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POPULATION GENETICS

Admixture’s impact on Brazilian population evolution 
and health
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Putira Sacuena, João F. Guerreiro, Celia M. B. de Souza, Francisco V. Veronese, Fernanda S. L. Vianna, David Comas, 
Alexandre C. Pereira*, Lygia V. Pereira*, Tábita Hünemeier*

INTRODUCTION: Brazil is a vast continental country home to the 
largest population in Latin America and boasts the world’s largest 
recently admixed population. The colonization process brought  
∼5 million Europeans to Brazil, alongside the forced migration of at 
least 5 million Africans and the decimation of Indigenous popula-
tions, which once included >10 million people speaking more than 
1000 languages. This distinctive historical interplay shaped a 
complex mosaic of genetic diversity, underscoring the importance of 
detailed genomic studies. However, similar to other populations in 
the Global South, the Brazilian population remains notably 
underrepresented in genomic research, where there is a lack of 
studies investigating the effects of this population’s admixture on its 
evolution, diversity, and health status. 

RATIONALE: To address these gaps, we generated 2723 high-coverage 
whole-genome sequences of the Brazilian population, encompassing 
urban, rural, and riverine communities from all five geographical 
regions of Brazil. This dataset reflects a diverse group of ethnic 
backgrounds, including Afro-Brazilians and descendants of Indigenous 
people, and provides a comprehensive representation of Brazilian 
genomic diversity. Advanced methods, such as local ancestry inference 
and haplotype-based analyses, enabled us to characterize ancestry-
specific genomic regions in different time periods and geographic 
regions and detect signatures of natural selection. Our research 
highlights admixture’s evolutionary and health implications, focusing on 
the historical and demographic dynamics that shaped Brazilian 
genomes. Our results contribute to a deeper understanding of how 
global haplotypes and admixture patterns resulting from an intricate 
evolutionary history could affect an admixed population’s health.

RESULTS: We identified >8 million previously unknown variants, 
36,637 of which are putatively deleterious, and elucidated a positive 
correlation between these deleterious variants and genetic ancestry 
components. We also showed that the Brazilian population is a 

tapestry of global haplotypes shaped by nonrandom mating, with 
the peak of admixture occurring in the 18th and 19th centuries. 
Multiple or continuous admixture events between Indigenous 
American, African, and European parental sources have formed 
Brazilian populations. These processes align with major historical 
events that have shaped the Brazilian state over the past five centuries. 
We also identified that, after a prolonged period of sex-biased mating 
in the initial centuries, a strong pattern of assortative mating has 
more recently emerged in the Brazilian population, regardless of the 
region studied. These patterns reveal both the violent dynamics of 
European colonization and the lasting imprints of this process on 
contemporary South America. Within the extensive diversity found 
in Brazil, ancestral-specific genomic regions originating from 
different populations are unevenly spread across Brazilian regions 
and historical time frames. This distribution demonstrates the 
lasting impact of the hundreds of ethnicities that arrived in the 
country through millions of Europeans and Africans at different 
times, admixing with and replacing the original Indigenous 
population. Furthermore, our study identifies several candidate 
genes that were subject to selection both before and after contact in 
the Brazilian admixed population. These genes are primarily 
associated with heightened fertility rates, immune response, and 
distinctive metabolic traits.

CONCLUSION: Our findings underscore the discernible influence of 
different ancestral backgrounds on Brazilian admixed individuals’ 
health and genetic makeup. We show that this genetic landscape 
finds its roots in the evolutionary history of Brazilian Indigenous 
communities and the intricate demographic interplay stemming 
from both coerced and voluntary historical immigration to Brazil. 
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Brazilian genomic diversity. A comprehensive study of 
2723 high-coverage whole-genome sequences from 
diverse Brazilian regions reveals >8 million newly 
identified single-nucleotide variants (SNVs), highlighting 
Brazil’s pronounced genomic diversity, shaped by 
natural selection, nonrandom mating, and continuous 
admixture pulses since 1500. These findings underscore 
the influence of ancestral backgrounds on the health 
and genetic profile of the Brazilian population, rooted in 
Indigenous history and diverse immigration waves.
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Brazil, the largest Latin American country, is underrepresented 
in genomic research despite boasting the world’s largest 
recently admixed population. In this study, we generated 2723 
high-coverage whole-genome sequences from the Brazilian 
population, including urban, rural, and riverine communities 
representing diverse ethnic backgrounds. We reveal the 
impressive genomic diversity of Brazilians, identifying >8 million 
previously unknown variants, including 36,637 predicted 
deleterious and potentially affecting population health. We 
found a positive correlation between these deleterious variants 
and ancestry. Brazilian genomes are a global haplotype mosaic 
shaped by nonrandom mating, with peak admixture in the 18th 
and 19th centuries. Within this diversity, ancestry-specific 
haplotypes exhibit an uneven spatiotemporal distribution. We 
also identified putatively selected genes in this diverse 
population, primarily linked to fertility, immune response, and 
metabolic traits.

The European colonization of the Americas initiated the largest 
intercontinental population displacement in human history. From the 
15th to the 20th centuries, ∼5 million Europeans immigrated to Brazil. 
These European settlers forcibly brought at least 5 million enslaved 
Africans from different ethnic groups during the first four centuries 
of colonization (1). At the time of European arrival, the original popula-
tion living in present-day Brazilian territory consisted of >10 million 
Indigenous individuals speaking more than a thousand Indigenous 
languages (2). Contact with European colonizers led to the decimation 
of the Indigenous population. It is estimated that the effective popula-
tion size (Ne) decline in Brazil ranged between 83% inland and 98% 
on the Atlantic coast (2). Currently, the Brazilian Indigenous popula-
tion is divided into four main genetic groups, mainly related to geog-
raphy but also to linguistic diversity (2). Brazil also has the greatest 
African diversity found in the Americas, presenting almost all African 
mitochondrial haplogroups and a great variability of African genetic 
ancestries (3, 4). There are 56 European languages or dialects officially 
in use in Brazil today, with German being the second most spoken 
language (after Portuguese), with 3 million speakers, as of 2022, per 
IPOL (Instituto de Investigação e Desenvolvimento em Política 
Linguística), together with 274 Indigenous languages; however, no 

African language is spoken by the descendants of enslaved individuals, 
as per IBGE (Instituto Brasileiro de Geografia e Estatística). This dem-
onstrates the cultural richness of the present-day Brazilian population 
and the impacts of power asymmetry resulting from the coloniza-
tion period.

However, the genetic heterogeneity resulting from this extensive 
admixture in Brazil has not been thoroughly characterized. There is 
a lack of studies investigating the fine-scale population substructure 
and ancestral sources across the entire country. Existing studies have 
focused on array data or on specific Brazilian regions (5, 6) and have 
only broadly characterized the Brazilian population, identifying a lim-
ited number of previously unknown variants potentially associated with 
specific traits in the studied cohorts. Furthermore, no study on natural 
selection or fine-scale genetic structure based on whole genomes focus-
ing on the Brazilian population has been conducted, leaving a gap in 
evidence regarding the potential relationships between ancestry, ad-
mixture, and relevant medical traits in the Brazilian population.

To address this knowledge gap, we sequenced high-coverage whole 
genomes from 2723 individuals representing the five Brazilian geo-
graphical regions (south, southeast, central, north, and northeast). 
This diverse sample includes individuals from urban and rural areas, 
such as riverine communities in the Amazon, and individuals from vari-
ous ethnic backgrounds, including Afro-Brazilians. We reveal that 
Brazilian genomes are highly diverse compared with available world-
wide genomes, presenting newly identified haplotypes associated with 
Indigenous American, European, and African ancestries. Brazilians are 
a mosaic of worldwide haplotypes formed, most extensively during the 
18th and 19th centuries, by nonrandom mating. The ancestry-specific 
tracts derived from the ancestral populations within this highly di-
verse population are unevenly distributed across Brazilian regions and 
time periods, affecting its evolution and health and including putatively 
selected genes associated with higher fertility rates, immune response, 
and metabolic traits.

Data overview
We examined newly acquired whole-genome sequence data for 2723 
individuals (~35× coverage) as part of the DNA do Brasil project 
(henceforth called DNABR) (7). These individuals were recruited from 
five distinct health study cohorts and represent populations originat-
ing from the north, northeast, south, southeast, and center-west re-
gions of Brazil (fig. S1 and tables S1 and S2). We assembled a reference 
panel of worldwide populations by combining the Human Genome 
Diversity Project (HGDP) (8) and the Simons Genome Diversity 
Project (SGDP) whole-genome sequencing (WGS) datasets (9) to in-
vestigate the fine-scale genetic diversity of these populations (table 
S3). Additionally, we incorporated information from three previously 
published datasets featuring present-day Indigenous Americans 
(2, 10, 11), thereby including an additional 97 individuals (table S3).

Unlocking Brazilians’ hidden genetic diversity
We identified 8,721,871 previously unknown (hereafter, “novel”) single 
nucleotide variants (SNVs) not present in the main public datasets, such 
as the Genome Aggregation Database (gnomAD), the 1000 Genomes 
Project, the Human Genome Diversity Project, and the Single Nucleo
tide Polymorphisms Database (dbSNP). The dbSNP includes variants 
(rare and common) reported in the Trans-Omics for Precision Medi
cine program (TOPMed). TOPMed, together with gnomAD, represents 
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highly diverse and variable genome databases, having reported more 
than 705 million (https://legacy.bravo.sph.umich.edu/freeze8/hg38/) 
and 270 million variants (12), respectively, in >270,000 individuals. 
Even so, the Brazilian population presents greater diversity, probably 
owing to the genetic contribution of underrepresented populations, 
such as Africans and Indigenous Americans. The novel SNVs ac-
counted for 11.16% of all SNVs found in our dataset (78,187,567). Most 
of these variants were in intronic (50.7%) or intergenic regions (25.3%). 
However, there were 288,739 novel variants in regulatory regions, 
42,101 novel missense mutations, and 1301 novel stop-gain mutations 
with potential phenotypic effects (fig. S2A and table S1). We further 
annotated the novel variants for in silico pathogenicity prediction 
using the PolyPhen (13) and SIFT (14) methods, specifically focusing 
on nonsynonymous variants (fig. S2B). We found 36,637 variants 
scored as “deleterious” or “deleterious low confidence” by SIFT or as 
“probably damaging” or “possibly damaging” by PolyPhen, 23 (0.06%) 
of which were identified at a frequency of >1% (polymorphic vari-
ants) (table S4).

We also identified 64,769 registers of putative loss of function (pLoF) 
variants with high-confidence classification, 23,405 different IDs of 
which 2038 were exclusively found in Brazilians. Approximately 9% 
of these variants are polymorphic (table S5). For instance, 450 genes 
containing pLoF variants had associations with metabolic traits, 
wherein 201 and 222 were related to cholesterol and body mass index 
(BMI), respectively (fig. S3). Furthermore, we found pLoF variants in 
815 genes associated directly (214) or indirectly (601) with infectious 
diseases, specifically malaria, hepatitis, influenza, tuberculosis, salmo-
nellosis, and leishmaniasis (table S6). We classified genes directly as-
sociated as those with a specific function in response, severity of the 
outcome, or susceptibility to infections; and genes indirectly associated 
as those identified through association studies (15). These diseases 
impose a considerable burden on the Brazilian population and are 
associated with high mortality rates in the country (https://data.who.
int/countries/076). In this sense, this LoF variant landscape could shed 
light on the Brazilian population’s genetic diversity and has potential 
implications for disease susceptibility, as metabolic and infectious 
diseases are the main concerns in Brazilian public health.

To understand the connection of potentially deleterious variants to 
their ancestral origins, we analyzed how the rare genetic variants, 
synonymous and deleterious, are related to the ancestral components 
and the population history. Consistent patterns emerged across ances-
tral backgrounds for both types of variants (fig. S4). African ancestry 
exhibited a strong positive correlation with the presence of rare vari-
ants, whereas European ancestry showed strong negative correlation. 
The positive correlation of all variants with African ancestry is ex-
pected, owing to the large influx of enslaved Africans brought to Brazil 
over the course of four centuries, with the vast majority coming from 
West Africa (4). Although a similar tendency has been identified for 
other Latin American populations (15), this is the first time it is being 
described for Brazilian populations. The occurrence of successive 
bottlenecks and founder effects, common in Indigenous American 
communities (2, 16), may have also played a key role in the mainte-
nance of some deleterious variants in the Brazilian population, as well 
as the arrival of various European ethnicities in different periods, 
characterized by a small number of immigrants, mainly from Northern 
Europe and Portuguese islands. There are several examples of genetic 
diseases of European origin that are highly prevalent in Brazil and 
rare in Europe, such as Machado-Joseph ataxia (17, 18) and Li-Fraumeni 
syndrome (19–21). For instance, we identified two unrelated individu-
als [kinship coefficient (PI_HAT) < 0.1875] carrying the pathogenic 
R337H TP53/Li-Fraumeni allele, which is extremely rare worldwide (21).

The correlation pattern changes considerably when only newly iden-
tified variants are considered in the analysis, showing a positive weak 
correlation between novel deleterious variants and Indigenous 
American ancestry (Fig. 1 and fig. S5), a negative weak correlation with 

European ancestry, and no correlation with African or Asian ancestry. 
This demonstrates the importance of focusing on underrepresented 
populations in public health research. It is worth mentioning that 
Brazil’s Indigenous American populations are one of the least studied 
groups globally. Nevertheless, our findings reveal that it is possible to 
uncover a portion of their genetic diversity by examining admixed 
individuals’ genomes. The observed weak correlation between the 
proportion of Indigenous American ancestry in individuals and the 
number of newly identified rare deleterious variants likely reflects 
the underrepresentation of Indigenous American populations in genetic 
studies, rather than indicating an inherently higher burden of deleteri-
ous alleles associated with any specific ancestry. Nevertheless, previous 
studies have reported an increase in mutational load with distance 
from sub-Saharan Africa, inferring a relatively higher accumulation of 
deleterious variants in Indigenous American populations (22).

Nonrandom mating formed the present-day 
Brazilian population
Principal components analysis (PCA) (23) and local ancestry inference 
(24) reveal that Brazilian individuals have different proportions of 
Indigenous American, African, and European ancestry (Fig. 2, A to C). 
The exceptions are 10 individuals from São Paulo state with almost 
100% East Asian ancestry (Fig. 2C), probably related to the recent 
Japanese migration to this region. A vast majority of the population 
sits on a cline of genetic variation between European and African 
ancestries (Fig. 2, A to C). Global and local ancestry inference results 
demonstrate that the DNABR dataset is composed of a majority of 
European ancestries (58.9 to 59.72%; here we report global ancestry 
results followed by local ancestry inference results), followed by a 
considerable contribution from African ancestries (27.19 to 27.13%) and 
a smaller proportion of Indigenous American ancestries (13.36 to 
13.14%) (Fig. 2, C and D, and fig. S6). The average ancestral contribu-
tion from Indigenous Americans to the DNABR sample is noticeably 
higher than previously estimated by other studies, where these esti-
mates typically ranged between 7 and 9% (5, 25). This is possibly due 
to a better representation of individuals from northern Brazilian states 
in the DNABR sample. The highest proportions of Indigenous American 
ancestries were observed in the northern region (Fig. 2E and fig. S7). 
African ancestries are predominant in the northeastern region, and 
European ancestries are predominant in the southeastern and south-
ern regions.

There is a noticeable lack of individuals with higher Indigenous 
American and African ancestry (Fig. 2, A to C). This might be explained 
by the fact that the vast majority of Y-chromosomal lineages in this 
sample are of European ancestry (71%), whereas the majority of mito-
chondrial lineages are either African (42%) or Indigenous American 
(35%) (Fig. 2D and figs. S8 and S9). This pattern is most likely the 
result of historical asymmetrical mating between European men and 
Indigenous American and African women, illustrating how the ge-
nomic data might help to uncover the history of colonization and its 
persistent consequences on the genetic diversity of present-day popu-
lations. This kind of sex-biased admixture was already observed in 
other studies of present-day admixed populations in the Americas (26); 
it is predictable given that most European settlers were men, especially 
in Latin America, and also considering the history of violence dur-
ing colonization, which likely led to a higher death toll of Indigenous 
American and African men, along with sexual violence toward women 
from these groups (27, 28).

Ancestry-assortative mating analysis during the last generations 
(i.e., the most recent generations) (29, 30) detected a significant positive 
correlation between all continental ancestry proportions (African, 
European, and Indigenous American), whether analyzing autosomal 
or X chromosomal data (fig. S10). This correlation was consistently ob-
served when pooling the entire dataset and when analyzing each fed-
eral state independently, with only a few exceptions for the autosomal 
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data (figs. S10 and S11), supporting the occurrence of ancestry-assortative 
mating in Brazilian populations, even when considering the geographic 
distribution of the samples. For the autosomes, the strength of the cor-
relation is higher for the African ancestries (Pearson’s correlation coef-
ficient r = 0.68), followed by the European (r = 0.63), and Indigenous 
American (r = 0.53). For the X chromosome, the correlation values are 
considerably higher, with the highest observed value for Indigenous 
American ancestries (r = 0.97), followed by European (r = 0.93) and 
African (r = 0.92). This finding implies that individuals tended to mate 
with other individuals of similar ancestry over the parental generation. 
This pattern possibly stretches farther back in time, with potentially sub-
stantial implications for the distribution of genetic variation.

The sex-biased admixture, as indicated by the differential ancestry 
proportions inferred from autosomal and uniparental markers, along 
with the evidence of ancestry-assortative mating, highlighted by the 
correlation between inferred ancestry proportions of mating pairs 
during the parental generation, collectively suggest a temporal shift 
in the type of nonrandom mating pattern prevalent in Brazil. In the 
beginning, sex-biased admixture (mating mainly between European 
men and Indigenous American and African women) had precedence 
because of the population dynamics of the initial colonization, fol-
lowed by the dominance of ancestry-assortative mating. The co-
occurrence of these two types of nonrandom mating patterns was 
previously reported in African populations and Hispanic populations 
from the United States, however, it was not demonstrated in Latin 
American populations (26, 31). One plausible hypothesis is that this 
shift occurred as an admixed population gradually formed, prompt-
ing changes in mating patterns. Furthermore, these outcomes distinctly 
reveal that mating patterns are currently influenced by ancestry 
proportions, a phenomenon likely intertwined with socioeconomic 

factors, as previously demonstrated in other admixed populations of 
the Americas (32).

Brazilian genomes are a mosaic of worldwide haplotypes
At the finest genetic structure level (33), we identified 298 genetic 
clusters among DNABR individuals and 104 clusters among reference 
samples. However, we selected a coarser structure level, with 18 recipi-
ent genetic clusters (named Brazil A to R) and 41 donor genetic clus-
ters, to make analyses more meaningful and intelligible (Fig. 3). The 
clustering method (33) more effectively captures the patterns of ge-
netic similarity than does a simple geographic clustering of samples 
(by states of origin), as evidenced by the principal components of 
variation (both linked and unlinked and data; figs. S12 and S13) and 
the total variation distance (TVD) (figs. S14 and S15).

As a whole, the major contribution from European ancestries came 
from southern European populations (Fig. 3, B and C). However, one 
cluster (Brazil J) that is predominantly composed of individuals from 
the southern Rio Grande do Sul state shows a European ancestry more 
related to northern European populations (Fig. 3, A and B, and fig. 
S15). These results are consistent with historical records suggesting 
that immigration to Brazil predominantly originated from Portugal 
and Italy and also with the fact that southern Brazilian states received 
immigrants from Germany and Northern Italy during the late 19th 
and early 20th centuries (https://brasil500anos.ibge.gov.br/).

African portions of Brazilian genomes are highly diverse and share 
more recent ancestors with groups from different subcontinental 
regions (Fig. 3, B and C, and fig. S15), especially from West and East 
Africa but also from South and North Africa. This suggests that 
groups from different subcontinental regions that might have never 
contacted each other within Africa would have admixed in Brazil, 
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leading to the appearance of Brazilian individuals who are a mosaic 
of different African populations. Furthermore, clusters with higher 
African ancestry contributions (Brazil N to R) exhibit larger relative 
proportions of West and East African components and a larger rela-
tive proportion of Bantu components in the case of Brazil P (Fig. 3B 
and fig. S15).

The patterns of haplotype sharing with present-day Indigenous 
Americans are at least partially related to geography, as the clusters with 
a higher proportion of haplotype sharing with Indigenous Americans 
(Brazil A, B, D, and E) are composed of larger proportions of individu-
als from northern Brazilian states (Amazonas and Pará; Fig. 3, A and B, 
and fig. S15). However, the vast majority of these Indigenous American 

BA

C

E

D

Fig. 2. Patterns of genetic variation and continental-level ancestry proportions. We estimated individual patterns of genetic variation and structure using the LD-pruned 
autosomal dataset by executing a (A) PCA (SNPRelate) (23) and (C) an unsupervised ADMIXTURE analysis (K = 4) (100). We inferred local ancestry through GNOMIX (24) using 
the phased autosomal data with SHAPEIT4 (106) and plot (B) individual averages color coded by state and (E) state averages. (D) Finally, we estimated average continental-level 
ancestry proportions for the complete dataset using autosomal and X chromosome markers by performing a supervised ADMIXTURE analysis (K = 4) as well as using the  
Y chromosome and the mitochondrial DNA (mtDNA) by applying SNAPPY (104) and HAPLOGREP 3 (112), respectively. AM, Amazonas (samples from the Amazonas are 
categorized into two groups, AM_1 and AM_2, as they were collected from distinct riverine regions within the state); BA, Bahia; CE, Ceará; ES, Espírito Santo; GO, Goiás; MG, 
Minas Gerais; PA, Pará; RJ, Rio de Janeiro; RS, Rio Grande do Sul; SP, São Paulo; Unknown, no information.
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A

B

D

C

Fig. 3. Fine-scale genetic structure. We used CHROMOPAINTER (33) to infer haplotype sharing between individuals and fineSTRUCTURE (33) to cluster individuals  
on the basis of haplotype similarity (18 recipient clusters and 37 surrogate clusters). We then used SOURCEFIND (107) to model the clusters’ genetic variation as a mixture 
of the surrogate clusters. Here we show (A) how many individuals from each state are included in each cluster and (B) the average proportions of contribution from each 
surrogate cluster obtained in 100 independent runs of SOURCEFIND (median proportions are shown in fig. S15). (C) We also show the average proportions of contribution 
for all DNABR samples (clusters that contribute <1% are not shown). (D) Finally, we estimated TVD between all recipient and surrogate clusters [using the method from 
(113)], then we performed hierarchical clustering (“stats” R package) using the estimated TVD values. Surrogate clusters that significantly contribute to the recipient 
clusters are marked in bold.
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haplotypes share the most recent ancestors with individuals from a 
cluster that contains Tupi and Karib speakers from the Amazonian re-
gion (Fig. 3, A to C, and fig. S15). Previous studies did not find genetic 
differentiation between populations from the Tupi and Karib ethno-
linguistic groups (2). The Tupi were the predominant group in the 
Brazilian Atlantic Coast and eastern Brazil before the European inva-
sion. These regions were also where the European settlers and enslaved 
Africans concentrated, especially during the early period of colonization. 
Hence, it is plausible that admixture events involved primarily Tupi 
groups. However, it is important to note that the method’s limitations 
might have prevented the detection of haplotype similarity with other 
Indigenous groups, such as Jê speakers, who are highly drifted owing to 
recent inbreeding [as discussed by Moorjani and Hellenthal (34)].

Admixture processes peaked during the 18th and 
19th centuries
The timeline of admixture events was inferred using three different 
approaches to examine potential methodological biases and secure 
more comprehensive results: (i) fastGLOBETROTTER (GT), a haplotype-
based method (35); (ii) MALDER (MA), an admixture linkage dis-
equilibrium (LD)–based method (36); (iii) and TRACTS (TT), a local 
ancestry–based method (37). To ensure comparability and consist
ency in our inferences and account for the Brazilian population’s ge-
netic structure, we applied all three methods to the 18 recipient 
clusters identified in the fineSTRUCTURE analysis (tables S7 and S8). 
We also ran TRACTS considering both the whole dataset and re-
gional clusters.

The best-fit TRACTS models suggest an initial admixture event be-
tween Indigenous American and European populations about 16 gen-
erations ago, succeeded by an African migration pulse eight generations 
ago, and followed by an additional European migration event five 
generations ago (table S7). When we analyze TRACTs by geographic 
region, it is possible to observe some nuances of the admixture process 
(fig. S17). The admixture process in Brazil began in the northeast and 
southeast regions, where we find the oldest dates (up to 16 generations 
ago) and the highest number of migratory waves (fig. S17B). In the 
south, the process started 10 generations ago and intensified from 
eight to five generations ago (fig. S17C). Finally, in the north, intercon-
tinental migrations occurred mainly between 10 and 8 generations ago 
(fig. S17A). Notably, we only infer an African admixture event before 
the 18th century when individuals from the northeast and southeast 
regions are pooled together (fig. S17B), which is in line with the earlier 
presence of plantations in these regions (38).

For nearly all of the recipient clusters, at least one admixture event 
was inferred using the three methods. The inferred dates for the most 
recent admixture event of all clusters were concentrated between 
~5 and ~10 generations before the present (gBP), approximately cor-
responding to the period between 1750 and 1875 CE, considering a 
generational time of 25 years (figs. S16 and S17 and table S8). This 
period corresponds to important demographic events in Brazil, such 
as the Gold Cycle (1690 CE–1750 CE), which abruptly intensified 
Portuguese migration to Brazil to the extent that the kingdom of 
Portugal restricted the free access of Portuguese people to Brazilian 
lands (39). Following the discovery of gold, inland Brazil experienced 
tremendous urban expansion throughout the 18th century as a result 
of a sharp rise in migration rates. During the same period, Bandeirantes 
mercenaries explored the interior of Brazil in search of gold and pre-
cious stones, also aiming to capture and enslave Indigenous peoples, 
resulting in the extermination and displacement of thousands of them 
(40), and expanding Brazilian borders westward beyond the limits 
established by the Treaty of Tordesillas (1494 CE). Furthermore, the 
Portuguese royal family fled to Brazil in 1808 CE as a result of the 
Napoleonic Wars and the invasion of Portugal, establishing Rio de 
Janeiro as the capital of the Portuguese Empire, which contributed to 
an expansion of the slave trade. From that time until the abolition of 

slavery in 1888, >2 million Africans were brought to Brazil, marking 
the peak of the Atlantic slave trade in the country (38), which is in 
accordance with our genomic results.

During the imperial period (1822–1889 CE), the Brazilian govern-
ment implemented policies to encourage immigration, particularly 
from northern Europe to southern and southeastern Brazil. This mas-
sive migration was promoted, among other reasons, as a demographic 
solution to prevent individuals of African descent from becoming the 
majority of the country’s population after the abolition of slavery in 
1888 CE, reflecting the prevailing racial ideology of the time (41). It is 
estimated that between 1880 and 1930 CE, ∼4 million European im-
migrants, predominantly from Italy, Spain, Germany, and Portugal, 
arrived in Brazil (42). Our results also align with this intense historical 
European gene flown, indicating that our sample is representative 
enough to recover the pivotal Brazilian demographic events.

Thus, Brazilian populations historically were formed by multiple or 
continuous admixture events between Indigenous American, African, 
and European parental sources. The peak of admixture also coincides 
with a period of increased social unrest, including many political and 
land disputes (e.g., the Ragamuffin War between 1835 and 1845 CE; 
the Paraguayan War from 1864 to 1870 CE), internal conflicts (e.g., 
Guaraní War in 1756 CE; Malê revolt in 1835 CE), along with severe 
climatic disasters such as the Great Drought of 1877–1878 CE (43). 
These events had a great impact on Brazil’s demographic structure, 
resulting in large-scale population displacements across regions and 
a considerable death toll. Our findings regarding migratory flows and 
ancestry- and sex-biased mating can be interpreted together to provide 
a deeper understanding of Brazilian demographic and historical dy-
namics. However, also as a consequence of this intense demographic 
history, it is plausible to assume that the inferred admixture events 
and dates do not fully capture the admixture dynamics involved in 
forming these populations. In fact, the inferred dates most likely rep-
resent a period or a pulse of more intense admixture involving popula-
tions that were previously admixed [see (34) for a discussion].

Ancestry-specific tracts are unevenly distributed across 
Brazilian regions and time periods
The patterns of genetic variation and demographic history were ana-
lyzed using runs of homozygosity (ROH) and identity-by-descent (IBD) 
tracts throughout Brazilian populations. Positive correlations were 
detected in the analysis of the number of ROH (fig. S18, A to C) in 
European ancestry (Spearman’s correlation coefficient R = 0.68). In 
contrast, a robust negative correlation was observed with the African 
proportion (R = −0.92). This indicates that as African ancestry in-
creases, the genomic proportion of ROH decreases, ultimately amplify-
ing individual genetic variation, which is in line with findings from 
other ROH studies, which have consistently reported that admixed 
populations, particularly those with African contributions, exhibit 
fewer ROH and increased genetic diversity (44–49). These results, 
together with the distribution of ancestry within Brazil and the aver-
age distribution of ROH in Brazilian states (Fig. 2E and fig. S18D), 
provide evidence that an increase in genetic diversity in the northeast 
and southeast regions was due to the large proportion of African de-
scendants who historically populated these parts of the country.

Brazilian populations share a greater number of ancestors from earlier 
time periods, as evidenced by a prevalence of smaller [2- to 4-cM (cen-
timorgan)] and medium-sized (4- to 8-cM) IBD segments [for detailed 
information on the IBD sharing analysis, refer to (7)]. The smaller and 
medium-sized IBD segments are likely due to the population bottlenecks 
and founder events involved in their formation. Meanwhile, a distinct 
pattern emerged (fig. S19) for longer IBD segments (>8 cM), primarily 
generated after the post-European contact period (50, 51). In this context, 
as segment size increases, the count of shared segments between indi-
viduals decreases, both within individual states and across states (Fig. 4 
and fig. S20). This scenario suggests increasing isolation among different 
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regions over time, with fewer shared ancestors. Yet there are relatively 
more long IBD segments of European origin shared between states com-
pared with other ancestries. The northern state of Amazonas presents 
a different scenario, characterized by a high number of long IBD seg-
ments from the three continental ancestries shared among individuals 
within the state. This may be attributed to founder events of internal 

migration, given that Amazonas is the most isolated region of the country 
(Fig. 4 and fig. S20). Additionally, this pattern is likely influenced by the 
substantial reduction in the size of the Indigenous American population 
over the past five centuries, as indicated by the high proportion of me-
dium to long (>8-cM) IBD segments observed in Indigenous American 
populations (fig. S20).

Fig. 4. Ancestry-specific IBD sharing. We used Refined IBD (114) and GNOMIX (24) to infer the IBD segments and local ancestry, respectively. Based on the local ancestry infer-
ence, IBD segments were then classified into African, European, and Indigenous American ancestries and also into different length categories (2–4, 4–8, 8–16, 16–32, and >32). 
Subsequently, we randomly selected a subset of individuals from each state, matching the smallest sample size of a state (excluding Goiás, which has only four individuals), and 
the average number of IBD segments shared between individuals from different states in each length category was estimated, and we plotted the natural logarithm of these 
values to enhance visualization (owing to the presence of outliers). Here, we plot these values in the form of heatmaps (left) and maps (right). For a more detailed description of 
the analysis and its limitations, refer to (7).
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The Brazilian population as a whole went through a decline in Ne 
after the start of the colonization period (fig. S21, ~20 gBP red line) 
for all ancestries [see (7) for a definition of Ne, information on how 
it relates to census size, and analysis limitations]. This is likely re-
lated to population bottlenecks caused by the extermination of 
Indigenous American populations and the founder effects produced 
by the migration of European colonizers and enslaved Africans forc-
ibly brought to the Americas (2, 28, 52). In general, the Ne begins to 
increase at approximately 294 years ago (or 11.75 generations), indi-
cating that the size and genetic diversity of these populations has 
expanded since then (fig. S21). This date fits with the beginning of 
the diamond exploration cycle in Brazil, which was followed by the 
gold cycle. These events began with the massive influx of Portuguese 
people to Brazil and intensified the trafficking of enslaved Africans 
more than 10-fold (11).

Conversely, the Amazonas state shows a divergent pattern, where 
Ne has not stopped decreasing since the European arrival in the 
Americas, indicating that these populations have been both reduced 
in the past and inbred in the recent period (fig. S21). The Amazonas 
state has a low Ne harmonic mean over the past 2500 years, in the 
same range as the Goiás state, which has a sample size of only four 
individuals. The highest harmonic mean Ne is observed in São Paulo 
(813,229.8), which is consistent with the state hosting the largest popu-
lation size and being the main destination of internal migrants in 
Brazil in the recent period.

Postcontact selected genes are related to fertility, immune 
response, and metabolic traits
Signatures of postadmixture natural selection were identified for the 
three main continental ancestry components (African, European, and 
Indigenous American) using local ancestry deviation (LAD) (53), deep-
learning approaches (DL) (54), and by comparing allele frequencies 
in the admixed population with those in their parental populations, 
as implemented in ADAPTMIX (55). Analyses were conducted across 
the whole dataset (Fig. 5 and Table 1) and within specific geographic 
regions of Brazil: north (Amazonian; equatorial climate); northeast 
and southeast (coast; tropical climate), and south (agricultural; tem-
perate climate), enabling the identification of shared selective signals 
as well as those exclusive to each region (figs. S22 to S24 and tables 
S9 to S12).

In the northern region, ADAPTMIX (55) identified 13 postadmixture 
loci (fig. S22), including candidate signals associated with AGAP1 and 
HTR1B genes, which have been associated with height and BMI 
(56, 57), and IMPG1, implicated in respiratory (forced expiratory vol-
ume in the first second (FEV1)], metabolic [estimated glomerular fil-
tration rate (eGFR)], and reproductive domains (age at menarche) 
(58, 59). Other candidates for selection included the zinc finger genes 
ZNF83, ZNF605, and ZNF521, known for their DNA-binding specificity 
changes through natural selection (60, 61). The cluster on chromosome 
19, which includes ZNF83, coincides with a hotspot of copy number 
variation, suggesting a defense mechanism against endogenous retro-
viruses (61) (table S10).

In the northeastern and southeastern regions, ADAPTMIX also 
identified candidate genes IMPG1, HTR1b, and AGAP1 (fig. S22 and 
table S11). Using LAD and DL approaches, we found LINC00871, previ-
ously associated with BMI (62), the number of offspring born (63), and 
a suggestive association with longevity in females (64) (fig. S23 and 
table S9). This signal was also found by Cheng et al. (65) in Mexican 
populations. However, they associated this signal to the Indigenous 
American ancestry, whereas in our sample it was linked to the European 
component. Other candidate genes linked to Indigenous American 
ancestry include ACSS1 (associated with cystatin F levels) (66), which 
regulates the cytotoxicity of natural killer (NK) cells (67), and MTMR3, 
which plays a role in both the innate immune response (68) and metabolic 
processes such as low-density lipoprotein (LDL) levels (69), body weight 

(70), and type 2 diabetes (71). We also identified several candidate 
selection signals along the MHC (major histocompatibility complex) 
and extended MHC regions in African ancestry. The detection of selec-
tion signals in the MHC region is recurrent in the literature and is 
generally attributed to the large number of genes related to the im-
mune response, particularly the human leukocyte antigen (HLA) gene 
family. Several studies suggest that natural selection acting in this 
region could be multilocus, involving both epistasis and genetic hitch-
hiking (72). Finally, the most prominent signal of selection was observed 
in the ZNF184/POM121L2 gene region, which has been associated with 
spermatogenesis (73, 74).

In the southern region, LAD and DL approaches identified the 
genes ARHGAP11A (sleep duration) in African ancestry (75) and 
ACACA (associated with menopausal age) in European ancestry (76). 
As in the northeastern and southeastern regions, the candidate 
gene ACSS1 (regulating NK cells) was associated with Indigenous 
American ancestry (fig. S23). Through ADAPTMIX, we detected 
numerous candidate loci across the genome associated with post-
admixture selection (table S12)—notably, genes implicated in im-
mune response, such as CDH4, KBTBD11, and HLA family genes 
involved in the immune response. Given the large amount of loci, we 
evaluated the enrichment of gene sets for biological, cellular, and mo-
lecular components, finding substantial evidence for host-pathogen 
interaction, especially within HLA genes (fig. S24). This is in agreement 
with other studies of Latin American samples, pointing out that the 
immune response has been the main selective pressure in admixed 
populations (77–83).

Despite the environmental differences among Brazil’s geographical 
regions, we observed that the main postadmixture selective pressures 
have been directed by traits related to fertility (spermatogenesis, 
number of offspring born, age at menarche, menopause age), immu-
nity (defense retroviruses, NK regulation, adaptive and innate im-
mune response), and energy metabolism phenotypes (body weight, 
BMI, LDL levels, sleep duration). These same genomic signatures 
were also observed when we analyzed the entire dataset (Fig. 5 and  
Table 1).

Fertility, immunity, and energy metabolism are critical aspects of 
human biology that directly influence fitness and are potentially 
strongly subject to natural selection. Fertility is a phenotypic trait with 
a strong response to selection, and several studies have identified 
genetic variants associated with hormonal regulation, reproductive 
health, pregnancy support, and sperm quality, which increase repro-
ductive success (84–86). Natural selection has strongly targeted the 
immune response throughout human evolution, favoring genetic vari-
ants that improve pathogen recognition, immune response efficiency, 
and disease resistance (87). These adaptations optimize survival and 
reproductive success in diverse environments. In the Americas, where 
several pathogens may be distinct from those on other continents, we 
commonly observe signs of local selective pressures that have acted 
on the genomes of admixed populations (55, 78, 88). Genes related to 
energy metabolism are another recurring target of selection. Studies 
show that in the past, genes affecting basal metabolic rate, fat stor-
age, and nutrient utilization have been subject to selection pressures 
(89–92). Variants that improve energy efficiency and storage are fa-
vored, adapting populations to food availability and environmental 
conditions (93). Nowadays, it is recognized that genetic variants im-
proving energy reserves and efficient metabolism can better support 
reproductive functions and immune response (94, 95).

Conclusions
By leveraging the extensive genetic diversity of the world’s largest 
admixed population through a comprehensive genomic database span-
ning diverse Brazilian regions, we have demonstrated that fine-scale 
demographic analyses play a critical role in unraveling diversity’s com-
plexity and its implications for population health. Our findings 
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Fig. 5. Genome-wide postadmixture natural selection scan. Genomic variation of African (A), European (B), and Indigenous American (C) ancestries in DNABR samples. The 
x axis denotes the chromosomes, while the y axis indicates the number of standard deviations of ancestry in the SNP from the genomic mean. The dashed lines correspond to 
4.42 standard deviations (z-score) from the mean. The black lines correspond to the genomic mean. The genes identified in the candidate regions are indicated in the figure.

D
ow

nloaded from
 https://w

w
w

.science.org at B
iblioteca D

el M
ar on M

ay 20, 2025



Research Article

Science  15 MAY 2025 10 of 13

underscore the discernible influence of different ancestral back-
grounds on Brazilian admixed individuals’ health and genetic makeup. 
We show that this genetic landscape finds its roots in the evolutionary 
history of Brazilian Indigenous communities and the intricate demo-
graphic interplay stemming from both coerced and voluntary historical 
immigration to Brazil.

Materials and methods summary
High-coverage (average 35×) whole-genome sequences were generated 
for all samples by DASA Genomica using the Illumina NovaSeq 6000 
System and applying the Illumina DNA PCR-Free workflow. Individual 
whole genomes were produced with GATK’s HaplotypeCaller in GVCF 
mode, and a joint cohort variant call format (VCF) was generated fol-
lowing GATK best practices (JointGenotyping 2.2.0 workflow, GATK 
docker 4.1.8.0). Autosomal variants were annotated using the Ensembl 
Variant Effect Predictor (VEP) (96) and LOFTEE (12) plugin. Novel 
SNVs were determined by comparison with the following public data-
sets: dbSNP v.155 (https://ftp.ncbi.nlm.nih.gov/snp/), HGDP (8), 1KGP 
(97), and gnomAD v3 genomes (98). Ancestral/derived alleles were 
annotated with VEP’s AncestralAllele plugin (96), and SNVs with a 
derived allele frequency (DAF) below a threshold of 1% in the DNABR 
sample were classified as rare. Rare variants were then annotated with 
PolyPhen2 (13) and SIFT (99) using VEP (96).

Using BCFTools and keeping only shared variants, the DNABR da-
taset was merged with HGDP (8) and SGDP (9) (all mapped to the 
GRCh38/hg38 reference genome). Next, biallelic SNVs with <5% miss-
ing data and no high deviation (P ≤ 10−8) from the Hardy-Weinberg 
equilibrium were selected. Variants with a pairwise correlation >20% 
in a genomic window of 500 kb were also removed before PCA and 
ADMIXTURE (100). The LD-pruning filter and the PCA were executed 
with the SNPRelate R/Bioconductor package (23). For the haplotype-
based analysis, we extracted from the WGS dataset the set of variants 
included in the Axiom Human Origins array (Affymetrix/Thermo 
Fisher) and combined with three published datasets of present-day 
Indigenous Americans (10, 11, 101). PLINK v1.9 (102) pairwise IBD 
inference method was used to estimate the PI_HAT between all pairs 
of individuals, and PRIMUS (103) was applied to identify the maximum 
set of unrelated individuals.

Inferences of global ancestry from autosomal and X chromosome 
data were made with ADMIXTURE (100). The biological males in the 
sample were defined through the detection of the Y chromosome, the 
homozygosity, and the inbreeding coefficient of the X chromosome 
(F < 0.2, female; and F > 0.8, male) using PLINK v1.9 (102). Y chromo-
some haplogroup inference was performed with the SNAPPY software 
(104). Mitochondrial DNA haplogroup inferences were performed 
using the HaploGrep3 v3.3.1.0 software (105). Ancestry was assigned 
to haplogroups according to their most frequent macrogeographic 
distribution.

Haplotypic phase was inferred with SHAPEIT4 (Segmented 
HAPlotype Estimation and Imputation Tools version 4; https://odelaneau.
github.io/shapeit4/) (106) using the 1000 Genomes Project data as a 
reference panel. We applied CHROMOPAINTER (33) to infer haplotype 
similarity and sharing among samples and fineSTRUCTURE (33) to 
infer genetically homogeneous clusters of individuals. A second 
CHROMOPAINTER analysis was performed in “donor mode” to gener-
ate copying vectors summarizing the haplotype similarity between 
both donors and surrogates (reference panel samples) and donors and 
recipients (DNABR samples). Then SOURCEFIND (107) was used to model 
the copying vectors of the recipients as a weighted mixture of the copying 
vectors from the surrogates. We then applied fastGLOBETROTTER 
(35), MALDER (108), and TRACTS (37) to infer admixture events 
and dates.

Local ancestry inference was performed with GNOMIX (24), and 
the ancestry-specific effective population size history was inferred with 
the IBDNe pipeline (52). The inferred IBD segments were also used to 
estimate the patterns of IBD sharing within and among Brazilian federal 
states. ANCESTOR was used to infer the ancestry proportions of mating 
pairs over the parental generation, independently for the autosomes and 
the X chromosome. ROH were identified with PLINK v1.9 (109).

Different approaches were adopted to perform analyses of natural 
selection. The local ancestry inferences obtained with GNOMIX were 
used to identify local ancestry deviation, applying the z-score test sepa-
rately for each ancestral component (53). We also used a deep-learning 
object detection strategy (54) to identify genomic regions under selection 
from images generated from population-level local ancestry tract dis-
tribution along the chromosomes. ADAPTMIX (55) was used to detect 

Table 1. Candidate genes with postadmixture selection signatures by z-score and deep-learning approaches. Chr, chromosome; bbox, bounding box; LILRs, leukocyte 
immunoglobulin-like receptors; LRC, leukocyte receptor complex.

Chr

Z-score test Deep-learning test

Target ancestry
Candidate 
gene/nearest 
gene

Start position 
End position

Block size  
(max value)

Z-score  
(P value)

Start position 
End position

Block size
Predicted bbox 
score

 6 27259978 
27436536

176 kb 8.16 (3.2 × 10−16) 27256539 
27427985

171 kb 0.999 African ZNF184/
POM121L2

 15 32520639 
32699083

178 kb 8.07 (6.8 × 10−16) 32542539 
32721562

179 kb 0.999 African ARHGAP11A

 14 46005212 
46256913

251 kb 5.14 (2.6 × 10−7) 46011443 
46254522

243 kb 0.997 European LINC00871

 17 37002394 
37147239

144 kb 9.06 (1.3 × 10−19) 37002554 
37146392

143 kb 0.999 European AATF/ACACA

 19 20963923 
21040970

77 kb 4.7 (2.5 × 10−6) 21000776 
21053544

52 kb 0.995 European ZNF430

 19 54526741 
54600262

73 kb 4.88 (1.1 × 10−6) 54673809 
54616673

57 kb 0.995 European LILRs  
(LRC region)

 15 63525359 
63798416

273 kb 4.5 (6.7 × 10−6) 63598854 
63653908

55 kb 0.994 Native American USP3

 20 25044420 
25156172

111 kb 6.39 (1.5 × 10−10) 25054327 
25098891

44 kb 0.998 Native American ACSS1

 22 29829549 
29909529

80 kb 5.73 (9.6 × 10−9) 29827910 
29907351

79 kb 0.997 Native American MTMR3
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loci under selection and infer whether selection happened after or 
before admixture. Gene annotation of regions under selection was 
performed with ANNOVAR (110), and biological process enrichment 
was carried out with all SNPs under positive selection through the 
Web-based Gene Set Analysis Toolkit (WebGestalt) (111).

For a more comprehensive description of the methods used, re-
fer to (7).
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