrices were obtained using
Mantel’s (1967) approach for partial correlation, which
allows for the estimation and testing of the correlation
between two quantitative measures, controlling for the
variation of a third variable associated to the other two.
The ARLEQUIN program was used for these calculations.
Spatial correlation analysis was performed with the

GENALEX software (Peakall and Smouse, 2006), which
allows a global analysis of all haplotypes and yields a sin-
gle correlogram for the locus.
Map representations of the populations’ geographic

locations and the isolines for the most frequent haplotype
(haplotype 2) frequencies were produced with the
IDRISI�C v.32.02 software (Eastman, 2000).

RESULTS

The b-globin gene cluster haplotypes and respective fre-
quencies for the Aché, Guarani, and Kaingang estimated

with the three softwares were essentially the same. All dif-
ferences in haplotype frequencies were below 0.01 except in
three instances, the maximum difference being 0.03,
between the MLOCUS and PHASE estimates. We used the
ARLEQUIN estimates for the analyses that follow.
Table 1 presents the haplotype frequencies obtained in

the Aché, Guarani, and Kaingang samples, as well as the
average and range of values observed in previously stud-
ied native populations of America and other continents.
Ten haplotypes were observed in the Kaingang, nine in
the Guarani, and only five among the Aché. Their fre-
quencies generally lie within the ranges observed for
Native Americans. Haplotype 2 was the most frequent in
the three samples, other first order haplotypes being also
observed with moderate frequencies. Overall, the Aché
differences in frequencies were two times higher in rela-
tion to the Kaingang than to the Guarani.
Estimates of genetic diversity for the Aché, Guarani, and

Kaingang, and for 28 other Native American populations
are presented in Table 2. The heterozygosity (H) values
ranged from 0.00 (Awá-Guajá) to 0.76 (Emberá), these
extreme values being observed in South America; the three
North/Central Amerindian populations presented values
within this range. The number of haplotypes varied from
only 1 (Awá-Guajá) to 13 (Kamsá). Aché and Guarani have
intermediate heterozygosities (0.34 and 0.43, respectively)
and five and nine haplotypes, respectively. Both the H
value (0.63) and the number of haplotypes encountered (10)
in the Kaingang are the highest fourth in the range for
South American Native populations. A tendency for higher
heterozygosity values at the extremes (north, south) of the
geographical distribution was observed.
Table 3 presents measures of genetic diversity in Native

American and other world populations. HT is higher in
Africa (0.72), followed by Europe (0.62) and North/Central

TABLE 1. Frequencies (%) of b-globin gene cluster haplotypes in Aché, Guarani, and Kaingang Amerindians, as well as variability
observed in five continental groups

Aché Guarani Kaingang Native Americaa Africab Europeb Asiab Pacific Islandsb

No. of populations 1 1 1 28 6 5 7 13
No. of chromosomes 164 152 108 1741 192 258 720 972

Mean (range) Mean (range) Mean (range) Mean (range) Mean (range)

Haplotypes
1 (� � � � �) 0.6 2.6 5.7 1.3 (0–12) 0 (0–0) 0 (0–0) 0.7 (0–2) 1.0 (0–5)
2 (+ � � � �) 79.9 74.9 58.9 74.3 (46–100) 6.3 (0–13) 60.8 (43–72) 66.2 (56–90) 79.2 (51–94)
3 (� � � � +) 0.0 0.7 7.6 1.1 (0–17) 45.9 (26–62) 0.8 (0–6) 0 (0–0) 0.2 (0–3)
4 (� + � � +) 1.2 3.9 1.5 0.9 (0–7) 20.8 (11–40) 0.4 (0–3) 1.8 (0–3) 2.8 (0–19)
5 (� + � + +) 0.0 0.0 12.0 4.6 (0–18) 13.5 (0–50) 23.3 (15–40) 17.9 (2–24) 8.8 (0–20)
6 (� + + � +) 16.5 9.1 5.5 11.6 (0–30) 7.3 (0–16) 11.2 (6–26) 9.3 (0–13) 0.7 (0–4)
7 (� + + � �) 0.0 0.7 0.9 1.2 (0–8) 0 (0–0) 2.7 (1–12) 0.4 (0–2) 0.4 (0–2)
8 (+ � � + +) 0.0 0.0 0.0 0.3 (0–8) 0 (0–0) 0 (0–0) 0.3 (0–3) 2.6 (0–8)
9 (� + + + +) 0.0 0.0 0.0 0.7 (0–10) 0 (0–0) 0 (0–0) 0 (0–0) 1.2 (0–5)
10 (+ + � + +) 0.0 0.0 0.0 0.9 (0–7) 0 (0–0) 0.4 (0–3) 0.7 (0–3) 0 (0–0)
11 (� � � + +) 0.0 0.0 0.0 0.8 (0–4) 0.5 (0–2) 0 (0–0) 0.8 (0–3) 0.9 (0–5)
12 (+ + � � �) 1.8 0.7 2.2 0.4 (0–6) 0 (0–0) 0 (0–0) 0.7 (0–2) 1.1 (0–8)
13 (+ � � � +) 0.0 6.7 1.1 0.4 (0–4) 2.1 (0–10) 0 (0–0) 0 (0–0) 0.6 (0–2)
14 (� � + + �) 0.0 0.6 0.0 0.1 (0–2) 0.5 (0–3) 0 (0–0) 0 (0–0) 0.1 (0–1)
15 (+ + + � +) 0.0 0.0 0.0 0.8 (0–9) 1.0 (0–7) 0 (0–0) 0.4 (0–1) 0 (0–0)
16 (� + � � �) 0.0 0.0 4.6 0.2 (0–2) 2.1 (0–4) 0.4 (0–3) 0.6 (0–2) 0.3 (0–1)
17 (� � + � �) 0.0 0.0 0.0 0.1 (0–1) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0)
18 (+ � + � �) 0.0 0.0 0.0 0.3 (0–2) 0 (0–0) 0 (0–0) 0.1 (0–<1) 0 (0–0)
19 (+ � + + +) 0.0 0.0 0.0 0 (0–0) 0 (0–0) 0 (0–0) 0.1 (0–<1) 0 (0–0)
21 (� � + � �) 0.0 0.0 0.0 <0.1 (0–1) 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0)

a Does not include the new data presented herein. References in Table 2.
b References: Oehme et al. (1985), Wainscoat et al. (1986), Ramsay and Jenkins (1987), Chen et al. (1990), Long et al. (1990),
Shimizu and Harihara (2004).
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America (0.58) values. All other figures are lower than
0.43. GST

0 (the relative magnitude of interpopulation dif-
ferentiation corrected for the number of populations con-
sidered) is also higher in Africa (0.11). The lowest figures
are observed in Europe and the Americas (both 0.07).
Genetic relationships among Native Americans can be

blurred if recent admixture with Euro- or African-de-
scendants are not accounted for. Therefore, we decided to
drop haplotype 3 (of indisputable African origin; see Table
1) from the analysis, adjusting the remaining frequencies
to sum up one. All the following results are based on these
\corrected" haplotype prevalences. But it should be
pointed out that only minor adjustments had to be made.
Because of the scarce information on North/Central

American natives (three samples), we continued the anal-
yses using the 28 South American Native populations
only (Fig. 1). Mantel’s matrix correlation coefficients
between genetic and geographic (r ¼ 0.29; P ¼ 0.018) and
genetic and linguistic distances (r ¼ 0.19; P ¼ 0.043) were
statistically significant, but low. The partial correlation
coefficient for DA and geographic distances controlling for
language was r ¼ 0.24 (P ¼ 0.032), while the coefficient
for DA and linguistic distances adjusting for geography
was statistically non significant (r ¼ 0.09; P ¼ 0.193).
Figure 2 presents the spatial correlation analysis for

the 19 b-globin gene cluster haplotype frequencies

observed in South American Native populations. The coef-
ficients were positive at short distances, decreasing
almost linearly to a negative coefficient at the 2,000–
4,000 km interval, suggesting a cline. However, an unex-
pected positive correlation between genetic and geo-
graphic distances was observed in the last distance inter-
val (above 4,000 km).
To better understand the pattern observed, we mapped

the frequencies of the most frequent haplotype (haplotype
2) according to the geographic location of the populations
studied (Fig. 3). Values generally �0.8 (mean: 0.84; range:
0.68�1.00) were observed in the Amazon area, while
lower frequencies (mean: 0.67; range: 0.55�0.80) were
found both in the Andean and the Central/SE regions of
South America, suggesting that lowland South America is
genetically heterogeneous in respect to the frequencies of
the b-globin haplotypes.
Previous suggestions of geographical and linguistic

clustering were tested using the molecular analysis of
variance (Table 4). In general, over 94% of the variation
was observed within populations, about 3–5% being
observed among populations within divisions, and 1–2%
among the linguistic and geographical divisions estab-
lished. All except the North/Central America versus
South America comparisons were statistically significant.
The difference between the Andean and lowland areas

TABLE 2. Linguistic affiliation, geographic location, and b-globin gene cluster diversity for 33 Amerindian populations
(listed in alphabetic order)

Population
numbers Populations

No. of
chromosomes

Linguistic
groupa

Geographic location Heterozygosity
(H)

No. of
haplo types

Reference
numbersbLatitude Longitude

South America
1 Aché 164 Tupı́-Guarani 248 S 568 W 0.336 5 1
2 Arara 30 Cariban 48 S 548 W 0.302 4 2
3 Asurinı́ 14 Tupı́-Guarani 38 430 S 528 270 W 0.394 4 3
4 Awá-Guajá 86 Tupı́-Guarani 38 300 S 468 400 W 0.000 1 3
5 Emberá 24 Chocó 78 N 768 300 W 0.757 6 4
6 Gavião 58 Tupı́-Mondé 108 100 S 618 080 W 0.225 5 5
7 Guarani 152 Tupı́-Guarani 238 300 S 558 W 0.427 9 1
8 Ingano 66 Quechuan 18 120 N 788 W 0.649 9 4; 6
9 Kaingang 108 Jean 278 200 S 528 450 W 0.629 10 1
10 Kamsá 110 Chibchan 18 N 768 300 W 0.523 13 6
11 Katuena 56 Cariban 08 400 S 578 300 W 0.139 3 3
12 Kayapo-Kokraimôro 44 Jean 108 490 S 558 270 W 0.334 2 2
13 Kayapo-Xikrin 40 Jean 38 460 S 538 210 W 0.229 3 3
14 Mapuche 86 Mapudungu 398 100 S 688 370 W 0.605 8 7
15 Parakanã 28 Tupı́-Guarani 58 450 S 518 520 W 0.378 4 3
16 Suruı́ 44 Tupı́-Mondé 108 500 S 618 100 W 0.323 4 5
17 Ticuna 46 Ticuna 38 300 S 708 300 W 0.243 4 4
18 Tiriyó 50 Cariban 28 N 568 W 0.504 4 3
19 Urubu-Kaapor 94 Tupı́-Guarani 28 480 S 468 100 W 0.490 8 3
20 Wai-Wai 56 Cariban 08 400 S 578 550 W 0.223 2 5
21 Wayampi 30 Tupı́-Guarani 18 300 N 538 W 0.250 4 2
22 Wayana-Apalaı́ 34 Cariban 18 N 558 W 0.308 3 2
23 Wayuu 260 Maipurean 118 N 738 W 0.526 12 4; 6
24 Xavante 60 Jean 138 200 S 518 400 W 0.591 5 5
25 Yanomámi 34 Yanomaman 38 N 638 W 0.169 3 8
26 Zenu 64 Chocó 88 300 N 768 W 0.396 8 4
27 Zoé 60 Tupı́-Guarani 08 180 S 558 180 W 0.370 3 3
28 Zoró 50 Tupı́-Mondé 108 200 S 608 200 W 0.127 2 5

Central America
Huichol 97 Uto-Astecan 198 260 N 998 070 W 0.362 7 9

North America
Carrier-Sekani 50 Eyeak-Athabaskan 528 200 N 1238 150 W 0.600 5 10
Mvskoke 70 Muskogean 358 260 N 978 280 W 0.700 11 10

a According to Loukotka (1968), Rodrigues (1994), and Campbell (1997).
b References: 1. Present investigation; 2. Guerreiro et al. (1994); 3. Mousinho-Ribeiro et al. (2003); 4. Mesa et al. (2000); 5. Bevila-
qua et al. (1995); 6. Shimizu and Harihara (2004); 7. Kaufman et al. (1998); 8. Guerreiro et al. (1992); 9. Villalobos-Arámbula et al.
(2000); 10. Mattevi et al. (2000).
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observed in Figure 3 was confirmed (P ¼ 0.026), but
besides that, a tripartite geographic division (Andes,
Amazon, Center/SE) was also disclosed (P ¼ 0.010). Sub-
sequent FST estimation between these three geographic
regions yielded the following results: Andes versus Cen-
tral/SE: FST ¼ 0.003 (P ¼ 0.061); Andes versus Amazon:
0.045 (P < 0.001); Amazon versus Central/SE: 0.024 (P <
0.001).

DISCUSSION

The first point to be stressed, in relation to the new
data reported here, is that they confirm the generally low
Aché genetic variability and their closeness to the Gua-
rani than to the Kaingang, as found by Tsuneto et al.
(2003) and Schmitt et al. (2004), respectively for HLA and
mtDNA results. On the other hand, the genetic diversity
observed for the Native American populations is not low
as compared to those of other continents. Even dropping
haplotype 3 from the data, the average intrapopulation
diversity (HS) is 0.37 in America, not much different from
the estimates for the Pacific Islands (0.39) and Asia
(0.40). The G0

ST estimate is 0.07, which falls within the
non-African world range (0.07–0.08). These results are in
agreement with Hutz et al. (2002) and Salzano and Calle-
gari-Jacques (2006) conclusions that although some
genetic variability may have been lost in the colonization
process of the Americas, a non-negligible amount can still
be detected both within and between populations.
Mantel’s partial correlation between genetic and lan-

guage distances adjusted for geography (r ¼ 0.09) was
nonsignificant, so language does not seem to explain
much of the geographical distribution of b-globin gene
cluster haplotypes in America. Supporting this conclu-
sion, an also nonsignificant result was obtained in an
AMOVA comparing the four language groups represented
by more than one population (Carib: 5 populations; Je: 4;

Tupi: 11; Chocó: 2; P ¼ 0.173 6 0.004). Although this may
not be always true for other regions of the globe or in the
Americas (review in Schurr, 2004), evidence from differ-
ent sources is accumulating on a stronger association
between geography and genetics than between language
and genetics in South America (e.g., Zegura et al., 2004;
Kohlrausch et al., 2005; but see also Fagundes et al.,
2002). We did find significant differences between Tropi-
cal Forest Languages speakers and the remaining popu-
lations. This result, however, can be explained, since
Loukotka’s (1968) major groups of languages are associ-
ated with South America’s major geographic areas.
An interesting finding is the closeness of the b-globin

haplotype frequencies observed in the Andean region and
in the center/SE of South America, as opposed to the Am-
azonian area. This pattern, suggested by the correlogram
and the haplotype 2 frequencies map, was extended to
verify if the Andean could be differentiated from the Cen-
ter/SE frequencies. An AMOVA, now considering three ge-
ographic areas, and FST comparison analyses indicated
that the South American Native genetic landscape should
be considered as encompassing the Amazon, Andes, and

TABLE 3. Genetic diversity for the b-globin gene cluster in five continents

No. of
populations

No. of
haplotypes

All haplotypes Excluding haplotype 3

HT HS GST GST
0 HT HS GST GST

0

Africa 6 10 0.715 0.651 0.090 0.106 – – –
Europe 5 8 0.622 0.588 0.055 0.068 – – –
Asia 7 14 0.429 0.399 0.071 0.081 – – –
Pacific Islands 8 14 0.425 0.394 0.074 0.084 – – –
Americas 31 19 0.413 0.383 0.073 0.075 0.401 0.374 0.068 0.070
North/Central 3 13 0.583 0.545 0.065 0.095 0.583 0.545 0.065 0.095
South 28 19 0.391 0.365 0.067 0.069 0.378 0.355 0.060 0.062

Fig. 2. Spatial correlation for the b globin gene cluster hap-
lotypes. The dotted lines indicate a 95% probability interval
around zero obtained with 1,000 permutations of the data, for a
null hypothesis of no correlation between genetic and geo-
graphic distances.

Fig. 3. Isolines delimiting similar South American b-globin
gene cluster haplotype 2 frequencies (%).
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Center/SE regions. This proposal is supported by the pair-
wise FST values between these areas: the Amazon is
clearly distinctive from the other two; Andes and Center/
SE regions, although more similar, present a statistically
non-negligible FST value.
Two possible alternatives for the interpretation of how

this pattern was formed are:

1. A first group of inhabitants carrying lower frequen-
cies of haplotype 2 would colonize South America fol-
lowing mainly the eastern and western coastal routes,
then moving inland; a second group, with higher fre-
quencies for this haplotype and maybe coming from
the Caribbean islands, would colonize the Amazonian
region, displacing the first colonizers to the south.

2. After the crossing of the Isthmus of Panamá, the first
migrants split in two groups that expanded into
South America. One of them, characterized by low fre-
quencies of haplotype 2, followed the western coast/
Andean route to the south, also moving east to Argen-
tina and Brazil. The other, with higher prevalences
for this haplotype, moved east and southeastward
into the Amazonian area. This hypothesis has already
been previously considered by Salzano and Callegari-
Jacques (1988), and by Keyeux et al. (2002).

Inferences about past migrations based on a single sys-
tem are always dangerous. However, the analysis of sin-
gle loci may identify patterns that could be blurred when
several of them are used simultaneously. This approach
has been successfully used with the Gm system to reject
Native Americans homogeneity (Callegari-Jacques et al.,
1993). On the other hand, maps of a single gene or haplo-
type can be done on the basis of the observed frequencies,
without making use of synthetic variables that summa-
rize the information of several loci with various degrees of
information loss. Cavalli-Sforza et al. (1994) emphasized
the utility of gene-frequency maps and devoted a large
part of their impressive analysis of the history and geog-
raphy of human genes to maps of single selected alleles.

CONCLUSIONS

The b-globin gene cluster can furnish a large amount of
information on human history. The new data presented
here, integrated with previous results, lead to the follow-
ing conclusions: (1) There is significant heterogeneity in
the Native American’s b-globin haplotype frequencies; (2)
The Aché, a peculiar Paraguayan population, presented a

reduced intrapopulation variability and showed affinities
with the Guarani. This information is important for the
understanding of their history; (3) Native Americans as a
whole show levels of variability not much different from
those observed in other continents, with the exception of
Africa, which displayed a much higher variation; (4) Ge-
ography is more important than language in shaping the
pattern of b-globin variability in Native South Americans;
(5) The Andes/non-Andes dichotomy for the South Amer-
ica genetic landscape should be replaced by a tripartite
division (Amazon, Andes and Center/SE).
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Villalobos-Arámbula AR, Rivas F, Sandoval L, Perea FJ, Casas-
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