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Significance statement 1 

To better understand the genetic relationship among Indigenous populations in Brazil, we sequenced 2 

the genomes of 24 ancient individuals (22 of which labelled as “Botocudos”, a term used to describe 3 

hunter-gatherer tribes) whose remains were hosted at the Museu Nacional of Rio de Janeiro prior to 4 

the tragic fire that consumed it in 2018. Unlike two previously published “Botocudo” genomes, the 5 

22 “Botocudos” from this study have Indigenous American-related ancestry without any Polynesian-6 

related ancestry, and they are similarly related to several Native Brazilian populations. Finally, unlike 7 

Eurasian hunter-gatherers, the “Botocudos” exhibit among the lowest heterozygosity and longest 8 

runs of homozygosity worldwide – compatible with a very small effective size and suggesting a unique 9 

social structure among hunter-gatherers in the Americas. 10 

Abstract  11 

Although Brazil was inhabited by more than 3,000 Indigenous populations prior to European 12 

colonization, today’s Indigenous peoples represent less than 1% of Brazil’s census population. Some 13 

of the decimated communities belonged to the so-called “Botocudos” from central-eastern Brazil. 14 

These peoples are thought to represent a case of long-standing genetic continuity bearing a strong 15 

craniometric resemblance to that of the oldest Indigenous Americans (“Paleoamericans”). Yet, little 16 

is known about their origins and genetic relationship to other Native Americans, as only two 17 

“Botocudo” genomes have been sequenced so far and those were surprisingly of Polynesian ancestry. 18 

To deepen our knowledge on the genomic history of pre-contact Indigenous Americans and the 19 

pathogens they were exposed to, we carbon-dated and sequenced 24 ancient Brazilians (including 22 20 

“Botocudos”) whose remains were hosted at the National Museum of Rio de Janeiro and recovered 21 

prior to the tragic 2018 fire. The resulting genomes’ depth of coverage ranged from 0.001× to 24×. 22 

Their genetic ancestry was found to be Indigenous American without gene flow from external 23 

populations such as Europeans, Africans or Polynesians. Unlike Mesoamericans, the “Botocudos” and 24 

Amazonians do not seem to have experienced a population expansion once in the Americas. 25 

Moreover, remarkably, their genomes exhibit amongst the lowest levels of heterozygosity worldwide 26 

and long runs of homozygosity, which could be explained by unique social practices or a very small 27 

effective size. Finally, whole genomes of likely ancient pathogens were recovered, including lineages 28 

of Human parvovirus B19 that were possibly introduced after the European contact. 29 

Introduction 30 

Despite decades of studies, the inferred human population history of South America and Brazil 31 

remains contentious. The number of human migration waves into the Americas, the population 32 

structure of the ancestral population(s) and the relationship between ancient and present-day people 33 

are yet to be fully characterized (Willerslev et al. 2021; Skoglund et al. 2016; Pickrell et al. 2014; 34 

Bolnick et al. 2016). For instance, it has been proposed that Indigenous Americans descend from a 35 

single founding population, and that ancient and present-day populations diverged by 23,000 years 36 

at most (Raghavan et al., 2015). Southern Indigenous Americans, including communities such as Yjxa 37 
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(“Karitiana”, Storto et al. 2021), and northern Indigenous Americans, including Athabascans-speaking 1 

populations, were inferred to have split about 15,000 years ago (ya) (Moreno-Mayar, Potter, et al. 2 

2018). Following this event, the populations constituting the southern Indigenous American branch 3 

seem to have diversified and moved rapidly across both North and South America within 4 

approximately two millennia (Moreno-Mayar, Vinner, et al. 2018; Posth et al. 2018). 5 

The earliest humans in the archaeological record of Brazil, the Lagoa Santa people in Minas Gerais, 6 

were descendants of the southern Indigenous American expansion and their skeletal remains have 7 

been dated to about 10,000 years old (yo) (Neves 2017). When compared to Native Americans (such 8 

as Mixe and Wixárika or “Huichol”), the Lagoa Santa people exhibit a higher genetic affinity to 9 

Australasian populations (Moreno-Mayar, Vinner, et al. 2018). It is highly debated whether this 10 

Australasian signal is evidence for genetic structure in the founding Indigenous American populations 11 

or if it reflects multiple independent migration events into the Americas (Moreno-Mayar, Vinner, et 12 

al. 2018; Raghavan et al., 2015; Skoglund et al. 2015). Furthermore, although this “Australasian signal” 13 

was initially found in present-day Amazonians (such as Yjxa and Paiter or “Surui”; Raghavan et al., 14 

2015; Skoglund et al. 2015), a recent study (Castro e Silva et al. 2021) has suggested that it is 15 

widespread in South America. 16 

At the time of the European contact around 1500 CE, it is estimated that about 3,000 indigenous 17 

communities inhabited Brazil’s territory (Pagliaro et al. 2005), covering an extensive linguistic 18 

diversity. For instance, Moore (2006) has classified 150 present-day languages into six major stocks: 19 

Tupi, Macro-Jê, Karib, Arawak, Pano and Tukano. Tupi and Macro-Jê speakers stand for a large part of 20 

the people speaking an Indigenous language in Brazil, with the Tupi-speakers embodying 32% of the 21 

population, and Macro-Jê speakers representing 23% of the surveyed population in 2010 (IBGE 2010). 22 

Tupi-speaking communities have been associated with agricultural practices and a sedentary lifestyle, 23 

while Jê-speaking peoples were organized in nomad or semi-nomad bands subsisting on a hunting-24 

fishing-gathering strategy. Tupi-speaking communities, especially those of the Tupi-Guarani branch, 25 

are better represented in archaeology, linguistics and genomics, with studies suggesting that their 26 

ancestors expanded from northwestern Amazon between 2,000 and 3,000 years before present (BP) 27 

(Castro e Silva et al. 2020; Galucio et al. 2015; Ramallo et al. 2013; Silverman et al. 2008; Walker et al. 28 

2012), with the Tupi-Guarani branch reaching southwest, northeast and coastal Brazil, becoming the 29 

predominant communities on the Atlantic coast (Paraíso 1992).  During this expansion, gene flow has 30 

been identified between Tupi-speaking and Jê-speaking populations from central Brazil (Castro e Silva 31 

et al. 2020). Less is known about the genomic history of Jê-speaking communities, but they have been 32 

reported to be more closely related to the 5,800-year-old Moraes (associated to “sambaquis” or 33 

shellmound constructions in southeast Brazil) and the 2,000-year-old Laranjal people (associated to 34 

sambaquis in southern Brazil) than the Tupi-speaking peoples are (Castro e Silva et al. 2020; Posth et 35 

al. 2018). 36 

Of the 3,000 pre-contact nations, it is estimated that only about 250 Indigenous communities, and 37 

approximately 70 uncontacted populations in Brazil still exist in 2021, altogether comprising between 38 

0.2% and 0.4% of the total Brazilian population (Azevedo 2018; IBGE 2010; Pagliaro et al. 2005). The 39 
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decline in Indigenous peoples has been in part attributed to the introduction of infectious diseases 1 

and armed conflicts with the European conquerors (Paraíso 1992; Steward 1949). During the 2 

European colonization of Brazil, many communities, mostly in Eastern Brazil, were referred to as 3 

“Botocudos” by the European settlers (Ehrenreich 2014; Paraíso 1992), and as “Aymorés” (meaning 4 

wandering enemies) by the Tupi-speakers of the Brazilian coast (Ehrenreich 2014; Paraíso 1992). It is 5 

thought that the so-called “Botocudos” (or “Aymorés”) were Jê-speaking hunter-fisher-gatherers 6 

(Ehrenreich 2014; Paraíso 1992). Although the term “Botocudo” was coined from the use of wooden 7 

disks (“botoques” in Portuguese) in lips and ears, it was used in a broad sense around the 18th century 8 

to refer to peoples that had not yet “assimilated” the European regime (Paraíso 1992). Thus, many 9 

descriptions of central-eastern Native Brazilians from the historical records are inaccurate or 10 

unspecific due to the generalized use of the term “Botocudo”. For instance, some authors relate, 11 

among others, the Pojixá, Naknanuk, Nakrehé, Krenak and Aranã as “Botocudos” (Ehrenreich 2014; 12 

Paraíso 1992). Except for the Krenak and Aranã peoples, the aforementioned “Botocudos” have been 13 

considered “extinct” following the introduction of harsh “assimilation” or “integration” policies in the 14 

19th century (Bieber 2014; Missagia De Mattos 2017; Paraíso 1992). However, despite a prevalent 15 

narrative of “Botocudos” not having present-day descendants (Gonçalves et al. 2010; Langfur 2002; 16 

Paraíso 1992), 3,159 people identified themselves as belonging to the “Botocudo” ethnicity in the 17 

2010 Brazilian demographic census (whereas 359 identified as “Krenak”, and 210 as “Aranã”; (IBGE 18 

2010). 19 

The study of past and present populations’ genomes has helped to throw light on their genetic history 20 

(Nielsen et al. 2017; Willerslev et al. 2021), as well as to demonstrate links to present day peoples 21 

(Schroeder et al. 2018), and to open up the possibility of repatriation of the remains of the studied 22 

individuals to their community of origin (Moreno-Mayar, Vinner, et al. 2018; Phillips 2019; Rasmussen 23 

et al. 2015; Wright et al. 2018). In addition to uncover aspects of human history, ancient DNA has 24 

been key to pinpoint the identity and spread routes of microbes across time (Bos et al. 2014; 25 

Majander et al. 2020; Mühlemann, Jones, et al. 2018; Rascovan et al. 2019). Nevertheless, vast 26 

regions in South America are underrepresented in genomic and metagenomic studies of present-day 27 

and ancient populations. For instance, in Brazil, genome-wide data has been generated for a few 28 

Indigenous nations, and only a handful of them have been shotgun-sequenced. Notably, most of 29 

those Indigenous populations are located along the Amazon basin (northern Brazil) and south of the 30 

Atlantic Forest (southern Brazil). As a result, the genetic history of Native populations from central-31 

eastern Brazil is largely unknown. Similarly, routine metagenomic screens from shotgun-sequencing 32 

experiments, which inform on the commonly circulating pathogens in a determined context, are 33 

scarce.   34 

The National Museum of Rio de Janeiro (Museu Nacional) hosted the skulls of 35 individuals which 35 

were collected mainly in the 19th century and labelled as “Botocudos”. Two “Botocudo” genomes from 36 

the collection were previously sequenced, surprisingly revealing that the individuals’ genetic ancestry 37 

was Polynesian without any gene flow from Indigenous Americans nor any other populations 38 

(Malaspinas et al., 2014). Yet, as only two genomes among the 35 were sequenced, several questions 39 

remained open, such as: (i) how common Polynesian ancestry was among the “Botocudos”. (ii) what 40 
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is the genetic relationship between “Botocudos” and ancient and present-day Native Americans, such 1 

as Tupi-speaking and Jê-speaking populations?; (iii) what are the patterns of genetic diversity in 2 

“Botocudos” and the resulting population and social structure of the “Botocudos” inferred from 3 

them?; (iv) is there any evidence for “Australasian” gene flow in the “Botocudos”, as reported in 4 

ancient (Lagoa Santa) and present-day (Yjxa, Paiter, Xavante) Indigenous Brazilians? ; and (v) which 5 

ancient pathogens can be identified among the Indigenous Brazilians from the anthropological 6 

collection? 7 

To answer these questions, we sequenced the genome, radiocarbon dated and generated isotope 8 

data for 24 ancient individuals from Brazil whose remains were hosted at the Museu Nacional. This 9 

set comprises one individual excavated from a sambaqui construction in Santa Catarina state, one 10 

mummy from Minas Gerais state, and 22 “Botocudos” from Minas Gerais, Bahia and Espírito Santo 11 

states. We conducted population genetic analyses and assessed their relationship to previously 12 

studied present-day and ancient populations, and examined the sequence data for evidence of 13 

ancient microbes. This study represents the characterization of a part of the anthropological 14 

collection from the Museu Nacional prior the tragic fired that consumed the museum (including the 15 

skeletal remains analyzed here) in September 2018.  16 
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Results and discussion 1 

Description of the individuals studied.  2 

Prior to the fire, the anthropological collection from the Museu Nacional had 35 skulls labeled as 3 

“Botocudo” from central-eastern Brazil, of which 22 were selected for DNA and isotope analyses  4 

(Datasets S1, S2, Table 1 and Fig. 1), and we refer to them as “Botocudos” hereafter. In addition to 5 

the “Botocudo” individuals, we sequenced the genomes of two other individuals from the 6 

anthropological collection, including a mummified individual (MN1943, Table 1) of unknown cultural 7 

affiliation found in a cave in Minas Gerais (Brazil), and an individual recovered from the shell mound 8 

Sambaqui de Cabeçuda (MN01701, Table 1) in the state of Santa Catarina (Brazil). We refer to these 9 

individuals as mummy (MN1943) and Sambaqui (MN01701) hereafter.  Thus, a total of 24 ancient 10 

individuals were sampled for this study (Datasets S1 and S2). One tooth was sampled for 20 11 

”Botocudos”, the Sambaqui and the mummy. For the remaining two “Botocudos” (MN00019 and 12 

MN0008), different portions of the skull were sampled, including the petrous bone for MN0008 (Table 13 

1 and Dataset S2).  14 

Radiocarbon dates and ancient genomes. 15 

Twenty-two samples (teeth crown and petrous bone) from 20 “Botocudos”, the Sambaqui and the 16 

mummy individuals, were radiocarbon dated at the 14Chrono Laboratory (Queens University, Belfast, 17 

UK). The dates for the Sambaqui and the mummy were calibrated to pre-European contact  (around 18 

236 AD and 100727 AD, respectively). The mean calibrated dates for the “Botocudos” range from 19 

the 16th to the 19th century (Table 1, Fig. 1B). Hence, all “Botocudos” from this study date to the post-20 

European contact period, and they are more recent than the two previously studied 16th-17th century 21 

Polynesian-“Botocudos” (Malaspinas et al., 2014). 22 

For the 24 individuals, DNA was extracted, built into Illumina libraries, and sequenced in dedicated 23 

ancient DNA clean-room facilities at the GLOBE Institute at the University of Copenhagen. For 20 24 

individuals, the human DNA content ranged from 0.02% to 8% for (Dataset S2), as expected for 25 

tropical environments (Allentoft et al. 2012; Hughey et al. 2008; Smith et al. 2003), while the depth 26 

of coverage (DoC; the average number of reads covering each position of the genome) ranged 27 

between 0.001× and 0.75× (Table 1). The remaining four individuals had better preservation, with 28 

human DNA contents between 11% to 47%. The highest value (47%) was found for the DNA extracted 29 

from petrous bone (MN0008). For those four well-preserved “Botocudos”, the DoC ranged from 1.2× 30 

to 3.3× for MN0009, MN00013 and MN00056 and reached 23.9× for MN0008. For the latter 31 

individual, one library (out of three) was prepared from a partially USER-treated DNA extract to reduce 32 

post-mortem damage; the data from this USER-treated library achieved a 16.3× DoC (Table 1) after 33 

trimming 2 bp at read termini (see  Dataset S2 for statistics prior to trimming).  34 

In addition to genome-wide shotgun sequencing data, mitochondrial DNA (mtDNA) was enriched with 35 

targeted capture probes for the 1,000-year-old mummy and the 2,000-year-old Sambaqui individuals. 36 
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As a result, the mtDNA DoC increased from 1.0× to 4.8× for the mummy and from 1.2× to 19.4× for 1 

the Sambaqui (Dataset S2). 2 

For all libraries, the sequenced reads showed the expected ancient DNA signatures including 3 

molecular damage and fragmentation with deamination rates ranging from 5% to 30% at the read 4 

termini, as well as short read lengths averaging from 42 bp to 65 bp per individual (Figs. S1 and S2 5 

and Datasets S2-S4). The average error rates ranged between 0.4% and 2.0% across all ancient 6 

individuals (Fig. S3). We note that error rates are driven upwards by an excess of transitions due to 7 

post-mortem damage (Figs. S4). The average error rate for MN0008 decreased from 1.14% to 0.08% 8 

after USER treatment and trimming 2 bp at the read termini (Fig. S5). 9 

The genetic sex of the individuals was determined by comparing the number of reads mapped to the 10 

Y chromosome relative to those mapped to the X and Y chromosomes as in (Skoglund et al. 2013). 11 

Eleven “Botocudo” individuals were classified as XY, and eleven “Botocudo” individuals as XX (Table 12 

1). The data for the 1,000-year-old-mummy was consistent with an XY karyotype (male), while the sex 13 

for the Sambaqui individual could not be determined (Table 1).  14 

We estimated DNA contamination based on haploid chromosomes (X chromosome in males, and 15 

mitochondrial genome for all the individuals), restricting the analyses to individuals with a depth of 16 

coverage above 0.5× on the X chromosome (Moreno-Mayar et al. 2020) for males (n = 2 males), and 17 

above 10× on the mitochondrial genome (n = 20 individuals). Based on X-chromosome data, we 18 

estimated less than 1.5% of contamination for the two males analyzed (MN0008 and MN0009, Table 19 

1). Furthermore, we obtained point contamination estimates based on mitochondrial data below 5% 20 

for 16 out of 20 individuals. The remaining 4 individuals with mitochondrial DoC >= 10× (MN00056, 21 

MN00013, MN00021, and MN1943, the latter including enriched mtDNA data) had higher 22 

contamination estimates (with point estimates at 5.9%, 7.7%, 6.0% and 14.1%, respectively, Table 1). 23 

Since the four individuals with the highest contamination estimates (>5%) did not stand out in any of 24 

the performed analyses based on nuclear DNA, they were analyzed together with the other individual 25 

samples below. However, caution should be applied when including the data from these individuals 26 

in future studies.   27 

Depending on the analyses that were performed, we used either of the following five sets: (i) the 24 28 

newly sequenced ancient individuals (22 "Botocudos", the 1,000-year-old-mummy and the 2,000-29 

year-old Sambaqui); (ii) the 22 “Botocudo” individuals; (iii) nine “Botocudos” with a DoC above 0.1×; 30 

(iv) the two highest depth “Botocudos” (MN00056 and MN0008); (v) the high-depth USER treated 31 

16× “Botocudo” genome (MN0008). For the latter, to further reduce the effect of ancient DNA 32 

damage, for some analyses, only the data from the USER-treated library were used after trimming the 33 

read termini for 2 bp. For all sets we considered pseudo-haploid calls or genotype likelihoods for every 34 

individual, except for set v, where we called diploid genotypes (see “Mapping and variant calling” in 35 

Materials and Methods).  36 
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No further evidence of Polynesian-South American contact among the “Botocudos”. 1 

Two previously published “Botocudo” genomes were found to be of Polynesian ancestry (Goncalves 2 

et al. 2013; Malaspinas et al., 2014) without evidence of gene flow from Indigenous Americans (and 3 

hereafter referred to as Polynesian-”Botocudos”). To assess whether there were additional individuals 4 

with Polynesian ancestry among the 24 sequenced individuals, we compared the newly sequenced 5 

ancient genomes to a set of genomes from worldwide populations (including Polynesian and 6 

Indigenous American populations, Malaspinas et al., 2014; Wollstein et al. 2010; Xing et al. 2010) with 7 

a dimension-reduction technique (classical multidimensional scaling, MDS; see, e.g., Cox et al. 2001) 8 

as well as a genetic clustering approach (NGSadmix and fastNGSadmix, Jørsboe et al. 2017; Skotte et 9 

al. 2013). 10 

All newly sequenced ancient genomes group together with the Native American populations in the 11 

MDS analyses (Fig. 2A and Datasets S5 and S6). In contrast, the two previously-sequenced Polynesian-12 

“Botocudos” (Fig. 2A, blue diamonds) group with Polynesian populations, as reported before 13 

(Malaspinas et al., 2014). This shows that – unlike the previously published Polynesian-“Botocudos” 14 

genomes — the twenty-four individuals in this study have a closer genetic affinity to people from the 15 

Americas than to any other population in this panel.  16 

To assess whether there is evidence of gene flow from populations outside the Americas, a two-step 17 

clustering analysis was performed with the tools NGSadmix (Skotte et al. 2013) and fastNGSadmix 18 

(Jørsboe et al. 2017). This analysis allowed us to infer clusters of ancestries predominant in six 19 

populations representing different geographical regions: Yoruba (Africa), CEU (Utah residents with 20 

Northern and Western European ancestry), Japanese (East Asia), Papuans (New Guinea), Tongans and 21 

Samoans (Polynesian Islands), and Totonacs (Americas). After identifying the allele frequencies per 22 

cluster (assuming six clusters), we inferred admixture proportions in the two Polynesian-“Botocudos”, 23 

the 22 “Botocudos”, the mummy and the Sambaqui (Fig. 2B).  24 

All the newly sequenced individuals with a DoC above 0.005× (n = 19 individuals) showed >90% 25 

Indigenous American ancestry with the remaining ancestry being assigned mainly to the East Asian 26 

cluster (Fig. 2B). In these individuals, the estimates for Polynesian ancestry ranged between 0.0% 27 

(standard deviation, SD: 0.0%) and 4.2% (SD: 3.5%). For the remaining 5 individuals with DoC below 28 

0.005×, the Indigenous American ancestry ranged between 83.7% (SD: 6.5%) and 96.2% (SD: 4.8%) 29 

with the remaining ancestry assigned to East Asian (maximum assigned: 11.2%, SD: 11.3%), African 30 

(max.: 6.9%, SD: 5.7%), European (max.: 6.1%, SD: 4.5%), and Polynesian clusters (max.: 4.2%, SD: 31 

5.5%) (Fig. S6 and Dataset S7). These higher proportions of non-Indigenous American ancestry can be 32 

attributed to noise due to the low-coverage of those genomes. For instance, despite using a panel 33 

with twice as many sites, the authors of fastNGSadmix (Jørsboe et al. 2017) also report a decrease in 34 

Indigenous American ancestry for a Yjxa individual after downsampling the genome to low DoC. In 35 

summary, our results are consistent with a scenario in which the 22 herein sequenced “Botocudos” 36 

as well as the mummy and the Sambaqui individuals did not receive recent gene flow from 37 

populations outside the Americas. Thus, we assume that the previously documented (Malaspinas et 38 

al., 2014) presence of people of Polynesian ancestry among “Botocudos” was rare.  39 
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Relationship to Indigenous Americans. 1 

Having established that the 24 individuals in this study are Indigenous Americans, we investigated 2 

their relationship to other ancient and present-day populations from the Americas. Based on cranial 3 

morphology, it has been suggested that the “Botocudos” are direct descendants of the Lagoa Santa 4 

people (Imbelloni 1938; Lacerda et al. 1876; Paul 1942; Pucciarelli et al. 2003) while historical records 5 

suggest that the “Botocudos” could be related to other Jê-speaking populations (Ehrenreich 2014; 6 

Paraíso 1992). 7 

Uniparental markers.  8 

The Y-chromosome and mitochondrial haplogroups of the individuals studied here (Table 1) are 9 

characteristic of Indigenous American populations (Kivisild 2017; Alves-Silva et al. 2000; Ramallo et 10 

al. 2013; Colombo et al. 2022). The Y-chromosome haplogroups of six out of eleven “Botocudo” males 11 

could be typed and were determined to be Q1a2a1-L54 and Q1a2a1a1-M3 (Table 1). Regarding 12 

maternal lineages, the 16th – 19th century “Botocudos” were distinct from the older individuals 13 

sequenced in this study (Sambaqui and mummy). For the “Botocudo” individuals, all mitochondrial 14 

haplogroups (Table 1) were determined to be either C or a subclade of it (Table 1). In contrast, the 15 

1,000-year-old mummy and the 2,000-year-old Sambaqui individual were found to harbor A2 and D4 16 

haplogroups, respectively. All these haplogroups (A2, C and D4) are commonly found in present-day 17 

Brazilians and they are widespread across present-day and ancient Indigenous Americans.  18 

Outgroup-f3 statistics.  19 

We then identified the most closely related populations to the 22 “Botocudos” at the nuclear genomic 20 

level. For this purpose, we compared the newly sequenced “Botocudos” to previously published 21 

genomic data from Indigenous Americans (Moreno-Mayar, Vinner, et al. 2018; Posth et al. 2018; 22 

Raghavan et al., 2015; Skoglund et al. 2015) using outgroup-f3 statistics of the form (Yoruba; 23 

“Botocudos”, Indigenous Americans).  24 

Among all Indigenous American populations tested, we observe the lowest f3 values (i.e., the lowest 25 

shared genetic drift) for ancient and present-day populations from Greenland (i.e., Saqqaq and East 26 

and West Greenlanders) (Figs. 3 and S7 – S9), indicating the lowest affinity to the “Botocudos”. This is 27 

expected since they represent relatively recent migrations to the New World Arctic dating to the last 28 

6,000 years, when the Arctic started to be peopled (Raghavan et al., 2014)⁠. We then observe a 29 

gradient in f3 values with low scores for populations in the north and higher scores for populations in 30 

South America, with the highest values observed for populations to the east of the Andes, including 31 

Brazil. When comparing to populations in Brazil, the “Botocudos” have the highest affinities with the 32 

Xavante (central Brazil), Kaingang (southern Brazil), Zoró (west Amazonia), Urubu Ka’apor (east 33 

Amazonia), and Arara (east Amazonia) peoples (Figs. 3 and S7 – S11). We note that the Jê-speaking 34 

Xavante people record the highest values for the outgroup-f3 tests across different subset of SNPs 35 

(Fig. 3 and Figs. S10 and S11); however, these scores are not significantly different from those 36 

obtained for other populations in Brazil or South America (for instance, the Tupiniquim in East Brazil, 37 

the Kaingang, Zoró, Paiter and Yjxa, or even the Aymara from Bolivia). In summary, the 22 “Botocudos” 38 
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present a close affinity to Indigenous populations in Brazil and surrounding territories. However, no 1 

Indigenous Brazilian population analyzed here is significantly more closely related to the “Botocudos” 2 

(Fig. 3).  3 

Genetic structure in South America.  4 

To further investigate the relationship between the “Botocudos” and other Native American 5 

populations, we estimated admixture proportions with NGSadmix (Skotte et al. 2013) (Fig. 4). Using a 6 

panel enriched for Indigenous American populations and “outgroups”, we can identify different 7 

clusters outside and within the Americas. For instance, at K = 13 (Fig. 4)–the K at which we distinguish 8 

a Jê-related (Xavante) and a Guarani-related (Guarani Kaiowá) cluster–we observe four expected 9 

clusters for the outgroups (Yoruba, Papuans, French and Dai) and nine clusters within the Americas: 10 

Eskimo-Aleut and Na-Dene speakers (East- and West-Greenlanders, Coastal Tsimshian, Nisga’a, Tlingit, 11 

Haida and Chipewyan), Aridoamerican (Pima), Mesoamerican (Tepehuano, Mixe and Zapotec), 12 

Andean (Aymara and Quechua), Chibchan-Paezan (Cabecar), Yjxa (Tupi speakers), Paiter (Tupi 13 

speakers), Xavante (Jê speakers), and Guarani Kaiowá (Tupi speakers) (see Dataset DS10 for runs with 14 

22 “Botocudos” and other K values with this panel). 15 

At this K value (K = 13), the "Botocudo" ancestry is depicted as a mix of the Guarani-(purple) and 16 

Xavante-related (yellow) components, followed by the Andean- and Mesoamerican-related 17 

components (violet and green, respectively) in smaller proportions. Similarly, several other 18 

populations in Brazil (i.e., Ticuna, Urubu-Kaápor, Gavião, Apalai, Parakanã and Wajãpi) are also 19 

modeled as a mixture of the Guarani-, Xavante-, Mesoamerican- and Andean-related components. 20 

However, we observe that the “Botocudos” carry a larger proportion of the Jê-related Xavante 21 

component compared to these populations (see also Datasets DS11 – DS14 for runs with other 22 

panels).  23 

We subsequently explored the relationship between the ancient “Botocudos” and other present-day 24 

Indigenous populations from Brazil using admixture graphs (Patterson et al. 2012). First, we 25 

considered a tree similar to that in (Castro e Silva et al. 2020), where Tupi-speaking groups (Yjxa, Paiter, 26 

Urubu Ka’apor and Guarani Kaiowá) form a clade to the exclusion of the Jê-speaking Xavante. We 27 

grafted the 16× ancient “Botocudo” (MN0008) to all possible branches of this tree and found that the 28 

topology where the ancient “Botocudo” is most closely related to the Jê-speaking Xavante (Fig. 5A, 29 

Fig. S12) resulted in the best fit score and the lowest f4-residual Z-scores. By contrast, when the 30 

“Botocudo” was added to the Tupi clade, all trees yielded higher residuals (Z-score > 3, Fig. S12) 31 

between the observed and predicted f4-statistics, suggesting a poor fit when adding the “Botocudo” 32 

to this clade. These results were consistent when we grafted the ancient individual to a different 33 

starting graph with a significantly better fit score (p-value > 0.05), where, for the base tree, Tupi-34 

Guarani-speakers (Urubu Ka’apor and Guarani Kaiowá) are modelled as a mixture of populations 35 

related to the Tupi-speaking Paiter and the Jê-speaking Xavante (Fig. 5B, Fig. S12). 36 

We then assessed if modelling the “Botocudo” as a mixture of two different branches in the graph 37 

yielded a significantly better fit. We found that models where the “Botocudos” carry Xavante-related 38 
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ancestry and a contribution from an outgroup to the Indigenous peoples from Brazil provided 1 

significantly better fit scores (Fig. 5C, Fig. S12). We thus proceeded to assess whether this “outgroup 2 

admixture” represents a population east or west of the Andes, or basal to South American 3 

populations. As our initial graph included only Indigenous South Americans located on the East of the 4 

Andes, we first grafted the Andean Aymara to all possible branches of the best-fitting graph. However, 5 

there were different models that were similarly good (as determined by the fit scores and residuals) 6 

for the placement of the Aymara on the graph (Fig. S12). Thus, in this case we could not find a model 7 

that clearly represented a better fit over the others. We surmise that the lack of power to find a 8 

distinctly good placement of the Aymara in the topology is related to the resolution of the dataset 9 

and the radiation-like split patterns of South American populations after initial peopling of the 10 

continent (Moreno-Mayar, Vinner, et al. 2018).  11 

Altogether, these results suggest that, of all the Indigenous peoples for which genetic data are 12 

analyzed here, the “Botocudos” showed closest genetic relationship with the present-day Jê-speaking 13 

Xavante. However, we note that establishing a direct connection between populations is challenging 14 

since—similar to other populations East of the Andes—the “Botocudos” and the Xavante have 15 

experienced substantial population-specific drift suggesting they diverged a long time ago. 16 

Furthermore, the genetic relationship between the Xavante and “Botocudos” is not captured by 17 

simply assuming a split between sister populations, as the ancestry of the latter is better explained 18 

by including a component originating from a Native American outgroup.  19 

Population and social structure among the “Botocudos” 20 

As pointed out above, the “Botocudo” label was given to different Indigenous Brazilian nations, 21 

therefore the individuals sequenced in this study may have belonged to one or more nations. For 22 

example, the label was used by German explorers to describe the social organization of Indigenous 23 

populations living next to the rivers Jequitinhonha and Doce (separated by about 400 km) in the 24 

beginning of the 19th century (Ehrenreich 2014; Paraíso 1992; Wied 1820). However, it is unknown 25 

whether this vast area corresponds to their original geographical range around the time of European 26 

colonization, or if they engaged in large migrations due to the occupation of the territory by the 27 

European colonizers (Ehrenreich 2014; Paraíso 1992). Social practices and customs related to some 28 

peoples referred to as “Botocudos” have been documented, but it is unclear if those apply to all tribes 29 

under this denomination during the 18th and 19th century. For instance, several scholars report that 30 

the “Botocudos” were subsisting on a hunting-fishing-gathering strategy and were organized in small 31 

nomad or semi-nomad bands characterized by constant group fragmentation (Ehrenreich 2014; 32 

Paraíso 1992), possibly related to fission-fusion dynamics observed in other Indigenous South 33 

American populations (Neel et al. 1967). It has also been suggested that marriage between cross-34 

cousins was preferred, while marriage between parallel cousins was forbidden, and exogamous 35 

marriages were allowed (Ehrenreich 2014; Paraíso 1992). To gain insight from a genomic perspective 36 

into the population diversity and size, as well as marital practices among the "Botocudos", we inferred 37 

the levels of heterozygosity, runs of homozygosity and changes in effective population size (Ne) over 38 

time.  39 
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Conditional heterozygosity.  1 

We assessed heterozygosity levels for all pairs of "Botocudos" and compared them to those of other 2 

worldwide populations, including ancient and present-day Native Americans (Fig. 6A). To reduce the 3 

effect of DNA damage, we restricted this analysis to sites that are heterozygous in an African genome, 4 

and we sampled one allele per individual in order to generate a pseudo-haploid genome (following 5 

Skoglund et al. 2014)⁠. The pseudo-haploid genomes of two individuals are then compared (thus 6 

reducing the impact of inbreeding within individuals) and the conditional heterozygosity is computed 7 

as the ratio of heterozygous sites to the number of sites with data for both individuals.  8 

Conditional heterozygosity was then computed for every pair of “Botocudos” (Fig. S13 shows the 9 

distribution of the conditional heterozygosity point estimates among pairs). The point estimates for 10 

the “Botocudos” range from 0.10 to 0.18 across comparisons, with an average value of 0.14 and no 11 

outliers. As expected, there is higher variation in the estimates for pairs of individuals including less 12 

data (i.e., lower-coverage genomes). Specifically, when considering only pairs of genomes with a 13 

depth of coverage above 2× (MN00013, MN00056 and MN0008), the heterozygosity range is reduced 14 

to values between 0.139 and 0.140.  15 

The "Botocudos’" heterozygosity was then compared with that in worldwide populations including 16 

Africans, Europeans, Oceanians, and ancient and present-day Native Americans. For this comparison, 17 

medium to high depth present-day genomes were selected and compared to the two “Botocudo” 18 

individuals with the highest depths of coverage (MN0008 and MN00056, Table 1). As expected  (Henn 19 

et al. 2016; León et al. 2018), the conditional heterozygosity values decrease as the distance from 20 

Africa increases, with present-day and ancient Indigenous Americans exhibiting the lowest values; in 21 

particular, the “Botocudos” have the lowest conditional heterozygosity worldwide together with the 22 

Paiter people, also from Brazil. This could suggest that the ancient “Botocudos” analyzed here had a 23 

small effective population size, similar to that of the present-day Paiter population. 24 

Effective population size.  25 

We inferred changes in effective population size with a pairwise sequentially Markovian coalescent 26 

approach (PSMC, Heng Li et al. 2011) to gain insights into the demographic history of the “Botocudos” 27 

through time. The genomes of one Yoruba (Africa), one Dai (East Asia), one Maya (Mesoamerica), one 28 

Yjxa (South America), one Paiter (South America), and the high-coverage (DoC = 16×) “Botocudo” 29 

individual (MN0008) were analyzed with PSMC (Fig. 6B). All genomes follow the same trajectory until 30 

50,000 to 100,000 years ago (ya), when the Yoruba population maintained a relatively high Ne, while 31 

all other out-of-Africa genomes showed a population decline. This has been interpreted as an out-of-32 

Africa migration bottleneck (Heng Li et al. 2011). Next, the effective population size of the East Asian 33 

population starts increasing from 20,000 to 10,000 ya in contrast to Indigenous American effective 34 

population sizes, which decrease during the same timeframe. Within the Americas, the population 35 

size of the Mesoamerican Maya starts increasing a few thousand years ago, as reported in previous 36 

studies (Bergström et al. 2020) but also at a timeframe where the method is limited by lack of 37 

resolution. In contrast, the effective size of the ”Botocudo” people follows a trajectory similar to that 38 

of the Amazonian Yjxa and Paiter, with an effective size that remains small (<10,000) during the last 39 
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20,000 years. We note, however, that recent inbreeding in the individual MN0008 would impact those 1 

estimates (see also below). 2 

Runs of homozygosity.  3 

Runs of homozygosity (ROHs) represent segments of a genome with contiguous homozygous states. 4 

ROHs are expected to arise more frequently under various scenarios, including reduction in 5 

population size (Kirin et al. 2010; Pemberton et al. 2012), endogamy (Kirin et al. 2010; McQuillan et 6 

al. 2008; Yengo et al. 2019), and natural selection (Pemberton et al. 2012).  We inferred ROHs   for 7 

the “Botocudo” MN0008 (DoC = 16×) and 14 other high-coverage genomes (DoC > 20×) from Africa, 8 

Europe, East Asia, Oceania, and the Americas to get a sense of the extent of homozygosity distribution 9 

in the genomes of the “Botocudos” compared to other populations. 10 

The total lengths of ROHs segments in each length category for 15 individuals are shown in Fig. 6C. 11 

The out-of-Africa genomes have longer ROHs as reported before (Kirin et al. 2010; Pemberton et al. 12 

2012), while present-day and ancient Native Americans have larger portions of their genome within 13 

ROHs longer than 5 Mb than Africans, Eurasians and Oceanians, possibly reflecting the serial 14 

population bottlenecks experienced by the first peoples to enter the Americas (Pemberton et al. 15 

2012). Lastly, we observe even longer (>10 Mb) ROH in present-day South American (Yjxa and Paiter) 16 

groups and in the ancient “Botocudo” individual MN0008.  17 

Comparisons of individuals from different subpopulations would lead to higher heterozygosity 18 

estimates (compared to that of the individual subpopulations). Yet the “Botocudos” show very low 19 

levels of heterozygosity without any outliers among estimates for pairs of individuals (Fig. 6A) and no 20 

ancestry clusters formed within the "Botocudos", suggesting little differentiation between them, a 21 

single population or gene flow between subpopulations. Moreover, the “Botocudos” display a small 22 

effective population size and long ROHs in par with present-day Indigenous Brazilians (Fig. 6BC). Taken 23 

together, these results suggest that the analyzed “Botocudos” have a population and inbreeding 24 

history similar to those of the Amazonians Paiter and Yjxa. These two populations have experienced 25 

collapses in their population sizes following contact and introduction of pathogens (Fleming-Moran 26 

et al. 1991; Kanindé Associação de Defesa Etnoambiental et al. 2021; Mindlin 1985; Monteiro 1984; 27 

Velden 2004); regarding social practices, the Paiter and Yjxa also encourage both exogamic and cross-28 

cousins marriages  (Kanindé Associação de Defesa Etnoambiental et al. 2021; Storto et al. 2021). Note 29 

however that as the ROH and effective population size results for the “Botocudos” are based on a 30 

single individual (i.e., the high DoC genome of MN0008), more high coverage genomes and 31 

demographic modelling are needed to get a more comprehensive view on the demography of other 32 

ancient Indigenous Brazilians and exclude scenarios such as selection to explain the data.  33 

Prevalence of Australasian ancestry among South Americans. 34 

Recently, it has been shown that, compared to other Native Americans (like the Mixe from Mexico), 35 

some present-day Native Brazilians–including the Paiter, the Yjxa and the Xavante (Skoglund et al. 36 

2015)–and peoples in the Pacific coast like Chotuna (Castro e Silva et al. 2021) share more alleles with 37 
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Australasians (e.g., Australians, Papuans or Onge from the Andaman Islands) than expected by 1 

chance. As this increased affinity is not consistently widespread in large regions of the Americas, it 2 

has been hypothesized that this signal could be attributed to population structure in the ancestral 3 

population that peopled the Americas (Moreno-Mayar, Vinner, et al. 2018; Raghavan et al., 2015; 4 

Skoglund et al. 2015) with more recent gene flow having potentially reduced the signal in some 5 

populations (Moreno-Mayar, Vinner, et al. 2018). In agreement with an ancestral population structure 6 

hypothesis, this excess allele sharing was only replicated in some ancient individuals in Brazil, such as 7 

the 10,000-year-old Lagoa Santa individual (Moreno-Mayar, Vinner, et al. 2018), but not in others, 8 

such as the 10,000-year-old Lapa do Santo individuals (Posth et al. 2018). 9 

To assess whether Australasians represent a strict outgroup to 19th century Brazilian “Botocudos” and 10 

the Mixe from Mexico, D-statistics (Green et al. 2010) of the form D(H1, Mixe; H3, Yoruba) based on 11 

whole genomes were computed (Fig. 7). These statistics allowed us to test whether the Native 12 

American in H1 (e.g., the “Botocudos”) share more or less alleles with H3 (an Australasian or a Eurasian 13 

population) than the Mixe does.  For the tests that we implemented, H1 was a Native American 14 

population (Brazil: “Botocudos”, Paiter, Yjxa, Lagoa Santa; Bolivia: Aymara; Mexico: Wixárika), and H3 15 

an Australasian (Australian, Papuan, historical Andamanese) or a Eurasian (Han or French) population. 16 

To reduce the impact of post-mortem molecular damage, we adopted three strategies: (i) USER-17 

treated data were used when possible for the ancient individuals, (ii) the data were restricted to sites 18 

containing transversions only and (iii) the D-statistics were corrected by taking into account the 19 

inferred error rates for the ancient and present-day genomes (Soraggi et al. 2018).   20 

As in previous studies, the affinity to Australasian populations was stronger when considering the 21 

Paiter in H1 (Fig. 7), the latter population sharing significantly more alleles with Australasian 22 

populations (Australian and Andaman). For the 10,000-year-old Lagoa Santa and the present-day Yjxa 23 

and Aymara, we found a trend similar to the one reported in (Moreno-Mayar, Vinner, et al. 2018), in 24 

which the Z-scores associated with the D-statistics are more negative when considering an 25 

Australasian population in H3 than a Eurasian population in H3. This indicates that there are more 26 

shared alleles between Lagoa Santa and Australasians and between Yjxa and Australasians than 27 

between Australasians and Mixe. Yet, we cannot reject the null hypothesis (similar proportions of 28 

shared alleles between those Native Americans and Australasians) at a 0.001 level (the Z-score are 29 

higher than -3.3). In contrast, when placing the Wixárika from Mexico in H1, the tests including an 30 

Australasian population in H3 were of a similar magnitude than the tests with a Eurasian population 31 

in H3. This suggests that for the Wixárika, indeed, Australasian gene flow cannot be detected when 32 

comparing to Mixe. 33 

The Z-scores for the D-statistics with the “Botocudo” MN0008 (Fig. 7) as well as the combined 22 34 

“Botocudos” (Fig. S14) in H1 are similar to those seen for Yjxa and Lagoa Santa in H1 (Fig. 7), suggesting 35 

that, similarly to Yjxa and Lagoa Santa, the “Botocudos” also share more alleles with Australasian than 36 

the Mixe does. In contrast, this asymmetry between the “Botocudo” and Mixe is not as marked when 37 

considering a Eurasian population in H3 (the Z-scores are lower for H3 = Australasian than for H3 = 38 

Eurasian). Yet, as for the Yjxa, the D-statistic values are not significant at a 0.001 level.  39 
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 “Botocudo” populations have been thought to represent a case of long-standing genetic continuity 1 

bearing a strong craniometric resemblance to that of Australasians and to that of the Lagoa Santa 2 

people (Strauss et al. 2016; Neves 2017; Pucciarelli et al. 2003). We find that the “Botocudos” and 3 

the 10,000-year-old Lagoa Santa are similarly related to Australasians, but not more so than present 4 

day Native Brazilians. Overall, our results are in line with previous studies, as we observe a trend for 5 

some ancient and present-day South Americans to present a higher affinity to Australasians when 6 

comparing them to Mesoamericans (like Mixe).  Likewise, this affinity to Australasians is higher than 7 

that to Eurasian populations (like the French and the Han Chinese). Yet, these results are only 8 

significant for the Paiter population. It could well be that a subtle signal is there for the “Botocudos” 9 

as well (and also the Yjxa and Lagoa Santa, as reported before), but that we lack statistical power for 10 

this test. Alternatively, the signal could truly be absent in the “Botocudos”. This suggests that either 11 

the craniometric resemblance to Australasians is due to chance or that the “Botocudos” are also the 12 

descendants of a structured population with close ties to Australasia as has been suggested for 13 

present-day Native Brazilians. 14 

Screening for ancient bacteria and viruses. 15 

Studies describing the microbial and viral diversity among pre- and post-European contact people in 16 

the Americas are scarce, but they can inform us on the microbes that were commonly circulating in 17 

the past and potentially played an important role in an individual’s health (Barquera et al. 2020; Bos 18 

et al. 2014; Guzmán-Solís et al. 2021; Bravo-Lopez et al. 2020; Vågene et al. 2018). We aimed at 19 

discovering bacteria and viruses that could have infected any of the 24 sequenced individuals by 20 

analyzing the shotgun data generated for them. This approach allowed us to identify several candidate 21 

disease-causing agents, and to reconstruct whole genomes for the most abundant bacteria and 22 

viruses with molecular signature typical of ancient DNA. 23 

Presence of ancient bacteria associated with periodontal disease. 24 

We used Kraken2 (Wood et al. 2019) to carry out a metagenomic characterization of the non-human 25 

reads by identifying ancient human bacteria that might have infected the 24 individuals (Dataset S15). 26 

Since all but two samples were teeth, we decided to focus on those associated with the aerodigestive 27 

tract (Escapa et al. 2018), and identified eight species: Acinetobacter lwoffii, Actinomyces sp. oral 28 

taxon 414, Anaerolineaceae bacterium oral taxon 439, Comamonas testosteroni, Fusobacterium 29 

nucleatum, Pseudomonas stutzeri, Stenotrophomonas maltophilia and Tannerella forsythia. In 30 

agreement with previous studies (Mann et al. 2018; Philips et al. 2017; Bravo-Lopez et al. 2020), we 31 

identified DNA from oral microbes present in high abundance (>10% of reads) in the dentin of the 20 32 

out of 22 individuals for which teeth were sampled (Dataset S15). The two pieces of skull (MN0008 33 

and MN00019) and the remaining two teeth samples (MN0003 and MN00064) also had hits to the 34 

eight oral bacteria, but in lower proportions (less than 2% of their reads). Among the eight oral 35 

bacteria, Anaerolineaceae bacterium oral taxon 439, Actinomyces sp. oral taxon 414 and Tannerella 36 

forsythia have been previously reported in archeological remains from Europe and the Americas 37 

(Eisenhofer et al. 2020; Kazarina et al. 2021; Wada et al. 2018; Ottoni et al., n.d.; Velsko et al. 2019; 38 

Warinner et al. 2014; Bravo-Lopez et al. 2020). 39 
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We then reconstructed the genomes of each of those eight bacteria, attaining different read depths 1 

in the 24 individual samples (Dataset S15) as follows: A. lwoffii (0.0006× - 51.5×; n = 4 above 1×), 2 

Actinomyces sp. oral taxon 414 (0.004× - 8.2×; n = 2 above 1×), Anaerolineaceae bacterium oral taxon 3 

439 (0.0003× - 30.0×; n = 2 above 1×), C. testosteroni (0.003× - 49.0×; n = 3 above 1×), F. nucleatum 4 

(0.0005× - 4.2×; n = 1 above 1×), P. stutzeri (0.008× - 3.9×; n = 6 above 1×), S. maltophilia (0.008× - 5 

41.1×; n = 6 above 1×) and T. forsythia (0.0004× - 23.2×; n = 1 above 1×). To verify the authenticity of 6 

the twenty-five reconstructed bacterial genomes with a DoC above 1× (Dataset S15), we examined 7 

their damage patterns and coverage evenness. We observed that the deamination rates at the end of 8 

the reads were relatively high (10% to 17%) for the three taxa belonging to genera isolated mostly 9 

from the oral cavity in humans (F. nucleatum, T. forsythia, and Anaerolineaceae bacterium oral taxon 10 

439; Escapa et al. 2018; Hofstad 2006; Beall et al. 2018), although the breadth of coverage (BoC) was 11 

variable, with 43% to 94% of the genome covered at least once. The remaining five taxa showed lower 12 

deamination rates (between 2% and 5%) on the terminal bases, and varied BoC (15% to 83%). These 13 

five taxa belong to the Acinetobacter, Actinomyces, Comamonas, Pseudomonas and 14 

Stenotrophomonas genera, which encompass several species commonly found in soil and aqueous 15 

environments (Towner et al. 1991; Willems et al. 2006; Palleroni 2010; Ryan et al. 2009). Therefore, 16 

further analyses would be required to disentangle endogenous microbial genomes from those of 17 

environmental microbes. Future phylogenetic analyses of these and other candidate species 18 

identified in the 24 individuals would help elucidate patterns of molecular diversification in the 19 

individual taxa. 20 

Presence of ancient human Parvovirus B19. 21 

Following Mühlemann et al., (2018), we screened the non-human reads of all 24 sequenced 22 

individuals for ancient viruses using the classification tool DIAMOND (Buchfink et al. 2014)and the 23 

NCBI viral proteins database. Fifty viruses (Dataset S16) that are known to infect humans (VirusHost 24 

database, Mihara et al. 2016) were identified. We then mapped all non-human reads to each of the 25 

50 viral reference genomes with BWA (Li et al., 2009) and recovered different fractions of each viral 26 

genome, as indicated by their breadths of coverage (Dataset S17). As false positives are expected to 27 

be common in ancient virome studies (Arizmendi Cárdenas et al. 2021), we further analyzed the 15 28 

viruses for which BoC was above 1% after mapping (Fig. 8A and Dataset S17). Based on genome 29 

coverage, damage patterns and read length distribution, we inferred the presence of ancient human 30 

parvovirus B19, but were unable to confirm the remaining 14 putative ancient viruses due to low read 31 

counts. 32 

Human parvovirus B19 is responsible for fifth disease in children, persistent anemia in 33 

immunocompromised patients, transient aplastic crises, hydrops fetalis in pregnant women, and 34 

arthropathy (Qiu et al. 2017). This DNA virus has been previously identified in aDNA studies (Guzmán-35 

Solís et al. 2021; Mühlemann, Margaryan, et al. 2018). In our analyses eight “Botocudo” individuals 36 

had between 1 and 726 sequencing reads mapped to the parvovirus genome (NC_000883.2, 37 

genotype 1, Dataset S17), corresponding to a BoC between 1.5% and 24.8% (Fig. 8A). We detected a 38 

higher DoC (for AY083234.1, genotype 3, see below) at the 3’- and 5’-termini of the viral genome for 39 

six out of eight individuals (MN00346, MN00067, MN00021, MN00013, MN00119, MN0039), as 40 
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expected for authentic Human parvovirus B19 genetic data, since the termini are known to be 1 

“hairpin” regions, formed by double-stranded DNA (Fig. 8B, see also Guzmán-Solís et al. 2021). To 2 

further support the authenticity of the ancient viral DNA data, we evaluated the read length 3 

distribution and observed short mapped reads, as expected for degraded aDNA molecules (see Fig. 4 

8C for MN00346). Among the individuals with human parvovirus B19, MN00346 is the individual with 5 

the highest number of reads (namely 405 reads, reaching an average DoC of 4.5×). Furthermore, the 6 

characteristic C-to-T and G-to-A aDNA damage substitutions at the read termini were around ~20%, 7 

(Fig. 8C), making it the most promising candidate for further analyses. We thus used MN00346 data 8 

to reconstruct an ancient parvovirus genome. 9 

To assess the genotype of the ancient parvovirus recovered from MN00346, the non-human reads 10 

were mapped independently to 11 parvoviral genomes as in (Mühlemann, Margaryan, et al. 2018). A 11 

consensus sequence was built with the reads mapped to the genome with the highest breadth of 12 

coverage (84%, genotype 3, AY083234.1) and, together with the 11 previously published parvovirus 13 

genomes, a neighbor-joining tree was reconstructed. We observed that the MN00346 consensus 14 

sequence clustered with genotype 3 (Fig. 8D), suggesting that the parvovirus that infected MN00346 15 

belonged to this genotype. Genotype 3 was previously observed in other post-contact age individuals 16 

in the Americas (Guzmán-Solís et al. 2021) and is considered today as endemic to Ghana (although it 17 

has been reported in different countries, Qiu et al. 2017). Following (Guzmán-Solís et al. 2021), we 18 

hypothesize that it might have been introduced into the “Botocudo” population in Brazil upon 19 

European colonization, possibly through the transatlantic slave trade. 20 

Stable isotope dietary analysis. 21 

Diet can vary across individuals and populations due to a number of factors including their customs, 22 

the environment and individual preferences. The comparative study of stable isotopes such as δ13C 23 

and δ15N can inform us on whether an individual’s diet was constituted mainly of C3 (such as rice, 24 

wheat, manioc and yam) or C4 (such as maize, sugar cane and sorghum) plants and give us an idea 25 

on the levels of animal protein consumption. In South America, Indigenous peoples had access to 26 

both C3 (manioc, yam) and C4 (maize) local plants (Scheel-Ybert et al. 2003; Wesolowski et al. 2010). 27 

In central-eastern Brazil, several “Botocudo” peoples subsisted on a fisher-hunter-gathering strategy 28 

(Ehrenreich 2014; Paraíso 1992), until some of them were forcibly relocated to European-founded 29 

settlements during the European colonization (Paraíso 1992), where they were given access mainly 30 

to corn and fish (Ehrenreich 2014; Oliveira 2016). 31 

Carbon and nitrogen stable isotopes were measured in the collagen of the Sambaqui (n = 1) and the 32 

“Botocudos’” (n = 14) permanent teeth and contrasted to publicly available data (Dataset S18). The 33 

datasets spanned different timepoints (from the Early Holocene to present day), archaeological and 34 

present-day contexts, and regions in Brazil. The δ13C and δ15N values for the 2,000-year-old-35 

Sambaqui individual (MN01701) were high and similar to those of published 3,000-1,000 yo fisher-36 

gatherers buried in coastal sambaquis in Santa Catarina state, indicating a high consumption of marine 37 

fauna. In contrast, the isotope values for the “Botocudos” were quite distinct from those of the coastal 38 
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fisher-gatherers, with much lower δ13C and δ15N values. Their δ13C values were compatible with a diet 1 

based mainly on C3 plants, similar to those of the mid-Holocene riverine hunter-gatherers from São 2 

Paulo, and the Early Holocene hunter-gatherers from Minas Gerais (Fig. S15). Furthermore, on 3 

average, the “Botocudos” presented significantly higher δ15N values than the Early and mid-Holocene 4 

hunter-gatherers and the present-day individuals in Rio de Janeiro and Brasília (Tukey’s range test, p-5 

value < 0.05). Overall, this suggests that the diet of the “Botocudos” did not include a high proportion 6 

of marine fauna, that it was mostly based on C3-plants (as attested by the low δ13C values) and that 7 

they had access to more animal protein sources than Early and mid-Holocene hunter-gatherers and 8 

present-day individuals (as attested by their δ15N values).   9 
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Conclusions and future directions 1 

The Museu Nacional, founded in 1818, is one of the oldest and largest museums in Latin America. In 2 

September 2018, the Museum was consumed by a tragic fire, and the human remains preserved in 3 

its anthropological collection were largely lost. Our results represent the characterization of a part of 4 

the Museum’s anthropological collection recovered prior to the fire, including Indigenous individuals 5 

from Eastern Brazil, in particular the “Botocudos”. The term “Botocudo” is a generic name that was 6 

first given by Portuguese colonizers to Indigenous peoples wearing wooden disks as facial ornaments, 7 

and “Botocudos” likely comprised several distinct populations whose trace was lost in the historical 8 

record. Nowadays, some Indigenous people identify as “Botocudo” (IBGE 2010) yet very little was 9 

known about the genomic history different “Botocudo” peoples as only two genomes of Polynesian 10 

ancestry had been sequenced so far. Here, we present isotope, radiocarbon date, and shotgun 11 

sequencing data for 22 post-contact “Botocudos” (including a 24× coverage whole genome 12 

sequence), in addition to a pre-contact sambaqui-associated individual and a 1,000-year-old mummy.   13 

Out of the 35 “Botocudo” individuals previously housed at the National Museum of Rio de Janeiro, 22 14 

were found to be of Indigenous American ancestry (present study), and two, slightly older, were found 15 

to be of Polynesian ancestry (Malaspinas et al., 2014). At this point, we are unable to further 16 

disentangle the different scenarios proposed in 2014 to explain the presence of Polynesian individuals 17 

in the “Botocudo” collection. We have no further evidence to corroborate or disprove that the two 18 

previously sequenced Polynesian-“Botocudo” were either the result of transpacific contact between 19 

Polynesia and the Americas, a European-mediated voyage, or a mislabel in the collection.  20 

The 22 newly generated ancient “Botocudo” and the Sambaqui and mummy genomes indicate that 21 

these people were all Indigenous American harboring genetic ancestry common in present-day 22 

Indigenous populations in Brazil. Furthermore, the “Botocudo” exhibit one of the lowest 23 

heterozygosity levels and some of the longest runs of homozygosity among worldwide populations 24 

sequenced to date. This could suggest, as has been hypothesized (Barbieri et al. 2018; Ceballos et al. 25 

2018; Neel et al. 1967; Pemberton et al. 2012), that Native American hunter-gatherers generally had 26 

different social and marital practices than Eurasian hunter-gatherers (Sikora et al. 2017).   27 

Among Natives from Brazil, “Botocudos” were found to be distantly related to Tupi-speaking 28 

populations, whose ancestors expanded to most of South American lowlands during the Late 29 

Holocene. The individuals sequenced in this study were inferred to be more closely related to the 30 

Xavante, a present-day Jê-speaking population, suggesting that the “Botocudos” may also have 31 

spoken a Jê language as recorded in the 18th and 19th century literature (Ehrenreich 2014; Paraíso 32 

1992). Yet, in our analyses, the Xavante were not significantly closer to the “Botocudos” than other 33 

Indigenous populations in Brazil and the genetic drift that the Xavante and “Botocudos” experienced 34 

after their split was high, suggesting that these groups have substantially differentiated from each 35 

other.  36 

All in all, the “Botocudos” are Indigenous Americans, and the genetically closest populations 37 

(sequenced to date) are found in South America, on the east side of the Andes. All these Indigenous 38 
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populations presented a similar relationship to the “Botocudo” individuals analyzed here, but a strong 1 

affinity to any particular population could not be established. Thus, although we observe a shared 2 

genomic history between these “Botocudos” and South Native Americans, the lack of a strong affinity 3 

to a specific population indicates that we are recovering some of the genetic diversity that has not 4 

been explored so far in South America. It would be of particular interest to establish the genetic 5 

relationship between surviving “Botocudo” communities, like the Krenak and Aranã people in Minas 6 

Gerais or other present-day populations self-identifying as “Botocudos”, and the ancient “Botocudos” 7 

analyzed here. Genetic studies of additional present-day Indigenous populations should allow to 8 

resolve this question in the future.  9 

Ethics Statement 10 

This project started off as a collaboration following the publication of Malaspinas et al., (2014) 11 

between Brazilian researchers at the National Museum in Rio de Janeiro and researchers who are 12 

now based at the University of Lausanne. To facilitate the collaboration and to favor knowledge 13 

exchange, several visits at the National Museum in Rio de Janeiro took place. During those visits, 14 

preliminary data were presented to the staff and students working at the National Museum. These 15 

visits and the regular exchanges with local researchers helped to better define the research questions 16 

to be addressed within the study, to present this work to broader audiences, and to prepare a report 17 

that will be presented in lay language to the Indigenous communities.  18 

Following Brazilian law, prior to any sampling, a project proposal was submitted for authorization from 19 

the Instituto do Patrimônio Histórico e Artístico Nacional (IPHAN) by National Museum in Rio de 20 

Janeiro and the IPHAN delivered the research permits for this work (IPHAN numbers 21 

01500.001759/2016-15 and 01500.001824/2018-66). Note that the remaining bone will be returned 22 

to the Museum at the end of the project (01500.001824/2018-66). Human research in Switzerland is 23 

only permissible upon review and approval by the responsible ethics committee (Human Research 24 

Act, HRA). Hence, the project proposal was also submitted (Req-2018-00993) to the Commission 25 

Cantonale d'Ethique de la Recherche sur l’être humain (CER-VD), responsible ethics committee for 26 

the research projects taking place in the Canton de Vaud, Switzerland. The CER-VD ruled that the 27 

project was not falling within the scope of the HRA and thus did not require an authorization for the 28 

analyses to be carried out in Switzerland. Microbial species discovered in this study were registered 29 

at the Sistema Nacional De Gestão Do Patrimônio Genético E Do Conhecimento Tradicional Associado 30 

(registration number: ADC5681). 31 

While conducting research following the local laws is obviously a necessity, community engagement 32 

should become an integrant part of ancient DNA research (Wagner et al. 2020). However, many 33 

Brazilian Indigenous communities (including those who donated samples, Castro e Silva et al. 2020; 34 

Skoglund et al. 2015) could not be contacted by non-Indigenous people during the pandemic. To reach 35 

out, we have summarized our study in a report in Portuguese that will be included in a compilation of 36 

results that will be presented to Indigenous populations (Skoglund et al. 2015; Castro e Silva et al. 37 

2020) who have asked to remain informed about the scientific work that involves their data.  38 
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Materials and Methods 1 

DNA extraction, library preparation, and sequencing. 2 

Shotgun data.  3 

Laboratory work was performed in dedicated clean laboratory facilities at the Centre for GeoGenetics, 4 

Natural History Museum, University of Copenhagen. Twenty-four DNA extracts were prepared: one 5 

from petrous bone, one from a piece of skull and twenty-two from teeth. Between 100 and 200 mg 6 

of sample material were pulverized, pre-digested and digested using established protocols for ancient 7 

DNA (Damgaard et al. 2015). The DNA was then purified using the method described by (Allentoft et 8 

al. 2015). The extract for one library of the individual MN0008 was treated with 5 l of the USERTM 9 

enzyme for 3 hours at 37°C, and end-repaired using NEBnext end-repair module. Between one and 10 

three double-stranded DNA libraries were built per individual sample, using Illumina-specific 11 

adaptors, and following (Kircher et al. 2012) for double indexing. The libraries were amplified, and the 12 

number of PCR cycles was determined by qPCR. The indexed and amplified libraries were purified and 13 

quantified on an Agilent 2200 TapeStation before being pooled in equimolar amounts. The libraries 14 

were then sequenced (100 bp, single-end, Dataset S2) on Illumina HiSeq2500 and Hiseq4000 15 

platforms and basecalled using CASAVA (version 1.8.2) at the GeoGenetics Sequencing Core at the 16 

University of Copenhagen.  17 

Mitochondrial DNA capture. 18 

Capture-enrichment of human mitochondrial genome was performed using the single indexed 19 

libraries of the samples MN01701 (Sambaqui) and MN1943 (mummy) with the commercial kit 20 

myBaits Mito from Arbor biosciences. Capture was done following the manufacturer’s protocol v.4, 21 

setting the hybridization time to 42 hours. After capture, we performed a qPCR analysis using the 22 

Maxima SYBR Green/rROX qPCR Master Mix to determine the number of cycles to reamplify the 23 

captured libraries. Then, both libraries were reamplified for 11 cycles using the enzyme Phusion U 24 

Hot Start DNA Polymerase from Thermo Fisher Scientific. Purification of libraries was made with the 25 

Magnetic beads SPRISelect from Beckman Coulter. To determine the concentration and average 26 

length of the DNA, libraries were analyzed in the Bioanalyzer 2100 from Agilent. The libraries were 27 

then sequenced (75 bp, paired-end, Dataset S2) on Illumina NextSeq 500 platforms at the INMEGEN 28 

(National Institute of Genomic Medicine, Mexico City) genomics facility. 29 

14C dating and stable isotopes measurements. 30 

Twenty-two samples (20 “Botocudos”, the mummy and the Sambaqui, Dataset S18) were dated at the 31 

14CHRONO Centre radiocarbon dating facility from the Queen's University, Belfast. Pretreatment, 32 

combustion and graphitization, AMS dating, and measurement of C:N ratios, 13C and 15N were 33 

performed following (Reimer et al. 2015).  34 

As the isotope data suggested a potential high consumption of marine fauna for the Sambaqui-35 

MN01701 (Fig. S15), we inferred the protein marine diet proportion for this individual using Bayesian 36 
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mixing models in Fruits 3.0 (Fernandes et al. 2014), with 13C and 15N values of three different food 1 

sources as published in (Pezo-Lanfranco et al. 2018). The food sources consisted of marine and 2 

terrestrial fauna (archaeological terrestrial herbivores from the southern coast of Brazil (Colonese et 3 

al. 2014), and modern C3 plants from the southeastern Atlantic Forest in Brazil (Galetti et al. 2016). 4 

We then calibrated the dates with OxCal 4.4 (Bronk Ramsey 2009) for the 20 “Botocudos”, the 5 

mummy-MN1943, the Sambaqui-MN01701 and the two Polynesian-“Botocudos” (Bot15 and Bot17, 6 

Malaspinas et al., 2014) (Fig. 1). For the individuals with a high marine protein consumption 7 

(Sambaqui-MN01701 and Bot17, cite), the dates were calibrated using mixed curves consisting of a 8 

Southern Hemisphere (Hogg et al. 2020) and a Marine (Heaton et al. 2020) calibration curves. Protein 9 

marine proportions of 0.70±0.09 (as described above for Sambaqui-MN01701) and 0.60±0.16 (Bot17, 10 

as in Malaspinas et al., 2014) were specified for the Marine curves. A local R offset of ΔR = 111±43 11 

years (calib.org/marine) was used for Sambaqui-MN01701, whereas a ΔR = 0±20 years was used for 12 

the Polynesian-“Botocudo” Bot17 as proposed in (Malaspinas et al., 2014). Finally, for the 20 13 

“Botocudos”, the mummy-MN1943 and the Polynesian-“Botocudo” Bot15, the radiocarbon dates 14 

were calibrated using a Southern Hemisphere calibration curve (Hogg et al. 2020). 15 

Mapping and variant calling 16 

Mapping the genomic data to the human genome. 17 

Illumina adapter sequences, low-quality bases and nucleotides reported as “N” were trimmed from 18 

the reads with AdapterRemoval version 2.1.7 (Schubert et al. 2016). Reads of 30 bp length and above 19 

were mapped to the human reference genome built 19 with BWA aln version 0.7.15  (Li et al., 2009), 20 

disabling the seed to avoid mapping bias due to ancient DNA damage at the 5' termini of the reads 21 

(Schubert et al. 2012). Reads with a mapping quality score equal or greater than 25 (for the two 22 

mitochondrial capture libraries only) or 30 (for the other 38 libraries) were retained. Duplicate reads 23 

were identified and removed with Picard tools MarkDuplicates version 2.9.0 24 

(http://broadinstitute.github.io/picard/), and indel realignment was performed with GATK version 3.7 25 

with default options (McKenna et al. 2010). MD tags were then recomputed with SAMtools version 26 

1.8 (Danecek et al. 2021)⁠. Molecular damage parameters were obtained with mapDamage2 (Jónsson 27 

et al. 2013). Statistics associated to trimmed and mapped reads were computed using BEDTools 28 

(Quinlan et al. 2010) and customized python (version 3.6) scripts. Mapping statistics are reported in 29 

Table 1 and Dataset S2. 30 

Genotype likelihoods.  31 

Genotype likelihoods were computed with ANGSD (Korneliussen et al. 2014)⁠, selecting the SAMtools 32 

model (-GL 1), and using bases with a minimum PHRED-score of 20 (-minQ 20) unless otherwise 33 

specified. 34 
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Genotype calling.  1 

Genotypes were called with SAMtools mpileup and BCFtools⁠⁠ call commands (Danecek et al. 2021) as 2 

follows. The mapping qualities of the reads were adjusted (-C 50, value recommended by the 3 

SAMtools authors for reads mapped with BWA), and the reads with a minimum mapping quality of 4 

30 (-q 30) after the readjustment were used for the mpileup step.  Genotypes were then called using 5 

the original consensus caller (-c) implemented in BCFtools/SAMtools. These "raw" genotype calls 6 

were then filtered in four main steps with BCFtools  (Danecek et al. 2021), retaining only  genotype 7 

calls  that meet the following four conditions: the genotype overlaps with the 1000 Genomes strict 8 

mask (Altshuler et al. 2012); it is located outside of the RepeatMask regions (available at UCSC Table 9 

Browser, http://genome.ucsc.edu/, Karolchik et al. 2004); its depth of coverage is above one-third and 10 

below  twice the average depth of that of the individual genome analyzed; its genotype quality score 11 

is equal or greater than 30. 12 

Error rate estimation. 13 

Error rates were estimated for the 24 individual samples (Figs. S3-S5) by comparing the sequenced 14 

genomes to an outgroup and an error-free individual (an approach introduced in Orlando et al. 2013)⁠. 15 

To estimate error rates, the mapped reads were compared to the consensus sequence of an outgroup 16 

(chimpanzee), and to that of a high-coverage present-day human genome (Dinka individual; ID: 17 

SS6004480; depth of coverage: 37; Prüfer et al. 2014). The consensus sequence for the Dinka 18 

individual was inferred using ANGSD (-doFasta 2) (Korneliussen et al. 2014) from reads with a 19 

minimum mapping quality of 30 (-minMapQ 30) and bases with a minimum base quality of 30 (-minQ 20 

30). The error rates were then estimated using all the reads (-doAncError 1) with ANGSD (Korneliussen 21 

et al. 2014) and bases with a minimum quality score of 30 (-minQ 30). 22 

Molecular sex determination and uniparental markers.  23 

Molecular sex was determined by computing the ratio of reads mapping to the Y chromosome with 24 

respect to those mapping to the sex chromosomes, and following the threshold established in 25 

(Skoglund et al. 2013) to identify females or males. To call Y-chromosome and mitochondrial 26 

haplogroups, we first used ANGSD version 0.921 (Korneliussen et al. 2014) to generate the consensus 27 

sequence by taking the most common base (-doFasta 2  -doCounts 1  -minQ 20) across the Y or 28 

mitochondrial chromosome. Y-chromosome haplogroups were called by querying the consensus 29 

sequence against the Y-chromosome variants reported in the phase 3 of the 1000 Genomes Project 30 

following (Poznik 2016). Mitochondrial haplogroups were obtained by uploading the consensus 31 

sequence in FASTA format to James Lick's website (https://dna.jameslick.com/mthap/). Molecular sex 32 

and uniparental haplogroups are presented in Table 1 and Dataset S2. 33 

Contamination estimation.  34 

Contamination was estimated with (i) contamMix (Fu et al. 2013) for the mtDNA for mitochondrial 35 

data with a DoC above 10–as this method assumes the consensus is the truth–and (ii) with 36 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 31, 2022. ; https://doi.org/10.1101/2022.01.27.477466doi: bioRxiv preprint 

http://genome.ucsc.edu/
https://dna.jameslick.com/mthap/
https://doi.org/10.1101/2022.01.27.477466
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 
 

contaminationX (Moreno-Mayar et al. 2020) for X chromosome data in males with an average depth 1 

of coverage above 0.5 on that chromosome (as suggested in Moreno-Mayar et al. 2020). Both 2 

estimates are reported in Table 1 and Dataset S2. 3 

Estimation with contamMix.  4 

The mitochondrial consensus sequence was generated per individual with ANGSD (-doFasta 2  -5 

doCounts 1) (Korneliussen et al. 2014). The mitochondrial reads were then remapped with BWA aln 6 

version 0.7.15  (Li et al., 2009) to the individual’s consensus sequence, realigned with GATK v3.7 7 

(McKenna et al. 2010), and their MD tags were recomputed with SAMtools version 1.8 (Danecek et 8 

al. 2021) as described above. The consensus sequence of each individual was added to a database of 9 

311 worldwide mitochondrial sequences (Green et al. 2008) and aligned with MAFFT (Katoh et al. 10 

2013). contamMix (Fu et al. 2013) was run per individual, with the reads aligned to the consensus 11 

sequence and the multiple alignment of 312 mitochondrial sequences as input. The Monte Carlo 12 

Markov chain (MCMC) was run for 3 chains, with 100,000 samples each and discarding the first 10,000 13 

iterations. Note that the potential-scale reduction factor values were below 1.05, indicating that the 14 

variance over chains versus pooled variance was less than 5% (Gelman-Rubin estimator R, 1<= R <= 15 

1.05) for all runs which suggests that the MCMC chains may have converged. 16 

Estimation with contaminationX. 17 

Following (Moreno-Mayar et al. 2020) allele counts were generated on the X chromosome with 18 

ANGSD (Korneliussen et al. 2014) for bases with a minimum quality score of 20 (-doCounts 1  -iCounts 19 

1  -minQ 20). The counts were then filtered with contaminationX, keeping those with a minimum 20 

depth of 3 (-d 3), excluding pseudoautosomal regions (-b 5000000  -c 154900000), using the HapMap 21 

CEU allele frequencies (Altshuler et al. 2010) for estimation, and discarding variants with allele 22 

frequencies below 0.05 (-m 0.05). The estimates were then obtained allowing for up to 1000 blocks 23 

for the jackknife procedure (-maxsites=1000). 24 

Reference panels and dataset merging.  25 

Publicly available data were assembled into several datasets for the population genetic analyses 26 

(Dataset S19). Some datasets mostly contained data derived from SNP arrays, whereas others are 27 

composed of genomes (sequencing reads) from different individuals. Depending on the analysis 28 

performed with panels including SNP arrays, the data of the individuals sequenced in this study were 29 

merged either by: sampling a random read (MDS, f3); computing genotype likelihoods (NGSadmix and 30 

fastNGSadmix); calling genotypes (qpGraph). For the analyses with whole genome datasets, the 31 

external data and the genomes sequenced in this study were processed in the same way: sampling 32 

random reads (conditional heterozygosity analysis); calling genotypes (ROH and PSMC); or using all 33 

reads as input (error-corrected D-statistics). Genotype likelihoods and genotype calling are described 34 

under the “Mapping and variant calling” section above. Below we list and describe the datasets that 35 

were compiled for different analyses presented in the main text.  36 
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Populations names 1 

Three populations mentioned in the main text bear exonyms as population names in the publications 2 

in which their genomic data was first published. We replaced those names by their endonyms in the 3 

main text and figures: Paiter (previous label: Surui), Yjxa (previous label: Karitiana) and Wixárika 4 

(previous label: Huichol). 5 

Datasets including SNP array data. 6 

Genotype calls from different SNP panels were merged with PLINK (Purcell et al. 2007). The panels 7 

were merged on matching autosomal positions, and variants with more than two alleles were 8 

removed.  9 

1. MDS_NGSadmix_Wollstein_Xing_Malaspinas. This panel includes 823,805 SNPs (567,544 10 

transitions and 256,261 transversions), and 585 individuals from 20 worldwide populations. 11 

The data of 583 modern individuals (from Wollstein et al. 2010; Xing et al. 2010) was 12 

assembled in (Malaspinas et al., 2014). The two ancient Polynesian “Botocudos” (Malaspinas 13 

et al., 2014) were merged to this panel by sampling a random read. For the MDS analyses, the 14 

individuals sequenced in this study were merged by sampling a random read at each of the 15 

823K positions. For NGSadmix analyses, genotype likelihoods were computed for the 16 

individuals sequenced in this study and merged to the panel. MDS and NGSadmix analyses 17 

were run with all the SNPs (Datasets S5 and S8) or only the transversions of this panel (Fig. 2A 18 

and Datasets S6 and S7).  19 

 20 

2. NGSadmix_fastNGSadmix_Wollstein_Xing. This panel includes 256,261 SNPs (transversions 21 

only), and 144 individuals representing six worldwide present-day populations. A total of 24 22 

individuals were sampled randomly from the following populations:  Yoruba (Africa), CEU 23 

(Utah residents with Northern and Western European ancestry), Japanese (East Asia), New 24 

Guineans (Oceania), Tongans or Samoans (Polynesia), and Totonacs (Americas). The panels 25 

from which the individuals were sampled were originally published in (Wollstein et al. 2010; 26 

Xing et al. 2010) and assembled in (Malaspinas et al., 2014).  Ancestry proportions were 27 

inferred for the 144 individuals with NGSadmix (K = 6, i.e. the number of populations included 28 

in the analysis); the proportions and inferred allele frequencies per component were then 29 

used as input to infer ancestry proportions with fastNGSadmix for the 24 individuals 30 

sequenced in this study as well for the two Polynesian “Botocudos” (Malaspinas et al., 2014) 31 

(Figs. 2B and S6 and Dataset S7). 32 

 33 

3. F3_Raghavan_Skoglund_Castro_AncAmericas. This panel includes 56,646 SNPs (56,134 34 

transitions and 512 transversions) and 775 individuals from 167 Native American populations. 35 

The data of 647 Native Americans from different publications were assembled and masked for 36 

non-Indigenous American ancestry in (Raghavan et al., 2015). The data of 12 present-day 37 
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Native Brazilians from (Castro e Silva et al. 2020), as well as 43 present-day Native Brazilians 1 

from (Skoglund et al. 2015) were then merged, resulting in 702 individuals and 56,646 SNPs. 2 

We then added the data of 73 ancient Indigenous Americans (panel F3_73AncNatAm 3 

described under “Whole genome datasets” and Dataset S19) by sampling a random read at 4 

each of the 56K positions from trimmed (5 bp on each end) reads. Similarly, 22 “Botocudos” 5 

were merged by sampling an allele after trimming 5 bp on each end on the reads (Fig. 3). 6 

 7 

4. NGSadmix_Raghavan_Skoglund_Castro. This panel includes 56,646 SNPs (56,134 transitions 8 

and 512 transversions) and 333 modern individuals from 38 populations. To perform ancestry 9 

estimations, four populations (ten individuals each) out of the Americas (Yoruba, Papuans, 10 

French and Dai) and 20 populations (238 individuals) from the Americas were extracted from 11 

the panel compiled in (Raghavan et al., 2015). We then merged the data of 14 populations (55 12 

individuals):  five populations (12 individuals published by Castro e Silva et al. 2020) and nine 13 

populations (43 individuals) from Brazil published by (Skoglund et al. 2015). The genotype calls 14 

of the 333 present-day individuals were recoded as genotype likelihoods and merged to the 15 

genotype likelihoods computed after trimming 5 bp for the 9 “Botocudos” with a DoC above 16 

0.1 (Fig. 4) and the 22 “Botocudos”, the mummy and the Sambaqui individual from this study 17 

(Dataset S10). 18 

 19 

5. F3_Raghavan. This panel includes 199,285 SNPs (197,101 transitions and 2,184 transversions) 20 

and 647 individuals from 80 Native American populations, assembled and masked for non-21 

Indigenous American ancestry in (Raghavan et al., 2015). To compute outgroup-f3 statistics 22 

(Fig. S7), 22 “Botocudos” were merged to this panel by sampling an allele after trimming 5 bp 23 

on each end on the reads. 24 

 25 

6. F3_NGSadmix_Raghavan_CastroTupGuaUnrel. This panel includes 40,146 SNPs (39,778 26 

transitions and 368 transversions) and 290 present-day individuals from 22 Native American 27 

populations. To perform ancestry estimations (Dataset S11), four populations (ten individuals 28 

each) out of the Americas (Yoruba, Papuans, French and Dai) and 20 populations (238 29 

individuals) from the Americas were extracted from the panel compiled by (Raghavan et al., 30 

2015). We then merged the data of 2 populations (52 individuals) from Brazil published by 31 

(Castro e Silva et al. 2020). The genotype calls of the 330 present-day individuals were recoded 32 

as genotype likelihoods and merged to the genotype likelihoods computed after trimming 5 33 

bp for the 22 “Botocudos”, the mummy and the Sambaqui individual from this study. To 34 

compute outgroup-f3 statistics (Fig. S8), 22 “Botocudos” were merged to this panel by 35 

sampling an allele after trimming 5 bp on each end on the reads. 36 
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 1 

7. F3_NGSadmix_Raghavan_CastroTupGuaUnrel_Castro12NatAm_Skoglund. This panel includes 2 

13,490 SNPs (13,397 transitions and 93 transversions) and 345 individuals from 43 Native 3 

American populations. To perform ancestry estimations, four populations (ten individuals 4 

each) out of the Americas (Yoruba, Papuans, French and Dai) and 20 populations (238 5 

individuals) from the Americas were extracted from the panel compiled by (Raghavan et al., 6 

2015). We then merged the data of 14 populations (107 individuals) from Brazil: five 7 

populations (64 individuals published by Castro e Silva et al. 2020) and nine populations (43 8 

individuals) published by (Skoglund et al. 2015). The genotype calls of the 345 present-day 9 

individuals were recoded as genotype likelihoods and merged to the genotype likelihoods 10 

computed after trimming 5 bp on the ends of the reads for the 22 “Botocudos”, the mummy 11 

and the Sambaqui individual from this study (Dataset S12). To compute outgroup-f3 statistics 12 

(Fig. S9), 22 “Botocudos” were merged to this panel by sampling an allele after trimming 5 bp 13 

on each end on the reads. 14 

 15 

8. F3_NGSadmix_Skoglund_Castro12NatAm. This panel includes 606,888 SNPs (430,944 16 

transitions and 175,944 transversions), and 95 individuals from 16 populations. To perform 17 

ancestry estimations, 40 individuals from two populations out of the Americas (Yoruba and 18 

French, 20 individuals each) were randomly selected from the Allen Ancient DNA Resource 19 

(https://reich.hms.harvard.edu/allen-ancient-dna-resource-aadr-downloadable-genotypes-20 

present-day-and-ancient-dna-data, version 44.3; genomes originally published in Bergström 21 

et al. 2020; Mallick et al. 2016; Meyer et al. 2012; Prüfer et al. 2014). We then merged the 22 

data of 14 populations (55 individuals) from Brazil:  five populations (12 individuals) published 23 

by (Castro e Silva et al. 2020) and nine populations (43 individuals) published by (Skoglund et 24 

al. 2015). The genotype calls of the 95 present-day individuals were recoded as genotype 25 

likelihoods and merged to the genotype likelihoods computed after trimming 5 bp for the 22 26 

“Botocudos”, the mummy and the Sambaqui individual from this study (Dataset S13). To 27 

compute outgroup-f3 statistics (Fig. S10), 22 “Botocudos” were merged to this panel by 28 

sampling an allele after trimming 5 bp on each end on the reads. 29 

 30 

9. F3_NGSadmix_Skoglund_CastroTupGuaUnrel_Castro12NatAm. This panel includes 77,766 31 

SNPs (63,690 transitions and 14,077 transversions) and 147 individuals. To perform ancestry 32 

estimations, forty individuals from two populations out of the Americas (Yoruba and French, 33 

twenty individuals each) were randomly selected from the Allen Ancient DNA Resource 34 

(https://reich.hms.harvard.edu/allen-ancient-dna-resource-aadr-downloadable-genotypes-35 

present-day-and-ancient-dna-data, version 44.3; genomes originally published in Bergström 36 

et al. 2020; Mallick et al. 2016; Meyer et al. 2012; Prüfer et al. 2014). We then merged the 37 

data of 14 populations (107 individuals) from Brazil:  five populations (64 individuals) 38 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 31, 2022. ; https://doi.org/10.1101/2022.01.27.477466doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.27.477466
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 
 

published by (Castro e Silva et al. 2020) and nine populations (43 individuals) published by 1 

(Skoglund et al. 2015). The genotype calls of the 147 present-day individuals were recoded as 2 

genotype likelihoods and merged to the genotype likelihoods computed after trimming 5 bp 3 

for the 22 “Botocudos”, the mummy and the Sambaqui individual from this study (Dataset 4 

S14). To compute outgroup-f3 statistics (Fig. S11), 22 “Botocudos” were merged to this panel 5 

by sampling an allele after trimming 5 bp on each end on the reads. 6 

 7 

10. qpGraph_Skoglund_Castro. This panel includes 606,888 SNPs (493,453 transitions and 8 

113,435 transversions), and 95 individuals from 16 populations. The following populations 9 

were selected to build admixture graphs with qpGraph: Yoruba (n = 20, Bergström et al. 2020; 10 

Mallick et al. 2016; Meyer et al. 2012; Prüfer et al. 2014; Allen Ancient DNA Resource 11 

https://reich.hms.harvard.edu/allen-ancient-dna-resource-aadr-downloadable-genotypes-12 

present-day-and-ancient-dna-data, version 44.3), Xavante (n = 11, Skoglund et al. 2015), Yjxa 13 

(n = 4, Skoglund et al. 2015), Paiter (n = 4, Skoglund et al. 2015), Guarani Kaiowá (n = 9, 14 

Skoglund et al. 2015), and Urubu Ka’apor (n = 3, Skoglund et al. 2015). Genotypes were called 15 

for the “Botocudo” MN0008 (USER-treated library only, 2 bp trimmed on each end of the 16 

reads) and merged to the panel. Admixture graphs with this panel are shown in Figs. 5 and 17 

S12. 18 

Whole genome datasets.  19 

For the panels ROH, PSMC, and ErrorCorr_Dstat, we integrated the data of the “Botocudo” MN0008, 20 

corresponding to the USER-treated extract and with 2 bp trimmed at the end of the reads.  21 

1. Conditional_heterozygosity. This panel includes twenty populations, two individuals per 22 

population (Fig. 6A). The 20 populations are distributed as follows: four from Africa (Meyer et 23 

al. 2012; Prüfer et al. 2014), two from Europe (Meyer et al. 2012; Prüfer et al. 2014), two from 24 

East Asia (Meyer et al. 2012; Prüfer et al. 2014), six from Oceania (Meyer et al. 2012; Prüfer 25 

et al. 2014; Malaspinas et al., 2014), five present-day populations from the Americas (Mallick 26 

et al. 2016; Meyer et al. 2012; Prüfer et al. 2014; Skoglund et al. 2015), three ancient 27 

populations from the Americas (Moreno-Mayar, Vinner, et al. 2018; Moreno-Mayar, Potter, et 28 

al. 2018), and the ancient “Botocudos” (this study). A read was sampled per position per 29 

individual from the mapped reads as described in the “Conditional heterozygosity” section.  30 

 31 

2. ROH. This panel includes fifteen individuals from nine populations (Fig. 6B): “Botocudos” (n = 32 

1, this study), Spirit Cave (n = 1, Moreno-Mayar, Vinner, et al. 2018), Mixe (n = 1, Meyer et al. 33 

2012), Paiter (n = 2, Skoglund et al. 2015), Yjxa (n = 2, Meyer et al. 2012; Prüfer et al. 2014), 34 

Papuan (n = 2, Meyer et al. 2012; Prüfer et al. 2014), Dai (n = 2, Meyer et al. 2012; Prüfer et 35 

al. 2014), French (n = 2, Meyer et al. 2012; Prüfer et al. 2014), and Yoruba (n = 2, Meyer et al. 36 

2012; Prüfer et al. 2014). Genotypes were called for each individual as described in the 37 
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“Genotype calling” section. ROH per genome were inferred as described in the “Runs of 1 

homozygosity” section.  2 

 3 

3. PSMC. This panel includes six individuals (Fig. 6C): MN0008 (“Botocudo”, this study); 4 

LP6005441-DNA_A12 (Paiter, Skoglund et al. 2015);  HGDP00998 (Yjxa, Meyer et al. 2012); 5 

LP6005441-DNA_G07 (Maya, Mallick et al. 2016);  HGDP01307 (Dai, Meyer et al. 2012); 6 

HGDP00927 (Yoruba, Meyer et al. 2012). Genotypes were called for each individual as 7 

described in the “Genotype calling” section.  8 

 9 

4. ErrorCorr_Dstat. This panel includes 26 individuals (Figs. 7 and S14). The consensus sequence 10 

of one Yoruba individual (Meyer et al. 2012)  was used as a proxy for the ancestral allele in the 11 

outgroup population. Three Mixe individuals (Prüfer et al. 2014; Skoglund et al. 2015)  12 

represent the population in H2.  For the populations in H3 for which gene flow was tested, 13 

French (n = 1, Meyer et al. 2012) and Han (n = 1, Meyer et al. 2012) genomes represented the 14 

Eurasian populations, whereas Australians (n = 7, Malaspinas et al., 2016), a Papuan (n = 1, 15 

Meyer et al. 2012), and a historical Andaman (n = 1, Moreno-Mayar, Vinner, et al. 2018) were 16 

chosen as representatives of Australasia. For the Indigenous Americans in H1, we included the 17 

genomes of the following populations: “Botocudo” MN0008_L3U_trim2 (n = 1, this study); 18 

the 10,000 yo Lagoa Santa (n = 1, Moreno-Mayar, Vinner, et al. 2018); Paiter (n = 2, Skoglund 19 

et al. 2015); Yjxa (n = 4, Mallick et al. 2016; Prüfer et al. 2014; Rasmussen et al. 2014); Aymara 20 

(n = 1, Raghavan et al., 2015); and Wixárika (n = 1, Raghavan et al., 2015). For the ancient 21 

Lagoa Santa and the historical Andaman individuals, 5 bp were trimmed at each end of the 22 

reads.  23 

 24 

5. F3_73AncNatAm. This panel includes 73 ancient individuals from 30 populations in the 25 

Americas (Dataset S19 and Fig. 3). The populations span North and South America (Moreno-26 

Mayar, Vinner, et al. 2018; Moreno-Mayar, Potter, et al. 2018; Posth et al. 2018; Raghavan et 27 

al., 2014; Raghavan et al., 2015; Rasmussen et al. 2014; Scheib et al. 2018; Schroeder et al. 28 

2018). For each ancient genome, the reads were trimmed (5 bp on each end), and an allele 29 

was sampled and merged to the panel F3_Raghavan_Skoglund_Castro_AncAmericas (56,646 30 

SNPs). 31 

Multidimensional scaling.  32 

For the multidimensional scaling (MDS) analyses with worldwide populations the panel 33 

MDS_NGSadmix_Wollstein_Xing_Malaspinas was used (described in “Panels and data sets merging” 34 

and Dataset S19). Allele sharing distances were computed with PLINK (Purcell et al. 2007)  on pseudo-35 
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haploid data of the panel (i.e., a random allele per individual per site) and either (i) the 24 sequenced 1 

individuals or (ii) each of the sequenced individuals in this study; for both cases the distances were 2 

computed using (a) only transversions and (b) all the SNPs. Two individuals (“Botocudo” MN00010 3 

and Sambaqui MN01701) did not have data overlapping with other individuals in (ia), so they were 4 

excluded from the projection of (ia).  Classic MDS projections were performed in R (Core Team et al. 5 

2020) with the function cmdscale() with the pairwise distances as input. See Fig. 2A and Datasets S5 6 

and S6. 7 

 8 

Clustering analyses - Ancestry estimation.  9 

Panels were compiled to assess with clustering analyses whether there were further Polynesians 10 

(MDS_NGSadmix_Wollstein_Xing_Malaspinas and NGSadmix_fastNGSadmix_Wollstein_Xing), and to 11 

explore the genetic structure within South America (NGSadmix_Raghavan_Skoglund_Castro). To 12 

estimate ancestry proportions, we used NGSadmix (Skotte et al. 2013) and fastNGSadmix (Jørsboe et 13 

al. 2017). The first approach allows us to estimate ancestry in an unsupervised fashion on the joint 14 

data with the classic STRUCTURE model (Pritchard et al. 2000), whereas the second allows us to 15 

estimate the ancestry in a single individual using pre-inferred ancestry proportions and allele 16 

frequencies in the reference panel. Both methods can take genotype likelihoods as input. Therefore, 17 

we converted the SNP calls in the panels to genotype likelihoods, and computed genotype likelihoods 18 

for the twenty-four Native Brazilians as described above. For the panels, the genotype likelihoods 19 

matrix was prepared by setting a value of one on the entry corresponding to the genotype observed, 20 

and zero for the other two alternative genotypes (i.e., the entries for a heterozygous call would be 21 

coded as '0 1 0'). NGSadmix (Skotte et al. 2013) was run with default parameters (i.e., on sites with a 22 

minor allele frequency of 0.05, -minMaf 0.05). 23 

Panels with Polynesians: NGSadmix_fastNGSadmix_Wollstein_Xing  24 

We first modelled population structure for the six reference populations (Yoruba, CEU, Japanese, New 25 

Guineans, Tongans and Samoans, and Totonacs) in the panel 26 

NGSadmix_fastNGSadmix_Wollstein_Xing (Dataset S19) considering K = 6 ancestry groups using 27 

NGSadmix (Skotte et al. 2013). The ancestry estimates and allele frequencies of the NGSadmix run 28 

with the highest likelihood among 100 replicates was chosen as input for fastNGSadmix (Jørsboe et 29 

al. 2017) to estimate their proportions in the two Polynesian-“Botocudos”, the 22 “Botocudos”, the 30 

mummy and the Sambaqui. Figs. 2B and S6 show the fastNGSadmix results for K = 6 (see Datasets S5 31 

and S6 for NGSadmix analyses). Genotype likelihoods were computed as described above for the 22 32 

"Botocudos", the mummy, the Sambaqui individual, and the two Polynesian “Botocudos” (Malaspinas 33 

et al., 2014).  fastNGSadmix (Jørsboe et al. 2017) was run specifying 100 bootstraps, and K = 6 34 

ancestral components (Fig. 2B). See Fig. S6 for the analyses including transitions.  35 
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Panels with Polynesians: MDS_NGSadmix_Wollstein_Xing_Malaspinas   1 

NGSadmix was also run separately for each of the 24 sequenced individuals with the panel 2 

MDS_NGSadmix_Wollstein_Xing_Malaspinas. The data of the 583 individuals of the panel was 3 

merged to the genotype likelihoods of each of the 24 Native Brazilians, and sites with missing data in 4 

the ancient Brazilian being analyzed were removed. Ten replicates were run with NGSadmix assuming 5 

K = 6. The replicate with the highest likelihood was then plotted (see Datasets S8 and S9). 6 

Panel enriched in Native American populations: NGSadmix_Raghavan_Skoglund_Castro 7 

To explore the genetic structure in South America, we estimated ancestry proportions using the panel 8 

NGSadmix_Raghavan_Skoglund_Castro. As most of the SNPs in this panel are transitions, to reduce 9 

the effect of ancient DNA damage, 5 bp were trimmed on each end of the reads of the 22 10 

“Botocudos”, the mummy and the Sambaqui individual prior to genotype likelihoods computation, 11 

and only bases with a minimum quality score of 30 were considered to calculate the likelihoods. The 12 

genotype likelihoods of the 24 individuals were then merged to the panel, and ten replicates of 13 

NGSadmix were run for each value of K from 2 to 15. The run with the highest likelihood for K = 13 14 

and including the nine “Botocudos” with a DoC above 0.1 was plotted in Fig. 4; for other runs 15 

including the 22 “Botocudos”, the mummy and the Sambaqui individual, see Dataset S10. For runs 16 

with other panels enriched in Native Americans (described in Dataset S19), see Datasets S11 – S14. 17 

Outgroup-f3.  18 

Outgroup-f3 statistics were computed with ADMIXTOOLS version 5.1 (Patterson et al. 2012). To 19 

investigate the genetic affinity between the “Botocudos” and the Native American populations, 20 

outgroup-f3 statistics of the form f3(Yoruba; Botocudo, Native American) were calculated using the 21 

panel F3_Raghavan_Skoglund_Castro_AncAmericas described in Dataset S19, which includes 22 22 

Botocudos. We report results for comparisons for which there were at least 5,000 SNPs out of the 23 

56,646 included in the panel. Tests with further panels enriched in Native American populations 24 

(Dataset S19) are shown in Figs. S7 – S11. 25 

Admixture graphs. 26 

We used qpGraph (version 6100) to fit f-statistics-based admixture graphs (Patterson et al. 2012) for 27 

the populations in the panel qpGraph_Skoglund_Castro (Dataset S19). We followed an admixture 28 

graph search strategy similar to that in (Moreno-Mayar, Vinner, et al. 2018), where we start with a 29 

simple graph modelling the relationship between a few key populations. We then extended the 30 

starting graph by including each of the additional populations as either a non-admixed or an admixed 31 

leaf in every possible position of the graph. For each additional population, we assessed the fit of 32 

each topology using three criteria: 1) its fit score, 2) the Z-score of the worst residual between the 33 

predicted and the observed f4-statistics, and 3) the presence of trifurcations. We carried out 34 

comparisons between non-admixed and admixed models using a likelihood ratio test following 35 

(Lipson et al. 2017). Here, fit score differences of ~3 and ~4.6 correspond to p-values of 0.05 and 0.01 36 

respectively. 37 
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Conditional heterozygosity estimation.  1 

To estimate heterozygosity in the “Botocudo” population, we followed (Skoglund et al. 2014) as the 2 

data sequenced here include damaged low-depth genomes. First, we ascertained heterozygous sites 3 

from the autosomes of an African individual (Yoruba from Nigeria, SS6004475, Mallick et al. 2016) 4 

relying on the genotype calls in the Simons Genome Diversity Project (SGDP) panel. Transitions were 5 

filtered out, as well as sites that had more than one alternative allele in any of the individuals from 6 

the SGDP panel (Mallick et al. 2016). We then selected two Botocudo genomes and sampled a random 7 

read from each genome at every ascertained position in the Yoruba individual. Similarly, we analyzed 8 

two individuals from other 19 populations (panel Conditional_heterozygosity, Dataset S19), and drew 9 

one allele per individual at a given position. The conditional heterozygosity per population was 10 

calculated as the proportion of observed heterozygous sites to the total sites with data. Confidence 11 

intervals were computed by applying a jackknife resampling strategy over blocks of 5 Mb along the 12 

genome. Results for the 19 populations and the pair of “Botocudos” MN0008 (DoC: 23.9) and 13 

MN00056 (DoC: 3.3) are shown in Fig. 6A. Estimates for all pairs of “Botocudos” are shown in Fig. 14 

S13. 15 

Runs of homozygosity.  16 

For fifteen individuals (panel ”ROH”  in Dataset S19), genotypes were called as described in the 17 

“Genotype calling” section. Runs of homozygosity were inferred with PLINK (--homozyg) (Purcell et al. 18 

2007) on the genotype calls using default parameters (--homozyg-snp 100 --homozyg-density 50 --19 

homozyg-gap 1000 --homozyg-window-het 1 --homozyg-window-het 5) and by selecting runs of at 20 

least 500 Kb long (--homozyg-kb 500), following (Gamba et al. 2014). 21 

Population size estimation. 22 

Effective population sizes were estimated with PSMC (Heng Li et al. 2011)  for six individuals (dataset 23 

“PSMC”, Dataset S19). For each of the six individuals, genotypes were called as described in the 24 

“Genotype calling” section and used as input for PSMC. PSMC was run with parameters suggested by 25 

the developers for humans: a maximum of 25 iterations (-N 25), a maximum coalescence time of 2N0 26 

= 15 (-t 15), initial theta to rho ratio of 5 (-r 5), and 28 free parameters spanning 64 atomic time 27 

intervals (-p “4+25*2+4+6”). 28 

Error-corrected D-statistics.  29 

The genome of a Yoruba individual (HGDP00927, Meyer et al. 2012) was used as an outgroup to 30 

indicate the ancestral allele for the D-statistics. The consensus sequence of the Yoruba genome was 31 

generated with ANGSD (Korneliussen et al. 2014), selecting the most common base (-doFasta 2  -32 

doCounts 1) with a minimum base quality of 30 (-minQ 30). Error rates were computed as indicated 33 

in the “Error rate estimation” section for 25 genomes (dataset ErrorCorr_Dstat, Dataset S19) used in 34 

the test as either H1, H2 or H3. D-statistics computation, error correction and weighted jackknife 35 

resampling were performed with ANGSD over 5 Mb blocks (-blockSize 5000000), taking all bases at 36 
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each position (-doAbbababa2 1) with a minimum quality score of 30 (-minQ 30) following (Soraggi et 1 

al. 2018). 2 

Metagenomic analyses. 3 

Bacteriome classification. 4 

The reads that could not be mapped to the human genome were classified into different taxonomic 5 

levels by Kraken2 (Wood et al. 2019) using NCBI’s RefSeq database, which included bacterial, archaeal 6 

and viral genomes (downloaded on November 3rd, 2017). We then extracted the summary statistics 7 

for the counts and assigned hits at the species level, using Kraken-biom 8 

(https://github.com/smdabdoub/ kraken-biom). 9 

Authentication of oral bacteria. 10 

We decided to focus on bacteria that could be present in the oral cavity. We first identified the species 11 

for which at least 10% of the total reads of the individual samples were assigned, resulting in 25 taxa 12 

(Dataset S15). Eight out of the twenty-five taxa have been reported among the oral genomes of the 13 

expanded Human Oral Microbiome Database: Actinomyces sp. oral taxon 414 strain F0588 14 

(NZ_CP012590.1), Anaerolineaceae bacterium oral taxon 439 strain W11661 (NZ_CP017039.1), 15 

Fusobacterium nucleatum strain Fn12230 (NZ_CP053468.1), Comamonas testosteroni strain G1 16 

(NZ_CP067086.1), Tannerella forsythia 92A2 (NC_016610.1), Stenotrophomonas maltophilia strain 17 

NCTC10258 (NZ_LS483377.1), Acinetobacter lwoffii strain NCTC5866 (NZ_CAADHN010000001.1), 18 

Pseudomonas stutzeri strain F2a (NZ_AP024722.1). 19 

We then mapped the non-human reads of the 24 sequenced individuals to the reference genomes of 20 

the eight oral bacteria with BWA  (Li et al., 2009) aln (version 0.7.13) using a seed length of 32 and a 21 

maximum edit distance of 0.04 (with the flags -l 32 -n 0.04). To filter the mapped reads, we used 22 

samtools view (Danecek et al. 2021)  (version 0.1.19) and a mapping quality of 37. To remove clonal 23 

duplicates, we used samtools rmdup. The DNA damage patterns were generated using mapDamage2 24 

(Jónsson et al. 2013) with default parameters. We used Circos (Krzywinski et al. 2009) (version 0.69-25 

6) to plot the genome depth of coverage within a window size of 1000 bp. 26 

Virome classification. 27 

The reads per individual that did not map to the human genome were used as input for DIAMOND 28 

(0.9.22, Buchfink et al. 2014)  to screen for viruses. DIAMOND was run in its alignment mode (diamond 29 

blastx) with the RefSeq viral protein database (downloaded on November 9th 2018). The alignments 30 

retrieved by DIAMOND were filtered to keep only viruses that infect humans. We used the host 31 

information stored in Virus-Host DB to do so (downloaded on September 25th 2019, Mihara et al. 32 

2016). A total of 50 different viral candidates infecting humans were obtained after this step, each 33 

candidate had at least one alignment for at least one of the 24 individuals.  34 

The non-human reads of all the individuals were then mapped against each of the 50 viral candidates 35 

(Dataset S16) independently using BWA (H. Li et al. 2009) (v 0.7.15) (aln -l 1024) setting the threshold 36 
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for mapping quality at 0 to retain reads mapping within repetitive regions as some viruses had 1 

palindromic regions (see below). A threshold of 1% for the BoC (at least 1% of the genome covered 2 

by at least one sequenced base) was then applied to further reduce the list of candidates. A total 19 3 

individuals with hits to 15 viruses were retained after this step. The viruses include:  adeno-associated 4 

virus 2, bufavirus-3, hepatitis B virus, human betaherpesvirus 7, human endogenous retrovirus K113, 5 

human parvovirus 4, human parvovirus B19, mamastrovirus 1, Merkel cell polyomavirus, torque teno 6 

midi virus 14, torque teno virus 10, torque teno virus 12, torque teno virus 16, torque teno virus 28 7 

and torque teno virus 8 (Fig. 8A). 8 

To qualitatively assess whether the mapped reads were ancient as opposed to resulting from either 9 

modern contamination or from a bioinformatic artefact, the genome coverage, the read length 10 

distribution, and deamination patterns were computed. The distribution of reads across the genome 11 

was computed using BEDTools (Quinlan et al. 2010)  (v. 2.29.2) (genomecov -d -ibam). The read length 12 

distribution and the deamination patterns were computed using the tool bamdamage from bammds 13 

(v. 1, Anna-Sapfo Malaspinas et al. 2014) . For all but one of those candidates listed above, (human 14 

parvovirus B19, see Fig. 8BC) we were not able to assess whether the data was ancient as there were 15 

too few mapped reads to assess their ancient origin. These 14 viruses are therefore deemed 16 

candidates for future studies, and we analyzed further the data mapping to human parvovirus B19.  17 

Human parvovirus B19 reads and phylogenetic analysis.  18 

For six individuals (MN00346, MN00067, MN00021, MN00013, MN00119, and MN00039), Human 19 

parvovirus B19 RefSeq genome (NC_000883) was the virus with the highest BoC with values above 20 

5%. For those six, the reads that mapped against the Human parvovirus B19 were BLASTed (v. 2.10.1+ 21 

[blastn], Altschul et al. 1990) to the nt database - i.e., considering a more extensive database including 22 

archaea, eukaryotes and humans - to see if human parvovirus B19 was the best hit for all reads that 23 

mapped to this genome. Only two reads (one in MN00067 and the other in MN00346) had as best 24 

hit another organism (the Japanese rice fish, Oryzias latipes) rather than human parvovirus B19, 25 

suggesting that most of the reads mapping to human parvovirus B19 are genuine parvovirus 26 

sequenced DNA fragments.  27 

To reconstruct the parvovirus genomes and to determine the most likely genotype, the unmapped 28 

reads of the six individuals were then mapped with BWA [v 0.7.15] [aln -l 1024] against the three 29 

different genotypes reported for Human parvovirus B19. To do so, we compiled a set of 11 reference 30 

genomes following (Mühlemann, Margaryan, et al. 2018). This set includes the Human parvovirus 31 

B19 genome whose proteins are present in DIAMOND’s database (NC_000883.2), three genomes per 32 

genotype (genotype 1: FN669502.1, AF113323.1, DQ357065.1; genotype 2: HQ340602.1, 33 

AJ717293.1, DQ333427.1; genotype 3: AY083234.1, NC_004295.1 and AJ249437.1) and an external 34 

outgroup, the Bovine parvovirus (NC_001540.1).  35 

The highest BoC among all the individuals and across the 11 Human parvovirus B19 sequences was 36 

achieved for the MN00346 data mapped against AY083234.1 (genotype 3) with a BoC value of 83.9% 37 
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(Fig. 8B). The other individuals have less than 30.1% BoC for any Human parvovirus B19 sequence 1 

(Fig. 8B).  2 

Phylogenetic analyses were conducted to infer the genotype of the parvovirus likely to have infected 3 

MN00346. A consensus sequence was first obtained using ANGSD (Korneliussen et al. 2014) (with the 4 

options -doFasta 2 and -doCounts 1) for the MN00346 data mapping against AY083234.1. The set of 5 

11 public genomes mentioned above, and the reconstructed MN00346 parvovirus genome were 6 

aligned with MUSCLE (Edgar 2004). The data were then restricted to the coding sequence (CDS) 7 

regions (removing in particular the inverted terminal repeats). Finally, a neighbor-joining phylogenetic 8 

tree was reconstructed from this multiple alignment with Seaview (Gouy et al. 2010) (v. 5.0.4) (BIO-9 

NJ algorithm)  with default parameters (Fig. 8D). 10 

Diet characterization. 11 

The measured 13C and 15N values from permanent second and third molars (n = 14 out of 20 12 

“Botocudos” and n = 1 Sambaqui, Dataset S18) were used to infer the diet of the individuals. Note 13 

that the values from deciduous teeth and permanent first molars were not included in this analysis 14 

as those teeth are formed during the gestational and breastfeeding period and tend to show 15 

significantly increased nitrogen and carbon stable isotope values, compared to teeth formed in later 16 

periods, when the individual can obtain food directly from plants and animals (Katzenberg et al. 1996). 17 

Furthermore, the mummy (MN1943) presented a δ15N value far above the results usually found in 18 

human tissues, likely caused by an analytical error, and was also excluded from the diet analyses 19 

below. 20 

The 13C and 15N values of the 15 ancient Brazilians were then compared to isotopic data from 21 

human permanent teeth and bones from different archaeological and contemporaneous locations 22 

and contexts in Brazil. The reference set included:  23 

(i) 10,000-8,000 BP (Early Holocene) hunter-gatherers from the sites Lapa do Santo 24 

(Hermenegildo 2009; Strauss et al. 2016)  and Lapa das Boleiras (Hermenegildo 2009) 25 

from the Lagoa Santa region in Minas Gerais state. 26 

(ii) 6,700-4,900 BP (Mid-Holocene) hunter-gatherers from a riverine sambaqui, Sítio Moraes, 27 

São Paulo state (Colonese et al. 2014) .  28 

(iii) 3,000-1,000 BP fisher-gatherers from three coastal sites in the Santa Catarina state:  29 

Sambaqui do Forte Marechal Luz (Bastos et al. 2014), Sambaqui Jabuticabeira II (Colonese 30 

et al. 2014)  and Praia da Tapera (Bastos et al. 2015).  31 

(iv) Present-day individuals from Rio de Janeiro and Brasília cities (Tinoco 2019). 32 

 33 

The isotopic values were displayed on two dimensions (13C vs 15N, Fig. S15).  34 
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1 

Figure 1. Geographical origin and calibrated radiocarbon dates. 
(A) Map showing the provenance of the 24 individual remains sequenced in this study, and the 
location of previously published ancient and present-day populations from the region. (B) Highest 
posterior densities of the calibrated radiocarbon-dates for 22 individuals dated in this study, and the 
two Polynesian-“Botocudo” individuals analyzed in Malaspinas et al. (2014). Color bars on the left 
highlight labels used throughout the study: yellow for the Sambaqui individual, pink for the mummy, 
cyan for the “Botocudos” from this study, and dark blue for the two “Botocudos” individuals 
published in Malaspinas et al., (2014). The colored bars are followed by the individuals' IDs. 
Numbers in parentheses indicate mean calibrated date (CE) plus-minus one standard deviation. The 
mean is also indicated with a white circle underneath the distributions. Brackets below the distributions 
indicate the highest posterior density interval that encompasses approximately 95.4% of the total area 
of the distribution. The populations Paiter and Yjxa have been labeled as “Surui” and “Karitiana”, 
respectively, in previous publications.
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Figure 2. Genomic ancestry for the 24 sequenced individuals and 586 individuals from present-day 
worldwide populations (transversions only). 

(A) Multidimensional scaling combining 21 “Botocudos” and the mummy (MN01943). The individuals
MN00010 (“Botocudo”)  and MN01701 (Sambaqui)  are not  included in  this  plot  as there was no
overlap  in  SNPs  between  them and  at  least  one  other  ancient  individual  (see  “Multidimensional
scaling” in Materials and Methods). MDS analyses including one ancient individual at a time  for all
individuals sequenced in this study can be found in Datasets S5 and S6. (B) Admixture proportions
estimated  using  NGSadmix  (Skotte  et  al.,  2013)  for  six  groups  (Yoruba,  CEU,  Japanese,  New
Guineans, Tongan and Samoans, and Totonacs), and fastNGSadmix (Jørsboe et al., 2017) for the 22
“Botocudos”  from  this  study  (see  “Clustering  analyses  -  Ancestry  estimation”  in  Materials  and
Methods). Each horizontal bar represents the genome of a single individual, colored in proportion to
their ancestry components. “Botocudos” are ordered by depth of coverage, with the individuals with
the highest  depth at  the top. The number of individuals per group is indicated next to the bars.
Ancestry proportions were estimated in two steps. First, NGSadmix was used to estimate the allele
frequency proportions and ancestry in the following six (K=6) groups: Yoruba, CEU, Japanese, New
Guineans, Tongans and Samoans, and Totonacs. Those inferred ancestry proportions and the allele
frequencies  were  then  used  as  input  for  fastNGSadmix  to  infer  the  ancestry  of  the  following
individuals:  22  “Botocudos”;  MN01701  (Sambaqui);  MN1943  (mummy);  the  two  Polynesian
“Botocudos” published in Malaspinas et al., 2014. See “Reference panels and dataset merging” in
Materials and Methods for a description of the panels “MDS_NGSadmix_Wollstein_Xing_Malaspinas”
and “NGSadmix_fastNGSadmix_Wollstein_Xing” used in this analysis. 
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Figure 3. Shared genetic drift between the 22 “Botocudo" individuals and other Native Americans. 

X-axis:  Outgroup-f3  value for  the test  f3(Yoruba;  "Botocudos",  Native American)  (Patterson et  al.,
2012); y-axis: Native American populations. Higher values correspond to higher similarity between the
Native American population tested and the 22 "Botocudos". To help with readability on the y-axis, the
values are split into three panels. The values are ordered from highest to lowest (top to bottom and left
to right). Ancient populations are labeled with a "+". Error bars correspond to three standard errors.
Locations of  the Native American populations are displayed on top-right  panel.  Dots  are colored
according to the point estimate of the f3-test. Ancient populations or individuals are marked with a "+".
See “Reference panels and dataset merging” in Materials and Methods for a description of the panel
F3_Raghavan_Skoglund_Castro_AncAmericas used in this analysis. The populations Paiter, Yjxa and
Wixárika have been labeled as “Surui”, “Karitiana” and “Huichol”, respectively, in previous publications.
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Figure 4. Admixture proportions for nine “Botocudos”, 34 Native American groups and four outgroups
(K = 13). 

(A)  Admixture  proportions  using  a  clustering  analysis  relying  on genotype  likelihoods  (NGSadmix
Skotte  et  al.,  2013)  estimated  for  a  panel  with  ~56,000  SNPs  and  assuming  13  ancestral
components. Each horizontal bar represents the genome of a single individual, colored following their
inferred  ancestry  proportions.  Nine  “Botocudos”  from  this  study  (the  genomes  with  a  depth  of
coverage above 0.1×) are included in this analysis and are ordered by depth of coverage, with the
individual with the highest depth on the left (MN0008, MN00056, MN00013, MN0009, MN00118,
MN00346,  MN00067,  MN00021  and  MN00119).  (B)  Admixture  proportions  and  geographical
locations. Pie charts shows the average admixture proportions as inferred in (A). For the populations
in the Americas, the pie charts are placed on their location on the map. The charts corresponding to
YRI, Papuans, Dai and French are placed on the left. The radius of each pie chart is proportional to
the sample size of the corresponding population. See “Reference panels and dataset merging” in
Materials and Methods for a description of the panel “NGSadmix_Raghavan_Skoglund_Castro” used
in  this  analysis.   Plots  for  other  K values  and 22  “Botocudos”  are  shown in  Dataset  S10.  The
populations Paiter and Yjxa have been labeled as “Surui” and “Karitiana”, respectively, in previous
publications. 
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Figure 5. Admixture graphs modelling the relationship between the “Botocudos” and other indigenous
peoples from Brazil. 

We considered a graph including Jê- (Xavante and “Botocudos”, colored in red) and Tupi-Guarani-
speaking (Paiter, Yjxa, Urubu_Kaapor and Guarani_KW, colored in blue) groups. We show the best-
fitting graph resulting from adding the 16× “Botocudo” genome (USER treated libraries, trimmed data
and diploid genotypes) to all possible branches of (A) a simple tree similar to that in (Castro e Silva et
al., 2020), and (B) a graph where Guarani_KW and Urubu_Kaapor bear Xavante- and Paiter-related
admixture. In (C), we show the best-fitting graph where we include the “Botocudo” individual as an
admixed leaf to the graph in (B). For each panel, we indicate below the graph the combination of four
populations that give rise to the worst residual between the observed and the expected f-statistics,
the Z-score corresponding to that residual and its fit score. The branches leading to Native American
populations are colored according to their linguistic family (Jê in red and Tupi in blue). In Fig. S12 we
also show graphs with suboptimal fit  scores for each model.  See “Reference panels and dataset
merging” in Materials and Methods for a description of the panel “qpGraph_Skoglund_Castro” used in
this  analysis.  The  populations  Paiter  and  Yjxa  have  been  labeled  as  “Surui”  and  “Karitiana”,
respectively, in previous publications. 
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Figure 6. Heterozygosity, runs of homozygosity (ROH) and effective population size. 

(A)  Heterozygosity  values  conditioned on heterozygous  sites  (transversions  only)  ascertained in  a
Yoruba genome. Exactly two individuals were selected for each population (x-axis), and an allele was
sampled for each of them. “Botocudos” MN0008 and MN00056 were selected to be displayed in this
figure.  Each dot  corresponds to the average estimate per  pair  of  individuals,  and the error  bars
represent the 95% confidence interval  obtained from a jackknife resampling approach over 5 Mb
blocks (Skoglund et al., 2014). Refer to Fig. S13 for the estimates with all pairs of “Botocudos”. (B)
Effective population size over time inferred with PSMC (Li & Durbin, 2011). The inference was done on
genotype  calls  (transversions  only)  from  a  single  genome  per  population.  ROH  and  effective
population size estimations for the “Botocudo” individual MN0008 were done on genotype calls from
trimmed reads (2 bp on each end) from the USER-treated library only.  (C)  Runs of homozygosity
distribution per individual. X-axis: length category; y-axis: sum of ROH lengths. ROH were inferred
with PLINK (Purcell et al., 2007) on genotype calls (transversions only) from genomes with a minimum
depth of coverage of 15×. See “Reference panels and dataset merging” in Materials and Methods for
a description of the panel “Conditional_heterozygosity” used in this analysis. The populations Paiter
and Yjxa have been labeled as “Surui” and “Karitiana”, respectively, in previous publications. 
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Figure 7. Z-scores for error-corrected D-statistics D(H1, H2 = Mixe; H3, Yoruba). 

Y-axis: population used in the test as H1. Color code: population used in the test as H3. When H3 is
closer  to H1 than to Mixe, the Z-scores become negative (left-hand side of the plot).  In contrast,
positive Z-scores (right-hand side of the plot) indicate a stronger proximity between Mixe and H3 than
between H1 and H3. The number of genomes per population is indicated between parentheses. D-
statistics were corrected according to the error rates estimated per genome following (Soraggi et al.,
2018). Z-scores were obtained after a jackknife resampling approach of D-statistic for 5 Mb-blocks.
Vertical dotted lines are placed at |3.3| values and correspond to a  p-value of approximately 0.005
(Green et al., 2010). For the “Botocudo” individual MN0008, only reads from the USER-treated library
were  analyzed.  Reads  from  ancient  genomes  were  trimmed  either  2  bp  (MN0008)  or  5  bp
(LagoaSanta, Andaman) on each end. See “Reference panels and dataset merging” in Materials and
Methods for a description of the panel “ErrorCorr_Dstat” used in this analysis. The populations Paiter
and Yjxa have been labeled as “Surui” and “Karitiana”, respectively, in previous publications..
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Figure 8. Top viruses detected in the sequenced data and human parvovirus B19 genome 
reconstruction.   

(A) Heatmap depicting the fraction of the viral genomes covered at least once (breadth of coverage,
BoC) after mapping the non-human reads to the virus reference sequences. Each column represents
the data for one individual and each row represents the viral genome used as a reference. Note that
five “Botocudos” and the Sambaqui individual are not shown as none of their viruses had more than
1% of their genome covered by one read. (B) Genome coverage along the human parvovirus B19
genome (AY083234.1, genotype 3) per individual. For these six individuals, parvovirus B19 was the
virus with the highest BoC. The title of each subplot indicates the individual's ID. Boxes under the
plots represent the viral proteins of the human parvovirus B19. At the end of the genome (3’ and 5’),
the regions that are not annotated include the inverted terminal repeats. The higher achieved depth of
coverage at the beginning and end of the genome can be explained by the palindromic nature of
these regions. (C) Damage plot (top) and read length (bottom) for the MN00346 reads mapping to the
human parvovirus B19 (AY083234.1). (D) Neighbor-joining tree of the consensus sequence obtained
from the MN00346 reads mapping to AY083234.1 (labeled as MN00346 in the tree), together with ten
human parvovirus B19 sequences representing three different genotypes (3 sequences per genotype),
including  the  human  parvovirus  B19  sequence  used  in  DIAMOND’s  database  (NC_000883.2,
genotype 1), and an outgroup sequence (bovine parvovirus, NC_001540.1). Bootstrap values were
obtained by running 100 replicates and are indicated at each node. 
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Table 1. Description of the individuals sequenced in this study. 

a Museum ID: National Museum (Museu Nacional do Rio de Janeiro, MN) identifier. 
b Tissue used to extract DNA and measure isotopes. 
c Nuclear  depth of coverage (DoC, number of unique bases divided by the length of the human
genome reference build 37.1). 
d 95% credible  interval  returned by contamMix  (Fu et  al.,  2013)  considering  all  the  SNPs in  the
mitochondrial genome alignment. Values reported for individual samples with depth of coverage on
the mitochondrial genome (DoC_MT) chromosome >= 10 (“-“ corresponds to a DoC_MT < 10). 
e 95% confidence interval returned by contaminationX (Moreno-Mayar et al., 2019) for male individual
samples  with  DoC_X  >  0.5  (see  Moreno-Mayar  et  al.,  2019,  “NA”  corresponds  to  females;  “-“
corresponds to DoC_X < 0.5). 
f “Genomic sex” as determined by the Ry ratio (Skoglund et al., 2013). 
g Mitochondrial  haplogroup  using  the  data  mapped  to  the  mitochondrial  genome.  Haplogroups
reported for samples with DoC_MT >= 1 (“-“corresponds to DoC_MT < 1). 
h Y-chromosome haplogroup for individuals with DoC_Y > 0.05 (“NA” corresponds to females; “-“
corresponds to DoC_Y < 0.05). 
i Same individual sample as MN0008. This row refers to the data from USER-treated libraries only.
These statistics have been computed after trimming 2 bp trimmed reads from each end. 
j Not assigned, but consistent with XY. 

* Mitochondrial capture data was also produced for these individuals. 
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