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In brief

Capodiferro et al. reveal extensive
genomic variation in Ashaninka from
Amazonian Peru. Their gene pool testifies
to south-north migration(s) across South
America linked to the spread of the
Arawakan language family, which
reached the Caribbean in the Early
Ceramic Age. Ashaninka differentially
interacted with Andean and Pacific
Indigenous groups.
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SUMMARY

Despite its crucial location, the western side of Amazonia between the Andes and the source(s) of the
Amazon River is still understudied from a genomic and archaeogenomic point of view, albeit possibly
harboring essential information to clarify the complex genetic history of local Indigenous groups and their in-
teractions with nearby regions,' including central America and the Caribbean.®"'2? Focusing on this key re-
gion, we analyzed the genome-wide profiles of 51 Ashaninka individuals from Amazonian Peru, observing an
unexpected extent of genomic variation. We identified at least two Ashaninka subgroups with distinctive
genomic makeups, which were differentially shaped by the degree and timing of external admixtures, espe-
cially with the Indigenous groups from the Andes and the Pacific coast. On a continental scale, Ashaninka
ancestors probably derived from a south-north migration of Indigenous groups moving into the Amazonian
rainforest from a southeastern area with contributions from the Southern Cone and the Atlantic coast. These
ancestral populations diversified in the variegated geographic regions of interior South America, on the
eastern side of the Andes, differentially interacting with surrounding coastal groups. In this complex scenario,
we also revealed strict connections between the ancestors of present-day Ashaninka, who belong to the
Arawakan language family,'® and those Indigenous groups that moved further north into the Caribbean,
contributing to the early Ceramic (Saladoid) tradition in the islands.'*'®

RESULTS AND DISCUSSION

The low amount of genomic data on the Indigenous communities
living in Amazonian Peru points to a higher homogeneity than in
the Andean and coastal groups, likely due to extended isolation
periods." On the other hand, the expansion of the Arawakan lan-
guage family, widely spoken in the area, has been characterized
as adiaspora,'®'” which could also be connected to the Saladoid
pottery tradition in the Caribbean in the Early Ceramic Age,'*'®
while others explain the linguistic diffusion with cultural processes

4')
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Updates

mediated by trade.® To give a fine-grained description of the de-
mographic dynamics in the Amazon, and to search for demo-
graphic signatures of expansion behind linguistic and cultural
packages, we genotyped Indigenous individuals from the largest
Arawakan-speaking group from Amazonian Peru, the Ashaninka.

Datasets

After quality control and kinship analyses (STAR Methods), the
genome-wide profiles (obtained with the Affymetrix Human
Origin 600K chip) of 44 unrelated Ashaninka individuals were
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Figure 1. Population genetic structure and clustering analyses
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(A) PCA of modern and ancient South American Indigenous people. Ancient and masked data were projected on the variability of the ulA245 dataset.

(B) ADMIXTURE plot on the r'WD1604 and aDNA552 datasets at K16; the average value is reported for each group.

(C) fineSTRUCTURE tree and TVD heatmap based on the results of CHROMOPAINTER analysis on the ulA245 dataset. In the tree, the specific Ashaninka
branch includes only the Ashaninka1 and Ashaninka2 subgroups, while Ashaninka3 individual is part of the PeruNorthCoast cluster, as detailed in Figure S1D and

Data S1A.

(D) TVDs of Ashaninka individuals (squares) and average values (circles) are shown against each of the clusters identified in the fineSTRUCTURE tree.

obtained (Data S1A) and merged with available genomic data
from modern and ancient individuals (Data S1B) to create
different datasets. Starting from a worldwide dataset of 1,604
modern individuals (rWD1604), we extracted two subsets:
ulA245, which included 245 individuals with more than 95%
Indigenous American (IA) components, and ulA95, with 95 indi-
viduals with less than 1% African and 2% European ancestries.
The non-Indigenous components of the Indigenous individuals
excluded from these two subsets were then masked while
the remaining SNPs were used to build a third dataset with
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579 individuals (mIA579). Finally, a fourth dataset (aDNA552)
included genomic data from 552 ancient Siberian and American
individuals to better dissect the genetic history of the Ashaninka
within the Americas (see STAR Methods for further details).

Genomics insights into the Ashaninka Indigenous group
Population genetic structure

The 44 genome-wide profiles of Ashaninka are stretched along a
specific cline of variation in the principal component analyses
(PCAs) of allele frequencies and haplotypes from the ulA245
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Figure 2. Population demographic inferences
These analyses were performed on the ulA245 dataset.

(A) Proportion of the total length of small (<1.6 Mb) and large (>1.6 Mb) ROHs for each individual.
(B) Number and average length of long ROH (>1 Mb) per each individual considering four bins of average ROH lengths.
(C) Density of the intrapopulation average total length of shared IBD blocks in Indigenous groups, considering nine bins of IBD lengths.

dataset (Figures 1A, S1A, and S1B) and reveal a less genetically
homogeneous group than expected. It is possible to identify
at least two major genetic subgroups, numerically ordered
(based on the numerosity of individuals) as “Ashaninkal” and
“Ashaninka2.” These two main groups have different propor-
tions in the ADMIXTURE components (Figures 1B and S1C),
and despite clustering together in the fineSTRUCTURE tree
(Figures 1C and S1D), they show a different distance (measured
as total variation distance [TVD] on the “chunkcount” output of
CHROMOPAINTER) toward the other clusters, especially in
South America (Figure 1D). Two additional individuals, labeled
as “Ashaninka3,” are characterized by a genetic profile more
related to other Indigenous groups from South America and clus-
ter within the Peru North Coast group (Figures 1C and S1D).
As for the impact of colonialism, the ADMIXTURE plots (on
unmasked datasets) show that the Ashaninka have a low non-
Indigenous component in their genomes (Figure 1B). We esti-
mated that 77% of Ashaninka1 individuals, 33% of Ashaninka2,
and one Ashaninka3 have more than 95% Indigenous

components. It is worth mentioning that one individual, self-iden-
tified as Ashaninka (AD165; Data S1A), showed an almost com-
plete European genomic profile (labeled as “Ashaninka_EU” in
Figure 1B) and was not considered for further analyses on the
Indigenous component(s).

Demographic analyses

Demographic reconstructions further mark different profiles within
the Ashaninka population. The runs of homozygosity (ROHs; DNA
fragments with homozygous genotypes; Figure 2A) show a
characteristic profile for the Ashaninka3 individual (the only one re-
tained in the ulA245 dataset), with a few short ROHs and almost no
long ROHSs, which might suggest very recent admixture events.'®
Considering these signals and the low representation in our data-
sets, Ashaninka3 data were excluded from further analyses. As for
the other two genetic subgroups, Ashaninka1 shows a higher num-
ber of long ROH fragments than Ashaninka2. In three Ashaninka1
individuals, the total length of large ROHs is very high, comparable
to populations who experienced prolonged isolation and consan-
guinity, such as those from Amazonian Brazil and eastern

Current Biology 33, 1573-1581, April 24, 2023 1575
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Panama®?° (Figure 2A). This is also confirmed by the distribution of

ROH fragments longer than 1 Mb (Figure 2B), where Ashaninka1 in-
dividuals show a higher number of fragments between 4 and 10 Mb
than Ashaninka2, and some of them also retained ROHs in the next
bin (10-20 Mb). This testifies to a high level of consanguinity in
Ashaninkal and suggests a different demographic history for
Ashaninka2.

The IBD (identical by descent) fragments shared within each
Indigenous fineSTRUCTURE cluster do not show very high
peaks in the Ashaninka, confirming a high genetic variation
(Figure 2C), with Ashaninka1 driving the shape of the IBD distri-
bution of the overall Ashaninka cluster. This analysis excludes
a significant recent bottleneck for the Ashaninka, while it is still
detectable for the Brazilian Amazonian and Isthmo-Colombian
populations, thus suggesting the origin of the subgroups identi-
fied in this work is not very recent.

Genetic connections of Ashaninka on a continental
scale

In the South American PCA (Figure 1A), the Ashaninka subgroups
show an outlier position, plotting at one edge of the first principal
component along an Amazonian cline driven on the other end by
Brazilian Amazonian groups. It is worth mentioning that the Asha-
ninka pattern is also confirmed when excluding the Brazilian
groups. The populations closest to the Ashaninka are from north-
ern Peru and Colombian Amazonia (Loreto, Cocama, and
Wayku). Those from Brazilian Amazonia (i.e., Surui and Karitiana)
are separated by the first component and show a different ge-
netic pattern when increasing the number of clusters in the
ADMIXTURE analysis (Figure S1C). At K16 (Figure 1B), the
Amazonian component (in red), present since K13 and modal in
the Ashaninkal, is lost in the Amazonian Brazil groups (Karitiana
and Surui), which are characterized by a different (dark green)
component. Both Amazonian components are poorly repre-
sented among the ancient American individuals. Such a
genetic distinctiveness of the Ashaninka is also confirmed by
the fineSTRUCTURE Indigenous tree (Figure 1C), where
the Ashaninka cluster (including Ashaninkal and Ashaninka2)
branches before the other American clusters, with the exclusion
of the Isthmo-Colombian ones. The TVD of the Ashaninka individ-
uals (and the subgroup average) from the fineSTRUCTURE clus-
ters (Figure 1D) shows the proximity of Ashaninka with PeruBrazil
(which includes Loreto and Cocama) followed by Wayku and
ColombiaArgentina. These connections are further supported
by the high level of IBD sharing (Figure S2A).

The OrientAGraph maximum likelihood tree, the outgroup-f3-
based neighbor-joining tree, and the multidimensional scaling
(MDS) plot (Figures S2B-S2D) also point to genetic closeness
among the populations from Amazonian Peru. Moreover, in
the outgoup-f3-based analyses, which also include ancient
DNA data, these connections are extended to individuals
associated with the Caribbean Ceramic culture'®'" to form an
“AmazoniaPeruCeramic” macro-group, separated from the other
Peruvian groups. In the MDS, Peruvian and non-Peruvian groups
living in territories eastern to the Andes plot along the left bottom
“eastern” cline, which is eventually led by the Caribbean Ceramic
populations.

This trend is confirmed by formal f-statistics approaches. The
highest level of shared genetic history of both Ashaninka1 and
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Ashaninka2 is with the modern Amazonian Peru groups of Loreto
and Wayku, and with the ancient Ceramic Caribbean (Figure 3;
Data S2). As for the genetic relationships with populations living
on the two sides of the Andes, Ashaninka2 shows greater prox-
imity than Ashaninka1 with the western side. On the other hand,
Ashaninkal has a stronger proximity to the eastern part of the
continent, reaching the coast of Brazil (i.e., Piapoco and UKaa-
por). The f4-statistics, in the form (Ashaninka2, Ashaninkal;
Modern/AncientlA, Mbuti), confirms this trend (Figure 3) mainly
when only ancient individuals are considered, as shown, for
instance, by the significant relationship between Ashaninkatl
and the Argentinian individuals from the Laguna Chica site. The
stronger eastern connections of Ashaninka1 with modern popu-
lations and ancient individuals from Colombia, Amazonian Brazil,
the Atlantic coast, and the Southern Cone are also confirmed with
respect to other Amazonian Peru groups (Figure S3A). On the
other hand, some ancient individuals from the Pacific coast
contributed more to the current gene pool of Ashaninka2.

Another interesting difference between the two Askaninka sub-
groupsis their relationships with ancient Caribbeans (Figure S3B).
Ashaninkal shows more shared drift than Ashaninka2 with the
Ceramic Caribbean individuals, but not with the Archaic Carib-
bean ones. It is worth mentioning that the VenezuelaCeramic ge-
netic cluster shows stronger proximity with the populations of the
Isthmo-Colombian area, thus suggesting gene flows from Central
America to Venezuela.

Taking into account the genetic findings reported so far, the or-
igins and relationships of the two Ashaninka subgroups, as genet-
ically defined here, were further explored and compared to South
American and Caribbean ancient genomes through admixture
graph modeling with gpGraph (Figures 4 and S4). The best fitting
models, statistically supported by the worst f4 Z score below |3],
describe the Ashaninkal as deriving from a branch in common
with the ancient genomes from the Southern Cone and separated
by those from the Pacific Coast and the Central Andes. Ancient in-
dividuals from the Caribbean islands also derive from the same
branch. This model reveals a slight (2%-5%) peculiar contribution
from a node that precedes Ancient Beringia (USR_11500) in the
Archaic Caribbeans. A signal from North America in the Archaic
Caribbean has already been highlighted and discussed in previous
studies.’™"" We tested different models, including the most
ancient groups from North, Central, and South America, to verify
if this contribution could be associated with a North American
migration to the Caribbean Island. We have not found any prefer-
ential trend among the different ancestries of North America (Early
San Nicolas and Spirit Cave) and with respect to Central America
(Ancient Panama) and South America (Lapa Do Santos) groups
(Figure S4C). Our results suggest that this signal can be associated
with the first peopling of the Americas® rather than a specific North
American ancestry (see also STAR Methods for further details).
Concerning the Ashaninka subgroups, we revealed a significant
gene flow from the ancestors of Ashaninka1 into the Caribbean
Ceramic Age genomes (Figure 4). We propose that it might repre-
sent a migration from southern South America that contributed to
the ancestral gene pool of the Ashaninka and other non-Brazilian
populations of Amazonia and ended up in the Caribbean, eventu-
ally admixing with the local Archaic populations and contributing to
the Ceramic transition onthe islands. The legacy of this gene flow is
primarily evident in the Ashaninka1 individuals, while a different
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Figure 3. F-statistics on the Ashaninka genetic subgroups

A comparison of the different genetic relationships of Ashaninka1 and Ashaninka2 with other IA groups. The upper panels include only modern groups (ulA95 plus
mlA579), and all SNPs were used. In the lower comparisons the ancient groups were included (ulA95 plus aDNA552), and only transversions were used. All
outgroup-f3 comparisons have a Z score > 3 and were calculated with at least 30,000 SNPs. Population groups are colored according to the genetic clusters of

Figure S2C. See also Data S2 for details.

(more recent) contribution (16%-38%) eventually shaped the ge-
netic makeup of Ashaninka2. The proposed scenario was also
tested using modern groups that speak an Arawakan language
(Ashaninka, Chane, Piapoco, and Wayuu) or that have a different
geographic origin (Chipewyan from North America and Puno
from the Andes) (Figure S4D). In this model, the early spilit of the Ar-
gentinian group from a node in common between Ashaninka1 and
other Arawakan groups confirms our hypothesis of a migration
from the south. Moreover, among the modern groups, the Asha-
ninkal shows the highest shared genetic drift with the Ceramic
Caribbean groups (taken separately or merged into one group; Fig-
ure S3B). Therefore, the Ashaninkal ancestors were probably
involved in a south-north migration toward the Caribbean in the
Early Ceramic Age that was previously suggested by other
genomic studies'®'? and supported by archeological/linguistic
findings. ' 16

Conclusions
The genetic structure of the Americas has been shaped by mul-
tiple waves of migration, leading to admixture events challenging

our ability to reconstruct its genetic history.” > Besides a mac-
rogeographic approach, studies focused on specific Central and
South American regions and/or IA groups have been paramount
to adding knowledge on this issue.®?® As for Peru, where cultural
and linguistic diversity is very high, genetic studies with extant
Indigenous and rural communities have contributed to disentan-
gling fine-scale population dynamics'™ complementing ancient
DNA records that cover more than 10,000 years.*® However,
most available data are from the coast, leaving the Peruvian
side of Amazonia, east to the Andes, still understudied from a
genomic and archaeogenomic point of view, albeit possibly
harboring fundamental information to clarify the complexity of
South American genetic history and the origin and variability of
its present-day populations. In this work, we analyzed the DNA
of self-identified Ashaninka individuals from the Peruvian
Amazon region of Pasco. Our genome-wide analyses unveiled
at least two different genetic subgroups within the (relatively
isolated) Ashaninka population, testifying to the heterogeneity
of Indigenous groups, each possibly retaining the legacy of
different genetic histories and wide interactions. The two
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Final gpGraph model obtained using only the transversions retained after merging ulA95, mIA579, and aDNA552 datasets. The genetic groups reported in the
graph include all populations with at least 55% transversions and two samples in the datasets (Tables S1 and S2). “PacificAndes” and “AtlanticSouthernCone”
(representing nine and four populations, respectively) are defined in Figure S2C. The model has also been verified by replacing these two groups with others
(Figure S4B). The matrix reports the worst f4 Z scores for each combination, while minimum and maximum values for each branch have been added in the
admixture graph. The map on the right summarizes the proposed model of a south-north migration of Indigenous groups moving into the Amazonian rainforest

and contributing to the early Ceramic (Saladoid) tradition in the Caribbeans.

Ashaninka subgroups genetically defined here, even if retaining a
certain degree of genetic similarity (e.g., clustering together in
the fineStructure tree; Figure 1C), show specific features and
different relationships with the surrounding populations. The ge-
netic subgroup Ashaninkal probably remained more isolated,
while the other subgroup, Ashaninka2, probably experienced
more interactions with the populations that lived on the slopes
of the Andes and on the Pacific coast. The gene pool of two addi-
tional individuals (Ashaninka3) probably derives from a recent
admixture. These data show that the Indigenous groups from
the inner part of South America, including the Ashaninka, are
less homogeneous than previously assumed with uniparental
markers”*® or with other datasets. This complexity is also evident
when exploring the demographic evolution over time. Asha-
ninka1 has longer and more abundant homozygosity fragments
than Ashaninka2, suggesting a higher degree of consanguinity.
On the other hand, the analogous pattern shown by the IBD frag-
ments could be the result of a similar demographic impact of the
European contact.

The subgroup Ashaninka1 probably experienced fewer influ-
ences from the Pacific coast, largely retained its ancestral
genetic makeup, and can be associated with the early Ceramic
cultures in the Caribbean islands. Therefore, we can hypothesize
that the Ashaninka ancestors, likely arriving from the south,
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moved further north and contributed to the gene pool of the
Caribbean people since Ceramic times, without leaving detect-
able signs among other Ceramic groups in South America
(e.g., in Venezuela), who instead seem to have been influenced
by the Isthmo-Colombian area. The connection with Ceramic
Caribbean is also detectable in another Arawakan group, the Pia-
poco from Colombia. A specific Arawakan-Caribbean link has
been previously suggested by genetic studies,’® but then
extended to a wider range of South American populations.''"2°
Archaeological and anthropological studies propose that the
Caribbean Ceramic Age began when Arawakan-speaking
peoples from lowland South America introduced novel ceramic
industries and intensive agricultural technology to the archipel-
ago,'* as attested by the first Antillean Ceramic cultures Saladoid
and Barrancoid.?’ Briefly, our final model (summarized in Figure 4
and supported by other analyses, e.g., Figures 1D, 3, and S2C)
describes the Ashaninka gene pool as the result of a gene flow
from southeastern South America. This initial migration from the
south probably involved a large part of the continent to the east
of the Andes, from the Southern Cone to the Amazon basin. Even-
tually, the ancestral populations diversified in the variegated
geographic regions of the interior, differentially interacting among
themselves and admixing with local and neighboring groups. The
legacy of this original gene flow is clearly detectable in the
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present-day Ashaninkal subgroup, which also testifies to a ge-
netic connection with the Caribbean Islands since the Ceramic
times. This northward migration probably involved the sub-
group(s) that diffused the Arawakan of the Arawakan Caribbean
and Palikuran branches from the upper Negro and Orinoco River
going northward into the Caribbean-Atlantic Area.'® As we
cannot point at a specific demographic signature exclusive of
the Arawakan speakers, these demographic movements could
have included interactions with other Amazonian language fam-
ilies. Some of the Ashaninka ancestors that remained in the
Amazonian Peru had more recent interactions with Indigenous
groups from the Andean and Pacific regions. These admixture
processes, also confirmed by historical records on interactions
before and during the Inca empire,*® differentially shaped the cur-
rent gene pools of the two genetic subgroups identified in this
study.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Genotype data of 51 Ashaninka individuals This study EGA: EGAS00001006958

Software and algorithms

PLINK v1.9

KING

ANGSD
ADMIXTURE v.1.23
AdmixTools v.4.1

Purcell et al.”®

Manichaikul et al.*°

Korneliussen et al."

Alexander et al.*?

Patterson et al.>*

https://www.cog-genomics.org/plink/1.9/
https://kingrelatedness.com/
http://www.popgen.dk/angsd/index.php/ANGSD
https://dalexander.github.io/admixture/
https://github.com/DReichLab/AdmixTools

RFMix v.2 Maples et al.>* https://github.com/slowkoni/rfmix

EIGENSOFT v.7.2.0 Patterson et al.>® https://github.com/DReichLab/EIG

PHYLIP v.3.6 Felsenstein®® https://evolution.genetics.washington.edu/phylip.html

ADMIXTOOLS 2 Maier et al.®’ https://ugrmaie1.github.io/admixtools/index.html

OrientAGraph v.1.0 Molloy et al.*® https://github.com/sriramlab/OrientAGraph

CLUMPAK Kopelman et al.*° http://clumpak.tau.ac.il/

DISTRUCT Rosenberg’® https://rosenberglab.stanford.edu/distruct.html

SHAPEIT v.2 Delaneau et al.”’ https://mathgen.stats.ox.ac.uk/genetics_software/
shapeit/shapeit.html

CHROMOPAINTER v.2 Lawson et al.*? http://www.paintmychromosomes.com/

fineSTRUCTURE v.2 Lawson et al.*? http://www.paintmychromosomes.com/

Refined-IBD v.17Jan20.102 Browning and Browning*® http://faculty.washington.edu/browning/

refined-ibd.html

Tableau https://www.tableau.com/ https://www.tableau.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Alessandro
Achilli (alessandro.achilli@unipv.it).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Genotype data have been deposited in the European Genome-phenome Archive (EGA; hitps://ega-archive.org/) and are available for
download under the accession number listed in the key resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The Ashaninka Indigenous group

The Ashaninka is the largest among the 51 Indigenous groups currently living in Amazonian Peru.** Ashaninka people inhabit most of
the selva central, from the eastern slope of the Andes mountains to Yurua in the Ucayali Region.® In 2017, according to the results of
the national census of Indigenous communities, there were identified 520 Ashaninka communities throughout seven Peruvian re-
gions,*® including the Pasco region.** According to historical documents, the Ashaninka population bartered with Andean people
before and during the Inca empire.”® In addition to the documented trade exchanges, ancestral practices of Andean origin are evident
in the textile work and use of wind instruments of the Ashaninka.*” Their language belongs to the Arawakan family. Contact with the
Europeans started in the 17th century*® and produced a significant decrease in the population size, mostly due to diseases “im-
ported” from Europe during the exploitation of the conquerors.*® The resistance of the Ashaninka people and other Amazonian
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populations headed by Juan Santos Atahualpa limited the Spanish invasion of their territories in 1742. More recently, the reduction of
the Indigenous territories in favor of commercial activities and the Peruvian civil wars led to the displacement and dispersal of the
Ashaninka groups.*® A mitochondrial DNA (mtDNA) study on the 41 Ashaninka communities in the Pasco region revealed a low ge-
netic input of non-Indigenous maternal lineages, with the macro-haplogroup D being the most represented one (32%).” As for the
paternal lineages, the Y-STR profiles belong to the Indigenous American haplogroup Q and show a significant genetic distance
from other Peruvian Indigenous groups.®

Ethics and community engagement

This multidisciplinary study was possible with the support of local authorities and Indigenous peoples of Peru and centrally involved
Peruvian co-authors (AMCO and DHTT) with years of experience in population genetics analyses. The DNA samples were already
available from previous works on uniparental markers.”*® Written informed consent for genomic studies was obtained from all volun-
tary participants under strictly confidential conditions. Community consent was also obtained from the Association of Ashaninka
Communities of Valle del Rio Pichis, Puerto Bermudez District, Province of Oxapampa, Pasco region in Peru. The project was ex-
plained to Indigenous community leaders and designed to maximize opportunities for public engagement, as for our recent work
on other Indigenous groups.® All experimental procedures were reviewed and approved by the Ethics Committee for Clinical Exper-
imentation of the University of Pavia, Board minutes of October 5th, 2010, and April 11th, 2013.

METHOD DETAILS

Genome-wide data from Ashaninka individuals
Biological samples were collected in the region of Pasco (Peru) from healthy adults that self-identified as belonging to the Ashaninka
Indigenous group. The DNAs had already been extracted for previous works on uniparental markers.”'® For this study, 96 DNA sam-
ples were genotyped with the Affymetrix Human Origin 600K chip at the Institute of Healthcare Research in Santiago de Compostela
(CEGEN).

The genotypes of 51 individuals that passed the quality control (call rate >95%) were converted into PLINK files. Variants and in-
dividuals with a missing rate higher than 2% were filtered out. Kinship was inferred using KING*° to exclude related individuals (relat-
edness cutoff of second degree). A final dataset of 44 individuals (460,589 SNPs) was used for downstream analyses (Data S1A).

QUANTIFICATION AND STATISTICAL ANALYSIS

Comparative datasets

The new Ashaninka genome-wide data were compared with a published worldwide dataset (N = 1,560) of modern high-coverage
sequences or genotypes obtained with the Human Origin chip (Data S1B), as in Capodiferro et al.® The Ashaninka and the published
genomic profiles were merged using PLINK 1.92° and filtered for individuals and SNPs, as reported above. A total of 1,604 individuals
and 409,084 SNPs were eventually kept (rWD1604).

The SNPs of the r'WD1604 dataset were called from an ancient DNA (aDNA) dataset of 569 Siberian and American individuals (Data
S1B) using ANGSD®" with the haplocall 1 option, which picks a random read starting from an input set of reads, and gives back
pseudo-haploid calls, homozygous for each SNP called. The aDNA dataset was merged with the rWD1604 dataset and then
SNPs having less than 60% of missing data —geno 0.60) and individuals with less than 98% of missing data (-mind 0.98) were
retained.’*° These filters retained an ancient dataset of 552 (aDNA552) individuals with at least 10,000 SNPs covered (Data
S1B).%° The final dataset encompassed 2,156 individuals and 409,084 SNPs.

The Ashaninka individuals were genetically grouped in two genomic clusters numerically ordered as Ashaninkal and Ashaninka2
based on the number of individuals that belonged to each cluster: 32 and nine, respectively, in the rWD1604 dataset. Genetic
grouping, as well as the selection of individuals with low non-Indigenous components (ulA246 and ulA96), was initially based on
ADMIXTURE analyses including only modern individuals. The Ashaninka clusters were confirmed by different analyses: several
PCAs pointed to different subgrouping (Figures 1A, S1A, and S1B), the fineSTRUCTURE tree revealed specific sub-branches (Fig-
ure S1D); finally, TVD analyses confirmed different interactions with other population clusters (Figure 1D). This genetic clustering was
also confirmed by an additional PCA and a Neighbor-Joining tree based on outgroup f3-statistics, which were performed considering
only Ashaninka individuals (data not shown).

In our analyses, we excluded individuals genotyped with the lllumina array in order to not reduce the number of markers in our data-
set. In fact, when including the previously published Ashaninka genotyped with the HumanOmniExpress 1.1 BeadChip,®' the number
of SNPs decreased from 409,084 to 92,884. However, we performed explorative analyses (PCA and ADMIXTURE) including these
data, which confirm different genetic profiles in the Ashaninka, the most frequent one overlapping with Ashaninka 1, while only
one individual shows similarity with Ashaninka 2.

“Nearly unadmixed” Indigenous American (ulA) datasets

Modern American populations contain heritage from several continents in their genomes due to the impact of European colonization
and the associated African slave trades.®” Therefore, the study of Indigenous American genomic history requires the selection of a
subset of individuals containing a high amount of Indigenous American ancestry. To this end, three independent analyses were
performed.
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ADMIXTURE. We run the software ADMIXTURE v.1.23°? both in an unsupervised and supervised manner (see ‘ADMIXTURE’ sec-
tion) on the modern rWD1604 dataset. We considered the individuals of the previously reported “ulA89” dataset® as the IA panel in
the supervised run.
f4 statistics. We applied f4 statistics®® in the form: f4(ancientindigenous, X; Europe/Africa, Mbuti). The ‘Ancientindigenous’ used
were five ancient high-coverage genomes representing different time periods and locations in the American continents (Anzick_1,
Ayayema, Sumidouro5, SpiritCave, Taino).
Local ancestry (LA).
The LA analysis was performed using RFMix v. 2.°* The individuals that passed the first two steps were included in the reference
panel representing the Indigenous American ancestry, while African and European individuals from rwWD1604 were used as a panel
for the African and European ancestries, respectively.

Two datasets were selected, merging the results of all three analyses previously described.

® ulA245 encompassing individuals with less than 5% of non-Indigenous American ancestry in the Admixture and LA analyses
and a Z-score lower than [3| in the f4 analysis. This dataset includes 28 Ashaninka individuals, 24 from Ashaninka 1, and three
from Ashaninka2.

® ulA95 encompassing individuals with less than 1% of African and 2% of European components in the Admixture and LA an-
alyses and a Z-score below 2| in the f4 analysis. This dataset includes 6 Ashaninka individuals.

Masked non-Indigenous American (mlA) datasets

The 579 individuals excluded from the ulA datasets have been masked for the non-IA components. The results of RFMix reported in
the “viterbi” file were considered for masking. For each haplotype, the SNPs not classified as IA or with a probability of being IA <0.9
have been removed. The final dataset of masked individuals (m579) contains pseudo-haploid individuals where the haplotypes of
each individual are kept separate (1,158 pseudo-haploid individuals).

PCA and f-statistics

PCA and f-statistics were performed with EIGENSOFT v7.2.0°° and AdmixTools v4.1,°® respectively, using default parameters if not
explicitly reported. In the PCAs, ancient and masked data were projected onto the modern variation (ulA245) with the Isgproject and
autoshrink options in smartpca. For the f-statistics, the ulA95, the ancient (aDNA552), and the masked (m579) datasets were used.
Whenever ancient individuals were included in the analyses, only transversions were used, and to include the comparisons in the
results, a minimum threshold of 30K SNPs was considered. The neighbor joining (NJ) tree was built using the program PHYLIP
3.6°° on a distance matrix generated with the inverse of the outgroup-f3 statistics (1/outgroup-f3), while the Multidimensional Scaling
was built with the R function cmdscale on a distance matrix based on the 1-outgroup-f3. For these analyses, only those populations
that retained at least 55% of transversions were considered.

qpGraph

Considering the absence of ancient genomic data from individuals who have lived in the Amazonian rainforest, we selected a group of
representative ancient genomes from the Caribbean and from the two coasts of South America. Population selection was based on
findings from other analyses and the number of individuals and SNPs.

® Lauricocha_5600, which is closer to Ashaninka2 than Ashaninka1 in the outgroup-f3, has only one individual and a SNP miss-
ingness of 47% on the set of variants included in our dataset. For this reason, to represent the Pacific coast, the Laurico-
cha_8600 group, which has 3 individuals and 19% of SNP missingness, was chosen.

® Taking into account the availability of a few ancient genomic data from the Atlantic side and none from South America inland,
we used the FuegoPatagonian_200 dataset, which includes one and four individuals from Patagonia and Tierra del Fuego,
respectively, and has 21% of SNP missingness. In the outgroup-f3 analysis, LagunaChica_1600 is closer to Ashaninkal
than Ashaninka2 but contains one individual with 52% missingness, so it was excluded from the qpGraph analysis, as well
as LagunaChica_6800 which has 3 individuals but a 63% of missingness.

® To represent the Caribbean Islands, we used all individuals already classified as belonging to Archaic and Ceramic periods. '

® USR_11500 has been selected as the ancestral source for the IA ancestries.

ADMIXTOOLS2®” software was used to automatically generate a tree with a number of admixture events from 1 to 5 (Figure S4A).
From the 100 replicates obtained the tree with the best score was chosen, which was then manually investigated using the classic
qgpGraph and considering the analyses already carried out (Figure S4B).

The red lines in Figure S4B are the waves modified to reach the final tree.

® A migration of 0% from a nonlA migration in Ashaninka
® Moving the migration from South America to Caribbean Ceramic closer to Ashaninka1
® Removing the migration of 1% from Archaic Caribbean to Ashaninka2
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After this process, a very solid model (Figure 4) has been obtained (worst Z-score -1.321), which summarizes the information
collected by various analyses in this work. This model was verified at the continental level by replacing the two representatives of
the Pacific Coast and the Andes as well as the Southern Cone with other groups clustering together in the outgroup-f3 NJ tree
and having at least 2 samples. The Z-score matrix for each of these comparisons is reported in Figure 4.

In order to verify the origin of this signal from a node before Ancestral Beringia (USR) into Archaic Caribbean, we tried to construct a
more complex gpGraph model that includes ancient groups from North (ASO-Ancient South Ontario, ESN-Early San Nicolas,
SpiritCave), Central (Ancient Panama) and South (LapaDoSantos) America (Figure S4C) to test the possibility of a dispersal from
North America into Archaic Caribbean.® It is worth reminding that ASO represents a northern Native American ancestry (NNA), while
the others could be connected to an Indigenous ancestry that spread also to South America (SNA). Our results show a similar Z-score
when the contribution starts from ESN or ASO. When we split NNA from SNA and branched the contribution to the Archaic Caribbean
from SNA, we observed a consistent tree when considering the North (Spirit Cave) and Central (Ancient Panama) America. In a more
complex tree including NNA and both ESN from North America and Lapa Do Santos from Brazil together, we do not need to add the
additional branching event from North America in the Archaic Caribbean. Therefore, the extra contribution in the Archaic Caribbean in
Figure 4 does not seem to be related to an early branching in North America but likely to the early peopling of the entire double conti-
nent, marked by the SNA1 ancestry defined in Capodiferro et al.’

Finally, to verify the model proposed in Figure 4 using comparative ancient genomes, we built a gpGraph tree based only on mod-
ern groups (Figure S4D) associated with Arawakan language (Ashaninka, Chane, Piapoco and Wayuu) or with a different origin
(Chipewyan from North America and Puno from the Andes). This model, built including all SNPs, confirms the one obtained on ancient
data, with the Chane group from Argentina diverging from a node in common with the other Arawakan groups, suggesting a migration
from the south. It seems that the Wayuu need a further non-Arawakan contribution that should be further investigated due to the
paucity of genetic data (only one individual) in our comparative dataset (Data S1B).

OrientAGraph

The maximum likelihood network orientation was obtained running OrientAGraph®® on the pruned dataset ulA95 using TSI, CHB and
YRI (Tuscans, Chinese Han and Yoruba) as outgroups. Five migration edges were tested (from 0 to 4) with noss and -global param-
eters active in TreeMix.

ADMIXTURE
The unsupervised Admixture analyses were performed using ADMIXTURE v.1.23%? on different pruned (-indep-pairwise 200 25 0.4)
datasets encompassing modern (r'WD1604) and ancient (aDNA552) individuals. 10 independent runs were performed for each K
(from 2 to 20).

In the supervised Admixture, at K3, the individuals previously reported having less than 1% of African and 2% of European com-
ponents (ulA89 dataset in Capodiferro et al.9) have been used as IA reference, while the African and European individuals in the
rWD1604 have been used as representative of African and European ancestries, respectively.

The runs were combined using CLUMPAK (Cluster Markov Packager Across K)*° and the K aligned with DISTRUCT.® The lowest
average value of the cross-validation (cv) error is at K13, but without any significant differences from K13 to K16 (Figure S1C). More-
over, considering that at K16 we can distinguish a specific component in the Amazonian Brazil group (in dark green), we have shown
the plot at K16 in Figure 1C.

Runs of homozygosity

Run of Homozygosity (ROH) analyses were performed on the ulA245 dataset using PLINK 1.9°° with default values. For each indi-
vidual, the total length of the ROH fragments smaller than 1.6 Mega bases (Mb) was compared with the total length of fragments
longer than 1.6 Mb.'® For each individual, the long fragments of ROHs (>1 Mb) were divided into four length bins (1-4 Mb, 4-10
Mb, 10-20 Mb, >20 Mb). For each bin, the average length of ROH fragments for each individual was plotted against the total number
of fragments.

Phasing
The rWD1604 dataset was phased using the Segmented Haplotype Estimation and Imputation tool SHAPEITv2"" and the HapMap37
human genome build 37 recombination map.

Local ancestry

RFMix** was used to estimate the local ancestry for genomic fragments. As source populations, Bantu, Esan (ESN), Gambia
(GWDwg), Mandenka, Mbuti and Yoruba (YRI) for Africa; Spanish (IBS), British (GBR), French, Icelandic and Tuscany (TSI) for Europe,
and Chipewyan, Kichwa Orellana, PaGUNA, Puno, Surui and Karitiana for Indigenous ancestry were used. The options PopPhased, -n
5 and —forward-backward were applied as recommended in the RFMix manual. Individuals with more than 2% of non-Indigenous
American ancestry (see “nearly unadmixed” Indigenous American (ulA) datasets section above) were masked, creating a PLINK
file with pseudo haploid data, in which, for each individual, the two phased haplotypes were separated (putatively called A and B) re-
taining only the fragment assigned as Indigenous (forwardbackward output with >0.9 of probability).
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CHROMOPAINTER & FINESTRUCTURE

The painting profile of the individuals in the ulA245 dataset was obtained with CHROMOPAINTERv2*? in an “all vs all” run. The recom-
bination (-n 136.630) and mutation (-m 0.00034) parameters were estimated on five randomly selected chromosomes (3, 7, 10, 18 and
22). The chunkcounts.out matrix output was used as an input file for fineSTRUCTURE. The software was run with three million MCMC
iterations, thinned every 10,000 and preceded by one million burn in iterations: -x 1,000,000; -y 3,000,000; -z 10,000; -t 1,000,000. The
MCMC file (.xml) was used to build the tree that was cut considering the number of individuals in each cluster (less than five) and the
Total Variation Distance (TVD <0.03) as elimination criteria.

Identity by descent

The IBD blocks shared in the ulA245 phased dataset were identified using Refined-IBD with default parameters.*® The IBD blocks
inside each cluster identified with fineSTRUCTURE were divided into 9 length bins,® and the cluster average of the pair’s total length
of IBD for each bin was plotted. To explore the IBD shared between clusters, only pairwise comparisons with more than one IBD
block were retrieved and the IBD number was adjusted for sample size by dividing by the product of the number of individuals in
the two clusters involved.?
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