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Magdalena Gayà-Vidal1,2, Georgios Athanasiadis1, Robert Carreras-Torres1, Marc Via1,
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Summary

The APOE/C1/C4/C2 gene cluster presents high relevance in lipid metabolism and, therefore, has important epidemi-
ological implications. Here, we study for the first time the variation patterns of 25 polymorphisms (10 short tandem
repeats, STRs, and 15 single nucleotide polymorphismas, SNPs) in two native Andean samples from Bolivia (45 Aymaras
and 45 Quechuas) as well as one European sample (n = 41) as external reference. We estimated diversity parameters,
linkage disequilibrium patterns, population structure, and possible selective effects. In general, diversity was low and could
be partly attributed to selection (probably due to its physiological importance), since the APOE/C1/C4/C2 region was
highly conserved compared to the flanking genes in both Bolivians and Europeans. Moreover, the lower gene diversity
in Bolivians compared to Europeans for some markers might indicate different demographic histories. Regarding the
APOE isoforms, in addition to ε3 (94%) and ε4 (5%), isoform ε2 (1%) was also detected in Bolivians. In relation to
previous hypotheses, our results support that genetic drift or founder effects rather than selection for increased cholesterol
absorption are the main factors that have shaped the distribution of APOE isoforms observed in South America.

Keywords: APOE/C1/C4/C2 gene cluster, APOE, Native Americans, Andean region, South America, high-altitude
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Introduction

Apolipoproteins play an important role in lipid metabolism.
One of the most studied ones is apolipoprotein E (ApoE),
involved in lipoprotein metabolism and lipid transport. The
APOE gene is located in chromosome 19q13.2, closely linked
to the APOC1, APOC4, and APOC2 genes and forming the
APOE/C1/C4/C2 gene cluster, which spans about 48 kb.
ApoE, C1, and C2 proteins are constituents of chylomicrons,
very low-density lipoproteins and high-density lipoproteins
(HDL). ApoC4 plays an important role in the metabolism of
circulating lipids as an activator of lipoprotein lipase (Ken-
Dror et al., 2010).

Three common isoforms with different physiological prop-
erties have been described for the ApoE: ε2, ε3, and ε4.
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These isoforms are determined by two SNPs (rs429358 and
rs7412 in the coding residues 112 and 158; Hanis et al.,
1991). In comparison with the most frequent variant (APOE
ε3), APOE ε4 has been associated with higher total and
LDL cholesterol levels and increased risk of cardiovascular
and Alzheimer’s diseases (Song et al., 2004; Lucatelli et al.,
2011). Other polymorphisms, such as –219G→T, located in
the APOE promoter, have also been associated with cardio-
vascular, Alzheimer’s, and Parkinson’s diseases (Tycko et al.,
2004; Xin et al., 2010).

To a lesser extent, variation in the other components of
the APOE/C1/C4/C2 gene cluster has also been described,
but its role in the risk of complex diseases is not clear (Kam-
boh et al., 2000). For instance, the most studied polymor-
phism in the APOC1 gene is the insertion of the CGTT
tetranucleotide at position –317 of the promoter that has a
negative effect on APOC1 transcription levels (Xu et al.,
1999). In recent years, detailed studies of the variation in the
whole cluster have been performed, mainly in populations of
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European origin, although most of them have been carried
out in epidemiological surveys (Klos et al., 2008; Ken-Dror
et al., 2010).

To date, studies in Native Americans have mainly reported
APOE isoform frequencies (Crews et al., 1993; Marin et al.,
1997; Scacchi et al., 1997; de Andrade et al., 2000; Jaramillo-
Correa et al., 2001; Demarchi et al., 2005). An additional
study provided data for two polymorphisms in the APOC1
and APOC2 genes in five Brazilian samples (de Andrade et
al., 2002). Moreover, there are genome-wide SNP data avail-
able for several Native American groups from the Human
Genome Diversity Project (HGDP)-Centre d’Etude du Poly-
morphisme Humain (CEPH) project, although sample sizes
are very small (n < 15; Jakobsson et al., 2008; Li et al., 2008).

In light of the above, this paper explores for the first time the
variation of 25 polymorphisms in two Native Andean popula-
tions from Bolivia. Furthermore, in order to provide an exter-
nal group for comparison, a European sample from Spain has
also been included. Twenty-four of these markers lie within
a 108 kb-long region including the APOE/C1/C4/C2 gene
cluster as well as three flanking genes (PVRL2, TOMM40,
CLPTM1).

The high-altitude habitat of the two Bolivian populations
adds a special anthropological and genetic interest to this study.
It is well known that high-altitude populations are adapted to
hypoxia with morphological and physiological particularities
(Baker, 1969; Beall, 2007a, b). Some of these adaptations are
metabolic and hormonal changes such as lower blood glucose,
better and faster glucose uptake in peripheral tissues, higher
insulin sensitivity, greater hyperglycaemic hormone secretion
and caloric expense, and a lesser use of triglycerides in energy
production due to lower oxygen concentration. High-altitude
Andeans also present lower prevalence of high blood pressure
and diabetes mellitus (Seclén et al., 1999; Mohanna et al.,
2006). Several studies have reported a particular lipid profile
in Andean groups compared to sea-level inhabitants. This pro-
file includes high levels of plasma triglycerides, low HDL, and
hypercholesterolemia, also observed in Tibetans (Mohanna
et al., 2006; Sherpa et al., 2011). However, there is no agree-
ment on the lipid profile of altitude Andeans with previous
studies that reported lower total and LDL cholesterol levels,
higher HDL and lower triglycerides levels (Piedra et al., 1981;
Bellido et al., 1993). Variation on these phenotypes may be
influenced by different factors such as genetics, chronic hy-
poxia, lifestyle, and diet.

The main goal of this work is to provide the first
genetic data on Native Andean populations for the
APOE/C1/C4/C2 gene cluster. Due to the functional nature
of some of the studied polymorphisms, a good knowledge of
their variation patterns in different populations is of great
value for both population and epidemiological purposes. As
an additional step, we used the data to explore aspects of both

population structure in South America (contrasting with pre-
viously published data) and the evolutionary history of the
APOE/C1/C4/C2 genomic region.

Materials and Methods

Samples

Two Native American samples from the main native linguis-
tic groups in Bolivia (Aymaras and Quechuas) were collected
by the Instituto Boliviano de Biologı́a de Altura (IBBA) in Bo-
livia. Aymara samples came from the area near Lake Titicaca
(Lat: 16◦34′S, Lon: 68◦23′W, Elevation: 4000 m), whereas
Quechua samples came from the Potosı́ department (Lat:
19◦13′S, Lon: 65◦49′W, Elevation: 3244 m), both regions
being located in the Andean Altiplano. The study included
a total of 90 unrelated individuals of both sexes (45 for each
population sample). A more detailed description of these sam-
ples has been presented elsewhere (Gayà-Vidal et al., 2010;
2011). For a broader context, a European sample from North-
east Spain (Girona, Catalonia) was also included in the analy-
sis. The European sample consisted of 41 unrelated individuals
of both sexes that had their four grandparents born in the re-
gion. All subjects gave their informed consent and the study
was approved by the ethical committees from the involved
institutions (IBBA and University of Barcelona).

Polymorphisms

The 25 studied markers included 15 SNPs and nine STRs
located in the genomic region between positions 50063546
and 50172127 of chromosome 19 (NCBI36/hg18), contain-
ing the APOE/C1/C4/C2 gene cluster, and one STR lo-
cated at 134.2 kb downstream from this region. Marker ID
reference and their relative location on the genomic region
are shown in Figure 1.

SNPs were selected according to different criteria: func-
tional importance, coverage of the gene cluster flanking
regions, and formation of compound SNPSTR markers
(Mountain et al., 2002). APOE isoforms were coded by
the rs429358 and rs7412 genotypes. Ten STRs were se-
lected after scanning the APOE/C1/C4/C2 region with
the UCSC Genome Browser (http://genome.ucsc.edu/cgi-
bin/hgGateway) and the SNPSTR database (Mountain et al.,
2002). Details on the analysed SNPs and STRs are described
in Tables 1 and 2.

Genotyping

With the exception of rs7412, all SNPs were typed with the
iPLEX Gold assay on the Sequenom MassARRAY Platform
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Figure 1 Markers examined and their relative location. Grey boxes represent the genes. STRs are in the upper part of the scheme
and SNPs in the bottom part. Dashed lines represent SNPSTR markers.

(Sequenom, San Diego, CA, USA). SNP rs7412 was geno-
typed by Real-Time PCR (RT-PCR), using a TaqMan SNP
genotyping assay protocol (Applied Biosystems, Foster City,
CA, USA) and a total volume of 5 μl per well. RT-PCR
fluorescence measurements and data collection were carried
out on an ABI PRISM 7900 HT Sequence Detection System
(Applied Biosystems).

STRs were genotyped by PCR amplification using stan-
dard conditions in a total volume of 10 μl (protocol available
upon request). One of the oligonucleotides from each pair
of primers was modified at the 5′ end with 6-FAM or HEX
fluorescent dye. The diluted PCR products were analysed
in an Applied Biosystems 3130 Genetic Analyser using the
GeneScan 500 ROX size standard and genotypes were de-
termined using the ABI Prism GeneMapper v3.0 software
(Applied Biosystems). Positive and negative controls were in-
cluded in all experiments, and the exact number of repeats
was verified by direct sequencing.

Statistical Analysis

Allele frequencies and heterozygosities were calculated with
Genetix v4.05.2 (Belkhir et al., 1998) and Hardy-Weinberg
equilibrium was assessed with Arlequin v3.1 (Excoffier
et al., 2005). Pairwise linkage disequilibrium (LD) for bial-
lelic markers was quantified by the r2 statistic using Haploview
v.4.1 (Barrett et al., 2005). Also, the Black and Krafsur test
(Black & Krafsur, 1985) and the LD test (10,000 permuta-
tions) were performed with Genetix v4.05.2. The statistical
significance of the nonrandom distribution of each pair of
loci was evaluated by Fisher’s exact test with Genepop v4.0

(Raymond & Rousset, 1995; Rousset, 2008). Haplotype
phase was inferred with PHASE v2.1 (Stephens et al., 2001;
Stephens & Donnelly, 2003).

To check for possible selective pressure acting on the
APOE/C1/C4/C2 gene cluster, we followed two indepen-
dent strategies: (i) we performed the long-range haplotype
(LRH) test (Sabeti et al., 2002) and (ii) we compared Fst
values between neutral and potentially functional loci.

The LRH test detects recent positive selection by investi-
gating the decay of LD between a predefined core haplotype
that includes a locus of interest and a number of genotyped
markers at variable distances. To do so, two different statistics
were calculated using the Sweep software program (P.C. Sa-
beti; unpublished data): the extended haplotype heterozygos-
ity (EHH) and the relative extended haplotype heterozygosity
(REHH). EHH represents the probability that two randomly
chosen chromosomes carrying the core haplotype of interest
are homozygous at all markers for the entire interval from
the core region to a certain distance. Core haplotypes that
have unusually high EHH (long-range LD) and a high pop-
ulation frequency indicate the presence of a mutation that
increased its frequency in the population faster than expected
under neutral evolution. Moreover, the REHH test controls
for recombination rate variation across the region (Sabeti et
al., 2002). In our study, only SNPs were considered and the
core haplotype consisted of the two SNPs determining the
APOE isoforms (rs429358 and rs7412).

In addition, Fst values were calculated for all loci by a
locus-by-locus analysis of molecular variance (AMOVA) with
Arlequin v3.1. The Fst values of the potentially functional loci
[i.e. the two SNPs determining the APOE isoforms (rs429358
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Table 1 Allele frequencies and heterozygosities for the SNPs.

Gene location SNPSTR SNPs Aymara H Quechua H Europeans H

PVRL2 intron rs385982 (45) 0.533 (44) 0.364 (41) 0.342
G 0.38 0.34 0.22
T 0.62 0.66 0.78

TOMM40 intron rs741780 (45) 0.511 (44) 0.455 (41) 0.585
A 0.32 0.32 0.51
G 0.68 0.68 0.49

APOE promoter rs405509 (39) 0.436 (39) 0.461 (41) 0.537
A 0.68 0.56 0.41
C 0.32 0.44 0.59

APOE intron 2 601404 rs769449 (43) 0.070 (42) 0.119 (41) 0.098
A 0.03 0.06 0.05
G 0.97 0.94 0.95

APOE exon 3 rs769452 (T/C) (38) - (38) - 41 -
T 1 1 1

APOE exon 4, determining the APOE isoforms rs429358 (39) 0.103 (38) 0.105 (39) 0.103
C 0.05 0.04 0.08
T 0.95 0.95 0.92
rs7412 (45) 0.022 (44) - (41) 0.195
C 0.99 1 0.88
T 0.01 0 0.12

APOC1 promoter rs11568822 (45) 0.067 (43) 0.023 (41) 0.415
- 0.94 0.99 0.77
CGTT 0.06 0.01 0.23

Between APOC1 and APOC4 rs157592 (G/T) (41) - (41) - (41) -
G 1 1 1

601412 rs7259350 (C/T) (45) - (44) - (41) -
C 1 1 1

601414 rs7255698 (C/G) (45) - (44) - (41) -
C 1 1 1

APOC4 exon 3 rs5167 (45) 0.511 (44) 0.568 (41) 0.537
G 0.32 0.35 0.37
T 0.68 0.65 0.63

APOC2 exon 4 rs5126 (A/C) (39) - (40) - (41) -
A 1 1 1

CLPTM1 introns rs11668758 (45) 0.467 (44) 0.546 (41) 0.439
C 0.68 0.66 0.68
T 0.32 0.34 0.32
rs2075620 (39) 0.410 (39) 0.513 (41) 0.439
A 0.69 0.67 0.68
G 0.31 0.33 0.32
Average H∗ 0.313 0.315 0.369

Numbers inside brackets represent the number of individuals genotyped. SNP IDs are in bold.
H, observed heterozygosity.
∗Considering the 10 polymorphic loci.

and rs7412), the SNPs located in the APOE and APOC1
promoters (rs405509 and rs11568822), and the missense SNP
of APOC4 (rs5167)] were compared to those of the neutral
ones with the nonparametric Mann-Whitney test using R
(http://www.r-project.org). In the absence of selection, no

statistically significant differences are expected between the
Fst distributions of neutral versus potentially functional loci.

Population differentiation between samples was evaluated
using an exact G test (Genepop v4; Raymond & Rousset,
1995) for the allele frequencies of the 25 markers.
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Table 2 Allele frequencies and heterozygosities for the STRs.

Gene location SNPSTR STRs Aymara H Quechua H Europeans H

PVRL2 intron 601395a rs149390286 (42) 0.429 (38) 0.395 (39) 0.308
(TTTTTC)6 0.69 0.72 0.85
(TTTTTC)7 0.31 0.28 0.15

Between PVRL2 and TOMM40 601400a rs144735498 (43) - (31) - (36) 0.083
(TTTTC)7 0 0 0.04
(TTTTC)8 1 1 0.96
ss263197395 (28) - (24) - (39) -
(GGA)10 1 1 1

APOE intron2 601404 ss263197396 (24) - (29) - (38) -
(TTG)13 1 1 1

APOC1 intron 3 601408a ss263197397 (19) - (20) - (10) -
(GGGA)9 1 1 1

Between APOC1 and APOC4 rs148103205 (42) 0.024 (44) - (41) 0.024
(AAC)7 0 0 0.01
(AAC)9 0.99 1 0.99
(AAC)10 0.01 0 0

601412 rs141847389 (45) 0.267 (44) 0.205 (41) 0.268
(CAAAA)3 0 0 0.04
(CAAAA)4 0.18 0.15 0.12
(CAAAA)5 0.82 0.85 0.84

601414 rs146050915 (35) - (36) - (40) -
(TTTTG)5 1 1 1

APOC2 intron 1 601416a rs139985133 (44) 0.750 (38) 0.763 (41) 0.829
(TG)(AG)17 0.44 0.40 0.16
(TG)(AG)19 0.01 0 0
(TG)(AG)21 0.01 0 0.09
(TG)(AG)24 0.01 0 0
(TG)(AG)25 0.18 0.18 0.04
(TG)(AG)26 0.02 0 0
(TG)(AG)27 0 0.01 0.05
(TG)(AG)28 0.02 0.14 0.32
(TG)(AG)29 0.27 0.22 0.13
(TG)(AG)30 0.01 0.04 0.16
(TG)(AG)31 0 0 0.05
(TG)(AG)32 0.01 0 0
(TG)(AG)33 0 0 0.01

134.2 Kb 3′ 601432a rs143463972 (43) 0.093 (38) 0.053 (41) 0.439
(ATT)8 0.05 0.03 0.34
(ATT)9 0.95 0.97 0.66
Average H∗ 0.313 0.283 0.325

Numbers inside brackets represent the number of individuals genotyped. STR IDs are in bold.
H, observed heterozygosity.
∗Considering the polymorphic loci.
aFor these SNPSTR markers, only the STR was genotyped, not the SNP.

Comparisons were performed at different levels depending on
the available data from other Native American groups: (i) three
loci (rs405509, rs5167, rs11668758) in five populations from
the HGDP-CEPH Project: Karitiana (14 individuals) and
Surui (8) from Brazil, Piapoco and Curripaco from Colombia
(7), and Maya (21) and Pima (14) from Mexico; (ii) one lo-
cus (rs11568822) in five Brazilian samples (de Andrade et al.,

2002): WaiWai (29), Xavante (31), Gaviao (29), Zoró (30),
and Surui (24); and (iii) APOE isoforms in 37 Native South
American populations. In addition, population structure was
explored considering the 39 populations for the APOE iso-
forms through a hierarchical AMOVA with Arlequin v3.1,
using geographical criteria (tropical forest, southern corn–
according to Demarchi et al. (2005)– and Andes).
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Table 3 APOE isoform genotypes in the two Bolivian and the European samples.

Genotypes Alleles

Population ε2/ε2 ε2/ ε3 ε2/ε4 ε3/ε3 ε3/ε4 ε4/ε4 ε2 ε3 ε4

Aymaras (n = 39) 0 0 1 35 3 0 0.013 0.936 0.051
Quechuas (n = 38) 0 0 0 34 4 0 0 0.947 0.053
Bolivians (n = 77) 0 0 1 69 7 0 0.007 0.942 0.052
Europeans (n = 39) 1 8 0 25 4 1 0.128 0.795 0.077

Results

Allele Frequencies and Heterozygosity

Five out of 15 SNPs were monomorphic, three of which
formed SNPSTR markers (Table 1). All polymorphic SNPs
were in Hardy-Weinberg equilibrium. In the two Bolivian
samples, six polymorphic loci presented diversity values from
0.36 to 0.57 and four (APOE and APOC1 SNPs) presented
heterozygosity <0.12 (minor allele frequencies ≤6%).
Average heterozygosity across the 10 polymorphic SNPs was
slightly higher in the European sample than in Bolivians
(Table 1), although differences were not statistically
significant.

Variation in the STRs was also remarkably low: five mark-
ers were monomorphic, four were biallelic (one of them was
triallelic in Europeans), and only one was multiallelic with
ten (Aymaras), six (Quechuas), and nine (Europeans) differ-
ent alleles (Table 2). Heterozygosity values ranged from 0.024
to 0.750 and average values were slightly lower in Bolivians
than in Europeans, but without significant differences. The
most notable differences were found for STR rs143463972,
with Europeans presenting five and eight times higher het-
erozygosity than Quechuas and Aymaras, respectively.

It is important to mention that the (TG)n(AG)m STR was
initially thought to be a (TG)n microsatellite according to dif-
ferent databases. However, after sequencing five individuals,
variation in the number of repeats in the contiguous (AG)m
was observed. The alleles of 17, 19, 24, 26, and 29 repeats
presented different dinucleotide combinations according to
the (TG)9/12/17/18/21(AG)7/8 pattern, indicating that it is a
compound STR.

No significant differences in allele frequencies of any
marker were found between the two Bolivian populations
after applying the Bonferroni correction. Differences be-
tween each Bolivian sample and the European population
were significant for two STRs (rs139985133, P < 0.0001;
rs143463972, P < 0.0001). Significant differences were also
observed between Quechuas and Europeans for two SNPs
(rs7412, P < 0.001; rs11568822, P < 0.0001), and be-
tween Aymaras and Europeans for one locus (rs405509,
P < 0.001). These SNPs also showed differences between
Bolivians pooled together and Europeans.

As for the APOE isoforms (Table 3), the most common
genotype in Bolivians was the homozygote for APOE ε3
(90%), followed by ε3/ε4 (9%), and ε2/ε4 (only 1%). Thus,
the ε3 allele presented a very high frequency (∼94%), fol-
lowed by ε4 (∼5%) and ε2 (0.7%; only one allele was detected
in the Aymara sample). In Europeans, genotype frequencies
appeared slightly different (ε3/ε3 = 64%; ε2/ε3 = 20.5%,
ε3/ε4 = 10%, ε4/ε4 = 2.6%, and ε2/ε2 = 2.6%), but dif-
ferences were not significant.

Linkage Disequilibrium and Haplotypes

LD patterns between all pairs of biallelic markers (SNPs and
STRs) for the pooled Bolivian and the European samples
are shown in Figure 2. For Bolivians, the analysis revealed
moderate to high LD (r2 ≥0.35, Fisher’s exact test, P <

0.001) among markers in the 5′ flanking region (PVRL2
and TOMM40 genes). Similarly, complete linkage was ob-
served in the 3’ flanking region between rs11668758 and
rs2075620 (CLPTM1), and very high LD between these
CLPTM1 markers and rs5167 (APOC4; P < 0.001), and
rs139985133 STR (APOC2; P < 0.0001). In contrast, a clear
break was observed in the LD between APOC1 and APOC4.
LD between APOE and APOC1 SNPs was heterogeneous,
probably due to the low variability of some markers. In fact,
rs11568822 (APOC1) presented moderate LD with rs429358
(P < 0.0001) and no LD with rs7412 (P > 0.05). Within the
APOE region, it is interesting to note the lack of LD between
rs405509 in the promoter and the other APOE SNPs (P >

0.05) as well as between rs429358 and rs7412, determining
the APOE isoforms, only 138 bp apart.

The LD analysis was also performed considering the APOE
isoforms instead of the two determinant SNPs, since this is
the method used in previous studies. Strong LD between the
APOE isoforms and APOE rs769449 (r2 = 0.71, P < 0.0001)
was found. Moderate LD was observed in the pooled Boli-
vians between the APOE isoforms and APOC1 rs11568822
(r2 = 0.61; P < 0.0001), although it was almost complete
in Aymaras (r2 = 0.99, P < 0.0001), but low in Quechuas
(r2 = 0.24, P > 0.05). High LD was also observed between
the APOE isoforms and the STR rs148103205 in Aymaras
(r2 = 0.97, P = 0.026).
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Figure 2 LD patterns from Haploview in Bolivians (A) and Europeans (B) for biallelic
markers. The colour scheme represents r2 values (white: r2 = 0, black: r2 = 1, shades of
grey: 0 < r2 < 1). Numbers refer to r2 values (%), an empty cell being 100% (r2 = 1).
To include the STR rs141847389 in Europeans, the allele (CAAAA)3 was excluded for
this analysis.

Annals of Human Genetics (2012) 76,283–295 289C© 2012 The Authors
Annals of Human Genetics C© 2012 Blackwell Publishing Ltd/University College London
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Figure 3 Frequency of the estimated SNP-haplotypes in the pooled Bolivian samples and
in the European sample.

In comparison, LD patterns in Europeans were, in general,
similar to those of Bolivians (Fig. 2B). However, weaker LD
was observed in the 5′ end of the studied region, with high LD
only within PVRL2 (STR rs149390286 and rs385982; r2 =
0.61, P < 0.0001), as well as in the 3’ end between CLPTM1
and APOC4 (r2 = 0.51, P < 0.0001), and between CLPTM1
and APOC2 (P = 0.04). More homogenous LD values were
observed between the APOC1 and APOE loci (r2 = 0.33,
P < 0.001).

Figure 3 shows the estimated SNP haplotypes in the pooled
Bolivian sample and in Europeans. Eighteen and 21 different
haplotypes were found in Bolivians and Europeans, respec-
tively, but the two samples only shared seven of these hap-
lotypes. In Bolivians, the four most common haplotypes ac-
counted for 71% of the total frequency whereas in Europeans
only for 52%. There was no coincidence in the ranking of the
most frequent haplotypes between Bolivians and Europeans.
Detailed frequencies are presented in Table S1.

Potential Role of Natural Selection: Long-Range
Haplotype Tests and Fst Comparisons

The LRH test (Fig. S1) showed that the three core haplotypes
presented a similar LD decay pattern in Europeans, which did
not indicate the presence of selection. In Bolivians, the EHH
and REHH patterns were not clear. The most frequent hap-
lotype (94%, TC; corresponding to isoform ε3) presented a
higher EHH than the minor core haplotype CC (correspond-
ing to the ancestral ε4) on the right part of the graph, but not
on the left part. High EHH (EHH = 1) was observed near
the core for the most frequent haplotype. In both Europeans
and Bolivians, the drastic LD decay occurring 3′ when the
distance increases, probably reflects the LD break between
APOC1 and APOC4.

Fst values revealed a higher degree of between-population
differentiation for the functional SNPs (0.036, P < 0.0001)
than for the neutral ones (0.014, P < 0.01; Table 4). However,

Table 4 Fst values for the neutral and functional variants consider-
ing: (i) all samples (Bolivians and Europeans) and (ii) the Bolivian
samples alone.

Fst

Polymorphism Bolivians & Europeans Bolivians

STR rs149390286 0.023 NS 0
rs385982 0.019 NS 0
STR rs144735498 0.029 NS -
rs741780 0.039∗ 0
rs405509 0.058∗∗ 0.015 NS
rs769449 0 0
rs429358 0 0
rs7412 0.085∗∗∗∗ 0
rs11568822 0.124∗∗∗∗ 0.018 NS
STR rs148103205 0 0.001 NS
STR rs141847389 0 0
rs5167 0 0
STR rs139985133 0.072∗∗∗∗ 0.002 NS
rs11668758 0 0
rs2075620 0 0
STR rs143463972 0.230∗∗∗∗ 0
Global

Fst_neutral_SNPs
0.014∗ 0

Global
Fst_functional_SNPs

0.036∗∗∗∗ 0.001 NS

Global Fst_SNPs 0.021∗∗ 0
Global Fst_markers

(SNPs & STRs)
0.034∗∗∗∗ 0

∗∗∗∗P < 0.0001, ∗∗∗P < 0.001, ∗∗P < 0.01, ∗P < 0.05.
NS, nonsignificant.
Functional markers are in bold.
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Figure 4 APOE isoform frequencies in Native South Americans. Numbers refer to
references: 1, Crews et al., 1993; 2, Scacchi et al., 1997; 3, de Andrade et al., 2000; 4,
de Andrade et al., 2002; 5, Marin et al., 1997; 6, JV Nel (de Andrade et al., 2000); 7,
Demarchi et al., 2005; 8, Jaramillo-Correa et al., 2001; 9, present work.

no significant differences were present when comparing Fst
values of neutral with functional markers according to the
Mann-Whitney test (P > 0.05). Among the functional loci,
the highest Fst values were observed for markers on the APOE
and APOC1 promoters and rs7412, ranging from 0.06 to
0.12. The global Fst value was higher when considering both
SNP and STR markers than when considering only SNPs,
probably due to the contribution of the STR rs143463972
at 134.2 kb 3′ of the region, which presented the highest Fst
value of all markers.

Variation in Native American Samples

The exact test of population differentiation based on the
available data from three loci in American samples from
the HGDP revealed that Bolivian samples presented signif-
icant differences from Piapoco and Curripaco (Colombia),
Kariatiana (Brazil), and Pima (Mexico), mainly due to dif-
ferences in rs11668758 and rs5167. Differences were not
significant between Bolivians and Surui (Brazil) or Mayas
(Mexico). The fact that some of these populations presented
very low sample sizes, especially Piapoco-Curripaco and Su-
rui, should be taken into account. The comparison based
on rs11568822 (APOC1) in seven South American samples,
showed a high among-population differentiation (Fst = 0.45,
P < 0.0001). The frequency of the deletion allele ranged
from 0.77 (Gaviao) to 0.99 (Quechuas). Quechuas did not

present significant differences from Xavante (also with a high
frequency of the deletion– 98%), whereas Aymaras did not
present any significant differences from Xavante, Zoró, or
Gaviao.

APOE ε3 is the most frequent APOE isoform in all 39
South American samples, with frequencies ranging from 0.51
to 1 (Fig. 4). On the contrary, the absence of APOE ε2
is a common feature among South American populations,
present at very low frequencies (from 0.01 to 0.05) only in
eight out of the 39 samples. On the other hand, there is high
variation in the frequency of APOE ε4 (from 0 to 0.47).
Considering the 39 South American samples, APOE isoform
variation between populations was significant (Fst = 0.07, P <

0.001) and the exact test of population differentiation revealed
significant differences between the two Bolivian samples and
nine other samples (Cayapa, Gaviao, Zoro, WaiWai, Wayampi,
Wapishana, Baniwa, Coreguaje, and Nukak). No structure
was revealed by the hierarchical AMOVA in South America
(Fst = 0.083, Fsc = 0.059, Fct = 0.025; P < 0.05).

Table 5 shows the APOE isoforms/APOC1 haplotypes ob-
served in Native South American samples. The most common
haplotype was ε3/deletion (–) followed by ε4/+, but at dif-
ferent frequencies. The other three haplotypes were present
only in some Native American samples. The two Bolivian
samples presented one of the highest frequencies of the ε3/–
haplotype (∼95%), right after Xavante. It is important to note
that the second most frequent haplotype in the Aymaras was
ε4/+, whereas in Quechuas it was ε4/–.
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Table 5 APOE isoforms/APOC1 promoter haplotype frequencies and standard deviations in Native Americans and Europeans.

All Native
Haplotype Wai-Wai∗ Xavante∗ Gaviao∗ Zoró∗ Surui∗ Aymara Quechua Bolivians Am. Europeans

ε2/– 0 0 0 0 0 0 0 0 0 0.011 ± 0.004
ε2/+ 0 0 0 0 0 0.011 ± 0.005 0 0.006 ± 0.003 0.001 0.100 ± 0.004
ε3/– 0.55 ± 0.07 0.98 ± 0.02 0.67 ± 0.06 0.62 ± 0.07 0.83 ± 0.05 0.944 ± 0.002 0.953 ± 0.009 0.949 ± 0.004 0.790 0.766 ± 0.005
ε3/+ 0.02 ± 0.03 0 0.04 ± 0.03 0.16 ± 0.05 0 0 0 0 0.031 0.022 ± 0.009
ε4/– 0.27 ± 0.06 0 0.09 ± 0.04 0.09 ± 0.02 0 0 0.035 ± 0.009 0.017 ± 0.004 0.071 0
ε4/+ 0.16 ± 0.05 0.02 ± 0.02 0.20 ± 0.05 0.13 ± 0.05 0.17 ± 0.05 0.044 ± 0.005 0.011 ± 0.006 0.028 ± 0.003 0.104 0.100 ± 0.009
Total N 29 31 29 30 24 45 44 89 232 45

For the APOC1 promoter (rs11568822), “–” corresponds to the deletion and “+” to the CGTT insertion.
∗Data from Andrade et al. (2002).

Discussion

This work studies the variability of the genomic region en-
compassing the APOE/C1/C4/C2 gene cluster in two An-
dean populations from Bolivia. As such, it provides novel data
on the genetic characterisation of Native American popula-
tions. The 25 analysed markers constitute the first data not
only on Andean samples, but also, for most markers, on Na-
tive Americans in general, let alone the first data for 9 out of
the 10 STRs examined in this genomic region.

In general, our results revealed low genetic variation in the
Andean samples for both sets of markers as well as for the
APOE isoforms. However, the differences in marker diversity
according to their location, as well as the allele frequency com-
parisons between Bolivian and European samples, suggests
that some of this low diversity in Bolivia could be explained
as a result of selection, while another part would reflect the
demographic history of Native American populations.

Our analysis suggests that selective factors may have kept
variability low in the middle of the studied genomic re-
gion (from TOMM40 to APOC2). In this middle region,
8 out of 12 SNPs present very low gene diversity both in
Native Americans and Europeans (Table 1). A similar ob-
servation stands true for the STRs. Seven out of 10 mark-
ers with a more central position were monomorphic or
showed very low diversity both in Bolivians and Europeans
(Table 2).

On the contrary, the SNPs with the highest diversities were
those located at the edges of the studied region, both in Bo-
livians and Europeans, as well as for most of the HapMap
populations (data not shown). This is reflected in the fact
that the most common haplotypes differ mainly at the edges
(Fig. 3, Table S1), while the core formed by the APOE and
APOC1 polymorphisms remains practically invariable. As a
result, the APOE ε3 isoform and the deletion in the APOC1
promoter are the most common alleles worldwide. A similar
situation is observed for the STRs, with rs149390286 at the
5′ end being one of the most diverse STR in Bolivians and
Europeans, and rs143463972 at the 3′ end showing high di-
versity, although only in Europeans. This high conservation

of the APOE/C1/C4/C2 region is probably related to its
biological importance.

At this point, we should mention that the high diversity
of the compound STR (TG)n(AG)m rs139985133 is remark-
able. Although it presented significant differences in allele
frequencies, the range of repeats detected in Bolivians was
quite similar to that found in our European population and
in a French sample (Zouali et al., 1999). The sequencing of
five individuals in this study confirmed a previous report that
diversity at this locus is attributable to variation at both (TG)n
and (AG)m motifs (Fornage et al., 1992).

The fact that the EHH test did not show signs of selection
in Europeans and the results were not clear in the Bolivian
populations (Fig. S1) could reflect that this method may not
be sensitive enough to detect selection in cases where selec-
tion is not recent enough. Long haplotypes as a signature of
positive selection persist for relatively short periods (<30,000
years; Sabeti et al., 2006). The fact that the most frequent
isoform worldwide (ε3) is not the ancestral one (ε4) is con-
sistent with an increase of the ε3 allele frequency prior to the
major population expansions that accompanied the spread of
anatomically modern humans <100,000 years ago (Fullerton
et al., 2000). These authors found that the APOE locus was
one of the less variable genes examined so far, and proposed
a reduction in variation associated with the rise in frequency
of an advantageous mutation. Reduction in genetic diversity
is a signature that may be used to detect positive selection up
to <250,000 years (Sabeti et al., 2006).

As for the Fst comparisons, although no significant differ-
ences were detected between the functional and neutral Fst
distributions according to the Mann-Whitney test, which is
admittedly a rather conservative test, it is worth noting that the
variation at the functional loci was more than double that of
the neutral ones. In addition, the highest Fst values within the
gene cluster region were observed in the APOE and APOC1
promoters and rs7412, which have a clear physiological role.

In any case, it is important to note that selection is likely not
detectable in many instances, such as if the selection advantage
is too small or selection acts on an allele that is already at an
intermediate frequency in the population (Sabeti et al., 2006).
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On the other hand, the lower gene diversity observed in the
Andean populations compared to Europeans for several mark-
ers could be related to the particular demographic history of
Native Americans, where drift and founder effects might have
had an important impact. In particular, the STR rs143463972
located 134.2 kb downstream of the APOE/C1/C4/C2 ge-
nomic region presented higher heterozygosity in Europeans
than in Bolivians. Also, Bolivians presented a lower number of
SNP-based haplotypes, some of them with extreme frequen-
cies compared to Europeans. Even though the LD pattern in
Bolivians presented several similarities to those from HapMap
and other studies (Klos et al., 2008; Ken-Dror et al., 2010),
such as the presence of an LD block at the 3′ of the region
and a break in LD between APOC1 and APOC4, the higher
degree of LD values in Bolivians compared to Europeans is
consistent with a more recent origin and/or a bottleneck
during the first settlement of the Americas and particularly of
South America.

It is worth mentioning that the absence of LD between
rs405509 (in the APOE promoter) and the APOE isoform
alleles is in agreement with a recent study (Ken-Dror et al.,
2010), but in contrast to other reports that found partial LD
(Fullerton et al., 2000; Heijmans et al., 2002). It is likely
that these controversial results are associated with the use of
different LD measures (D′ or r2) to some extent.

The difference in the LD pattern between the APOE iso-
forms and APOC1 observed in Aymaras (almost complete)
and Quechuas (low) confirms the existence of variation in the
distribution of these haplotypes previously observed in Native
Americans (de Andrade et al., 2002). The almost complete
LD in Aymaras, with the ε3/–, ε4/+, and ε2/+ arrange-
ments, and the presence of ε4/– in Quechuas (Table 5) might
be due to the fact that the Aymara population has been more
isolated than the Quechuas (Gayà-Vidal et al., 2011).

As for the variation among Native Americans considering
three loci, it is important to note that no differences were
observed between Bolivians and Mayas. This similarity be-
tween Andean and Mesoamerican populations has also been
observed for other systems such as autosomal microsatellites
(Wang et al., 2008). According to these authors, this similarity
was compatible with an early Pacific coastal colonisation, al-
though it could also be interpreted as recent gene flow along
the coast. Comparisons based on rs11568822 (APOC1) as
well as on the APOE isoforms-APOC1 haplotypes in seven
South American samples revealed a relatively high variation
within South America, probably due to differences in the
population history of some of these populations (de Andrade
et al., 2002). Finally, comparisons of APOE isoforms across
South America did not show a clear pattern of variation. The
heterogeneity observed was mainly due to differences on the
APOE ε4 frequencies. The two Bolivian samples of this work
present a high prevalence of APOE ε3 and, consequently, a

very low frequency of APOE ε4, within the variation range
observed in South Americans. The fact that one individual
from the Aymara sample was a carrier of an APOE ε2 allele is
important in the frame of the controversial question about the
presence or absence of APOE ε2 in Native South Americans.
Most Native South American populations studied so far (30
out of 39) do not have this allele and some have it at very low
frequencies. APOE ε2 is present in Native Americans either
because it was present in the founding populations at a very
low frequency (and lost in some groups) or due to admix-
ture with non-Native Americans (de Andrade et al., 2000).
The fact that the Aymara sample presents a very low de-
gree of admixture according to different markers (Gayà-Vidal
et al., 2011) supports its presence in the founding population,
although more data are necessary for such an affirmation.

Concerning the APOE ε4 distribution in Native Amer-
icans, Corbo and Scacchi (1999) suggested that this allele
could have been favoured by increasing cholesterol absorp-
tion in populations with low-cholesterol diets. Conversely,
de Andrade et al. (2000) suggested that founder effects, iso-
lation, and genetic drift, rather than natural selection, could
have played a major role in determining APOE ε4 frequen-
cies in Native Americans. The APOE ε4 frequency of the
two Bolivian samples is among the lowest (0.05) in South
America and their diet, typical of high-altitude populations,
is mainly based on carbohydrates and low intake of animal
fats and proteins (Caen et al., 1974). Moreover, their meat
consumption comes mainly from camelids, which are char-
acterised by low cholesterol content (Saadoun & Cabrera,
2008). Thus, our data seem to support a genetic drift expla-
nation rather than a selection effect. Nevertheless, in the case
of our Bolivian samples, the role of the APOE has to be un-
derstood in the context of the adaptations to a high-altitude
environment.

Conclusion

This paper illustrates that the study of the variation in
the APOE/C1/C4/C2 region in the general population is
useful for both population and epidemiological purposes.
Our results showed a high degree of conservation of the
APOE/C1/C4/C2 gene cluster, which may be due to its
physiological importance. Nevertheless, certain differences
detected between the Bolivian samples and Europeans would
reflect their different demographic histories. The APOE iso-
form frequencies in Bolivians were within the range observed
for South Americans, providing new insights into some con-
troversial issues. The low frequency of APOE ε4 in An-
deans suggests that its frequency in South Americans would
be mainly due to genetic drift and founder effects. More sam-
ples should be studied to reach more robust conclusions.
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