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Abstract

Objectives: Since 2010, genome-wide data from hundreds of ancient Native Americans have 

contributed to the understanding of Americas’ prehistory. However, these samples have never been 

studied as a single dataset, and distinct relationships among themselves and with present-day 

populations may have never come to light. Here, we reassess genomic diversity and population 

structure of 223 ancient Native Americans published between 2010 and 2019.

Materials and Methods: The genomic data from ancient Americas was merged with a 

worldwide reference panel of 278 present-day genomes from the Simons Genome Diversity 

Project and then analyzed through ADMIXTURE, D-statistics, PCA, t-SNE, and UMAP.

Results: We find largely similar population structures in ancient and present-day Americas. 

However, the population structure of contemporary Native Americans, traced here to at least 

10,000 years before present, is noticeably less diverse than their ancient counterparts, a possible 

outcome of the European contact. Additionally, in the past there were greater levels of population 
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structure in North than in South America, except for ancient Brazil, which harbors comparatively 

high degrees of structure. Moreover, we find a component of genetic ancestry in the ancient 

dataset that is closely related to that of present-day Oceanic populations but does not correspond 

to the previously reported Australasian signal. Lastly, we report an expansion of the Ancient 

Beringian ancestry, previously reported for only one sample.

Discussion: Overall, our findings support a complex scenario for the settlement of the 

Americas, accommodating the occurrence of founder effects and the emergence of ancestral 

mixing events at the regional level.
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1 | INTRODUCTION

In 2010, the near-complete genome of an ancient human individual was first published. The 

genomic sequence was obtained from the DNA present in an ~4000-year-old permafrost-

preserved tuft of hair excavated from culturally-deposited sediments at Qeqertasussuk, 

Greenland (Rasmussen et al., 2010). This achievement inaugurated a prolific era of ancient 

humans’ genome-wide studies that have been conducted not only in the Americas, but also 

around the world (Nielsen et al., 2017). In the former, however, these studies have played 

a leading role in the most current discussions about the history of the continents (Waters, 

2019).

While it is unanimously accepted that the Americas were the last continents populated 

by humans, the timing of this first arrival, their places of origin, the routes they took 

to enter and subsequently explore the continents (how many migratory movements took 

place), the speed of human dispersal at different times and regions, and how they settled 

in its most diverse and extreme environments are intriguing questions that have been the 

target of major (and sometimes heated) debates (Guidon et al., 1996; Meltzer et al., 1994; 

Moreno-Mayar, Vinner, et al., 2018; Waters, 2019). Addressing these questions is key 

to understanding the ancestral history of prehistoric and contemporary Native American 

populations (Skoglund et al., 2015; Skoglund & Reich, 2016). To better study such aspects, 

since 2010, after years of ancient DNA studies limited to the analysis of mitochondrial and 

eventually Y-chromosome DNA, genome-wide data from hundreds of ancient humans have 

been generated and published (Flegontov et al., 2019; Lindo et al., 2016; Lindo et al., 2017; 

Lindo, Haas, et al., 2018; Moreno-Mayar, Potter, et al., 2018; Moreno-Mayar, Vinner, et al., 

2018; Posth et al., 2018; Raghavan et al., 2015; Rasmussen et al., 2010; Rasmussen et al., 

2014; Rasmussen et al., 2015; Scheib et al., 2018). This deluge of data has been fueled by 

recent advances and technical breakthroughs in DNA sequencing technologies that occurred 

in the last 10–15 years (Rasmussen et al., 2010; Waters, 2019).

Prior to this work, however, these ancient individuals have not been studied as a single set 

of samples. As a result, important information regarding possible genomic affinities and 

relationships among them (and with present-day populations) and a more comprehensive 

assessment of the genomic diversity in the ancient Americas may have never come to light. 
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To holistically evaluate variation in the ancient Americas, we conduct a reassessment of 

the genomic diversity and structure of the ancient individuals of the Americas published 

between 2010 and 2019. We combine ancient and extant genome-wide data into a 

single dataset and employ a suite of established quantitative and qualitative techniques to 

investigate potential genomic relationships among past and present-day populations. Our 

investigation provides additional evidence for the current hypothesis on the settlement of the 

Americas, while revealing new aspects of its genomic history.

2 | MATERIALS AND METHODS

2.1 | Dataset preparation and description

We compiled previously published genome-wide data from 223 ancient human individuals 

unearthed in eight countries and one territory of the Americas (Figure 1a and Supporting 

Information S1). Their estimated chronologies range from the Pleistocene (>11,700 years 

before present) to post-European contact periods (approximately the last 500 years). 

However, 72 individuals have not yet been directly dated (Flegontov et al., 2019; Lindo 

et al., 2016; Lindo et al., 2017; Lindo, Haas, et al., 2018; Moreno-Mayar, Potter, et al., 2018; 

Moreno-Mayar, Vinner, et al., 2018; Posth et al., 2018; Raghavan et al., 2015; Rasmussen et 

al., 2010; Rasmussen et al., 2014; Rasmussen et al., 2015; Scheib et al., 2018) (Data S1).

We generated a single variant call format (VCF) file with genotype data from all the ancient 

individuals. Initially, this VCF file contained almost 17 million variant loci. However, a 

diverse range of genomic coverages can be observed across individuals in the dataset: some 

low-coverage genomes harbored only a few hundred loci with data, whereas high-coverage 

ones carried more than seven million variant loci (Figure 1b). To guard against potential 

biases caused by post-mortem DNA damage patterns characteristic of ancient individuals 

(Dabney et al., 2013; Ginolhac et al., 2011) and to prevent erroneous inferences (Axelsson et 

al., 2008), we removed variant loci for which C → T and G → A transitions (in a REF → 
ALT scheme) were observed. We removed mitochondrial and sex-chromosomal loci using 

BCFtools (Danecek et al., 2021), thus proceeding with only autosomal data. At the end of 

these steps, more than seven million variant loci were retained in the VCF file (Figure 1c).

This dataset was then expanded with the addition of a reference panel composed of 

genotypes at variant loci from 278 extant human individuals from the Simons Genome 

Diversity Project (SGDP) (Mallick et al., 2016) (Table S1). The merged dataset was further 

pruned by removing multiallelic sites and indels, monomorphic sites, and loci in strong 

linkage disequilibrium (r2 > 0.1 in windows of 50 SNPs) with BCFtools (Danecek et al., 

2021). After these last filtering steps, a total of 284,010 SNPs and 500 ancient and extant 

individuals remained for downstream analyses (Figure 1c)—sample CK-07, from Canada, 

harbored no data after filtering.

Finally, using the software PLINK v.1.90 (Chang et al., 2015), we converted the VCF file 

containing the remaining 500 individuals to a PED “12” coded file, which was used for the 

two analyses to assess population structure. The first analysis employed the soft-clustering 

algorithm implemented in ADMIXTURE (Alexander et al., 2009) and the second was linear 

dimensionality reduction in the form of principal component analysis (PCA) and nonlinear 
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dimensionality reduction in the forms of t-distributed stochastic neighbor embedding (t-

SNE) and uniform manifold approximation and projection (UMAP).

2.2 | Soft clustering with ADMIXTURE

We reassessed the population structure of the ancient individuals of the Americas with 

the software ADMIXTURE v.1.3.0 (Alexander et al., 2009), which assigns individuals 

to K clusters with some probability, with each cluster taken to represent some ancestral 

component in the dataset. The number of ancestral components (K), however, is user-

defined, and so we considered a wide range of values from K = 2 to 20 for the first 

round of ADMIXTURE analyses applied to the whole dataset. The best run (i.e., the optimal 

value for K, which can be interpreted as the number of ancestral components that best 

explains the data) was chosen based on the smallest 10-fold cross-validation error after 

100 iterations using the “-cv = 10” and “-C 100” options, respectively. Two additional 

rounds of ADMIXTURE analyses were conducted: one after removing low-coverage ancient 

individuals, and another after the removal of present-day individuals with African ancestry. 

The rationale behind these filtering procedures is presented in the Supporting Information S1 

(Initial soft clustering analysis with ADMIXTURE). Based on the results of the first round 

of ADMIXTURE analyses (Supporting Information S1), we limited the range of values for 

K between three and 10 in subsequent rounds. To visualize the best ADMIXTURE run (as 

is common in the form of bar plots), we used the R package POPHELPER v.2.3.1 (Francis, 

2017).

2.3 | Linear dimensionality reduction with principal component analysis

To investigate broad genomic affinities among the ancient and present-day individuals, we 

conducted PCA on our dataset using the “smartpca” program from the EIGENSOFT v7.2.1 

package (Patterson et al., 2006). Principal components (PCs) were calculated using the 

present-day populations with the “poplistname” and “autoshrink: YES” options. Ancient 

data, characterized by a large proportion of missing sites, were then projected onto the 

computed PCs with the “lsqproject: YES” option. We also used the “nomoutevec: 50” option 

to retain and output the first 50 PCs. No outliers were excluded for this analysis. Using the 

Python package “seaborn” (Waskom, 2021), we produced scatterplot visualizations of the 

PCA results of the first four PCs, though the full set of PCs were later fed as downstream 

input to t-SNE and UMAP.

2.4 | Nonlinear dimensionality reduction with t-SNE and UMAP

The previously computed PCs were target of further nonlinear dimensionality reduction 

with t-SNE and UMAP. In these two methods, all previously-computed PCs can be used 

as input, thus preserving the greater overall dissimilarity of high-dimensional data in a 

two- or three-dimensional embedded space (Diaz-Papkovich et al., 2021; Li et al., 2017). 

We applied both methods to obtain embeddings of the top 10, 30, and 50 PCs into a 

two-dimensional space. This complementary analysis to PCA has the potential for more 

informative visualization of the genetic structure of sampled individuals, as visualizations 

resulting directly from PCA only account for the variance explained by two or three PCs at a 

time. To apply both methods to our dataset, we used the t-SNE and UMAP implementations 

present in the “scikit-learn” and “umap-learn” Python libraries, respectively (McInnes et al., 
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2018; Pedregosa et al., 2011), and visualized results through scatterplots produced using 

“seaborn” (Waskom, 2021).

3 | RESULTS

3.1 | Population structure

In the final round of the ADMIXTURE analyses, the optimal K value for our dataset was 

four (Table S2). We find that the prevalent ancestral component in present-day Americas, 

Cluster4 (green), is also predominant in the ancient samples, which is expected (Figure 

2). Cluster2 (light blue) and Cluster1 (dark blue), respectively the second and third most 

frequently observed components in the ancient individuals, are shared worldwide. The 

diminutive Cluster3 (red), is restricted to present-day Oceania, South Asia, and a few 

individuals of East Asia.

A component in ancient Americas that, in present-day populations, is restricted to Oceania 

and South and East Asia is an intriguing finding as it is reminiscent of the previously-

reported Australasian signal only observed for an ancient genome from Lagoa Santa 

(Sumidouro5) and in the present-day Surui, both sampled in Brazil (Moreno-Mayar, Vinner, 

et al., 2018; Skoglund et al., 2015). However, though none of these individuals present this 

Cluster3 component, we elected to examine its occurrence more deeply.

Because the presence of Cluster3 in ancient Americas could be a genomic artifact (e.g., as 

in Figures S3 and S4), we first correlated the proportion of Cluster3 with genomic coverage 

across 13 ancient individuals (318, 406, 413, 468, 532, B-04, I9054_d, LU-02, LU-03, 

SN-12, SN-20, SN-43, and SN-55). We specifically analyzed these 13 ancient samples 

because they display a higher proportion of Cluster3 component than most of the present-

day individuals—the exceptions are Papuans, Bougainvilleans, and Indigenous Australians. 

Conversely to the African component observed in Figure S3, we find no correlation between 

the proportion of Cluster3 component and the coverage of the 13 genomes (Figure S5), 

suggesting that this component’s presence in ancient Americas is not a genomic artifact.

We next attempted to identify the previously-reported Australasian signal in these 

individuals through D-statistic tests of the form D (Yoruba, Simons; Mixe, Ancient) 

(Moreno-Mayar, Vinner, et al., 2018; Skoglund et al., 2015), in which “Simons” is a 

non-African and non-American population from the SGDP (Mallick et al., 2016)—more 

details on these tests are presented in the Supporting Information (D-statistic analysis). We 

could not find excess affinity between a present-day population and the 13 ancient samples 

in comparison to the Mixe (Z > 3) (Figure 3 and Figure S6).

Ten of these thirteen samples were unearthed in North America’s Pacific coast (Lindo et 

al., 2016; Scheib et al., 2018), whereas samples LU-02 and LU-03 were found in Ontario, 

Central Canada (Scheib et al., 2018). Only I9054_d was excavated in the Atlantic coast 

(Posth et al., 2018). These observations imply that, though the presence of Cluster3 in 

ancient Americas remains an intriguing finding, it likely entered the continents following 

general dispersal through Beringia.
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Though Cluster2 is shared worldwide (Figure 2), the finding that ancient samples of the 

Americas harbor a relevant proportion of this genomic ancestry is also intriguing. We 

thus elected to further investigate Cluster2 in the ancient samples, as we have previously 

carried out for the African genomic ancestry and Cluster3. We find a statistically significant 

negative correlation between coverage and Cluster2 (Figure S7), that is, the lower the 

coverage, the higher the proportion of Cluster2. This result likely indicates that the presence 

of Cluster2 in the ancient dataset may also be a genomic artifact. On the other hand, we also 

find relevant proportions of this genomic ancestry in present-day populations from Central 

Asia and Siberia, which suggest that this component may have entered the Americas through 

the Beringia in ancient times.

Having further explored individual ancestral components in the ancient dataset, we are 

now able to shed some light on the present-day samples of the Americas. We find highly 

homogenous ancestral component structure in these populations, as opposed to a previous 

study that reported evidence of genomic substructure in other present-day populations of 

the Americas (Moreno-Estrada et al., 2014). To assess signals of substructure in our Native 

American dataset, we performed further ADMIXTURE analyses restricted to either Native-

American populations or SNPs defining the prevalent genomic ancestry in the Americas (see 

Assessment of genomic substructure in ancient and present-day Americas subsection in the 

Supporting Information S1).

First, we restricted the ADMIXTURE analysis to ancient and present-day individuals of the 

Americas. We find that the optimal number of clusters (K) for this Native American dataset 

is one (second column of Table S3). This result indicates that putative signs of substructure 

in our dataset appear to be nuanced in light of the overall pattern of ancestral component 

structure that can be observed in the Americas.

Then, as a second test, we filtered the dataset used in the final round of ADMIXTURE 

runs (Figure 2), removing SNPs that did not define Cluster4 (green color; the prevalent 

genomic ancestry in the Americas) in the first round of ADMIXTURE runs (Figure S1; see 

Supporting Information). We find that the overall ancestral component structure observed in 

ancient and present-day Americas becomes even more homogenous (Figure S9), especially 

when ancient South America is compared with present-day Native American populations, 

which is consistent with the results presented in the previous paragraph that indicate little to 

no substructure in the Americas (see second column of Table S3). Moreover, the proportions 

of a putative West Eurasian ancestry in the ancient dataset considerably decreased (Figure 

S9) when compared with our original result (Figure 2).

Furthermore, to test whether our findings would remain consistent if we have considered a 

less restrictive scenario of linkage disequilibrium, we generated an alternate dataset using r2 

> 0.4 as the linkage disequilibrium pruning threshold and performed a set of ADMIXTURE 

analyses, as in our original dataset (see Supporting Information S1). While there are no 

major discrepancies in the component structure of the alternate dataset (Figure S11) in 

comparison with our original results (Figure S1), we find that the proportion of Cluster2 

(predominant in West Eurasia) in the ancient samples is higher in the alternate (Figure S11; 

r2 > 0.4) than in our original dataset (Figure S1; r2 > 0.1).
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We then proceeded with the ADMIXTURE analysis restricted to ancient and present-

day individuals of the Americas (see Supporting Information S1). Consistent with the 

result obtained for the original dataset, we find that the optimal number of clusters 

(K) for the alternate Native American dataset is also one (fourth column of Table S3). 

Finally, replicating the second test performed with the original dataset, we retained only 

Cluster4-defining SNPs in the alternate dataset (green color in Figure S11; see Supporting 

Information), removed the 41 low-coverage ancient genomes (Table S4) and African 

samples, and then proceeded with a final ADMIXTURE analysis. We find, however, an 

alternate scenario in which a putative West Eurasia genomic ancestry (Cluster2) is also 

prevalent in the Americas, especially in the past (Figure S12). This result is therefore 

inconsistent with our previous findings (Figure S9) and is explained by the use of a less 

restrictive threshold for linkage disequilibrium pruning, causing the retention of SNPs that 

are also associated with West Eurasian haplotypes.

3.2 | Assessing diversity

To quantitatively assess the genomic diversity of the ancient individuals while accounting 

for the number of missing genotypes in each sample, we estimated observed genomic 

heterozygosity with the aid of the software BCFtools (Danecek et al., 2021). Heterozygosity 

was calculated for the 182 ancient individuals analyzed in the last round of ADMIXTURE 

runs. We find, however, that heterozygosity positively correlates with coverage in the ancient 

dataset (p < 0.001) (Figure S13), which means that high-coverage ancient genomes will tend 

to show higher heterozygosity, regardless of actual diversity. That being the case, given the 

range of sequencing coverages of the samples in our dataset, heterozygosity will not be a 

reliable measure for exploring patterns of diversity.

Therefore, we elected to investigate patterns of diversity in the ancestral component structure 

of the ancient individuals as a proxy for genomic diversity. Specifically, assuming that the 

number of estimated ancestral components in the ADMIXTURE analysis is K, we compute 

diversity of these ancestral components in each individual using the Gini impurity (Breiman 

et al., 1984), often employed as a measure of entropy or diversity (Yuan et al., 2021), as

Gini impurity = 1 − ∑
k = 1

K
pk

2,

where pk is the proportion of component k, k = 1,2,…,K, estimated by ADMIXTURE for 

the individual. The Gini impurity is also termed the Gini diversity index (Breiman et al., 

1984) and the Gini-Simpson index of diversity (Caso & Angeles Gil, 1988). This measure 

has a maximum value of (K – 1) ∕ K, when the cluster proportions in an individual are 

identical across all clusters (p1 = p2 =…= pK) and a minimum value of zero, when the 

proportion for one cluster is one and the remaining K − 1 clusters are proportion zero 

(Breiman et al., 1984). Hence, assuming four clusters as in Figure 2, individuals with the 

highest diversity have values of 3/4. A Gini impurity was calculated for each of the 182 

ancient individuals analyzed in the last round of ADMIXTURE runs.
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Correlating the Gini impurity across ancestral component proportions with coverage, we 

find that the Gini impurity is a reliable proxy for assessing diversity in a given genomic 

cohort regardless of the genomic coverages of the samples (Figure 4a). When comparing 

different regions of the Americas using this measure, we find that the distribution of 

ancestral component diversity is shifted toward higher values for ancient individuals 

unearthed in North America compared to those found in South America (Figure 4b). 

However, when stratifying by country we find that ancient Brazil harbors similar degrees 

of diversity as Canada and the USA (Figure 4c). Though, in contemporary times, mean 

ancestral component diversity harbored by the Indigenous populations of the Americas, as a 

whole, is near its minimum of zero (Figure 2).

Moreover, we find that ancestral component diversity decreased in the first few millennia 

following the initial settlement of the Americas (Figure 4d), which is an expected 

observation as overall genomic diversity is believed to decrease over time due to genetic 

drift (Allendorf, 1986; Star & Spencer, 2013). However, we see an increase in ancestral 

component diversity initiating approximately 7000 years before present and eventually 

reaching similar levels as in the first migrations into the Americas (Figure 4d). In addition, 

diversity was maintained at a steady level over the last 2000 years, until around European 

contact (Figure 4d and Figure S14). These are surprising findings, though we are not directly 

measuring genomic diversity, and instead measuring diversity of ancestral components or 

population structure over time.

3.3 | Genomic relationships

The separation of individuals resulting from PCA shows that the ancient individuals mainly 

cluster with present-day samples from the Americas and Central Asia/Siberia (Figure 5a). 

However, we notice a trend in PC1 in which ancient genomes with higher coverage (Box-

Cox-transformed values) fall closer to present-day individuals from the Americas (Figure 

5a and Figure S15 a and b). This positioning of low-coverage genomes in PC1 appears 

to be significantly affected by their higher proportions of homozygous genotypes (Figure 

S13), which might be driving patterns of population differentiation, that is, FST (Meirmans 

& Hedrick, 2011), between high- and low-coverage ancient genomes. While we are not 

directly measuring FST here, it has been demonstrated that the fraction of the total variance 

explained by PC1 is equal to FST (McVean, 2009). Analogously, Peter (2022) highlights 

that distance between individuals in a PCA plot is proportionate to the f2-statistic. We thus 

hypothesize that the genotypes estimated for the low-coverage ancient genomes might be 

proportionally more discrepant from their true values than those from the high-coverage 

ancient samples, which would result in a high f2 distance between low- and high-coverage 

ancient individuals. Moreover, it has also been demonstrated that the distance between 

samples in the PCA plot will always be an underestimate of the full f2 distance (Peter, 2022), 

resulting in two populations appearing to be closer to each other than they really are, which 

appears to be the case for the low-coverage ancient genomes in relation to the Eurasian 

samples.

This trend becomes clearer after further nonlinear dimensionality reduction with UMAP and 

t-SNE (Figure 5b,c, and Figure S15 c–f). However, there are some exceptions to this pattern, 
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with many ancient individuals with relatively high coverage falling closer to present-day 

Central Asian/Siberian individuals (Figure 5a). In the UMAP and t-SNE results, specifically, 

we can see three ancient individuals falling with Central Asians/Siberians (Figure 5b,c): 

I0719 from the Aleutian Islands (Flegontov et al., 2019), USR1 unearthed in Alaska 

(Moreno-Mayar, Potter, et al., 2018), and Saqqaq found in Greenland (Rasmussen et al., 

2010) (Figure 5d).

The fact that three ancient individuals cluster with present-day samples from Central Asia/

Siberia could represent an expansion of the previously-reported Ancient Beringian ancestry 

(Moreno-Mayar, Potter, et al., 2018). Among the ancient individuals of the Americas, 

this putative distinct ancestry would be restricted to the Arctic portion of North America. 

Because USR1 is the oldest individual among them, it is then possible to propose a west-to-

east directionality to the Ancient Beringian ancestry’s dispersion (Figure 5e), consistent with 

previously-proposed hypotheses on ancient migrations in northern North America (Skoglund 

& Mathieson, 2018; Willerslev & Meltzer, 2021). Such dispersion should have occurred at 

least 4000 before present (Saqqaq’s age; Rasmussen et al., 2010), putatively made possible 

by a scenario of less glacial coverage in North America, but still lower sea levels worldwide.

4 | DISCUSSION

Taken together, our analyses point to a Beringian origin for the first settlers of the Americas, 

as expected. Though we find a putative “Australasian” (Oceanic- and South Asian-specific) 

ancestry component in some ancient individuals from ADMIXTURE analysis (Figure 2 

and Figure S5), it does not mean a direct migration from these continents. Also, because 

this component is not found in the ancient Sumidouro5 and present-day Surui from Brazil 

(Figure 2), it cannot be translated as the previously-reported Australasian signal (Moreno-

Mayar, Vinner, et al., 2018; Skoglund et al., 2015)—which suggests that the component 

followed the general migratory events into the Americas (from Beringia).

We also find that the population structure identified in present-day Americas can be traced 

to at least 10,000 years before present, as indicated by the structure of Sumidouro5 and 

Sumidouro6, from Lagoa Santa in Brazil (Moreno-Mayar, Vinner, et al., 2018), which are 

highly similar to present-day Quechua, Zapotecs and Mixtecs (Figure 2). On the other hand, 

the fact that present-day Native American populations harbor lower degrees of ancestral 

component diversity than their ancient counterparts (Figure 2) might be one of the many 

direct outcomes of European contact (Lindo, Rogers, et al., 2018). Moreover, we also 

observed that the ancient individuals of North America had higher degrees of ancestral 

component diversity than those from South America (Figure 4b). This finding might indicate 

one of the following scenarios (or a mix of them): (1) over time, there was a continual 

flow of migrations from Eastern Asia into the Americas in the past; or (2) founder effects 

occurred at some point during the settlement of the American continents, leading to losses of 

distinct ancestral components as small human groups migrated in a North–South direction. 

Model formulations such as the serial founder model (DeGiorgio et al., 2009; Ramachandran 

et al., 2005) have been shown to be able to give expected patterns from scenario 2, whereas 

similar patterns from scenario 1 have been shown to give rise due to ancestral mixing of 

population without need for a series of founding events (Pickrell & Reich, 2014). However, 
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a mixture of both scenarios is likely the most reasonable explanation for the observed trends 

(Figure 4b–d), and diversity in ancient Brazil illustrates this belief. In particular, though 

founder effects appear to have occurred as humans migrated from North to South America, 

previously reported ancestral mixing events emerging in eastern South America (dos Santos 

et al., 2022; Lindo et al., 2022), may have produced similar levels of diversity as those in 

North America (Figure 4c). In addition, Figure 4d depicts an increase of diversity happening 

in the Americas some millennia after the initial settlement of the continents, suggesting 

the occurrence of new ancestral migrations into the Americas at approximately 7000 years 

before present (likely followed by mixing events).

Lastly, our study presents an overview of the patterns of genomic coverage achieved in 

the first decade of archaeogenomics. Based on these patterns, we can hypothesize that the 

archeological sites located closer to the Pacific coast seem to provide optimal environmental 

conditions for DNA preservation, regardless of the estimated age of the archeological 

samples (Figure S16). On the other hand, sites located in intertropical zones (usually highly 

humid and warm) appear to not allow for much DNA persistence—exceptions being a few 

areas that seem to present specific environmental conditions that favor DNA preservation, 

for example, the Andes and Sumidouro Cave (Figure 1b). However, it is important to note 

that these observations reflect the broad patterns of genomic coverage surveyed in this study, 

which could indeed suggest trends in DNA preservation and quality, though these aspects 

have not been directly assessed here.

Overall, our results provide a holistic examination of population structure and ancient 

genomic diversity in the Americas while also contributing novel insights on the Beringian 

origin of the first settlers of the continents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Ancient samples information and dataset preparation. (a) Number of analyzed ancient 

samples by country and estimated age. (b) Heatmap of the maximum number of genomic 

loci assayed by each archeological site. (c) Flowchart detailing dataset preparation steps for 

downstream analyses applied in this article
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FIGURE 2. 
ADMIXTURE analysis for K = 4 clusters. The predominant cluster (Cluster4 in 

green) in the ancient samples is also the representative ancestry of present-day native 

Americans. Cluster2 (light blue) and Cluster1 (dark blue), respectively the second and third 

most frequently observed components in the ancient individuals, are shared worldwide. 

Horizontal bars represent individuals, bar color denotes a distinct ancestral component or 

cluster, and bar width corresponds to the proportion of a specific component comprising a 

given individual
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FIGURE 3. 
Quantile–quantile plots of the Z-scores for the D-statistic tests of 9 of the 13 ancient 

individuals tested. Each point represents a distinct population from the SGDP. Horizontal 

dashed red lines represent significance thresholds. We see no excess affinity between the 

present-day populations and ancient samples in comparison to the Mixe (Z > 3). See Figure 

S6 for the remaining four ancient individuals tested
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FIGURE 4. 
Population structure diversity of the ancient individuals of the Americas across space 

and time. (a) Scatter plot depicting that ancestral component diversity in a cohort is 

unaffected by their genomic coverages. (b–d) violin plots showing the distribution of 

ancestral component diversity across different geographies within the Americas, across 

various countries of the Americas, and over time, respectively. Cal BP means calibrated age 

before present. These plots (a–d) only include the 137 ancient samples with estimated age 

that were analyzed in the final ADMIXTURE runs
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FIGURE 5. 
Genomic relationships of the ancient individuals of the Americas. (a) PCA results of PC1 

versus PC2 showing that the ancient individuals fall between present-day populations from 

the Americas and Central Asia/Siberia. The gray scale is proportionate to the level of 

genomic coverage in the ancient dataset. (b and c) Further dimensionality reduction with 

UMAP and t-SNE, respectively, using 10 PCs as input. Ancient individuals with lower 

coverage tend to fall at some distance from present-day individuals from the Americas, 

with a few exceptions.(d) Zoomed in t-SNE results showing specific ancient individuals of 

relatively high coverage clustering with present-day individuals from Central Asia/Siberia, 

putatively representing an ancient Beringian ancestry. (e) Hypothesis for dispersion of 

ancient Beringians in North America.
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