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Objectives: We report X-chromosomal linkage disequilibrium (LD) patterns in Amerindian (Kogi, Wayuu, and Zenu)
and admixed Latin American (Central Valley of Costa Rica and Southern Brazilian Gaucho) populations.

Methods: Short tandem repeats (STRs) widespread along the X-chromosome were investigated in 132 and 124 chro-
mosomes sampled from the Amerindian tribes and the admixed Latin American populations, respectively. Diversity
indexes (gene diversity and average numbers of alleles per locus) were estimated for each population and the level of
LD was inferred with an exact test.

Results: The Amerindian populations presented lower genetic diversity and a higher proportion of loci in LD than
the admixed ones. Two haplotype blocks were identified in the X-chromosome, both restricted to the Amerindians. The
first involved DXS8051 and DXS7108 in Xp22.22 and Xp22.3, while the second found only among the Kogi, included
eight loci in a region between Xp11.4 and Xq21.1.

Conclusions: In accordance to previous work done with other populations, human isolates, such as Amerindian
tribes, seem to be an optimal choice for the implementation of association studies due to the wide extent of LD which
can be found in their gene pool. On the other hand, the low proportion of loci in LD found in both admixed populations
studied here could be explained by events related to their history and similarities between the allele frequencies in the

parental stocks. Am. J. Hum. Biol. 23:299-304, 2011.

Understanding patterns of linkage disequilibrium (LD),
i.e., the nonrandom association of alleles at two or more loci,
is the basis for human gene mapping and for the design of
association studies (reviewed by Slatkin, 2008). It also pro-
vides information on many aspects of population history and
evolution, such as the occurrence of natural selection, past de-
mographic events, gene flow, population structure, and breed-
ing system (Ardlie et al., 2002; Pfaff et al., 2001; Reich et al.,
2001; Slatkin, 2008). LD serves as the theoretical foundation
for association mapping—a marker and a functional locus
need to be in LD for the association to be detected. Conse-
quently, populations in high LD are the best choices for
designing gene mapping strategies, as the number of
markers employed for the identification of an associated al-
lele can be reduced (Ardlie et al., 2002; Slatkin, 2008). In par-
ticular, small isolates present the desired profile for gene
mapping studies because they commonly have high levels of
LD caused by drift effects (Katoh et al., 2002; Varilo and
Peltonen, 2004; Service et al., 2006). Admixed populations
are also of interest, because their gene pool was formed by
relatively recent events involving distinct parental stocks,
which may result in long-range LD (Pfaff et al., 2001).

Many Amerindian and Latin American populations pres-
ent these two characteristics and therefore seem to be opti-
mal choices for gene mapping and for the implementation of
association studies. Notwithstanding linkage disequilibrium
investigations among them are scarce. We therefore devel-
oped an investigation design, which is an extension of previ-
ous and recent investigations on X-STR LD in distinct pools
of Amerindian and non-Amerindian samples (Leite et al.,
2009; Wang et al., 2010). In our study three relatively iso-
lated Native American populations and two non-native com-
munities were tested for a fast-evolving genetic system, with
the following questions in mind: (a) since genetic variability
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clearly influences the power to detect LD, do the populations
investigated here show differences in this characteristic that
could influence the patterns obtained? (b) In the populations
tested what factors could be more adequate to explain the
LD levels? and (c) Could haplotype blocks be distinguished
that would provide new tools for the investigation of the
phylogeography of these populations? The results indicated
that the Amerindian tribes presented less genetic diversity
and wider LD extent than the remaining populations, where
LD was virtually absent. This pattern is most likely associ-
ated to the evolutionary history of these populations and
also to the genetic systems chosen for the analyses.

SUBJECTS AND METHODS
Population description and data source

New data for 47 X-chromosomal short tandem repeats
(STRs) were generated for three South Amerindian popu-
lations from Colombia. Seventeen of these markers were
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TABLE 1. Geographical location of the five populations analyzed

Ethnic Geographical
Population composition Country coordinates
Central Valley of Admixed Costa Rica 9°56'N 84°05'W
Costa Rica
Southern Brazilian Admixed Brazil 31°00'S 54°00'W
Gaucho
Kogi Amerindian Colombia 11°00'N 74°00W
Wayuu Amerindian Colombia 9°00'N 75°00W
Zenu Amerindian Colombia 11°00'N 73°00W

also investigated in a sample of inhabitants of the Pampa
region, which corresponds to parts of Argentina, Uruguay,
and southern Brazil. These people are known as “Gaucho”
(Marrero et al., 2007).

Our Amerindian sample comprises 132 chromosomes
sampled from Kogi (Chibchan-Paezan linguistic stock),
Wayuu (Equatorial-Tucanoan linguistic stock), and Zenu
(currently speaking Spanish; Mesa et al.,2000). For each
population, 13 women and 18 men have been genotyped.
The Gaucho genotyped here (N = 70) are a subset of the
male sample collected in the Brazilian Pampa region in the
cities of Bagé and Alegrete in the Brazilian state of Rio
Grande do Sul previously described by Marrero et al. (2007).

A fifth population, located in the Central Valley of Costa
Rica (CVCR), was included in the analysis. This admixed
population was previously described by Service et al.
(2001; data kindly provided) and, in our work we analyzed
the 54 male individuals. Briefly, CVCR was founded by
Spaniards and Amerindians in the 16th to 18th centuries,
and the current population number is two to three million;
they are relatively isolated from communities of the Pa-
cific and Atlantic coastal regions.

Additional information about the populations studied is
as follows: (a) the Kogi live in Sierra Nevada de Santa
Marta, and have been relatively isolated from non-Amer-
indians (Zarante et al., 2000). A summary of their envi-
ronment and culture, basically derived from the work of
Gerardo Reichel-Dolmatoff performed in the 1940s, can be
found in Wilson (1999); (b) Wayuu and Zenu represent the
other Amerindian populations which, differently from
Kogi, show signs of admixture with non-native groups
during America’s colonization (Mesa et al., 2000; Wang
et al., 2007); and (c) the Gaucho population was basically
formed at 18th century through intermarriages between
the European colonizers (mainly Portuguese and Span-
iard males) and Amerindian females. The African compo-
nent was introduced later with the first slaves in the
region (Marrero et al., 2007; Wang et al., 2008). Geograph-
ical location of each population can be found in Table 1.

Ethical approval for the present study was provided by
the Brazilian National Ethics Commission (CONEP; reso-
lution number: 1333/2002) and by ethics committees in the
countries where the non-Brazilian samples were collected.

Genotyping procedure

Forty-seven STRs were genotyped for the Amerindian
populations. This set of loci comprises DXS1039,
DXS1216, plus the markers included in ABI Prism link-
age Panels 28, 83 (except for DXS8088), 84, 85, and 86.
The same information was compiled for the 54 CVCR
male individuals studied earlier (Service et al., 2001). A
subset of these loci, encompassing 17 markers of Panel 28
(except DXS8043), was typed for the Gaucho. Genotyping
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was performed according to the user’s manual provided by
the manufacturer (ABI Prism) using an ABI 3730xl
sequencer and with GENEMAPPER v3.5. All the newly
obtained genotypes (classified according to allele length)
are included in the Supporting Information Dataset S1.

Statistical analysis

Phase v.2.1 (Stephens and Scheet, 2005; Stephens et al.,
2001) was employed to resolve the haplotype phase of the
39 female Amerindians using default settings. The step-
wise mutation model was chosen for the analysis. Males
from these populations were randomly paired to form
pseudo-diploid individuals and were used as known-phase
individuals, as suggested by Phase’s authors (Mathew Ste-
phens, personal communication). To control for inference
errors, three runs were performed for each sample and
the three outputs were then compared. No differences
were observed.

Allele frequencies and mean number of alleles per locus
were estimated by direct count. The Arlequin package
v.3.11 (Excoffier et al., 2005) was employed to calculate
the average gene diversity (H; i.e., the probability that
two randomly chosen haplotypes are different in a sample)
and to perform the LD analysis for all populations. For
the LD estimates, Arlequin employs an exact test to check
for non-random association of alleles at different loci. The
output P-values for the association tests were then cor-
rected following the Benjamini and Hochberg false discov-
ery rate procedure (Benjamini and Hochberg, 1995). H
and mean number of alleles per locus were compared
across populations with Dunn’s test (¢ = 0.05) using the
BioEstat 5.0 software (available at www.mamiraua.
com.br) after significant differences in these statistics had
been found by a Kruskal-Wallis test (« = 0.05).

We then looked for haplotype blocks by examining
sequences of two or more markers in a row with signifi-
cant linkage disequilibrium. Further recombination anal-
yses were conducted for each population with Phase v.2.1
(Li and Stephens, 2003; Crawford et al., 2004) with the
presumed haplotype blocks to estimate their background
recombination rate (p) in “per base pair” units. This soft-
ware gives a p distribution of values generated by “n” suc-
cessive runs, which we set to 100. Haplotype networks for
both blocks were generated with the Network 4.5.1.0
package (Bandelt et al., 1999) using the Median Joining
method, while the mean number of pairwise differences
between haplotypes were estimated with the Arlequin
package v.3.11 (Excoffier et al., 2005).

RESULTS

For the 47 X-chromosomal STRs, average number of al-
leles per locus and H were both significantly lower for the
three Amerindian tribes as compared to CVCR (Table 2).
When the Gaucho sample was considered, decreasing the
number of markers to 17, a similar pattern was observed:
the mean number of alleles per locus was lower for the
Amerindians as compared to CVCR and Gaucho, and
H was significantly different between Kogi and Gaucho
(Table 3).

In the 17-loci dataset the Gaucho presented the lowest
degree of LD, followed by CVCR and Zenu. The latter
showed the lowest values in the 47-loci results. Kogi and
Wayuu presented the highest proportion of loci in LD, but
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TABLE 2. Genetic information for Amerindians and the Central Valley of Costa Rica (CVCR) based on the allelic distribution of 47 STRs®

Characteristic Kogi Wayuu Zenu CVCR
Average + SD gene diversity (H) 0.51* = 0.25 0.57* + 0.28 0.59% + 0.29 0.67° = 0.33
Average no. of alleles per locus 3.70% 4.64%° 5.15" 6.87¢
Proportion of loci in LD before correction (%) 31.69 22.11 15.82 6.75
Proportion of loci in LD after correction (%) 15.65 3.89 2.59 1.76

“Values followed by the same letter present no statistically significant differences according to Dunn’s test (e = 0.05).

TABLE 3. Genetic information for Amerindian (Kogi, Wayuu, and Zenu) and non-Amerindian (CVCR and Gaucho) populations based on the
allelic distribution of 17 STRs®

Kogi Wayuu Zenu CVCR Gaucho
Average + SD gene diversity (H) 0.52% = 0.27 0.61%° + 0.32 0.59%P¢ + 0.31 0.72°¢ + 0.36 0.72° + 0.37
Average no. of alleles per locus 3.23% 447 4.82° 7.06" 8.18"
Proportion of loci in LD before correction (%) 28.33 35.29 23.53 6.62 4.41
Proportion of loci in LD after correction (%) 14.17 22.79 8.09 0 0

#Values followed by the same letter present no statistically significant differences according to Dunn’s test (a = 0.05).

TABLE 4. DXS8051 and DXS7108 haplotype distribution in three
Colombian Amerindian populations®

Frequencies
Haplotype DXS8051 DXS7108 Kogi  Wayuu  Zenu  Total
h1 112 252 - - 1 1
h2 114 260 1 - 1 2
h3 116 252 - 3 1 4
h4 116 262 - 2 - 2
h5 118 252 5 1 3 9
h6 118 254 3 - - 3
h7 118 256 - - 3 3
h8 118 260 5 2 4 11
h9 118 262 4 1 9 14
h10 120 252 - - 2 2
h11 120 260 - - 1 1
hi2 122 252 1 - - 1
h13 122 260 8 6 - 14
h14 122 262 - 7 - 7
h15 124 252 5 5 2 12
hl6 124 260 - 6 - 6
h17 124 262 2 - - 2
h18 124 262 - 2 - 2
h19 126 252 4 - - 4
h20 126 256 1 - - 1
h21 126 260 - - 7 7
h22 126 262 1 - - 1
h23 128 252 - 4 - 4
h24 128 258 - - 1 1
h25 128 260 2 - 2 4
h26 128 262 1 - - 1
h27 128 264 - - 2 2
h28 130 260 1 - - 1
h29 132 252 - - 2 2
h30 132 262 - 5 - 5
h31 134 252 - - 2 2
h32 134 262 - - 1 1
Alelles 12 7 132

2Alleles are classified according to allele length.

showed distinct ranks when the two different sets of
markers were employed (Tables 2 and 3).

Two haplotype blocks of interest were identified, both in
Amerindians. The first is common to all three Amerindian
populations. It is defined by two loci (DXS8051 and
DXS7108) and is located from Xp22.22 to Xp22.3, involv-
ing a region of 1,080 kb, with a genetic distance estimated
as 2.2 cM (http://www.appliedbiosystems.com). Average H
for DXS8051 and DXS7108 in Amerindians was estimated

as 0.81 and 0.71 respectively, while the recombination
rates between these loci were 0.0005, 0.0013, and 0.0005
for the Kogi, Wayuu, and Zenu populations, respectively.
The haplotype network presented several reticulations
and therefore is not shown. Possible causes for this level
of reticulation include back mutation, homoplasy, and sta-
tistical limitations of the methodological procedures used
to generate the networks. As given in Table 4, the most
common haplotypes in the whole Amerindian sample were
h9 (118-262) and h13 (122-260); one of them was also the
most common haplotype in the Zenu and Kogi, but the
haplotype with the highest frequency among the Wayuu
was hl4 (122-262). Kogi, Wayuu, and Zenu presented
eight, six, and ten private haplotypes respectively.

The Kogi presented many haplotype blocks defined by
few markers. However, one of these blocks deserves men-
tion due to its size. It includes eight loci (DXS993,
DXS8080, DXS8083, DXS1055, DXS1039, DXS991,
DXS1216, and DXS986) with a background recombination
rate (p) estimated at 6.3 X 10 °. The first and last
markers in this block are 11 kb apart from each other, and
delimit a region between Xpll.4 and Xq21.1, therefore
including the centromere. All these loci except DXS1039,
presented higher H than the overall mean. DXS1039
presents the lowest proportion of significant LD P-values
and very low H value. The network with this eight-loci
haplotype block is shown in Figure 1, while the haplotype
frequencies are given in Table 5. Haplotype h8 (275-82-
183-152-189-331-250-175) was the most frequent (22%),
followed by h7 (275-82-183-150-189-333-250-175; 14%).
Mean number of pairwise differences for this haplotype
block was estimated as 4.73 + 2.36 and H as 0.59 = 0.22.

DISCUSSION

Many aspects of population evolutionary and demo-
graphic trajectories can affect LD patterns. It is known,
for instance, that natural selection, drift, and gene flow
can raise the number of associated alleles in a sample, but
the exact way these mechanisms affect linkage is not fully
understood. In our study, we examined five distinct popu-
lations with different evolutionary or demographic histor-
ies to better understand the forces that can lead to distinct
patterns of LD in such groups. The Amerindian popula-
tions presented lower intra-population genetic diversity
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and higher extent of LD than the other two (CVCR and
Gaucho) groups. While the pattern observed in the three
Amerindian populations can be explained according to the
evolutionary and demographic dynamics of such groups in
the Americas, the low level of LD observed in CVCR and
Gaucho can be associated with their admixture dynamics
and the set of markers employed.

The first populations that arrived in the Americas were
initially subjected to a moderate population bottleneck
during the entry into the continent (Fagundes et al.,
2008). Additionally, they experienced successive posterior
population bottlenecks due to the dramatic effects of the
fission—fusion events of village propagation and tribaliza-
tion (Bortolini et al., 2003; Neel and Salzano, 1967). As a
consequence of these demographic and evolutionary phe-

h27

Fig. 1.
loci. Grey circles represent the haplotypes and their sizes are propor-
tional to haplotype frequencies. Black diamonds represent median
vectors; h28 was not included in this analysis because its inclusion
would lead to reticulation.

Kogi’s haplotype network considering eight X-chromosome
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nomena, genetic drift became important. Presently, Amer-
indian populations show distinct genetic characteristics
when compared to those of other continents, such as the
highest interpopulation divergence and the lowest intra-
population diversity when a large number of autosomal
fast-evolving markers are considered (Wang et al., 2007).
Additionally, private Native American alleles have
emerged (Schroeder et al., 2007, 2009; Acuna-Alonzo
et al., 2010).

It is known that population bottlenecks influence LD,
since genetic drift may easily cause haplotypes loss, gen-
erally resulting in increased LD (Slatkin, 2008). Moreover,
small effective sizes, which are a characteristic of many
Native American populations, may decrease the occur-
rence of recombination and consequently may also raise
LD levels. Thus, the lower genetic diversity and the
higher level of LD observed in the Native populations, as
compared to the CVCR and Gaucho samples, might be
associated with these phenomena. Similar results were
obtained in previous independent studies involving South
Amerindian (Leite et al., 2009; Wang et al., 2010) and
other small and isolated populations such as the Khoton
from Mongolia (Katoh et al., 2002), the Saami (Laan
and Paabo, 1997), and Kuusamo (Varilo et al., 2000) from
Finland.

The lower genetic diversity of the Kogi in comparison to
Wayuu and Zenu might be associated with the fact that
they present a higher degree of isolation, with less influ-
ence of admixture with nonautochthonous groups (Mesa
et al., 2000; Zarante et al., 2000; Wang et al., 2007). This
fact, in addition to their reduced population size, may also
be responsible for the Kogi’s increased LD and for the
occurrence of the private long-range haplotype block span-
ning Xp11.4 and Xq21.1.

TABLE 5. Haplotype distribution considering eight loci in the Kogi, a Colombian Amerindian population®

Haplotype DXS993 DXS8080 DXS8083 DXS1055 DXS1039 DXS991 DXS1216 DXS986 Frequency
hl 273 96 181 150 189 325 254 175 1
h2 273 96 181 150 189 327 254 167 1
h3 273 96 181 150 189 327 254 175 1
h4 273 96 185 154 189 327 254 177 3
h5 273 98 181 150 189 325 254 175 1
h6 275 82 181 156 189 335 250 175 1
h7 275 82 183 150 189 333 250 175 4
h8 275 82 183 152 189 331 250 175 6
h9 275 82 183 152 189 333 250 175 1
h10 275 82 183 154 189 333 254 167 1
hi1 275 96 181 150 189 333 260 175 2
h12 275 96 181 154 189 331 254 177 1
h13 275 96 181 154 189 331 260 167 1
h14 277 82 183 154 189 333 250 175 1
h15 277 96 181 150 189 327 260 167 1
h16 277 100 181 150 189 325 254 167 1
h17 277 100 181 150 189 325 254 175 1
h18 281 82 181 154 189 331 260 167 1
h19 281 82 185 152 189 327 260 175 1
h20 281 82 185 154 189 327 260 175 3
h21 281 96 181 154 189 327 254 177 3
h22 281 96 181 154 189 333 254 167 1
h23 281 96 181 154 189 333 254 175 1
h24 281 96 183 152 189 331 260 175 1
h25 281 96 185 154 189 327 254 167 2
h26 289 82 185 154 189 327 260 175 1
h27 295 90 175 148 187 331 250 169 1
h28 275 96 181 154 189 331 254 175

Alleles 6 5 4 5 2 5 3 4 43

2Alleles are classified according to allele length.
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On the other hand, the low proportion of loci in LD in
the CVCR and Gaucho samples deserves additional atten-
tion. These populations present a complex pattern of
admixture for the X-chromosome, involving mainly Amer-
indians and Europeans (the African contribution is also
detected, but at lower proportions). The relative ancestral
contribution to their X-chromosomes is not very different
[in percentages, CVCR, European (E): 40; Amerindian
(Am): 42; African (Af): 18; Gaucho, E: 47; Am: 31; Af: 22;
(Wang et al., 2008)].

Different admixture models can create distinct LD pat-
terns. Long (1991) proposed two extreme models of admix-
ture: the hybrid-isolation (HI) and the continuous-gene-
flow (CGF) models. In the HI model, admixture occurs in a
single generation producing long-range LD, which pro-
gressively decays in each successive generation as a result
of independent assortment and recombination between
loci. In the CGF model, admixture occurs at a steady rate
in every generation, and the amount of LD increases dur-
ing the first few generations as continual admixture gen-
erates more disequilibrium than is broken down by inde-
pendent assortment and recombination. After a few gener-
ations, the amount of LD begins to decay, although at a
much slower rate than that observed in the HI model
(Pfaff et al., 2001). The last authors, using a simulation
approach, observed that under the HI model and consider-
ing unlinked loci (genetic distances between loci greater
than 5 c¢cM), only five generations are necessary after
admixture for LD to decay to values close to zero (Pfaff
et al., 2001). Applying this theory to our work, based on
age of admixture estimates generated elsewhere (6.57
generations for the Gaucho and 14.42 for CVCR; Wang
et al., 2008), the observed low proportion of loci in LD
(Tables 2 and 3) could be explained assuming the hybrid-
isolation model for unlinked markers for both admixed
populations studied here. Furthermore, similarities
between allele frequencies in the parental stocks could
also be related to the pattern observed to Gaucho and
CVCR populations.

The comparison between X-chromosomal diversity and
LD between Amerindian and admixed groups was already
examined in a previous investigation (Leite et al., 2009).
This work shows some similarities to ours, with lower
locus diversity, lower number of alleles per site, and
higher LD among Amerindians as compared to the
admixed populations. The diversity indices, however, are
slightly lower in our work, indicating that the set of
markers used by Leite et al. (2009) is more variable than
ours, which may also be linked to the wider extent of LD
detected in our study. Mention should also be made of the
differences between the correction procedures and meth-
ods for LD detection used in both studies, which may have
influenced the LD comparison.

Finally, the two haplotype blocks observed in the Amer-
indian X-chromosomes could be of potential interest, since
LD analysis can also bring new insights into human evo-
lutionary studies. It is reasonable to suggest that the most
frequent haplotype observed in a specific population is the
founder haplotype. However, the nature of the Amerin-
dian evolutionary history, as mentioned before, strongly
influenced by genetic drift due to isolation and fragmenta-
tion, prevents the identification of the Native American
founder haplotype considering the DXS8051 and
DXS7108 loci (Table 4). On the other hand, the network of
Figure 1, based on eight loci (DXS993, DXS8080,

303

DXS8083, DXS1055, DXS1039, DXS991, DXS1216, and
DXS986), shows no evident signal of diversification from a
founder haplotype, and the variable haplotype frequencies
can also be associated with a scenario where genetic drift
has a strong influence.

Despite these uncertainties, the two blocks reflect low-
recombination regions, and it is possible to suggest that
both, or at least parts of them, could be found in other
Native American populations. In this context it is worth
mentioning that a haplotype block between Xq13.3 and
Xqg21.3 was found in an investigation of 51 different popu-
lations, including South Amerindians (Santos-Lopes
et al., 2007). In our analysis, only one marker (DXS1196)
was included in this region, and therefore no appropriate
comparison can be made between their findings and our
data.

CONCLUSIONS

Now it is possible to answer the questions raised in the
introduction. The Amerindian populations clearly show
less intrapopulation variability than the two others and
only among them LD blocks were detected. In this case,
random drift should be considered as the most important
factor for this detection. On the other hand, events as
described in the hybrid-isolation model for unlinked
markers and similarities between the allele frequencies in
the parental stocks could be responsible for the absence of
LD in both admixed populations. The two observed haplo-
type blocks can provide valuable new tools for Amerindian
X-chromosome phylogeopraphic investigations, and this
possibility will be explored by us in future studies.
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