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Abstract

Colombia is the second country with the highest number of Amerindian ethnic groups, with autonomy
and self-governance, allowing them to preserve their culture and Amerindian genetic heritage.
In some of these communities, studies using markers such as mitochondrial DNA (mtDNA), the
non-recombining region of the Y chromosome (NRY), and Ancestry Informative Markers (AIMs) have
helped clarify the settlement processes and genetic admixture of these populations. In this study, we
analyzed genome-wide Single Nucleotide Polymorphism (SNP) data from four indigenous populations
of Colombia, the Wayuu, Nasa-Páez, Pijao, and Embera-Kátio, genotyped on the Axiom SpainBA
panel. We were interested in determining the genetic ancestry and structure, as well as patterns of
genetic variation in these populations. We collected personal questionnaires to determine family
relationships and included only unrelated individuals for further analyses. Population genetic analyses,
including other Native and non-Indigenous American populations, showed genetic affinities to other
Indigenous American populations and varied levels of genetic admixture with non-American sources.
Furthermore, our analyses suggest that distinct demographic histories, including isolation, genetic
drift associated with reduced effective population size (Ne), and admixture, have shaped patterns of
genetic variation and population structure among Colombian Indigenous populations.

Keywords: Ancestry; Colombian ethnic groups; Population structure; Array, Variability; Genetic
dynamics.

1. Introduction

Human populations around the world differ in their demographic histories, biogeography,
culture, subsistence strategies, and marital practices. Yet these differences do not exclusively
arise from geographic distance. Although greater geographic distance often correlates with
genetic differentiation among human populations, this relationship can be modulated by cultural
factors—such as linguistic exogamy, subsistence strategies, and social organization—influencing
gene flow [1]. Studies on ancestry and genetic structure are crucial for understanding human
population history, as they have helped uncover patterns of genetic variation and migration [2],
particularly in Latin America, where genetic structure is highly heterogeneous due to varying
degrees of admixture from Indigenous American, European, and African ancestries [3].
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In the context of the peopling of the Americas, Colombia has played a significant role due to
its location, serving as a biological corridor for migrations and a venue for subsequent human
settlements [4]. Despite the numerous events leading to the admixture of Colombia’s indigenous
populations, some ethnic groups have remained isolated and preserved their identity [5].
In some of these unmixed communities, studies using mitochondrial DNA (mtDNA), the
non-recombining region of the Y chromosome (NRY), and Ancestry Informative Markers (AIMs)
have helped clarify settlement processes and genetic admixture [5–14]. However, few studies have
applied high-density SNP arrays to explore fine-scale genetic structure in Colombian indigenous
groups. Our study aims to address this gap by analyzing genome-wide SNP data to provide new
insight into ancestry and genetic substructure.
Other genetic studies in Colombia have analyzed urban mestizo populations [6], which, despite
showing variable proportions of American ancestry, differ significantly from indigenous groups
in their demographic history and genetic structure. This distinction highlights the importance of
studying indigenous communities directly to understand patterns of Indigenous American diversity.
We hypothesize that the ancestry of four Indigenous Colombian groups (Wayuu, Nasa-Páez, Pijao,
and Embera-Kátio) shows significant differences in continental patterns (Amerindian vs. European
vs. African), reflecting their demographic history and cultural practices, which are also mirrored
in allele frequency differences at known risk-of-disease loci.
Through this approach, our study provides higher resolution for detecting admixture and
differentiation, thus contributing novel insights to population genetics in Colombia. Beyond
ancestry estimates, our findings also reflect how genetic variation is shaped by the sociocultural
context of each community, such as geographic isolation, historical migrations, and cultural
practices. These results are not only relevant for reconstructing demographic history but also
hold potential implications for biomedical research and forensic applications.

2. Materials and Methods

2.1. Bioethical Considerations

The protocols used in this study adhered to Resolution 8430 of 1993 issued by the Colombian
Ministry of Health, Chapter II (Articles 17 to 22). Informed consent forms from Regional
Indigenous Councils, governors, captains, or community authorities, as well as individual consent
forms, information sheets, interviews, and the research proposal, were approved by the Bioethics
Committee for Scientific Research at the University of Tolima (UT) under project code 230219
(approval act No. 01 of May 9, 2018). These documents were presented to the respective
indigenous authorities and shared with both the communities and each donor. The study was
explained in each community’s local language to ensure full comprehension of the informed
consent process. In the Wayuu and Nasa-Páez groups, this was carried out using wayunaiki and
nasa yuwe, with the support of local interpreters. For the Embera-Kátio, community leaders
assisted with explanations in their language. In the Pijao community, the consent process was
conducted in Spanish, a language predominantly spoken by its members. In all cases, community
leaders played a central role in assuring that participants understood the objectives and procedures
of the study. The necessary sample export permission to Spain was granted by the Colombian
Ministry of Health and Social Protection.

Electronic supplementary
material: Suppl. 1 y Suppl. 2
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Additionally, the following guidelines and regulations were incorporated: the Declaration
of Helsinki on ethical principles for medical research involving human subjects, the Taipei
Declaration on ethical considerations related to health databases and biobanks, the United
Nations Declaration on the Rights of Indigenous Peoples, and Law 21 of 1991 of the Colombian
Constitution, which ratifies ILO Convention 169 concerning Indigenous and Tribal Peoples in
Independent Countries.
2.2. Sampling

The blood samples used in this study from the Embera community in Córdoba and the Nasa-Páez
and Pijao communities in Tolima were obtained during the development of projects by the
Phylogenetics, Cytogenetics, and Population Evolution Group (GCFEP) at the University of
Tolima (UT). Any remaining samples are stored in the group’s biobank, in compliance with
protocols approved by the UT Bioethics Committee [17, 18]. Additionally, four indigenous
communities of the Wayuú ethnic group were sampled, resulting in a total of 687 samples. Using
the collected information, pedigrees were established using the GenoPro™ software, and the
24 least consanguineous individuals from each ethnic group were selected for DNA extraction,
totaling 96 samples (Fig. 1A).
We merged our Colombian indigenous samples with a global reference panel. Data for European
(EUR) and African (AFR) populations were obtained from the 1000 Genomes Project. The Native
American (AMR) reference component was sourced from the dataset of Reich et al. (2012) [51],
comprising individuals from various unadmixed indigenous groups across the Americas.
2.3. DNA Extraction and Genotyping

DNA was extracted from venous blood using the automated Maxwell 16 system (Promega).
DNA quantification was performed using a Nanodrop ND-2000 (260/280 ratio between 1.7 and
1.9). Genotyping was conducted at the National Genotyping Center (CEGEN) at the University
of Santiago de Compostela, yielding 758,740 SNPs, included in the Axiom Spain Biobank
Array by Affymetrix. The Axiom SpainBA array was designed for Spanish samples, which
may introduce an ascertainment bias by overrepresenting alleles common in Europeans and
underrepresenting rare or population-specific alleles in Indigenous American groups. However,
many SNPs included in this array correspond to common variants across global populations,
remaining informative for analyses of genetic, admixture, and diversity. This potential bias was
considered a limitation of the study. The SNPs underwent five quality control filters. The first
filter was applied using the Axiom Analysis Suite, retaining SNPs present in 95 % of the samples
and with 97 % genotypic data. After quality control, 287,401 SNPs and 93 individuals were
retained for analysis (distribution: Embera-Kátios, 22 individuals; Nasa-Páez, 24 individuals;
Pijao, 23 individuals; and Wayuu, 24 individuals). The significant reduction in the number of
SNPs is primarily attributable to the ascertainment bias inherent in using a microarray designed
for European populations when analyzing Indigenous American groups. Many markers in the
Axiom SpainBA array had minor allele frequencies (MAF) below 5 % in our samples. However,
the final set of 287,401 high-quality SNPs remains highly informative and provides sufficient
genomic coverage to perform high-resolution population genetic analyses.
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Figure 1. Geographic distribution and genetic structure of four Colombian indigenous populations. 1A. Geographic
distribution of the sampled indigenous populations from Colombia: Wayuu, Embera, Pijao, and Nasa-Páez. 1B.

Principal Component Analysis (PCA) of Colombian indigenous groups. 1C. Principal Component Analysis (PCA) of
Colombian indigenous groups and reference populations. Abbreviations: AFR=African; AMR=Indigenous

Americans; and EUR=European. The AMR reference panel consists of unadmixed individuals from Reich et al.
(2012) [51].

2.4. Bioinformatic Analysis: Population Diversity and Ancestry

Genomic dataset were subjected to strict quality control (QC) filtering using PLINK v1.9,
retaining autosomal SNPs with a call rate > 95%, a minor allele frequency (MAF) > 0.05, and a
Hardy-Weinberg equilibrium (HWE) p-value > 0.0001, to account for Linkage Disequilibrium
(LD) the pruning was carried out using PLINK 1.9 with a window size of 50 SNPs, a step of
10 SNPs, and an r2 threshold of 0.1 (–indep-pairwise 50 10 0.1), this pipeline yielded a final set
of 287,401 informative SNPs, which were used for genetic ancestry calculations. In addition to
avoiding kinship-derived biases in population structure analyses, the degree of genetic relatedness
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between all pairs of individuals was estimated using the Identity by Descent (IBD) algorithm in
PLINK v1.9. Pairs of individuals with a Pi-hat> 0.25were identified. This analysis confirmed that
the final dataset comprised unrelated individuals, consistent with the sampling strategy of avoiding
close relatives. Principal Component Analysis (PCA), FST estimates, population structure, and
individual ancestry were inferred via unsupervised methods using the model-based clustering
algorithm implemented in the ADMIXTURE program [19]. We tested K values from 2 to 5,
performing 43 iterations per K (Supplementary Figure S1), the optimal K was selected based on
the lowest Cross Validation (CV) error, and multidimensional principal component analysis (PCA)
models using the GENESIS-0.2.6 program, the proportion of variance explained by each PC was
calculated as the eigenvalue of the component divided by the sum of all possible eigenvalues.
Genomic differentiation was visualized with a Manhattan Plot using the qqman R package, raw
FST values were plotted, and the significance threshold was defined as the 99.99th percentile of
the genome-wide FST distribution to identify high-differentiation outliers. To match FST outlier
SNPs with genes, we annotated all variants using the human reference genome (GRCh37/hg19)
and assigned each SNP to the nearest gene based on physical distance (±50 kb window), using
the dbSNP database.
To infer the historical effective population size (Ne) and identify demographic trends, the SNeP
version 1.11 [52] software was used, this analysis was performed for each community using 287,401
filtered SNPs, Ne estimates were derived from the relationship between linkage disequilibrium
(r2) and genetic distance, to use a sample size correction and a mutation drift equilibrium model
to reconstruct the demographic history over approximately the last 500 generations.

3. Results

3.1. Principal Component Analysis (PCA)

To reduce the dimensionality of complex genetic data, such as that obtained in this study, and
to visualize genetic variation and patterns reflecting differentiation among the four sampled
Colombian indigenous populations, a Principal Component Analysis (PCA) was used.
The principal component analysis (PCA) was performed on a genotype-based genetic relationship
matrix derived from 287,401 high-quality SNPs, allowing for visualization of genetic variation
and clustering patterns among the four Colombian indigenous populations. The first two principal
components for the four studied populations accounted for 30.8 % of the total genetic variance
(PC1: 17.5 %, PC2: 13.3 %; Fig. 1A-B), and the share of variance explained by each component
was calculated as the eigenvalue of that component divided by the sum of all eigenvalues. The
analysis revealed that individuals from the same population tend to cluster together and separate
from other populations. The Embera community showed the greatest variation in ancestry
proportions among the other communities, likely due to its proximity to PC2.
However, some data points were scattered toward other indigenous populations, suggesting that
the genomes of these individuals share genetic variants with other communities and indicating
varying degrees of admixture within these individuals relative to their respective populations
(Fig. 1B).
Additionally, in the PCA that includes reference populations, the first two principal components,
PC1 (44.52 %) and PC2 (29.62 %), were plotted, accounting for 74.14 % of the total genetic
variance. The PCA, including a worldwide comparative sample, shows a clear separation between
continental groups, whereas the Indigenous American groups studied here form a relatively
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compact cluster, with some individuals forming a cline towards the position of African or European
groups, suggesting admixture with these groups. The relatively high variance explained by PC1
in the global analysis reflects the deep genetic differentiation between the specific continental
reference groups (AFR, EUR, and AMR) included in the model.
Along the first principal component, the studied indigenous populations clustered (revealing close
relatedness) with indigenous American ancestral populations, compared to European populations.
However, some genomes from the Pijao and Wayuu indigenous populations were dispersed
(Fig. 1C).
To identify genomic regions with high differentiation among the four indigenous communities,
index FST values were calculated with 175,942 SNPs. The obtained global FST distribution had
a mean value of 0.11, reflecting the shared but distinct genetic structure of these groups. To
avoid arbitrariness in determining significantly differentiated markers, we set a stringent 99.99
percentile threshold for the empirical data distribution (FST > 0.643). A total of 18 outlier
SNPs were identified exhibiting high differentiation (Fig. 2). The markers with the highest FST
values were localized on chromosomes 2, 5, 7, 11, 14, 15, 16, 17, and 20. The SNP rs16891982
on chromosome 5 showed the highest differentiation (FST 0.845), followed by rs9925564 on
chromosome 16 (FST 0.786), and rs1947118 on chromosome 2 (FST 0.737). These peaks of
differentiation suggest that specific loci have responded differently to local demographic histories
and environmental pressures in each ethnic group (Supplementary table ST1).

Figure 2. Manhattan plot of genome-wide differentiation (FST) among the four Colombian indigenous populations.
The horizontal red line marks the established differentiation threshold (FST = 0.643), defined as the 99.99th percentile

of the empirical genome-wide distribution.
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The admixture analysis (K=3) revealed a well-defined continental cluster in the reference
populations, with Europeans, Africans, and Indigenous Americans showing almost exclusive
ancestry components. The Colombian indigenous groups displayed heterogeneous ancestry
patterns (Fig. 3. and S2). The Nasa-Páez were characterized by a predominantly Indigenous
American ancestry with very limited non-Native contributions, indicating low levels of admixture.
The Pijao showed a predominant Indigenous American component with a consistent European
signal in several individuals. The Embera exhibited predominantly Indigenous American ancestry,
with only a few individuals showing additional European and African contributions. The Wayuu
displayed the most complex and heterogeneous admixture profiles, with individuals showing
variable combinations of Indigenous American, African, and European ancestries, in some cases
with African ancestry reaching nearly half of the genome. These findings confirm differential
admixture histories across the studied groups, with the Wayuu being the most admixed, the Pijao
showing intermediate patterns, and the Embera and Nasa-Páez remaining the most genetically
homogeneous.
To further assess genetic diversity within Colombian indigenous groups, we estimated individual
inbreeding coefficients (F) based on observed and expected heterozygosity. The distribution of F
values ranged between -0.2 and 0.2, with most individuals clustering around low positive values
(Fig. 4). Boxplot comparison across groups revealed that the Embera exhibited the highest and
most consistent levels of inbreeding (median F∼0.1), indicating reduced heterozygosity. The
Nasa-Páez showed intermediate values, while the Pijao displayed a wider distribution with a
median close to zero. The Wayuu exhibited the largest variability, with both negative and positive
F values, consistent with the highly heterogeneous admixture profiles. These results suggest
differences in genetic diversity across the studied groups, with the Embera showing signals
of relative isolation and reduced variability, and the Wayuu reflecting greater admixture and
heterogeneity.

Figure 3. Genetic structure of Colombian indigenous groups and worldwide reference populations inferred by
ADMIXTURE. Barplots display the ancestry proportions for each individual as inferred by ADMIXTURE. Each color

represents a cluster (i.e., a continental ancestry component): blue = Native American, red = African, and green =
European. The AMR component is derived from the Reich et al. (2012) [51] dataset.
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a

Figure 4. Inbreeding coefficient (F) distribution across four Colombian indigenous groups.
aInbreeding coefficient (F) distributions for the four assessed indigenous populations within Colombia: Embera

(EMB), Nasa-Páez (NZ), Pijao (PIJ), and Wayuu (WY), represented as box plots. Each box represents the interquartile
range (IQR) with the horizontal line indicating the median, and whiskers extending to 1.5 * IQR. Outliers are represented
as black dots.

Effective population size trajectories revealed a marked decline in Ne across all four indigenous
groups during the last 600 years (Fig. 5), the Pijao population consistently showed the lowest Ne
estimates across time periods, reaching values as low as 9-12 in the most recent generations, the
Embera-Kátio and Wayuu populations exhibited slightly higher recent Ne (∼13-22), while the
Nasa-Paez displayed intermediate to low values. All populations showed substantially higher Ne
estimates in the pre-Columbian period (approx. 2 000 – 7 000 years ago), with values ranging
from 210 to 418. This pattern indicates a severe reduction in effective population size following
European contact (Fig. 5).

4. Discussion

4.1. Patterns of genetic structure in the analyzed indigenous populations.

The genetic dynamics of the Colombian Indigenous communities evaluated in this study result
from long-term genetic differentiation among groups that experienced restricted contact and gene
flow due to their geographic distribution, and the natural barriers present across the territory [20].
These dynamics also reflect the influence of demographic history, shaped by both admixture
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30 Genetic Structure of Indigenous Communities in Colombia

Figure 5. Historical effective population size (Ne) trajectories of four Colombian indigenous communities inferred
with SNeP software [52]. Ne was estimated using linkage disequilibrium; a generation time of 28 years was assumed.

The dashed vertical line indicates the approximate time of the Spanish conquest (∼560 years ago).

processes and events that indirectly enhanced genetic drift, including wars, natural disasters, and
pathogen exposure [21]. These regions exhibit high ecological diversity, which subjected the
populations to various pressures and adaptations that were amplified during population growth.
This partly explains the distinct ethnolinguistic, cultural, and genetic relationships observed in
each indigenous group [22].
A common factor that impacted genetic variation in all Colombian indigenous populations was the
Spanish conquest in the early 16th century. This historical event triggered massive demographic
disruptions and population displacements, leading to independent processes of genetic drift that
have been pivotal in shaping the differentiation observed among these ethnic groups. While the
Axiom SpainBA array was optimized for Spanish populations, it includes a large proportion of
relevant variants that are common across diverse human groups. The strict filtering process ensured
that only the most informative and reliable markers for these specific indigenous populations were
used in the final ancestry estimates [22].
Specifically, the Embera Katío indigenous people, primarily located in Córdoba, Chocó, and
Antioquia, have undergone unique processes that have affected their genetic composition. They
are considered one of the indigenous groups at highest risk of disappearance due to the intensity of
conflict stemming from the construction of the Urrá hydroelectric dam and their location in areas
heavily affected by illegal armed groups [23]. These findings indicate that the Embera maintain
reduced heterozygosity, compared to the other studied groups, consistent with a scenario of relative
isolation. The low recent effective population sizes estimated with the SNeP software [52] (Ne <
25 in the least ~400 years for all groups) are consistent with the elevated inbreeding coefficients,
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particularly in the Embera and Pijao, these results support the hypothesis that historical events
associated with the Spanish conquest, including epidemics, warfare, and forced displacements,
caused significant population bottleneck that reduced genetic diversity in these communities. The
particularly low Ne in the Pijao may also reflect more recent gene flow with surrounding admixed
populations [4, 24–29].
The comparative analyses show that the four groups are not homogeneous in their genetic profiles:
the Embera are the most isolated, the Wayuu are the most heterogeneous due to admixture, the
Pijao present intermediate levels of external ancestry, and the Nasa combines relative isolation with
localized admixture. These differences demonstrate that geographic location and sociocultural
interactions have contributed to shaping distinct demographic histories. The results of this study,
consistent with those reported by Franco-Candela and Barreto [4], attribute the lower genetic
variation in the Embera and Nasa-Paez indigenous populations to their preserved linguistic
traditions and geographic isolation. In contrast, the Pijao indigenous group has experienced
partial or total loss of their language and a higher degree of admixture, likely due to gene flow
with the mestizo population of Ibagué [30].
The Wayuu individuals exhibited a heterogeneous distribution in the PCA, spreading substantially
along both principal components. This pattern contrasts with the expectation of genetic
homogeneity that would be observed in a group formed by closely related maternal lineages.
Instead, the observed dispersion consists of a high degree of admixture, reflecting the complex
demographic history of the Wayuu, who have been historically exposed to intense interactions with
European and African populations in the Caribbean region. Therefore, rather than representing a
cohesive cluster of uterine relatives, the PCA indicates that the Wayuu harbor a wide spectrum
of ancestry components, making them the most heterogeneous group among the indigenous
population analyzed [31].
4.2. The Colombian Native Americans in the global genetic structure context

The continental PCA clearly distinguished the major continental populations, clearly differentiating
the Indigenous American cluster from the African and the European, thus reflecting the founder
effect and prolonged isolation that followed the initial migration from Asia into the Americas.
This pattern is consistent with previous studies showing that Indigenous American genomes retain
a signature of their shared ancestry with East Asian populations, followed by differentiation driven
by bottlenecks and genetic drift during the southward expansion of the first Americans [32, 33].
Within this continental context, the Colombian indigenous groups analyzed here fall within
the Indigenous Americans cluster, supporting their ancestry as part of the broader Indigenous
Americans lineage derived from the first continental settlers. However, these populations are not
identical to one another. Instead, they show subtle differences in their relative positions along the
principal components, likely shaped by subsequent demographic events after the initial settlement
of South America [34, 35].
The Embera-Kátio showed the most compact clustering within the Indigenous American space,
consistent with their high levels of Native ancestry and relative isolation. In contrast, the Wayuu
were more dispersed across the PCA space, reflecting their heterogeneous admixture with African
and European populations in the Caribbean. The Pijao occupied an intermediate position, retaining
a predominantly Native profile but with noticeable contributions from European and South Asian
related ancestry. The Nasa-Páez also fell within the Native cluster but exhibited slightly higher
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internal variability, suggesting localized admixture events and relative isolation compared to the
other groups. These patterns demonstrate that Colombian indigenous groups share a continental
origin but with demographic histories that have produced heterogeneous genetic outcomes [9,36].
From a broader demographic perspective, these indigenous Colombian populations trace their
ancestry to the first waves of human migration into the Americas, originating from northeastern
Asia through the Bering land bridge approximately 15.000–20.000 years ago [32]. Following
initial colonization, subsequent southward expansion gave rise to multiple founder populations that
diversified as they adapted to distinct ecological regions across the continent. In northern South
America, including present-day Colombia, the complex topography of the Andes, the Amazon,
and the inter-Andean valleys acted as both corridors and barriers to gene flow, fostering regional
differentiation. Over millennia, genetic drift, isolation, and adaptation to local environments
shaped the genomic profiles of ancestral groups, which later became the progenitors of modern
indigenous communities such as the Embera-Kátio, Nasa-Páez, Pijao, and Wayuu [4,37,38]. This
deep demographic history, combined with more recent post-Columbian admixture, explains the
heterogeneous genetic landscape observed in these populations today.
These findings contribute to ongoing debates about the origins and diversification of the first
Americans. The compact clustering of Indigenous American groups in the PCA reflects their
shared continental ancestry, and the differentiation observed among Colombian indigenous
populations highlights the role of local demographic processes that followed settlement on the
continent. In particular, the isolation of some groups (e.g., Embera-Kátios) and the extensive
admixture in others (e.g., Wayuu) illustrate how both genetic drift and post-Columbian contact
have left contrasting imprints on their genomes. Therefore, our study adds to the understanding
of Indigenous Americans’ genetic structure by showing how shared continental origins interact
with local histories to produce unique genetic profiles in South American populations [14, 34, 39].
4.3. Variable global genomic FST distribution signals

The genetic population structure analyses provided an overview of the genetic variation within
Colombian Indigenous populations, revealing multiple ancestry patterns and variable degrees of
admixture among communities. However, to further explore genomic differentiation across loci,
we conducted a fixation index (FST) analysis, which is summarized in a Manhattan plot (Fig. 2).
The SNP-based FST analysis revealed a genomic architecture in which most variants exhibited
low-to-moderate differentiation, consistent with the common origin of Indigenous American
populations. However, the presence of FST values exceeding the 99.99th percentile (FST > 0.64)
indicates intense demographic events, such as prolonged founder effects or local adaptive
processes.
Several SNPs were identified and located within genes with reported biological functions. SNPs
rs16891982 and rs35397 are linked to the SLC45A2 gene, essential for melanin biosynthesis;
the differentiation at this locus may reflect historical adaptations to solar radiation gradients
across diverse Colombian ecosystems [40–44]. Similarly, the finding of SNP rs2740574 in the
CYP3A4 [45–47] gene, involved in xenobiotic metabolism, and variants near RIN3, associated
with immunity and bone metabolism, suggest that these populations have developed unique
genetic profiles in response to regional metabolic challenges [48]. While these results do not
constitute a formal proof of positive selection, the magnitude of the observed differentiations
provides robust candidates for future studies in Colombian indigenous populations.
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Variants such as rs9925564, rs4776596, and rs269868 on chromosome 15 are located near
OCA2 and HERC2, also involved in pigmentation and eye color, supporting the role of
pigmentation-related loci in shaping population divergence [42–44, 49].
Finally, SNPs like rs9906672 and rs73856723 on chromosome 17, located near NOG and
SLC39A11, have been linked to skeletal development and zinc transport, respectively, whereas
rs3764719 on chromosome 20 is positioned near the CYP24A1 locus, a gene involved in vitamin
D metabolism [40, 44].
Although FST outliers are not a direct proof of natural selection, the extreme differentiation
(FST > 0.64) observed in genes like SLC45A2 or CYP3A4 strongly suggests these loci are candidates
for local adaptation. The SNP rs16891982 is a well-documented functional variant in SLC45A2
that influences skin pigmentation, a trait under high selective pressure. Having identified these
outliers through a genome-wide differentiation scan likely provides a basis for future functional
studies that confirm the adaptive role of these variants in Colombian indigenous groups.
Taken together, our findings indicate that, while the indigenous populations of Colombia share
a common ancestral background, each community has undergone distinct demographic and
sociocultural histories that have shaped their current genetic structure. The heterogeneity observed
in groups such as the Wayuu and Embera-Kátio aligns with the dispersion patterns identified in
the PCA and the admixture proportions revealed by ADMIXTURE. The close genetic similarity
between the Nasa and Pijao populations suggests more recent contact or geographic continuity
that may have facilitated gene exchange.
Although the present study did not aim to detect signals of positive selection, the SNPs showing
elevated FST values could represent Ancestry Informative Markers (AIMs) relevant for future
research on population structure, forensic genetics, and evolutionary history. Identifying these
highly differentiated loci underscores the importance of incorporating indigenous populations
into genomic studies, both to enhance the understanding of their evolutionary trajectories and to
achieve a more balanced representation of Latin American genetic diversity in global reference
datasets.
Overall, the pattern of genomic differentiation revealed by the Manhattan plot complements
the PCA and ADMIXTURE results, providing additional evidence that the genetic structure
of Colombian indigenous populations reflects a complex combination of geographic isolation,
historical admixture events, and internal demographic processes. Together, these findings
contribute to a more comprehensive understanding of the evolutionary and biological diversity
within these underrepresented populations and emphasize the scientific relevance of their inclusion
in regional and global genomic research.
The inbreeding coefficient (F) varied among the four Indigenous populations analyzed, reflecting
differences in their demographic histories and mating patterns (Fig. 2). The Embera (EMB)
exhibited the highest and most homogeneous F values, suggesting increased levels of inbreeding
and reduced heterozygosity, likely associated with long-term isolation and smaller effective
population sizes. The Nasa (NZ) also showed moderately positive F values, and the Pijao (PIJ)
and Wayuu (WY) displayed wider distributions centered around zero, consistent with higher
heterozygosity and possible recent gene flow. These differences in inbreeding levels are consistent
with previous findings in Native South American populations, where cultural practices, geographic
barriers, and historical demographic events have contributed to varying degrees of isolation and
genetic drift [50].
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5. Study limitations

First, while an unadmixed indigenous reference panel was included to minimize bias, the
complex history of continental mestizaje in Latin America compromises the absolute isolation of
ancestral components. Second, the use of a commercial single-nucleotide polymorphism (SNP)
microarray, although effective for analyzing population structure and common variants, may not
detect rare functional variants that could be identified through whole-exome sequencing (WES),
whole-genome sequencing (WGS), or a panel specifically designed for Indigenous populations.
While the current reference panel provided robust ancestry estimates, future analyses could
benefit from integrating additional high-density datasets, such as the Human Genome Diversity
Project (HGDP), enhancing the detection of subtle subcontinental components. Finally, while the
Wayuu, Nasa-Páez, Pijao, and Embera-Kátio represent key linguistic and geographic branches,
they constitute only a fraction of the 115 recognized indigenous groups in Colombia. Expanding
these analyses to include other populations will be necessary to achieve a truly comprehensive
map of the country’s indigenous genetic diversity.

6. Conclusion

The SNPs analyzed in Colombia’s Wayuú, Nasa-Páez, Pijao, and Embera-Kátio indigenous
communities reflect genetic variations unique to each group, a characteristic of genetically
structured populations. When comparing the studied populations with reference data, the different
ancestral components were successfully distinguished, with the Indigenous Americans component
predominating first. This finding aligns with the dynamics of the peopling of the Americas and
the various evolutionary mechanisms that have operated independently due to the partial isolation
of each indigenous community.
Specific SNPs with high genetic distances (FST > 0.64) are linked to traits such as pigmentation,
metabolism, immune response, earlobe attachment, lung function, and predisposition to prostate
cancer. These SNPs may uncover specific genetic predispositions in the country’s indigenous
groups.
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Ascendencia y Estructura Genéticas de Cuatro Comunidades Indígenas en Colombia:
Embera-Katío, Nasa-Páez, Pijao y Wayuu

Resumen: Colombia es el segundo país con el mayor número de grupos étnicos amerindios
que cuentan con autonomía y autogobierno, lo que les ha permitido preservar su cultura y su
herencia genética amerindia. En algunas de estas comunidades, los estudios que emplean
marcadores como el ADN mitocondrial (ADNmt), la región no recombinante del cromosoma
Y (NRY, por sus siglas en inglés) y los marcadores informativos de ancestría (AIMs, por sus
siglas en inglés) han contribuido a esclarecer los procesos de asentamiento y la mezcla genética
de estas poblaciones. En este estudio, analizamos datos de polimorfismos de nucleótido
único (SNPs, por sus siglas en inglés) a escala genómica de cuatro poblaciones indígenas
de Colombia: Wayuu, Nasa-Páez, Pijao y Embera-Katío, genotipadas con el panel Axiom
SpainBA. Nuestro interés fue determinar la ancestría y la estructura genética, así como los
patrones de variación genética en estas poblaciones. Se aplicaron cuestionarios personales para
determinar relaciones familiares y, para los análisis posteriores, se incluyeron únicamente
individuos no emparentados. Los análisis de genética poblacional, que incluyeron otras
poblaciones americanas nativas y no indígenas, mostraron afinidades genéticas con otras
poblaciones indígenas americanas y niveles variables de mestizaje genético con fuentes
no americanas. Además, nuestros análisis sugieren que historias demográficas distintivas,
incluyendo el aislamiento, la deriva genética asociada con un tamaño poblacional efectivo
reducido (Ne) y el mestizaje, han moldeado los patrones de variación genética y la estructura
poblacional entre las poblaciones indígenas colombianas.
Palabras Clave: Ancestría; Arreglo genómico; Dinámica genética; Estructura poblacional;
Grupos étnicos colombianos; Variabilidad.
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Ancestralidade e Estrutura Genética de Quatro Comunidades Indígenas na Colômbia:
Embera-Katío, Nasa-Páez, Pijao e Wayuu

Resumo: A Colômbia é o segundo país com o maior número de grupos étnicos ameríndios
que possuem autonomia e autogoverno, o que lhes permitiu preservar sua cultura e sua herança
genética ameríndia. Em algumas dessas comunidades, estudos que utilizam marcadores como
o DNA mitocondrial (DNAmt), a região não recombinante do cromossomo Y (NRY, na
sigla em inglês) e os marcadores informativos de ancestralidade (AIMs, na sigla em inglês)
têm contribuído para esclarecer os processos de assentamento e a mistura genética dessas
populações. Neste estudo, analisamos dados de polimorfismos de nucleotídeo único (SNPs,
na sigla em inglês) em escala genômica de quatro populações indígenas da Colômbia: Wayuu,
Nasa-Páez, Pijao e Embera-Katío, genotipadas com o painel Axiom SpainBA. Nosso objetivo
foi determinar a ancestralidade e a estrutura genética, bem como os padrões de variação
genética nessas populações. Foram aplicados questionários pessoais para determinar relações
familiares e, para as análises posteriores, foram incluídos apenas indivíduos não aparentados.
As análises de genética populacional, que incluíram outras populações nativas americanas e
não indígenas, mostraram afinidades genéticas com outras populações indígenas americanas
e níveis variáveis de miscigenação genética com fontes não americanas. Além disso, nossas
análises sugerem que histórias demográficas distintas, incluindo isolamento, deriva genética
associada a um tamanho populacional efetivo reduzido (Ne) e miscigenação, moldaram
os padrões de variação genética e a estrutura populacional entre as populações indígenas
colombianas.
Palavras-chave: Ancestralidade; Drranjo genômico; Dinâmica genética; Estrutura
populacional; Grupos étnicos colombianos; Variabilidade.
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