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REsumo

A América Latina tem uma histéria intrincada que esta refletida na composicéo
genética de suas populagdes humanas. Apesar da crescente literatura voltada para
a genética de populagdes do continente, populagdes ndo urbanas e nao indigenas,
que perfazem cerca de 20% das populagcbes caribenhas e sul americanas, estao
sub representadas em bancos de dados publicos adequados para analises de
estruturacédo e ancestralidade. Essa deficiéncia é problematica tanto para a genética
forense, que depende de descrigdes acuradas da variagdo genética e estruturacao
populacional, quanto para o entendimento da histéria do continente e dos eventos
demograficos que originaram as populagdes contemporaneas. Ao longo de todo o
continente americano, africanos escravizados fugidos ou libertos e seus
descendentes formaram comunidades como forma de resisténcia contra o sistema
escravista ou como consequéncia de seu colapso. Muitas dessas comunidades
ainda existem e se mantiveram, em certa medida, geneticamente isoladas de outras
populagdes. Os quilombos brasileiros e os palenques e comunidades negras
colombianos sdo exemplos dessas comunidades. Neste trabalho, nosso objetivo
principal foi contribuir para o conhecimento a respeito dos quilombos gerando
informagdo sobre sua estrutura e ancestralidade, visando assim melhorar a
representatividade de populagdes rurais em bancos de dados de interesse forense e
antropolégico. Adicionalmente, buscamos contrastar nossas populagbes de estudo
uma a outra, a suas parentais presumidas a outras populagdes, além de avaliar a
que ponto paralelos historicos estdo refletidos na ancestralidade genética. Dois
quilombos rurais (Kalunga - GO e Riacho de Sacutiaba e Sacutiaba - BA) foram
analisados para os painéis de AlMs forinDel, SNPforID 34plex e PIMA e para a
combinacao PIMA + 34plex. Duas outras populagdes, o quilombo Mocambo - SE e a
comunidad negra Mulalo, foram incluidas em determinadas analises para as quais
haviam dados disponiveis. Assumimos um modelo de mistura tri-hibrido baseado
em plausibilidade histérica e selecionamos populagdes parentais do HGDP-CEPH
seguindo esse critério principal e a quantidade de variagdo observada dentro e entre

os grupos formados por elas. Apresentamos também um novo sistema de AlIMs



(PIMA: Population Informative Multiplex for the Americas) que se provou eficiente
em diferenciar o componente de mistura indigena americano dos de outras
populacdes continentais - especificamente africanos, europeus e leste asiaticos.
Nossas andlises de ancestralidade genética e estruturagdo confirmaram que os
principais componentes de mistura nos quilombos e na comunidad negra acessados
sao africano e europeu. Apesar dessa similaridade, provavelmente derivada de
paralelos historicos e de origem, nossos resultados afirmam que essas populagdes
nao sdo homogéneas. Além de atestar a diversidade existente nas populagdes
humanas da América Latina, nossas observagdes reiteram a necessidade de
descrever populagdes outras que as urbanas e indigenas para que seja possivel

construir bancos de dados adequados para a analise de ancestralidade.

Palavras-chave: ancestralidade genética, AIM, quilombo, afro-derivado



ABSTRACT

Latin America has an intricate history which is reflected in the genetic composition of
its human populations. In spite of the growing literature on Latin American
populations genetics, non-urban and non-indigenous communities, which comprise
around 20% of Caribbean and South American populations, are underrepresented in
public databases fit for ancestry and structure analysis. That deficiency is
problematic for forensic genetics, as it relies on accurate descriptions of genetic
variation and population structure, and for the understanding of the continent’s
history and demographic events that gave rise to its population. All over the
continent, communities were founded by runaway or otherwise freed African slaves
and their descendants as a way of resisting the slave system or as a consequence of
its collapse. Many of those communities exist to this day and to some extent, have
remained genetically isolated from neighboring populations. Brazilian quilombos and
Colombian palenques and comunidades negras are examples of such. Here, we
aimed to contribute to the body of knowledge about quilombos with information on
their ancestry and genetic structure, thus improving the representation of rural
populations in databases of forensic and anthropological interest. Additionally, we
aimed at contrasting our study populations to one another, to their presumptive
parentals and to other populations and assess whether historical parallels are
reflected in genetic ancestry. Two rural quilombos: Kalunga (Goias) and Riacho de
Sacutiaba e Sacutiaba (Bahia) were analysed for the AIM systems forinDel, PIMA
and SNPforlD 34plex, as well as the combined PIMA + 34plex. The Brazilian
quilombo Mocambo (Sergipe) and the Colombian comunidad negra Mulalé were
included when data was available. We assumed a tri-hibrid admixture model based
on historical plausibility and selected parental populations for ancestry analysis from
HGDP-CEPH following that main criterion and the amount of variation observed
within and between groups. Further, we present a new AIM system (PIMA:
Population Informative Multiplex for the Americas), that has proven efficient in
differentiating the indigenous American ancestry component from that of other

continental populations, namely African, European and East Asian. Our assessment



of genetic ancestry and structure has confirmed that the main admixture components
in the quilombos and the comunidad negra are African and European. Regardless of
that similarity that likely stems from parallels in history and origin, our results also
state that our study populations are not homogeneous. Beyond attesting the diversity
among human populations from Latin America, our observations reiterate the need to
describe non urban and non indigenous populations in order to build databases

adequate for ancestry analysis.

Keywords: Genetic Ancestry, AIM, Quilombo, Afro-derived, BGA



1. INTRODUCAO GERAL

A genética de populagdes humanas aplicada a antropologia bioldégica busca
entender a variacdo genética e a diferenciagdo entre populacbes humanas a partir
de uma perspectiva evolutiva. Seus principios sdo fundamentais para que se tenha
uma visdo ampla da histéria da espécie (Hartl e Clark, 2010). No contexto atual,
além do interesse antropoldgico, a genética de populagbes contribui de forma
relevante para areas tao diversas quanto gendmica, biologia evolutiva, medicina e
ciéncias forenses. Sua analise tem como base a comparacdo de frequéncias
genotipicas de marcadores genéticos entre populagdes e dentro delas para acessar
diferencas e similaridades e, a partir delas, inferir histéria, parentesco, relagdes

evolutivas e eventos demograficos.

Do ponto de vista da genética de populacdes, a dispersdo humana a partir da
Africa pode ser descrita por uma combinacdo de diferentes modelos demograficos
(Pickrell e Reich, 2014). Tais modelos incluem eventos de perda de variabilidade
genética, como eventos fundadores sucessivos (Wang et al., 2007) e substituicdo
populacional, que podem obscurecer a historia das populag¢des originais e a relagao
ancestralidade-origem geografica; e eventos que introduzem variabilidade por
miscigenacédo e podem reduzir a diferenciagdo entre populagdes (Pickrell e Reich,
2014). A variabilidade genética observada em qualquer espécie (ou populagéo) é
um balango entre o surgimento de novidade por mutagédo (ou fluxo génico) e sua
exclusdo, seja por fatores estocasticos ou por selegcado natural. A teoria neutra da

evolucao, proposta por Kimura (1968), dita que uma “fracéo apreciavel” da variagao



molecular observada entre espécies é neutra: a diferenciacdo entre elas ocorreria
principalmente de forma aleatdria, por deriva genética. No entanto, ndo ha consenso
sobre que propor¢gdo do genoma humano € neutro como definido por Kimura
(Zhang, 2018), especialmente porque a histéria humana é marcada pela ocupagao

de ambientes diferentes e exposicao a pressdes seletivas novas.

Apesar de a histdéria de evolugcdo da nossa espécie ser recente, o isolamento
por distancia e por fatores culturais, que fazem com que nao haja de fato
cruzamentos aleatdrios na espécie humana, geraram, e ainda geram, diferencas
mensuraveis entre populagdes. Em comparacdo com outras espécies, essa
estruturacdo € pequena, mas se reflete em diferenciais de frequéncia génica e
genotipica suficientes para a identificagcdo da origem geografica de individuos e dos
fundadores de uma dada populagao (Phillips, 2015). Um fator que dificulta essa
avaliacido € a natureza clinal da distribuicdo da variacdo genética neutra. Porque
pessoas normalmente se relacionam dentro de suas populagdes e grupos sociais ou
com pessoas de populagdes geograficamente proximas, ela sé é brusca em
situagdes especificas (onde existem barreiras geograficas, por exemplo). Além
disso, com o aumento da densidade populacional e da migracdo em longas
distdncias e em grandes contingentes nos ultimos 500 anos, populagbes com
composi¢cdes genéticas similares e intermediarias (i.e. miscigenadas) as das
populagdes fonte de migragdo tém se tornando mais comuns. Mais recentemente,
crises migratorias geradas por guerras, questdes econdmicas e politicas e conflitos

religiosos devem estar também acentuando esse processo de homogeneizagao.



Desde as primeiras tentativas de mensurar a variagdo genética humana,
observou-se que a maior parte da variagdo € intrapopulacional. Lewontin (1972),
partindo de um numero pequeno de marcadores classicos, concluiu que cerca de
85% da variacdo genética é observada dentro de populagbes humanas e que
apenas ~10% se observa entre grupos humanos — cerca de 5% seria observada em
diferencgas intrapopulacionais decorrentes de subestruturacdo. Estudos posteriores
com maior poder laboratorial e estatistico chegaram a conclusdes parecidas, mas
obtiveram maiores estimativas de diferenciagdo interpopulacionais. Rosenberg e
colaboradores (2002), analisando 377 STRs em amostras do HGDP-CEPH,
concluiram que 93.2-94.1% da variacdo humana é intrapopulacional e 4.3-3.6%
interpopulacional, sendo que 2.5-2.4% seriam derivados de subestruturagéo

populacional.

1.1 Analise de ancestralidade em populagdes humanas

A inferéncia de ancestralidade populacional, i.e. a avaliagao da representacao
quantitativa de variantes de diferentes origens no genoma dos individuos que
compdem uma populagao (Shriver e Kittles, 2004) e da contribuigdo de grupos
parentais na formagdo de uma populagdo, € um dos alvos da genética de
populacdes e também uma de suas ferramentas. Ela é ferramenta para 1. o
entendimento da histéria e do relacionamento de grupos humanos (Wang et al.,
2008; Tang et al., 2007; Martinez et al., 2007; Gonzalez-Andrade et al., 2007 e
Martinez-Marignac et al., 2004); 2. para analises de estruturagdo populacional como

base para estudos de mapeamento génico por desequilibrio de ligagao (Shriver et



al., 1997); 3. para a definigdo de amostras controle em estudos de associagao
(Shriver et al., 1997; Pritchard e Donnelly, 2001); 4. para a genética forense, como

forma de restringir o rol de suspeitos em uma investigacéo (Jobling e Gill, 2004).

A compreensao da historia evolutiva de populagdes humanas € complicada
por diferentes fatores: as respostas obtidas com a analise de marcadores genéticos
de diferentes naturezas — como classicos, moleculares e uniparentais (Lum et al.,
1998; Yang et al., 2010) nem sempre geram respostas similares (sdo portanto
complementares, nao redundantes). Além disso, as relagdes entre populacdes
humanas ndo seguem padrdes rigidos e, consequentemente, ndo geram padrdes
filogenéticos simples, baseados apenas em distancias geograficas. Isso resulta de
eventos demograficos como a migragdo, que tende a homogeneizar populagdes
(Nei e Roychoudhury, 1982), eventos de fusdo e fissdo (Neel e Weiss, 1975),
migracao e alteragdes drasticas do tamanho populacional (gargalos populacionais,
expansoes rapidas e substituicdbes populacionais) causadas, dentre outro fatores,
por guerras, catastrofes e inovagdes tecnoldgicas. Eventos como estes adicionam
complexidade aos processos demograficos que geram a estrutura genética
observada em qualquer momento da histéria de uma populagdo e tornam menos

clara a historia evolutiva (Thompson, 1979).

Voltando aos trabalhos de Rosenberg e colaboradores (2002 e 2005), a
analise de estruturagado utilizando o método implementado no software Structure
(Pritchard et al., 2000) e obteve k 6timo:5, correspondente aos grupos continentais
Africa Subsaariana, Eurasia, Leste da Asia, América e Oceania. Considerando k:7,

Europa, Oriente Médio e Centro-Sul da Asia foram identificados dentro do grupo



Eurasia. Posteriormente, Li e colaboradores (2008) analisaram 650 mil SNPs na
mesma amostra e confirmaram a distribuicdo da variagdo genética e os
agrupamentos previamente observados. Os dois trabalhos, no entanto, mostraram
que a diferenciacdo de Oriente Médio e Centro-Sul da Asia do grande grupo
Eurasiatico ndo é bem definida. Posteriormente, Rosenberg e colaboradores (2005)
expandiram sua analise para 933 STRs e refutaram criticas a amostragem do
HGDP-CEPH, que nao seria capaz de explicitar a distribuicdo clinal da diversidade
genética humana. Esses autores mostraram que utilizando uma grande quantidade
de marcadores, o gradiente genético é correlacionado a distancia geografica e que
0s agrupamentos previamente observados sao validos e mantidos por pequenas

descontinuidades.

Em suma, tais observagdes apontam 1. a existéncia de cinco agrupamentos
continentais detectaveis por marcadores informativos de ancestralidade dos tipos
STR e SNP; 2. que apesar de clinal, a distribuicao da variabilidade genética humana
apresenta descontinuidades detectaveis e mensuraveis por analises de
ancestralidade e estruturacado; 3. que o carater clinal e a ocorréncia de processos
demograficos que tendem a homogeneizar populagdes humanas dificulta a analise
em niveis mais refinados geograficamente. Assim, qualquer analise geral dos
padroes de distribuicdo de variabilidade e ancestralidade em populagées humanas

sera uma simplificagao da realidade.



1.1.1 Marcadores genéticos na analise de ancestralidade

Analises de genética de populagdes se baseiam em marcadores genéticos de
diversas categorias moleculares (classe de mutagdo) e com diferentes padrdes de
heranca e taxas evolutivas. Marcadores uniparentais estdo mais fortemente
correlacionados a origem geografica continental — ou ainda mais especifica — da
linhagem materna ou paterna de um individuo (Phillips, 2015) devido, entre outros
fatores, ao padrao de heranga do mtDNA e do cromossomo Y e a distribuicao geral
da variagdo existente nessas moléculas. Apesar disso, eles ndo acessam toda a
ascendéncia de um individuo (Shriver e Kittles, 2004) nem toda a historia de

formagao de uma populacao (Bedoya et al., 2006).

A analise de grandes conjuntos de marcadores autossémicos ganhou espaco
na inferéncia de ancestralidade ao longo dos ultimos anos gragas ao barateamento
e simplificagdo das técnicas laboratoriais, ao estabelecimento de grandes bases de
dados publicas e ao desenvolvimento de metodologias estatisticas e computacionais
sofisticadas. Via de regra, eles ndo permitem associagdes tao diretas entre gendétipo
e origem geografica, mas informam perfis de miscigenagdo mais complexos que os
marcadores uniparentais, além de requererem bancos de referéncia menores
(Phillips, 2015). Além disso, esses marcadores permitem a quantificagdo da
ancestralidade individual e delineamento de eventos demograficos mais recentes.
Metodologias estatisticas para a estimativa de ancestralidade a partir de marcadores

autossOmicos dependem do conhecimento de gendtipos multiloci e frequéncias



alélicas (Rosenberg et al., 2003) nas populagdes ditas parentais e naquelas as quais

a amostra em analise pertence.

A acuracia das estimativas de ancestralidade a partir do genoma autossémico
esta diretamente relacionada a quantidade de marcadores analisados: quanto maior
0 numero, mais regides do genoma sao acessadas (Shriver e Kittles, 2004). No
entanto, o esforco de genotipagem e computacdo requeridos pela analise de
grandes numeros de marcadores faz com que seja preferivel analisar conjuntos
pequenos de marcadores com alto conteudo informativo (Rosenberg et al. 2003).
Determinadas métricas sdo comumente utilizadas na selecao de marcadores que
comporao painéis para ancestralidade. As mais usuais sao ® (Shriver et al., 1997;
Frudakis et al., 2003); F4; e In — ou conteudo de informatividade para ancestralidade

(Rosenberg et al., 2003; Chen et al. 2005).

O & é uma medida do diferencial de frequéncias alélicas entre duas
populagdes x e Y, definida por p, — p, para loci binarios. Marcadores escolhidos
tendo essa métrica como critério apresentam grande poder estatistico para
diferenciar as populagdes x e y (Rosenberg et al., 2003). O indice de fixacdo Fg;, é
uma medida de divergéncia diretamente relacionada a variancia das frequéncias
alélicas de um locus em uma populacdo: quanto maior o F4; entre duas populagbes
maior a diferenga observada entre elas (Holsinger e Weir, 2009). Assim, busca-se
selecionar marcadores que mostram Fg; alto entre as populagbes ancestrais e
baixos entre as populacdes que compdem uma parental. Nesse contexto, ele € um
parametro utilizado como forma de avaliar a coesdo de grupos continentais e a

adequacao deles como populagdes parentais em analises de ancestralidade. Tanto



o F5r quanto o & sdo medidas uteis na triagem inicial de marcadores candidatos,
mas o I/n tem sido mais utilizado no contexto forense. Esse indice informa o
conteudo de informagdo introduzido por cada marcador de um conjunto na
inferéncia de ancestralidade, i.e. a probabilidade atrelada a cada marcador de
pertencer a uma populagdo especifica em comparacdo a uma populacao qualquer
(Rosenberg et al,. 2003). O In é utilizado de forma ranqueada na escolha de
marcadores para compor painéis para estimativa de ancestralidade. Assim como o
Fsr € 0 9, o In esta correlacionado as frequéncias alélicas e, da mesma forma,
alelos com frequéncias discrepantes ou fixados em populacdes diferentes geram

valores mais altos.

Além da informatividade dos marcadores, a constru¢gao de um painel para a
estimativa de ancestralidade deve levar em conta a disponibilidade e abrangéncia
de dados em bancos publicos, o balango da informatividade dos marcadores entre
as populagdes parentais e sua localizagao gendmica (Phillips, 2015). Conjuntos de
marcadores com conteudos informativos desbalanceados entre os pares de
populagdes parentais , i.e. com maior conteudo informativo para uma parental em
detrimento das outras, podem gerar vieses nas estimativas de mistura, como
exemplificado em Taboada-Echalar e colaboradores (2013). Esse desbalango € uma
das possiveis explicagdes para o porqué de diferentes painéis de ancestralidade

informarem diferentes estimativas de contribuicdo parental.

Em relagdo a distribuicdo dos marcadores, Costas e colaboradores (2005)
mostraram haver blocos de baixa diversidade ou baixa taxa de recombinacédo ao

longo de todo o genoma humano. A maior parte dos métodos utilizados para inferir



histéria demografica e padrbes estruturais e de ancestralidade a partir da
distribuicdo de polimorfismos parte da premissa da neutralidade dos marcadores
empregados. Portanto, a selegdo de marcadores deve levar em conta sua
distribuicdo no genoma evitando a ligagao entre loci que compdem um painel e o
efeito haplotipico (Phillips 2015) decorrente de eventos evolutivos passados e do
efeito carona (ou selegdo por ligagdo), que podem enviesar inferéncias

demograficas e de ancestralidade (Schrider e Kern, 2017).

1.2 A formacao da populacio brasileira

A populacgéao brasileira foi formada por um intenso processo de miscigenagao
entre trés grupos parentais principais: indigenas americanos, africanos subsaarianos
€ europeus, em sua maioria ibéricos. As populagdes nascentes passaram por
diferentes histérias de contato e isolamento, expansdo e retracdo, efeito do
fundador, deriva e sele¢cdo que geraram a variabilidade hoje observada. Além disso,
esses grupos nao se dispersaram e contribuiram para o povoamento das cinco
regides brasileiras de forma homogénea. Ha que se considerar também migragoes
mais recentes advindas de outras regides, como o Oriente Médio, observavel
especialmente na presencga libanesa no pais, e Leste Asiatico, refletida na grande
presenca japonesa. Além disso, ainda hoje vivem no Brasil populagdes isoladas e

semi-isoladas, como populagdes indigenas e quilombos dispersos pelo pais.



1.2.1 A populacéo indigena brasileira

A populacgéo indigena brasileira a época do inicio da colonizagao foi estimada
em 3 - 10 milhdes de individuos (Adhikari et al. 2017; Funa, 2019 -
http://www.funai.gov.br), em sua maioria Tupi-Guaranis, povos que compartilham
semelhancas culturais e linguisticas (Fausto, 2001). Diversos estudos apontam que
0 povoamento das Américas teve origem na Beringia entre 12 e 18 mil anos atras,
ainda que nao haja consenso (Wang et al., 2007; Rolando-José et al., 2008; Reich et
al.,, 2012; Potter et al., 2015; Llamas et al., 2016; Pinotti et al., 2019, para citar
alguns). La, a populagdo ancestral beringiana, fundada ~23 mil anos atras
(Moreno-Mayar et al., 2018), provavelmente esteve isolada de seus ancestrais
asiaticos por pelo menos 5 mil anos (Rolando-José et al., 2008; Raghavan et al.,
2015; Gomez-Carballa et al., 2018). No continente, as populagdes nascentes
passaram por diferentes eventos de contato e isolamento, expansao e retracgao,
fundacao, deriva e selegdo que geraram a complexidade observada em populag¢des

contemporaneas indigenas e miscigenadas.

O contato com os portugueses, em alguns casos pacifico e em outros hostil,
levou a uma reducdo drastica da populagao indigena estimada atualmente em 817
mil pessoas (cerca de 0,4% da populacéo brasileira) vivendo, a maioria, nas 680
comunidades localizadas em terras indigenas, e muitos em areas urbanas e rurais
fora das reservas (Funai, 2019 - http://www.funai.gov.br). Muitos dos grupos étnicos
originais ja ndo existem: foram extintos ou incorporados a populagdo miscigenada

nascente, mas sua contribuicdo para o pool genético brasileiro consequente da



mistura com africanos e europeus esta presente em todo o pais (Manta et al., 2013;

de Moura et al., 2015).

1.2.2 O Europeu no Brasil

O fluxo de europeus para o Brasil se iniciou em 1492, com a chegada das
primeiras caravelas a costa da Bahia. Portugal foi sempre a maior fonte de
migragao, apesar de em meados do século XIX ter se iniciado, com incentivo do
governo brasileiro, um intenso fluxo migratério de toda a Europa com o objetivo de
substituir a m&o de obra escrava que tinha, entdo, se tornado ilegal, e associado
também a politica de branqueamento. Esse fluxo, com origem principalmente
italiana, se intensificou e manteve até o inicio do século XX e teve como destino

principal as regioes sul e sudeste (Fausto, 2002).

1.2.3 O Africano no Brasil

Estima-se que 40% de todos os africanos trazidos para as Américas como
escravos (3,6 a 10 milhdes de individuos) tiveram portos brasileiros como destino. O
registro historico sobre o periodo de comércio e trafico de escravos é bastante
incompleto, em parte pela imprecisao e auséncia de parametros dos documentos da
época, mas também por que em 1850, quando o comércio se tornou ilegal, os
portos de saida na Africa e entrada no Brasil deixaram de ser registrados e
passaram a ser constantemente mudados para escapar a fiscalizagdo. De acordo
com os registros existentes, a maioria dos africanos escravizados trazidos pelos

portugueses eram Bantos e Sudaneses (povos subsaarianos préximos ao deserto,



nao necessariamente do Sudao) capturados tanto na costa leste como na oeste da
Africa subsaariana (Salzano e Freire-Maia, 1967). Ao longo dos séculos em que
africanos escravizados foram trazidos para as Américas, eles foram capturados e
embarcados em diferentes regides (Melo e Souza, 2006): no inicio do século XVI,
sua principal origem eram portos no Congo e, em menor quantidade, Angola, ambos
na costa oeste (Schwartz, 1998; Mello e Souza, 2006). Com o crescimento da
influéncia e dominagao holandesa, os portugueses estabeleceram portos e comércio
em regides mais ao sul, em especial Luanda e Benguela, ambos na atual Angola.
Durante o século XVIII, o golfo da Guiné, principalmente a baia de Benin e a Costa
da Mina, ganhou importancia no comércio de escravos, mas durante o século XIX,
cerca de um quarto de todos os africanos escravizados trazidos para o Brasil

vinham de Angola (Schwartz, 1988).

A abertura e consequente intensificagcdo do comércio atlantico de escravos
foram sempre influenciados pela politica externa, como mencionado acima, mas
também pela politica interna no continente africano. Mudang¢as no cenario interno
dependiam grandemente da participacdo dos portugueses, que faziam aliangas com
chefes locais de reinos grandes e pequenos (Ferreira, 2006). Assim, diversos povos
africanos atuaram como pumbeiros — responsaveis pela captura de escravos —
apesar de muitas vezes estarem também sujeitos a serem escravizados. Dentre os
muitos grupos que participaram desse processo, estdo os Jaga, Ambundo,

Imbangala, Ovibundo e loruba (Mello e Souza, 2006).

No inicio do século XVIII, como consequéncia da intensificacdo do comércio e

de mudangas no cenario politico, os escravos eram capturados em regides mais



internas, préoximas aos Grandes Lagos. Os grupos étnicos predominantemente
escravizados variaram ao longo do tempo em decorréncia da situagao politica, que
definia os lugares e reinos onde se buscavam escravos, e das aliancas formadas,
que garantiam acesso a certas regides e controle sobre portos. Congo e Angola, por
exemplo, comercializavam principalmente Bantos e Benguela, grupos de diferentes
origens (Melo e Souza, 2006). Essas regides, que sao hoje referéncia no estudo da
interacdo entre europeus e africanos no periodo colonial, sdo ainda povoados
predominantemente, ainda que nao exclusivamente, por povos Bantos. Acredita-se
que a maior parte dos africanos trazidos como escravos para as Américas tenha
saido de portos nessa regido e devem, portanto, ter pertencido a esses povos
(Miller, 1987). Os cativos ai embarcados eram em sua maioria dos reinos de
Cabinda, Dongo, Congo, Daomé, Kazembe, Luba, Lunda e Lozi (Mello e Souza,

2006).

De acordo com Nina Rodrigues (2004), por que estudos sobre o comércio
negreiro para o Brasil abordam prioritariamente o contexto do Porto do Rio de
Janeiro — e seu mercado Vacongo — como referéncia, os grupos Bantos sao
frequentemente considerados os Unicos — ou quase — trazidos para o pais. Acordos
bilaterais entre os estados brasileiros e portos africanos e o relacionamento entre
nagbes africanas influenciavam diretamente a oferta e origem de pessoas
escravizadas. Portanto, determinados grupos étnicos eram mais comuns em
determinadas regides brasileiras. Outro fator que gerou complexidade foi o comércio
e migracdo internos no Brasil: a Bahia, por exemplo, recebia principalmente

sudaneses e os vendia para o sul do estado, para Minas Gerais e Goias (Schwartz,



1998), onde, em consequéncia, grupos sudaneses estiveram presentes em grande
numero. Ainda assim, por que os Bantos eram, e ainda s&o, maioria numérica na
Africa, esses povos também contribuiram com um grande numero de individuos

para as populagdes da regiao nordeste e, consequentemente, para seu pool génico.

1.2.4 A presenca de outros grupos no Brasil

A partir de 1908 iniciou-se o fluxo migratorio advindo do Jap&o que, apesar
de nao ter sido tdo expressivo quanto o Europeu, resultou na marcante presenca
desse grupo na populagéo brasileira atual. Atualmente, estima-se que cerca de 800
mil pessoas se identificam como tendo ascendéncia japonesa apenas no estado de

S30 Paulo (IBGE, 2012).

A migragao siria e libanesa para o Brasil, impulsionada por razdes politicas,
religiosas e econémicas, se iniciou em 1880 e se intensificou na segunda metade do
século XIX. Hoje, estima-se que vivam no pais cerca de 900 mil pessoas de origem
no Oriente Médio, em sua maioria, no Libano (IBGE, 2010). Existem, no entanto,
estimativas de que vivam no pais entre 7 e 10 milhdes de pessoas de ascendéncia

libanesa (Itamaraty, 2015).

1.2.5 A composicao genética da populacéo brasileira

A complexidade da histéria de povoamento do continente americano e do
pais se reflete na composicdo genética da populagdo brasileira, que mostra
diferentes proporgées dos grupos parentais comumente avaliados nas diferentes

regides do pais. A analise de ancestralidade e genética de populagdes no Brasil foi



inicialmente dirigida a populagdes amerindias e, mais tarde, se voltou para o estudo
de populagdes urbanas do nordeste (Toledo, 2016). Hoje, inumeros trabalhos com
marcadores moleculares uniparentais e autossémicos de diferentes categorias
moleculares foram publicados (exemplificados abaixo) e mostram um quadro geral
coerente com a histéria conhecida do pais, mas incompleto, especialmente em
relacdo a populagdes ndo urbanas (Manta et al., 2013a; Adhikari et al., 2017; Gontijo

et al., 2018).

Em analises de mistura, os resultados obtidos podem variar conforme as
classes de marcadores utilizados devido a suas caracteristicas moleculares e
comportamento evolutivo. Esses resultados se complementam em uma histéria mais
abrangente da populacdo analisada e refletem também eventos demograficos. No
Brasil, o estudo de marcadores polimérficos classicos (grupos sanguineos e
proteinas séricas e eritrocitarias) indicou que a contribuicdo amerindia nas
populagdes miscigenadas varia de 55% na populacao de Alenquer, no Norte do pais

(Santos e Guerreiro, 1995), a 5% em Santa Catarina, no Sul (Dornelles et al., 1999).

O mesmo padrao foi observado para marcadores do tipo indel. Populacdes
urbanas do norte do pais tém componentes de mistura amerindia (Belém - PA:
29,5% e Manaus - AM: 37,8%; Pereira et al., 2012 e Manta et al., 2013a) mais altos
que populagdes de outras regides. Nas outras regides, Manta e colaboradores
(2013a) encontraram estimativas variando de 8,9% no Parana a 18,7% em Alagoas.
Com relagdo a contribuigdo europeia, variagao de 45,9% em Belém (Pereira et al.,
2012) a 79,7% em Santa Catarina (Manta et al., 2013a). Ja a contribuigao africana

variou de 11,4% no Espirito Santo (Manta et al., 2013a) a 31,1% no Rio de Janeiro



(Manta et al.,, 2013b). As cidades do norte Belém e Manaus foram excecdo ao
quadro geral porque nelas, o componente de mistura indigena americano foi mais

alto que o africano, enquanto nas outras regides do pais, o contrario € observado.

Para a populagédo de Belém e da regido Sul, um conjunto diferente de Indels
informativos de ancestralidade mostrou resultados qualitativamente semelhantes
(Santos et al., 2010). Pena e colaboradores (2011) avaliaram 40 indels informativos
de ancestralidade e encontraram um delineamento geral similar no que se refere a
distribuicdo do componente indigena americano, mais significativo no norte do pais
para a regido norte, e do componente europeu, mais significativo no sul. Ja o
componente de mistura africano foi maior no Nordeste (30,3%) que no Sudeste
(18,9%). Essas s&o as duas regides que receberam o maior contingente de
escravos africanos, portanto ndo € surpreendente que a maior contribuicdo dessa

parental seja observada ai.

A discrepancia entre Pena e colaboradores (2011) e os estudos citados
anteriormente pode ser decorrente da estratégia de amostragem, visto que a
amostra do Sudeste foi coletada de estudantes e trabalhadores de uma instituicao
de pesquisa - 0 que poderia enviesar as contribuicbes europeia e africana. Kehdy e
colaboradores (2015) avaliaram 2,2 milhdes de SNPs em uma populagdo do
nordeste (Salvador), uma do Sudeste (Bambui) e uma do sul (Pelotas). Suas
estimativas mostraram resultado concordante com Pena e colaboradores (2011) no

que se refere a maior ancestralidade africana ser observada no estado da Bahia



(50,8%). Ja em relagéo a contribuicao europeia, a estimativa mais alta foi observada

em Bambui - MG (78,5%).

Lins e colaboradores (2010) avaliaram 28 SNPs autossOmicos em
populagdes urbanas das cinco regides brasileiras em amostras de testes de
paternidade. Esse conjunto de marcadores revelou alta contribuicdo europeia
(variando de 69,5% no Centro-Oeste a 87,7% no Sul), contribuicdo africana
intermediaria (7% no Sul a 18,7% no Centro-Oeste) e amerindia mais baixa (5,2%
no Sul a 11,8% no Centro-Oeste, seguido por 10,7% no Norte). O quadro geral de
alta mistura europeia em todas as regides se confirmou, mas discrepancias na
contribuigcdo das outras duas parentais sdo observadas entre as estimativas de Lins
e colaboradores e as citadas nos paragrafos anteriores (derivadas da analise de

indels).

Porque SNPs indicativos de ancestralidade, assim como indels indicativos de
ancestralidade, sdo marcadores adequados para a analise de mistura, essa
discrepancia pode se dever a estratégia de amostragem utilizada, ja que ha
diferencas de acesso a servicos como exames de paternidade entre classes sociais
que, no Brasil, estdo correlacionadas a raga e/ou ancestralidade (Dalton, 2010). As
analises com SNPs autossémicos de Silva e colaboradores (2010), Queiroz e
colaboradores (2013), Leite (2011) e Giolo (2013) também mostraram contribuicao
europeia maior, seguida da africana e da amerindia, nessa ordem, em Minas Gerais,
Distrito Federal e Sdo Paulo. Ruiz-Linares e colaboradores (2014), em um apanhado
da América Latina, utilizaram 30 SNPs indicativos de ancestralidade para estimar

contribuicbes parentais. Na populagdo brasileira, esse conjunto de marcadores



revelou um panorama com alta contribuigdo europeia em todo o pais, especialmente

alta sul, africana mais alta no Nordeste e Sudeste, e indigena, mais alta no norte.

Estimativas baseadas em marcadores STR autossémicos mostram
composi¢cdes mais homogéneas entre diferentes regides do pais, mas ainda
mantém o quadro global: contribuicdo indigena maior no Norte (18%) que no Sul
(7%) do pais; e contribuicbes europeia e africana similares. O trabalho de
Callegari-Jacques e colaboradores (2003) com marcadores do tipo STR, por
exemplo, revelou contribuicdo europeia mais alta na regiao Sul (81%) e indigena no
Norte (18%). Godinho e colaboradores (2008) mostraram resultados similares com
dados dos sistema CODIS. Também confirmando o quadro geral, os trabalhos de
Ferreira e colaboradores (2006) e Martins e colaboradores (2011) mostraram
resultados muito concordantes para Sao Paulo (EUR 76-79%; AFR 14-18%; AME
6-7%). Francez e colaboradores (2011) encontraram para a regidao norte (Amapa)
estimativas de ancestralidade concordantes com as obtidas pela analise de indels
mencionadas acima, com a parental indigena maior que a africana (EUR 46%; AFR

19%; AME 35%).

Marcadores uniparentais mostraram que o processo de miscigenagao teve
um viés entre as populacdes que contribuiram para a formagao das populacoes
miscigenadas do Brasil. Essencialmente, as patrilinhagens foram europeias e as
matrilinhagens, mais diversas (Alves-Silva et al., 2001; Carvalho-Silva et al., 2001;
Abé-Sandes et al., 2004; Gratapaglia et al., 2005; Barcelos, 2006; Resque et al.,
2016). Marcadores do tipo STR do cromossomo Y indicam alta contribuicdo

masculina europeia e baixa variabilidade entre as regides brasileiras (Carvalho-Silva



et al., 2006; Pena et al., 2011; Palha et al., 2012). No entanto, devido a sua alta taxa
de mutagdo, essa categoria de marcadores ndo é adequada para a detecgao de

diferenciag¢ao populacional.

Ja haplétipos de SNPs do cromossomo Y tém taxas de mutacido menores e
sdo, por isso, mais adequados para a detecgao de diferenciacdo populacional. O
trabalho publicado por Resque e colaboradores (2016) mostrou diferenciagéo entre
as populagcdes urbanas das cinco regides do pais em termos de variabilidade e
ancestralidade. A regiao Norte, como esperado, € a que apresenta a maior
contribuicdo masculina da parental indigena (8,4%). Por sua vez, as regides Sul e
Centro-Oeste apresentam maior contribuicdo europeia, e regiao Nordeste,
apresenta a maior contribui¢cao africana (15,1%). Linhagens de mtDNA, por sua vez,
consistentemente indicam maior contribuicdo indigena e africana que as linhagens

paternas em todo o Brasil.

A ancestralidade africana e europeia vém sendo refinadas com o
desenvolvimento de novas metodologias laboratoriais e estatisticas. Kehdy e
colaboradores (2015) observaram dois grandes grupos africanos com distribuicao
diferencial no nordeste (Salvador - BA), sudeste (Bambui - MG) e sul (Pelotas - RS).
Em Salvador, a ancestralidade africana é associada majoritariamente (75%) a
populagdes bantu do leste da Africa, enquanto em Bambui e Pelotas, esse grupo
corresponde a 36% e 44% da contribuicdo africana, respectivamente. Nessas duas
cidades, a parental africana esta mais fortemente relacionada a grupos ndo bantu do

oeste africano (loruba e Mandenka). O mesmo trabalho observou um componente



do norte da Europa mais alto em Pelotas - RS (40,2%) que nas outras duas

populagdes (35,8-36,7%).

O trabalho de Resque e colaboradores (2016) dissecou a ancestralidade
paterna europeia pela analise de SNPs situados no cromossomo Y. Eles
observaram contribuigdo portuguesa, francesa, italiana, alema e libanesa como
parte da parental europeia. A propor¢ao de cromossomos portugueses variou de
18% no Nordeste a 63% no sul; a francesa, de 0% no Sul e sudeste a 52% no Norte;
a italiana, de 1% no Norte a 61% no Nordeste; a alema, de 0% no Norte a 17% na

alemanha e a libanesa, de 0% no Nordeste a 23% no Centro-Oeste.

Outro exemplo é o trabalho de Hunemeier e colaboradores (2007), em que
mtDNA e cromossomo Y foram analisados para determinar a origem subcontinental
das linhagens maternas e paternas de individuos classificados como negros em
Porto Alegre (um dos estados que receberam menos africanos escravizados) e do
Rio de Janeiro (estado que recebeu um dos maiores contingentes). Seus resultados
indicaram que 82% das linhagens maternas no Rio de Janeiro e 69% em Porto
Alegre sdo de origem no Centro-Oeste/Sudeste africano. Ja a analise de
haplogrupos do cromossomo Y nao pdde informar a origem dentro do continente

das linhagens paternas que compuseram a amostra.



1.3 Quilombos brasileiros

1.3.1 Conceituacéo e histéria

O numero de africanos escravizados trazidos para o Brasil foi muito
expressivo. De acordo com o censo de 1849, a populagcdo de origem africana
(incluindo libertos e cativos) correspondia a 43,5% da populagéo do Rio de Janeiro
(Karasch, 2000). Durante esse século, quando o fluxo de africanos para o continente
se intensificou, a média anual de escravos que desembarcaram no pais girou entre
6 e 9 mil (Alencastro, 2008). Entre os anos de 1838 e 1839, esse numero chegou a
mais de 40 mil (Alencastro, 2008), sendo que destes, 70 a 90% entraram no pais

pelo Rio de Janeiro (Schwartz, 1998).

Nas Ameéricas, os escravos de origem africana resistiram ao cativeiro de
diversas formas, entre elas o suicidio, agressdo aos senhores e a fuga e
concentracdo em locais escondidos ou de dificil acesso. Essa ultima pratica originou
comunidades isoladas geografica e culturalmente, embora em graus variaveis,
denominadas no Brasil quilombos ou mocambos (Vila Real, 1996; Neme & Andrade,
1987). Em todo o continente foram formadas comunidades miscigenadas
relacionadas a presenga de africanos escravizados e analogas aos quilombos
brasileiros em historia de formacgao e significado na resisténcia a opressao (Gomes,
2015). Dentre elas, estdo os palenques e comunidades negras colombianos,
cumbes venezuelanos e cimarronaje cubanos e porto riquenhos (Paiva, 2017). No
Brasil, muitas dessas comunidades foram formadas como espacgos de liberdade e

resisténcia a escraviddo antes do ano de 1888, quando a Lei Aurea, promulgada e



sancionada em 13 de maio de 1988 (Lei Imperial n.° 3.353), aboliu a escravatura no
pais. A lei, no entanto, ndo instituiu ou previu mecanismos de distribuicao de terras e
integracdo social. Por isso, o quilombo continuou a unica forma que muitos
encontravam para viver em liberdade plena, garantir meios de subsisténcia, fazer de
fato parte de uma comunidade e constituir familia, e muitos outros quilombos foram

formados apds a aboligo.

O entendimento do termo quilombo mudou muito desde suas primeiras
mengdes em textos oficiais dos séculos XVIII e XIX, quando aparece em registros e
relatorios policiais 0 medo do “calhambola”. Em 1740, o Conselho Ultramarino, que
ditava regras para a colénia brasileira, definiu pela primeira vez em lei o termo

113

quilombo “... como toda habitagdo de negros fugidos que passem de cinco, em
parte desprovida, ainda que nao tenham ranchos levantados nem se achem pildes
neles.” (Leite, 2009). Posteriormente, a Lei n°® 236, de 20 de agosto de 1847, da
provincia do Maranh&o, define um conceito para quilombola: “Reputar-se-a escravo
quilombado, logo que esteja no interior das matas, vizinho ou distante de qualquer
estabelecimento, em reunido de dois ou mais com casa ou rancho.” (Goulart, 1970).

Em 1848, a definicao legal de quilombo passa a ser “... a reunido em lugar oculto de

mais de dois escravos.” (Goulart, 1972).

Esse entendimento do século XVIII de quilombos como comunidades
formadas por escravos fugidos e refugiados em locais de dificil acesso é ainda hoje
a percepciao comum que se tem. A definicdo atual das chamadas comunidades
Remanescentes de Quilombos € "grupos étnico-raciais, segundo critérios de

autoatribuicdo, com trajetoria histérica prépria, dotados de relagdes territoriais



especificas, com presuncgao de ancestralidade negra relacionada com a resisténcia
a opressao histoérica sofrida" (Decreto 4.887, artigo 2°, de 20 de novembro de 2003).
De acordo com a Associagao Brasileira de Antropologia (2012) e O’Dwyer (1995), o
termo quilombo nao se refere a entidades sociais fixas ou continuas em relagéo aos
antigos quilombos e tampouco a resquicios arqueoldgicos ou continuidade material.
Os quilombos ndo s&do homogéneos, nem necessariamente isolados ou constituidos

a partir de movimentos de insurreigao.

Existem hoje registros e vestigios da presenga de quilombos urbanos e
rurais, com diferentes graus de isolamento, em todas as regides do Brasil (FCP,
2018). O Estado brasileiro reconhece oficialmente a existéncia de mais de 3000
quilombos (FCP, 2018) habitados por cerca de dois milhdes de pessoas (SEPPIR,
2018). Apesar de serem de forma geral considerados comunidades isoladas, os
quilombos sempre mantiveram relagdes comerciais e sociais com populagdes
vizinhas, resultando em miscigenacéo desde suas fundag¢des (Amorim et al., 2011).
Eles possuem histérias unicas, mas formam um grupo coeso em sua ancestralidade
africana marcada, cultura e, historicamente, em sua histéria de luta contra a

opressao e pela terra e meios de subsisténcia de forma livre.

1.3.2 Composicao genética de quilombos brasileiros

Muitos trabalhos prévios sobre a genética e a ancestralidade de Quilombos
analisaram conjuntos pequenos de marcadores autossémicos, marcadores classicos
e marcadores uniparentais (Salzano e Sans, 2014; Gontijo et al., 2014; Kimura et al.,

2016). Essas analises, de forma geral, mostram resultados consistentes com a



histéria e demografia dos quilombos. A ancestralidade africana é alta, e proporgdes
variaveis de mistura europeia e indigena - observadas comumente nessa ordem
(Gontijo et al., 2014; Kimura et al., 2013; Lopes et al., 2011; Santos et al., 2009) -,
apesar de haverem excecdes a esse padrao (Lopes et al.,, 2011; Kimura et al.,

2013).

Marcadores de linhagem indicam um viés de contribuicdo masculina/feminina
acentuado contra linhagens mitocondriais europeias e a favor de linhagens
indigenas (Lopes et al., 2011) e africanas (Kimura et al., 2016; Ribeiro et al., 2011;
Abe-Sandes et al., 2004), enquanto as linhagens paternas sdo predominantemente
europeias (Kimura et al., 2016; Kimura et al., 2013; Lopes et al., 2011; Ribeiro et al.,
2011; Abe-Sandes et al., 2004). Esse viés é observado ndo apenas em quilombos,
mas em populagdes de toda a América Latina (como revisado em Adhikari et al.,

2017).

Os quilombos Kalunga - GO e Riacho de Sacutiaba e Sacutiaba - BA (daqui
em diante referida como Sacutiaba), alvos do presente trabalho, vém sendo
estudados do ponto de vista da genética de populagdes ha quase duas décadas.
Marcadores classicos, moleculares autossémicos e uniparentais foram analisados
(Tabela 1, Capitulo 1). O padrao de ancestralidade apresentado acima os descreve
adequadamente, e nenhum mtDNA de origem europeia foi encontrado nessas
populagdes. No entanto, como os quilombos ndo sao populagdes isoladas, €
possivel que a migracdo e os casamentos exogamicos (como definido por
Woortmann, 1990) venham a introduzir variagdo e alterem a diversidade genética

nelas observada. Kalunga, por exemplo, que € o mais isolado dos dois, tem taxa de



migragao baixa na geracdo entrevistada e casamentos majoritariamente
endogamicos (Amorim et al., 2011; padrao de casamento definido por Woortmann,
1990). No entanto, com a expansao de fronteiras agricolas e exploragéo do turismo
ecoldgico, a migracdo para areas adjacentes ao quilombo vem aumentando e

podera impactar a composigao genética da populagéo.



2. OBJETIVOS

2.1 Obijetivo geral

O objetivo geral deste trabalho & caracterizar a diversidade genética de
quilombos brasileiros produzindo conhecimento sobre ancestralidade individual e
populacional e estrutura genética de populagdes rurais de ancestralidade africana
da América do Sul, tendo como modelo principal, os quilombos Kalunga (Goias) e

Sacutiaba (Bahia).

2.2 Objetivos especificos

No primeiro capitulo, buscamos estreitar a lacuna que existe no
conhecimento sobre a histéria brasileira e melhorar a representatividade de
populagcdes rurais brasileiras em bancos de dados de marcadores de interesse
forense. Examinamos os trés quilombos rurais Kalunga, Sacutiaba e Mocambo e
avaliamos a relagao entre sua historia conhecida e composi¢cao genética estimada a
partir de dados do sistema forinDel, embasando nossas analises com conhecimento
histérico e demografico, além de dados previamente gerados para as mesmas

populacdes.

No segundo capitulo, nosso objetivo foi acrescentar conhecimento sobre
populacdes afro-derivadas da Ameérica do Sul, permitindo a construcdo de um
panorama mais completo das populagbes do continente. Além disso, buscamos

avaliar se os paralelos historicos e de origem compartilhados pelos quilombos



(tendo como modelo Kalunga e Sacutiaba) e a comunidad negra (tendo como
modelo Mulalé) analisados se refletem em sua ancestralidade genética. O sistema

de escolha para esse capitulo foi o SNPforlD 34plex.

No terceiro capitulo, apresentamos um novo sistema de marcadores (PIMA:
Population Informative Multiplex for the Americas) desenhado com o objetivo de
compor um sistema pequeno e informativo para diferenciar o componente de
mistura indigena americano dos das parentais africana, européia e, em especial,
leste asiatica. Os 26 marcadores autossdmicos foram selecionados para
complementar de forma balanceada o sistema-cerne SNPforlD 34plex na deteccao
e mensuragdo do componente de mistura indigena americano em populagdes
contemporaneas do continente. O sistema inclui ainda um SNP no cromossomo X e
o marcador de sexagem amelogenina. Os dados gerados para esse sistema foram
analisados em conjunto com os marcadores do sistema 34plex, compondo um
conjunto de 52 marcadores com informatividade balanceada para as quatro
parentais mencionadas. Além disso, para avaliar a performance do sistema em uma
situacdo real de pesquisa e acrescentar conhecimento sobre a diversidade das
populacbées humanas do continente americano, descrevemos a ancestralidade e
estrutura populacional de 22 populagdes miscigenadas e indigenas, incluindo os

quilombos Kalunga e Sacutiaba e a comunidad negra Mulaloé.

Ao final, na secdo Avaliagdo Geral das Estimativas de Ancestralidade,

avaliamos a concordancia entre os sistemas forinDel, SNPforlD 34plex, PIMA e



PIMA + 34plex comparando as distancias estatisticas entre as estimativas

individuais de mistura nas amostras de Kalunga e Sacutiaba.

3. METODOLOGIA GERAL

3.1 Aspectos éticos

A coleta e uso das amostras de Kalunga e Sacutiaba foi aprovada pela
CONEP (CEP-FS/UnB 030/2002 e 151/07). Todos os doadores foram informados
sobre os objetivos do projeto, o uso das amostras e a confidencialidade dos dados,

cumprindo os requisitos exigidos pelas resolugdes pertinentes.

3.2 Populagdes amostradas

As populagdes alvos do trabalho sdo quilombos no sentido tradicional da
palavra. Estudos prévios da ancestralidade dessas comunidades revelaram um
padrao tri-hibrido de mistura entre africanos, europeus e indigenas americanos,
nessa ordem de contribuicdo. Quanto a marcadores de linhagem, o cromossomo Y
€ majoritariamente europeu e o mtDNA, africano. Nenhuma linhagem materna
europeia foi encontrada nessas populagdes, resultado da reproducao diferencial

entre suas parentais (revisado em Gontijo et al., 2014).
Kalunga

Localizado em uma extensa area rural dos municipios de Cavalcante, Monte

Alegre e Teresina de Goias (Figura 1), Kalunga é um dos maiores quilombos do



Brasil, com uma populacédo estimada em 5300 pessoas. A comunidade foi formada
por escravos levados para a regido para trabalhar na mineragdo de ouro e que
fugiram ou foram abandonados por bandeirantes no século XVII (Soares, 1995). A
populagdo é estruturada socialmente em diversas sub-comunidades com graus de
isolamento variados tanto em relacdo umas as outras, quanto em relagao ao centro
urbano mais proximo, a cidade de Cavalcante. A estrutura demografica de Kalunga
foi descrita em Paiva (2017). O percentual de migrantes é baixo, perfazendo apenas
1,5% da amostra. A proporgdo de casamentos exogémicos (como definido por

Woortmann, 1990) na geragao entrevistada é de 4,7%.

Riacho de Sacutiaba e Sacutiaba

Sacutiaba € uma comunidade localizada no municipio de Wanderley, no oeste
baiano, distante 850 km de Salvador (Figura 1). A populagéo é estimada em 200
individuos e forma uma unica familia organizada em nucleos baseados em relagdes
de parentesco e afinidade. Acredita-se que seus fundadores foram escravos fugidos
do norte de Minas Gerais que se instalaram na area do quilombo mais de 200 anos
atras. Em 2004, a Fundagdo Cultural Palmares (2009 - http://www.palmares.gov.br)
reconheceu oficialmente o quilombo. A estrutura demografica de Sacutiaba foi
descrita em Amorim e colaboradores (2011). O percentual de migrantes € de 30%
da amostra entrevistada. A propor¢do de casamentos exogamicos na mesma

geracao é de 34,8%.



Kalunga
Sacutiaba

Mocambo

Figura 1. Mapa mostrando a localizagdo dos dois quilombos em

estudo: Kalunga — GO e Sacutiaba — BA.

Mocambo

Mocambo foi oficialmente reconhecida como quilombo no ano de 2004 (FCP -
http://www.palmares.gov.br) e foi estimada, a época da coleta, em cerca de 500
habitantes. Apesar de a data de fundagdo do povoado ser incerta, em 1825 ja havia
um pequeno contingente de escravos habitando o local (no municipio de Porto da
Folha, SE; Figura 1), hoje vizinho a area indigena de Xocd, com quem mantém

relagcbes historicas comerciais e de parentesco (Arruti, 2006). A estrutura



demografica de Mocambo foi descrita em Amorim e colaboradores (2011). O
percentual de migrantes € de 16% na amostra, e a taxa de migragao foi estimada
em 30%. A proporgdo de casamentos exogémicos (como definido por Woortmann,

1990) na geragéo entrevistada é de 40%.

3.3 Analise laboratorial

3.3.1 Coleta e processamento de material biolégico

Kalunga

Nos anos de 2001, 2008, 2015 e 2016 equipes do laboratério de Genética da
Universidade de Brasilia realizaram viagens a essa comunidade. Durante as visitas,
foram coletados 5mL de sangue venoso utilizando o sistema de coleta a vacuo com
tubos de coleta contendo EDTA como anticoagulante. As amostras foram
processadas e armazenadas em freezer a -20°C no Laboratério de Genética da
UnB. Os cerca de 100 voluntarios preencheram, no momento da coleta, um
questionario que permite acessar informagdes referentes a duas geragoes
ascendentes e aos descendentes diretos e inclui dados de relevancia demogréfica e
epidemiolégica. 60 amostras foram genotipadas com sucesso nas analises do

capitulo 1, 72 nas do capitulo 2 e 69 no capitulo 3.
Riacho de Sacutiaba e Sacutiaba e Mocambo

No ano de 1998, uma equipe do laboratério de Genética da Universidade de
Brasilia visitou as comunidades. Durante as visitas, foram coletados 5mL de sangue
venoso pelo sistema de coleta a vacuo contendo EDTA como anticoagulante. Da

mesma forma que as amostras coletadas em Kalunga, essas foram processadas e



armazenadas em freezer a -20°C no Laboratério de Genética da UnB. Os 30
voluntarios de Sacutiaba, no momento da coleta, um questionario que permite
acessar informacdes referentes a duas geragdes ascendentes e aos descendentes
diretos e inclui dados de relevancia demografica e epidemioldgica. Vinte e nove
amostras de Sacutiaba foram genotipadas com sucesso nas analises dos trés

capitulos e 62 de Mocambo foram genotipadas com sucesso no Capitulo 1.

3.1.2 Extracdo de DNA e quantificagao

50uL da fragao leucocitaria ou 100uL de sangue processado (fragdes de hemacias e
leucdcitos) das amostras coletadas foram utilizados para a extragdo de DNA
utilizando o kit comercial blood genomicPrep Mini Spin Kit da GE Healthcare, de
acordo com o protocolo do fabricante. O DNA extraido foi armazenado em
microtubos devidamente etiquetados com cddigos de forma a manter a privacidade
sem, no entanto, dissociar as amostras dos dados de identificagao individual dos
doadores e mantidos em freezer a -20°C no Laboratério de Genética da
Universidade de Brasilia em um banco de amostras. As amostras foram
quantificadas no equipamento NanoView e diluidas a 10 ng/uL em H,O miliQ

autoclavada.

3.1.3 Sistemas de marcadores selecionados

Sistema forinDel

Marcadores do tipo insergcédo-dele¢cao (Indels) sdo normalmente bialélicos e

caracterizados pela inser¢ao ou pela delecdo de um fragmento ou par de base.



Indels com mais alelos ja foram identificados. Estima-se que representem 15-25%
dos polimorfismos humanos (Weber et al., 2002; Mills et al., 2006). Mills e
colaboradores (2006) os agrupam em: 1. inser¢cdes e delegbes de par de base
unico; 2. expansbes de mondmeros; 3. expansdes de motivos de 2-15 pb; 4.

resultantes de eventos de transposicao; e 5. sequéncias aparentemente aleatdrias.

O sistema forinDel é formado por 46 indels autossémicos informativos de
ancestralidade que diferenciam Europeus, Africanos, Leste-Asiaticos e Indigenas
Americanos. Esses marcadores apresentam um bom equilibrio de poder de
discriminagdo entre esses grupos, tornando-o adequado para estudos de
ancestralidade de populagbes brasileiras. Além disso, a inclusdo de marcadores
discriminatérios de grupos do leste asiaticos permite uma abordagem pouco usual
para populacdes brasileiras, apesar de a contribuicdo desse grupo parental ser

significativa no pais.

A Tabela 1 mostra a contribuicdo de cada populagcao parental (Africana,
Europeia, Leste Asiatica e Indigena Americana — HGDP-CEPH) estimada a partir do
forinDel em cada uma delas e em populacdes de estudo. Como se pode observar, a
contribuicdo estimada de outras populagdes em cada parental € muito baixa. O
poder de discriminagao desse sistema fica claro também na Figura 2, que mostra a

analise de estruturacao populacional das mesmas amostras para k:4-6.



Tabela 1. Contribuicio média de cada populacdo continental (Africana - AFR,
Europeia - EUR, Leste Asiatica — EAS e Indigena Americana - AME) observada em
populacdes dos quatro continentes (Africa: Angola; Europa: Portugal; Leste da Asia:
Taiwan; Indigena Americano: a partir da andlise do sistema forinDel (Pereira et al,
2012).

Populacao AFR EUR EAS AME
HGDP-CEPH AFR 0.969 0.011 0.012 0.008
HGDP-CEPH EUR 0.008 0.963 0.014 0.014
HGDP-CEPH EAS 0.006 0.018 0.952 0.024
HGDP-CEPH AME 0.008 0.041 0.027 0.924
Angola* 0.970 0.011 0.011 0.008
Portugal™* 0.018 0.966 0.008 0.008
Taiwan* 0.004 0.003 0.984 0.009
Amazonia

(indigenas) * 0.01 0.013 0.032 0.945

* Pereira et al 2012

Metodologicamente, esse sistema tira proveito de caracteristicas que a classe
molecular indel compartiiha com SNPs e STRs (Phillips, 2012). Com SNPs
compartilha, além de uma maior estabilidade no genoma, o pequeno tamanho do
produto amplificado que possibilita a amplificacdo a partir de DNA degradado. Com
STRs, tem em comum a simplicidade metodolégica de analise em que o produto
amplificado é diretamente genotipado em sequenciador, excluindo a necessidade de

passos intermediarios.




AFR EUR EAS OCE AME

Figura 2. Analise de estruturagdo populacional de amostras do HGDP-CEPH com
k:4-6 feita a partir de dados do sistema forinDel.

Sistema SNPforlD 34plex

O sistema SNPforlID 34plex foi desenvolvido por Phillips et al. (2007) —
atualizado em Fondevila et al. (2013) — e € composto por 34 SNPs autossémicos
que apresentam alto & (Figuras 3 e 4) entre populagbes africanas, européias e
asiaticas e sao, portanto, AIMs. Todos se enquadram em quatro categorias: 1)
marcadores especificos de populagéo; 2) SNPs com &’s maiores que 0,6; 3) SNPs
trialélicos com alelos caracteristicos de dada populagao; e 4) SNPs com um alelo

exclusivo de uma populagdo e um exclusivo de outra.

O sistema é capaz de detectar a diferenciagdo entre populag¢des africanas,
europeias, leste asiaticas e indigenas americanas (Figura 3). No entanto, porque foi
desenhado para ser o cerne de um conjunto de painéis para avaliagao de

ancestralidade, a informatividade para componentes eurasiatico que nao europeu,

o7



indigena americano e oceéanico nao foi considerada (Phillips, 2015). Os painéis que
o complementam sao 1. Pacifiplex, composto por 29 AIM SNPs para estimativa de
mistura oceénica (Santos et al., 2016); 2. Eurasiaplex, composto por 23 AIM SNPs
para diferenciar europeus de sul-asiaticos (Phillips et al., 2012); e 3. PIMA
(apresentado no capitulo 3 deste trabalho), composto por 26 AIM SNPs para

diferenciar o componente indigena americano.
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Figura 3. Bar plot mostrando a diferenciacdo entre africanos, europeus, leste
asiaticos e indigenas americanos detectada pela analise de Structure (k:4) utilizando
o sistema SNPforlD 34plex em amostras do CEPH e do NIST. Modificado de
Fondevila et al (2013).
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Figura 4. Frequéncias alélicas dos 34 SNPs em amostras do CEPH compiladas do
SNPforlD browser em populacdes da Africa, Europa, América (indigenas), Leste da
Asia, Centro-Sul da Asia, Oceania e Oriente Médio.



Sistema PIMA

O sistema PIMA, apresentado no capitulo 3 desta tese, foi desenvolvido pelo
grupo de pesquisa da Unidade de Genética Forense do Instituto de Medicina Legal
na Universidade de Santiago de Compostela, Espanha, com o qual o Laboratério de
Genética da Universidade de Brasilia tem colaboracdo estabelecida. O sistema é
composto por 26 SNPs autossémicos, o marcador de sexagem amelogenina e um

marcador do cromossomo X.

Geralmente, conjuntos de AlMs utilizados em contexto forense para
inferéncia de ancestralidade genémica acumulam valores de divergéncia maiores
para a parental africana, que tem maior diversidade que outras populagdes, e
europeias, porque a maior parte dos estudos na area sdo conduzidos em paises
ocidentais (i.e. Europa e Estados Unidos). A construgao do sistema PIMA teve como
objetivo selecionar marcadores com poder para diferenciar a parental indigena

americana e complementar o sistema-cerne SNPforlD 34plex.

3.1.4 Genotipagem

A andlise laboratorial do sistema forinDel, descrita em Pereira e
colaboradores (2012), se resume a amplificagdo por PCR em multiplex e
genotipagem em eletroforese capilar. Ja a andlise dos sistemas SNPforlD 34plex
(Phillips et al., 2007; Fondevila et al., 2013) e PIMA (capitulo 3) inclui reagbes de

purificacdo e SnaPshot® entre a amplificacdo e a genotipagem.



Amplificagdo dos fragmentos de interesse por PCR em multiplex

Os marcadores que compdem os trés sistemas analisado foram amplificados
por PCR em multiplex utilizando programas especificos e misturas de reagentes em
concentracbes adequadas a cada conjunto de iniciadores. A amplificacdo foi
verificada por eletroforese em gel de poliacrilamida a 10% corado com nitrato de

prata.

forinDel: Os 46 fragmentos de interesse foram amplificados por PCR em
multiplex. O volume de reacdo foi de 10 pyL contendo 5 pL de 2x Qiagen Multiplex
PCR Master Mix, 10x uL Primer Mix (como especificado em Pereira et al., 2012),
0.75 yL de DNA (entre 0.5 e 5 ng/ul), dgua miliQ para completar o volume. A
amplificacdo foi feita em 28 ciclos: desnaturagdo inicial a 95°C por 15 min;
desnaturagao a 94°C por 30 seg; pareamento a 60°C por 90 seg; extensao a 72°C

por 60 seg; extenséo final a 72°C por 60 min; manutencéo a 4°C.

SNPforlD 34-Plex: Os 34 fragmentos de interesse foram amplificados por
PCR em multiplex. O volume de reacgao foi 7.9 pyL contendo 0.69 uL de 10x tampao
sem MgCl,, 0.63 pL de BSA a pg/pL; 3.2, 1 yL 10x Primer Mix (como especificado
em Fondevila et al., 2013), 1,63 pL de MgCl, a 25mM; 0,4 L de dNTP mix a 10 mM;
0,1 L de Taq Gold a 5U/uL; 0,95 de H20 miliQ; 1,5 yL de DNA (entre 1 e 2 ng). A
amplificacdo foi feita em 30 ciclos: desnaturacido inicial a 95°C por 15 min;
desnaturagdo a 94°C por 30 seg; pareamento a 60°C por 50 seg; extensado a 65°C

por 40 seg; extensao final a 65°C por 15 min; manutencéo a 4°C.



PIMA: Os 27 fragmentos de interesse foram amplificados por PCR em
multiplex. O volume de reacgao foi 5 pL contendo 2 uL de 2x Qiagen Multiplex PCR
Master Mix, 2 yL 10x Primer Mix, 1 yL de DNA (entre 1 e 10 ng/ul). A amplificagcao
foi feita em 30 ciclos: desnaturacéao inicial a 95°C por 15 min; desnaturagao a 94°C
por 30 seg; pareamento a 60°C por 60 seg; extensdo a 72°C por 40 seg; extensao
final a 72°C por 10 min; manutencdo a 4°C. Esse sistema de marcadores esta sendo

descrito no terceiro capitulo desta tese.

Purificagdo do produto amplificado

Os produtos da amplificagdo por PCR dos sistemas PIMA e 34plex foram
submetidos a uma etapa de purificagdo por ExoSAP It com o objetivo de remover
iniciadores € dNTP nao incorporado as novas moléculas de DNA. A purificacdo do
produto da amplificacdo do sistema PIMA foi feita utilizando 0,65 pL de ExoSAP It a
1 U/uL para 0.75 uL de produto de PCR em um volume final de 5 pL. A purificagao
do produto amplificado do sistema 34-Plex foi feita utilizando 1 yL da mesma enzima
para 2.5 pL de produto de PCR em um volume final de 3.5 pL. Alternativamente,
utilizou-se a enzima ExoStar num volume de 0,6uL a 1 U/uL. O ciclo térmico de
purificacdo foi de 45 minutos a 37°C e 15 minutos a 85°C, com manutengao a 4°C.

O produto de PCR do sistema forindel ndo foi submetido a essa reagao.

SnaPshot® (sistemas 34plex e PIMA)

Apos a purificacdo, o produto de PCR dos sistemas PIMA e 34-Plex foi
amplificado por SnaPshot®. A analise de SNPs por essa metodologia consiste na

extensao de uma unica base. Iniciadores se pareiam com a regido 3' e com a base



imediatamente upsfream ao ponto em analise (i.e., o SNP), e possibilitam a
extensdo da base de interesse utilizando ddNTPs fluorescentes. Posteriormente, a
base que foi incorporada é detectada por eletroforese capilar (Sobrino et al., 2005).
Com o uso de iniciadores adicionados de caudas com tamanhos variados que
possibilitam a separacdo dos fragmentos por eletroforese, € possivel montar

sistemas em multiplex tdo grandes como os aqui analisados..

Amplificagdo por SnaPshot®: os dois sistemas foram amplificados em 6 yL
de volume de reagao contendo 4 uL de mix (2,5 yL de SNaPshot® mix; 1,5 uL de
mix de iniciadores e 1 uL de H20 MiliQ) e 2 pL de produto de PCR purificado. O
programa de termociclagem foi de 30 ciclos para o sistema PIMA e 28 para o
sistema 34-plex: 10 segundo a 96°C; 5 segundos a 55°C; 30 segundos a 60°C;

manutencao a 4°C.

Purificagao: O produto da reagcdo de SNaPshot® dos dois sistemas foi
submetido a uma nova etapa de purificagdo, também visando a remocao de ddNTP
nao incorporado as novas moléculas. A purificacdo do produto de SNaPshot® do
sistema PIMA foi feita utilizando 1 yL da enzima SAP para 6 pyL de produto
amplificado em um volume final de 7 pL. O ciclo térmico de purificagao foi de 80
minutos a 37°C e 15 minutos a 85°C, com manutencido a 4°C. A purificagcdo do
produto de SNaPshot® do sistema 34-Plex foi feita utilizando 1,3 pL da enzima SAP

para 6 L de produto amplificado em um volume final de 7,3 L.

Eletroforese capilar



As placas contendo o produto de PCR do sistema forlnDel e de purificacéo
com SAP dos demais, foi adicionada uma mistura de reagentes que visa a
desnaturacdo das moléculas de DNA para a eletroforese capilar. Os fragmentos
foram analisados em um sequenciador 3130 Genetic Analyzer (Applied Biosystems)
usando capilares de 36 cm e polimero POP-4™. A genotipagem foi feita com o

software GeneMapper™ 3.2 (Applied Biosystems).

Para a eletroforese do sistema forinDel, 0.8 pL do produto de PCR diluido
10x em H,O MiliQ foi adicionado a 0.3 yL de padréo interno de tamanho 500 LIZ™ e
8.9 uL de formamida Hi-Di™. Para o sistema PIMA, 1 pL do produto de SnaPshot®
purificado foi adicionado a 9,5 yL de mix (0.25 yL de padrao interno de tamanho 120
LIZ™ e 10 yL de formamida Hi-Di™). Para o sistema 34-Plex, 1 yL do produto de
SnaPshot® purificado foi adicionado a 0.3 pL de padrdo interno de tamanho 120

LIZ™ e 8,9 yL de formamida Hi-Di™.

3.4 Analise estatistica

3.4.1 Analise descritiva

Frequéncias alélicas e genotipicas, Equilibrio de Hardy-Weinberg e

heterozigose

O Equilibrio de Hardy-Weinberg (HWE) € um modelo matematico que
descreve as frequéncias de alelos e gendtipos esperadas na auséncia de fatores
perturbadores da distribuicdo basal. Desvios no HWE sinalizam a presenga de

fatores evolutivos ou problemas metodolégicos na amostragem ou genotipagem. A



heterozigose € uma das formas de avaliar a razao do desequilibrio observado em
uma populagdo e sugerir selegcdo, estruturagao e miscigenagdo. Executamos as
e H

estimativas de frequéncias e heterozigose (H e o teste para verificar

obs esp)

adequacgao ao HWE com o programa Arlequin 3.5 (Excoffier e Lischer, 2010).

Desequilibrio de ligagéo

O desequilibrio de ligagao (LD), situacdo em que a heranga de um alelo nao
é independente da de um outro, pode ser gerado por inumeros fatores. Dentre eles
estdo proximidade fisica entre os loci, selecao natural, deriva genética, mistura
recente e estruturagcdo populacional (Slatkin, 2008). Porque o efeito da deriva
genética sobre o LD é pequeno (Slatkin, 2008) e porque os loci aqui analisados sé&o
seletivamente neutros e distantes fisicamente um do outro, qualquer LD observado
deve ser decorrente de algum dos outros fatores ou efeito de amostragem. Para
verificar a ocorréncia de LD entre os loci aqui analisados, utilizamos o teste exato de

Fisher, executando pelo o programa Arlequin 3.5 (Excoffier e Lischer, 2010).

3.4.2 Analise comparativa

Indice de fixagdo: F,

O F4; € uma medida de variabilidade diretamente relacionada a variancia
das frequéncias alélicas de um Jocus em uma populagdo: quanto maior a variancia
das estimativas em torno da média, maior o Fg;. Isso significa que quanto mais

diferentes sao as frequéncias alélicas entre as populagdes comparadas, maior é o



F<r (Holsinger e Weir 2009). A relagdo entre Fg4; e historia evolutiva é obscurecida

por fatores como:

e diferentes cenarios evolutivos podem resultar em estruturas e relacdes
populacionais com Fg; similares. Fg; baixos, por exemplo, podem ser

consequéncia de divergéncia recente ou migragao;

e marcadores em diferentes regides do genoma podem informar F¢; diferentes

para a mesma amostra;

e marcadores de categorias moleculares diferentes informam Fq; diferentes
para as mesmas populacdes. Para populacdes humanas, STRs informam Fg;

médio de 0.05, enquanto SNPs informam 0.10 (Li et al., 2008).

Para a analise de reconstrug&o historica, o Fg; informa relagbes evolutivas e
demograficas: quanto maior o Fg;, mais distante a relagdo entre populagdes. No
entanto, ele n&o diferencia proximidade no valores de Fg; decorrente de
ancestralidade comum recente ou migragdo (Holsinger e Weir 2009). Para a
genetica forense, o Fg; reflete a informatividade de um marcador, ja que esta

relacionado a variabilidade em cada nivel da estrutura populacional (Phillips 2015).

Aqui, com o objetivo de verificar a diferenciacdo entre as populacdes
analisadas (capitulos 1 e 2), selecionar parentais adequadas (capitulo 1) e avaliar a
informatividade de marcadores (capitulo 2), estimamos o Fq; como implementado no

software Arlequin 3.5 (Excoffier e Lischer, 2010).



3.4.3 Analise de ancestralidade e estruturacdo populacional

Avaliamos os padrdes de estrutura populacional e ancestralidade de forma
exploratéria utilizando analise de componentes principais (PCA). Em seguida,
seguimos duas abordagens distintas: o modelo proposto no programa Structure
(Pritchard et al., 2000), que € utilizado para produzir uma estimativa de mistura, e o
algoritmo Naive Bayes, que é utilizado para atribuir origem assumindo auséncia de

miscigenacgao.

A PCA é uma metodologia de redugao de dimensionalidade que facilita a
visualizagdo de dados multivariados (Slatkin 2008). Ela realiza uma rotagdo do
conjunto de dados para um sistema de eixos que elimina a correlagdo entre cada
componente. Desta forma, eixos sdo ordenados pela quantidade de variancia
associada, sendo que o primeiro sumariza a maior quantidade de variagao
observada e cada eixo ortogonal subsequente acumula menos informagado que o

anterior. Aqui, a PCA foi feita utilizando o software Kpop (Mendes e Gontijo, 2017).

Realizamos a analise de mistura e estruturagdo com o software Structure
2.3.4 (Pritchard, et al., 2000). Esse algoritmo parte de dados genotipicos para inferir
0 agrupamento da amostra em k grupos correspondentes a estruturagao existente
no conjunto de dados. Cada individuo é associado a uma distribuicdo de
probabilidades que corresponde ao grau de afiliagdo a cada um desses grupos. O
valor de k normalmente deve ser informado a priori, mas existem métodos

heuristicos para inferi-lo a partir da amostra.



Em cada capitulo, adotamos populag¢des parentais e parametros adequados,
como descrito na metodologia especifica. Testamos varios k (2 an + 2, sendo n o
numero de populag¢des parentais presumidas na amostra de referéncia) em multiplas
iteracbes. Selecionamos o0s grupos parentais dentre os dados disponiveis na

literatura tendo em conta plausibilidade histérica e coesao dos grupos parentais

Finalmente, algumas analises foram complementadas com o resultado da
classificacdo do método Naive Bayes. Como o0 nome sugere, o método esta
baseado na utilizagdo de modelos estatisticos Bayesianos simples e que possuem
resolugcdes exatas. Neste trabalho, utilizamos uma versdo do método que, no
contexto da genética, corresponde a um modelo muito semelhante ao proposto por
Pritchard e colaboradores (2000) na elaboragdo do Structure. Os modelos diferem
apenas em que o Naive Bayes assume auséncia de mistura, enquanto o Structure a
modela explicitamente. O resultado de uma execug¢ao do Naive Bayes consiste em
uma distribuicdo para cada individuo indicando a probabilidade de possuir uma
ancestralidade pura para cada populagao parental. Isto ndo deve ser confundido
com estimativas de mistura, ainda que existam circunstancias em que estes valores

se aproximam.

A analise de classificagao por Naive Bayes foi realizada utilizando o Snniper
(http://mathgene.usc.es/snipper/), um software que integra dados de populagdes do

CEPH para os sistemas de marcadores forlnDel e 34plex (aqui utilizados).



CAariTuLo 1

Sistema forinDel: Analise de ancestralidade
em populacgdes rurais brasileiras de ascendéncia

africana

Este capitulo consiste no manuscrito original do trabalho publicado com o
titulo “Ancestry analysis in rural Brazilian populations of African descent”, publicado
em Forensic Science International: Genetics, Volume 36, September 2018, Pages

160-166).


https://www.sciencedirect.com/science/journal/18724973/36/supp/C

REsumo

Comunidade rurais constituem cerca de 20% da populacdo do Caribe e América
Latina, mas estdo sub-representadas em bancos de dados de marcadores
autossOmicos. Essa deficiéncia € problematica para a genética forense, que
depende de descri¢des acuradas da variagdo genética e da estrutura populacional.
As populagdes brasileiras foram moldadas por um processo de mistura intenso,
complexo e heterogéneo que envolveu especialmente indigenas americanos,
africanos sub-saarianos e europeus. Esse processo originou populagdes diversas,
dentre elas os quilombos: populagdes brasileiras com ancestralidade africana
marcada e que permaneceram, em certa medida, isoladas geneticamente de outras
populagdes. Aqui, foram analisados dois quilombos rurais: Kalunga - GO e Riacho
de Sacutiaba e Sacutiaba - BA; e Mocambo - SE, em conjunto com dados
compilados do HGDP-CEPH. Com o objetivo de contribuir para a construgao de
bancos de dados de marcadores de interesse forense que representem
adequadamente a populacédo brasileira, os trés quilombos foram analisados, e a
relagdo entre sua historia e composigao genética, investigada. Um sistema forense
composto por 46 marcadores informativos de ancestralidade (AIM) do tipo indel foi
escolhido por seu alto poder em diferenciar as principais populagdes parentais
putativas do Brasil. As populacdes parentais foram selecionadas do banco de dados
do HGDP-CEPH disponiveis no forinDel allele frequency browser com base em
padrdes historicos aplicaveis as populagdes em analise e na quantidade de variagao
observada dentro e entre continentes. Os resultados mostram que os componentes

de mistura mais significativos nos Quilombos sdo o africano e o europeu, em



consonancia com analises prévias de marcadores uniparentais e autossémicos nas
mesmas populagdes. PCA, analise de estruturagédo e estimativas de ancestralidade
indicam uma correlagdo entre o grau de isolamento e a ancestralidade observada:
Kalunga é a mais isolada e tem o maior componente de mistura africano (67,3%).
Sacutiaba é a menor e mais impactada por migragdo e tem o maior componente
europeu (46,8%). Mocambo €& vizinho a uma populagdo amerindia (Xoco) e,
portanto, tem a maior contribuicdo indigena (12,2%). Os resultados sao também
consistentes com a histéria e demografia conhecidas dos quilombos. A
heterogeneidade aqui observada ressalta a diversidade genética que o Caribe e a
Ameérica Latina devem apresentar e reitera a importancia de descrevé-las em maior

detalhe.

Palavras-chave: Ancestralidade; Indel; AIM; Mistura; Quilombo; Brasil
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ABSTRACT

Rural communities comprise around 20% of Caribbean and South American
populations, but are under-represented in autosomal marker databases. That
deficiency is problematic for forensic genetics, as it relies on accurate descriptions of
genetic variation and population structure. Brazilian populations were shaped by an
intense, complex and heterogeneous process of admixture encompassing mainly
Amerindians, Sub-Saharan Africans and Europeans. Quilombos are Brazilian
populations with significant African descent that have remained genetically isolated
to some extent from surrounding populations. In the reported study, we analyzed
three rural Quilombo populations: Kalunga; Riacho de Sacutiaba e Sacutiaba; and
Mocambo, along with a dataset from the HGDP-CEPH panel. Aiming to contribute to
representative genetic databases of forensic interest, we analyse the three rural
Quilombos and investigate how their genetic makeup relates to their history. An
established forensic test, comprising 46 ancestry-informative (AIM) Indels, was
chosen for its high power in differentiating the main contributing populations of Brazil.
Parental populations were selected from HGDP-CEPH data available at the forinDel
allele frequency browser based on historic patterns applicable to the study
populations and the amount of variability observed within and between continents.
Our results show the main admixture components in the Quilombos are African and
European. Those estimates are in accordance with previous analyses for both
uniparental and autosomal markers. PCA, structure analysis and ancestry estimates
indicate a correlation between the extent of isolation and the degree of admixture in

the Quilombos: Kalunga is the most isolated population and accordingly has a higher



African admixture component (67.3%). Sacutiaba is the smallest and most impacted
by migration, with the highest European component (46.8%). Mocambo neighbors a
Native American population and therefore has the highest Amerindian contribution
(12.2%). Our results are consistent with the history and demography of Quilombos.
The heterogeneity observed in these populations stresses the genetic diversity that
Latin American and Caribbean rural populations can have and reiterates the need to

describe them in greater detail.

Keywords: Ancestry; Indel; AIM; Admixture; Quilombo; Brazil

Highlights

e Genetic structure and ancestry of African-Brazilian rural populations are
described.

e Data on the 46 AIM Indels is consistent with the Quilombos’ history and
demography.

e Quilombos are not uniform and their African ancestry surpasses the Brazilian
average.

e Rural Brazilian populations are diverse, yet under-represented in forensic

databases.



1. Introduction

Brazilian populations were shaped by an intense, complex and
heterogeneous process of admixture that encompassed mainly Amerindians,
Sub-Saharan Africans and Europeans [1-3]. Those groups have gone through
particular demographic processes themselves over Brazil's history. Their
movement, dispersion and interaction with indigenous populations were not
homogeneous across the vast Brazilian territory, making the demographics of
each region unique. Additionally, later migration from different parts of the world
must be taken into account, especially from the Middle East and East Asia (late
19th/early 20th century) [4, 5]. Aside from the admixed populations that make up
most of Brazil, partially and completely isolated populations persist: Quilombos

and Amerindian populations are found throughout the country [6, 7].

Around 40% of all Africans that were enslaved and forcibly brought to the
Americas (3.6-10 million people) arrived in Brazil. Historical records of the slave
trade and traffic are scarce, but Bantu peoples are believed to have been the
main group brought to the Americas [8]. In Brazil, African slaves and those of
African descent often resisted captivity and exploitation. One of the most
significant forms of resistance was the constitution of Quilombos: communities
that were safe havens that were isolated from surrounding populations. Despite
being regarded as isolated communities, Quilombos have always maintained
commercial and social links with surrounding populations, resulting in the evident

admixture that has occurred since their foundation [9]. They have unique histories



and are not homogeneous [1], but form a cohesive group in their ancestry [9].
Currently, over 3000 Quilombos populations or communities have been officially
recognized in every Brazilian state [6], except Acre and Roraima [10], comprising

over two million people [11].

Many previous studies on the genetics and ancestry of Quilombos have
analyzed small sets of classical autosomal markers, or focused on mtDNA and
Y-chromosome (as reviewed in [1, 2, 12]). These analyses and those performed
with autosomal markers usually show patterns consistent with Quilombos’ history
and demography and show a high African admixture component, with variable
and smaller proportions of European and Amerindian co-ancestry (often in that
order of contribution)[2, 13-15]. Lineage markers have indicated a strong sex bias
against European mtDNA and towards European Y-chromosome backgrounds

[12,16,17].

Like Quilombos, Latin American populations are under-represented in
genetic marker databases, evident from the sample composition of databases
such as HGDP-CEPH [18] and 1000 Genomes [19]. Larger sets of AlMs,
including the panel used for this study, have scant coverage of Native American
populations (reviewed in [1, 3]) and rural communities, which comprise 20% of
the continent’s populations, are not represented. Over the last years, the gap in
genetic profiles available for Latin American populations is being addressed, as
more studies directed at the continent are being published (reviewed in [1, 3],
further exemplified in [20-33]). Incomplete sampling of a continent is problematic

for forensic genetics analysis, as accurate descriptions of a region’s genetic



variation and structure are important for accurate reporting of forensic DNA data.
Choosing ancestry-informative markers with sufficient power and in adequate

numbers is also crucial for these analyses [34-39]).

In this study, we aimed to fill a significant gap in knowledge of Brazilian
demographics by examining three rural Quilombos and investigating how their
genetic makeup relates to their history. We evaluated how consistent the new
data is with previous population analyses of Brazil. The three rural Quilombos are
Kalunga, Riacho de Sacutiaba e Sacutiaba (herein: Sacutiaba), and Mocambo.
They make up a historically, geographically and demographically diverse and
well-documented set of populations. We focus on population structure and

genomic ancestry, supporting our findings with historic and demographic data.

2. Material and methods

2.1. Sampled populations

Kalunga is one of the largest Quilombos in Brazil, numbering an estimated
5,300. The founding Kalungas were slaves that either escaped captivity or were
left behind after gold mining finished in late XVIII century [40]. It is the most
isolated of the three populations analyzed, but has seen a recent influx of
migrants to its outskirts. Sacutiaba are an extended kinship of 200 people divided
into smaller family groups. The community is believed to have been founded by
runaway slaves from the neighboring state of Minas Gerais 200 years ago [41].

Mocambo is a small rural community with an estimated population of 500. Xocé



Amerindians inhabit a neighboring territory and the two populations share
long-standing relationships and a close history [42]. The founding date is
uncertain, but there is record of a small settlement of runaway slaves in the

region in 1825.

2.2. Sample collection and ethical approval

Blood was collected from 72 volunteer donors from Kalunga, 30 from
Sacutiaba and 81 from Mocambo. Because of their sizes and demographic
structures, the final sample size was restricted by endogamic relationships within
each population. Further, we applied a questionnaire to the donors and to an
expanded sample to assess demographic information about the participants, their
offspring and two previous generations. In accordance with Brazilian regulation
on ethics in human research, all participants were informed about the
confidentiality of the data and the research details. The project was approved by
the Research Ethics Committee of the Faculty of Health Sciences at the

University of Brasilia (CEP-FS/UnB 030/2002 and 151/07).

2.3. The ancestry-informative Indel panel

An established forensic panel comprising 46 AIM Indels [43] was chosen
for its high power in differentiating the main parental populations of Brazil
(European, African and Amerindian), making it an appropriate assay for
assessing ancestry in Quilombos. Along with the Quilombos’ samples, data from

HGDP-CEPH populations [18] compiled from the forinDel allele frequency



browser (http://spsmart.cesga.es/forindel.php) was included in comparative

analyses and ancestry estimates (see Supplementary material for details).

2.4. DNA extraction and Indel genotyping

DNA was extracted with the genomicPrep Mini Spin Kit (GE Healthcare)
and quantified with a NanoDrop 1000™. DNA analysis followed the capillary
genotyping protocol originally described for the Indel panel [43]. Specific Indel
fragments were amplified in a 46-multiplex PCR in 10 pL reactions containing 5
ML 2x Qiagen Multiplex PCR Master Mix, 10x uL Primer Mix (as per Pereira et al.,
2012), 0.75 pL DNA (concentration range: 0.5 to 5 ng/ul), miliQ water up to
reaction volume. Amplification cycling was: initial denaturation at 95°C for 15 min;
94°C for 30 s, 60°C for 90 s, 72°C for 60 s; final extension at 72°C for 60 min. 0.8
ML of PCR product was added to 0.3 uL of 500 LIZ™ internal size standard and
8.9 uL of Hi-Di™ formamide. Products were detected in a 3130 Genetic Analyzer
(Applied Biosystems) using 36 cm capillary arrays and POP-4™ polymer. Allele

calling was made with GeneMapper™ 3.2 software (Applied Biosystems).

2.5. Statistical analysis

Population descriptive parameters: Hardy Weinberg equilibrium (HWE) -
linkage disequilibrium (LD) and Fst were estimated using ARLEQUIN 3.5 [44] and
K-POP 0.1 (available at https://github.com/fabiommendes/kpop) [45],

respectively. Allele frequencies were estimated by STRUCTURE 2.3 [46].



Patterns of population structure were assessed by PCA and structure
analysis. PCA was made using K-POP, based on individual genotypes.
STRUCTURE analyses tested K:2-8, using the following parameters: burn-in of
10,000; MCMC of 100,000; Admixture and LOCPRIOR models; correlated allele
frequencies; 8 iterations. From the output, CLUMPAK [47] determined the optimal
K (LnPr( X|K )) according to the method of Evanno [48]; and K-POP aided the

plotting of cluster membership proportions.

Contributor populations were selected from HGDP-CEPH data available at
forinDel browser. Following the methodology described below, our initial
comparison sample was narrowed down from 907 to 542 individual profiles. The
first criterion was the known history of admixture between Amerindians,
Europeans and Africans in Brazil. The second criterion was the amount of
variability observed within and between continents. Fq; estimates were used to
ensure cohesive population groupings. Considering Fg; ranges commonly
observed in human populations for SNPs [49], we established 0.10 as the
maximum Fg; for within-continent samples and 0.20 as the minimum accepted as

descriptive of between-continent population stratification.

Pairwise Fg; estimates are shown in Table S1. East Asia was included
despite no expectation of a significant contribution to the Quilombos, as this
population group has contributed to Brazilian variability in other populations.
Middle East, Central and South Asia, three African populations (Biaka, Mbuti and
San) and two East Asian populations (Lahu and Daur) were excluded based on

their Fst values. The selected admixture contributor set was composed of: African



- Bantu N.E., Yoruba, Mandenka, South African Bantu; European - Basque,
French, Sardinian, Tuscan, Bergamo, Orcadian, Russian, Adygei; American -
Karitiana, Surui, Colombian, Maya, Pima; East Asian - Cambodian Dai, Han,

Hezhen, Miao, Mongola, Naxi, Orogen, She, Tu, Tujia, Xibo, Yi, Japanese, Yakut.

Amerindian populations are more structured than other continental
populations due to their demography [49-51], so we evaluated this with
STRUCTURE analysis (burn-in: 10000; MCMC: 100000; model: Admixture; allelic
frequencies: correlated; POPFLAG=0; iterations: 8) and Naive Bayes

classification (Bayes analysis), as implemented in K-POP.

Outlier individuals (those with admixture estimates <80% for the group to
which they belong and 220% for a second co-ancestry contributor and/or
assigned to a different group based on Naive Bayes analysis) were excluded
from our contributor samples. Based on these criteria, only four samples were
excluded from the European, four from the East Asian and five from the

Amerindian sets.

Ancestry estimations were based on cluster membership proportions
identified from STRUCTURE analyses. Assignment of HGDP-CEPH samples to
the most likely population of origin used Naive Bayes classifications in K-POP
and extended to Central-South Asian and Middle-Eastern populations and test
subjects, in addition to the expected contributor populations. Samples with more

than 10% missing data were excluded from Bayes analysis.



3. Results

3.1. Population-descriptive parameters

Table S2 shows basic population parameters of HWE; expected and
observed heterozygosities; and allele frequencies, estimated for the study
samples. In Kalunga, 8% of the loci were out of HWE, 6% in Sacutiaba and 30%
in Mocambo. With Bonferroni correction these values dropped to close to zero in
Kalunga and Sacutiaba and to 20% in Mocambo. Table S3 shows LD estimates:
2.5% of the pairs of loci are in LD in Kalunga, 3% in Sacutiaba and 4% in

Mocambo.

3.2. Population structure

Fig 1 shows PCA analysis and the STRUCTURE triangle plot depicting the
genetic structure seen in study populations and in relation to the contributor
population groups. PCA analysis (Fig 1A) indicates three contributor clusters and
not four as would be expected. In this analysis, Amerindians and East Asians
were not clearly separated. Quilombo individuals fall between Africans and
Europeans and despite a large degree of overlap, the Kalunga cluster is placed
closer to the African cluster, with some individuals being positioned in that cluster.
The Sacutiaba cluster is closer to the European cluster, with some individuals
positioned within it. Mocambo occupies a more central position and are more

dispersed. The triangle plot (Fig 1B), similarly shows Quilombos to be



intermediate to Africa and Europe and

clusters than PCA.

to form rather more tightly grouped

B & Alfrica

& Europs

® Amerindian

& East Asia
Kalunga

Sacutiaba
Mocambn

Figure 1. Population structure analyses considering four parental groups (Africa,

Europe, America, and East Asia) and the three study populations (Kalunga,

Sacutiaba, and Mocambo). A: Principal Component Analysis (PCA) done on K-POP
0.1. B: Triangle plots generated by STRUCTURE 2.3.

3.3. Ancestry analysis and population affiliations

Ancestry estimates are shown in Fig 2 (pie chart for population estimates),

Fig 3 (bar plots for individual estimates) and Fig 4 (violin plots for range of

co-ancestry contributions) and in Tables 1 and S4. Bar plots for K:3 to K:5 are

shown in Fig 3. The optimum K value was K:3. Kalunga shows higher and more

homogeneous African cluster memberships representing a larger overall

admixture component, whereas Sacutiaba and Mocambo are more varied in their



admixture patterns with more complexity. The range of individual ancestries
observed in each HGDP-CEPH population shows they are not homogeneous.
Notably, Yakut are similar in their patterns to Amerindian populations at K:3, but

show European and Amerindian ancestry components at K:4.

0.6% —

Kalunga

67.3% 24.9%

1.1% -
Sacutiaba

44.7%

03% —

Mocambo

42.6%

* African
* European
* Amerindian
® East Asian

Figure 2. Map of Brazil indicating the location of the three Quilombos
(Kalunga, Sacutiaba and Mocambo) and pie charts showing their
population ancestry estimates. Analysis was done on STRUCTURE 2.3.

Table 1 details population ancestry assignments estimated with the 46 AIM
Indel data and previous estimates made with different sets of markers, both
lineage (Y-STR and mtDNA) and autosomal (classical markers, Alu insertions,
STRs, small sets of AIMs — SNPs and Indels). There is a clear difference in the

results obtained by the two types of marker, as expected in highly admixed

84



populations: lineage markers do not describe the complete complexity in
background in each individual, but bring specific information to the analysis that

autosomal markers cannot.
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Figure 3. Ancestry analyses for Kalunga, Sacutiaba and Mocambo considering four
parental populations (Africa, Europe, America, and East Asia). Bar plots generated on
STRUCTURE 2.3. (k:3-5 are shown).
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Figure 4. Distribution of individual ancestries in the study populations. Violin plots
generated on K-POP 0.1 based on ancestry analyses considering four parental
populations (Africa, Europe, America and East Asia).
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Table 1. Estimates of population ancestry for Kalunga, Sacutiaba and Mocambo based
on the 46 AIM Indels panel and previously published estimates based on lineage (Y-STR
and mtDNA) and autosomal (classic proteins, Alu insertions, STRs, small sets of AIMs —

SNPs and Indels) sets of genetic markers.

Ancestry estimate

Marker
AFR EUR AME EAS
Y-STRs 27.00 67.00 6.00 -
mtDNA 86.77 0.00 13.30 -
Kalunga  Autosomal STRs 57.38 39.29 3.33 -
SNP AlMs 61.05 29.77 9.18 -
46 AIM Indel 67.3 249 7.20 0.06
Y-STRs 5.00 95.00 0.00 -
mtDNA 84.06 0.00 15.4 -
Classical and Alu 72.29 27.71 0.00 -
Sacutiaba Autosomal STRs 35.08 64.31 0.61 -
SNP AlMs 53.94 43.33 2.73 -
AlMs 43.00 55.00 0.20 -
46 AIM Indel 44.70 46.80 7.40 1.10
Y-STRs 7.00 86.00 7.00 -
mtDNA 78.60 0.00 21.40 -
Classical and Alu 32.00 57.57 10.32 -
Mocambo  Autosomal STRs 46.57 39.81 13.62 -~
SNP AlMs 43.42 37.77 18.81 -
AlMs 46.00 35.00 19.00 -
46 AIM Indel 42.60 44.90 12.20 0.30

Reference: Y-STRs [17]; mtDNA [57]; classical and Alu insertions [64];
autosomal STRs [65]; SNP AlMs [65]; AlMs [9]; 46 AIM Indel: current work. AFR:
Africa; EUR: Europe; AME: Amerindian; EAS: East Asia.

Table S4 shows ancestry estimates side by side with population
classifications for each individual. Most were assigned to the population with the
strongest admixture component in their genomes. Nine individuals were assigned

to a non-African population in Kalunga (eight to Europeans and one to



Amerindians), 16 in Sacutiaba (all assigned to be Europeans) and 43 in
Mocambo (41 were assigned to be Europeans and two to be Amerindians). The
disparity between both analyses reaches 15% in Kalunga, 7% in Sacutiaba and

21% in Mocambo.

Kalunga has the highest overall African contribution, with individual
estimates ranging from 49.7-80.2%. Sacutiaba has the highest European
contribution, with individuals ranging from 32.1-66%. Mocambo is the population
with the highest Amerindian contribution overall (12.2%) and individually — the
highest estimated proportion being 25.1% (Figs 3 and 4). Most individuals in our
sample have at least 40% African ancestry: all of the Kalunga individuals (where
84% of individuals have at least 60% of African ancestry), 67% in Sacutiaba and

65% in Mocambo.

4. Discussion

Quilombos are a unique group of populations in their history and ancestry.
They are part of the Brazilian campesino movements and have particular
histories, demographic trajectories and culture. With the goal of investigating how
the genetic makeup of three of those rural African-Brazilian populations relates to
their history, we used a simple but informative autosomal panel of 46 AIM Indels
[43]. This genetic system has a high power to differentiate the main contributing
populations to Brazil (namely Europeans, Africans and Amerindians). East Asians
were included because of their more recent, but intense influx into Brazil. Our

results add to the understanding of the genetic composition of Quilombos and, in



a wider sense, of Latin American rural populations in general, as well as enriching

a population database of forensic interest.

The main admixture components to the Quilombos are Africa and Europe,
as expected from historical records and corroborated by our data. Those
estimates are also in accordance with previous analyses published elsewhere for
both uniparental and autosomal markers, as summarized in Table 1. Furthermore,
our data indicate a correlation between the extent of population isolation amongst
the Quilombos and other populations and the degree of admixture in the
Quilombos. Kalunga is the most isolated of them and accordingly has a higher
African admixture component (67.3%). Sacutiaba is the smallest community and
most impacted by incoming migration [2], with the highest European component
(46.8%). Mocambo neighbors a Native American population and therefore has
the highest Amerindian contribution (12.2%). The three Quilombo populations of
this study share demographic characteristics and an overall genetic ancestry.

Nevertheless, they are not homogeneous, as shown by the results.

The predominance of endogamic marriages [52, 53] is further indication of
the very low levels of gene flow in and out of the Kalunga population. Sacutiaba
shows a genetic composition that is the result of a different admixture process.
The community is located in the State of Bahia, closer to other populations and its
higher European component reflects very active trade and exchange between
these populations. Finally, Mocambo has the highest Amerindian component
observed (12.2%), despite a high Amerindian contribution being uncommon

amongst Quilombos populations [2] (exceptions were described in northern Brazil



[14]). Mocambo neighbors the Xocd Amerindian population and the relationship

between these two populations is old and well documented [42].

The genetic outcome of these inter-population dynamics has been
observed in previous studies [9]. The complexity observed in Sacutiaba and
Mocambo yielded measurable impact of migration on their genetic compositions
and high immigrant proportions (30% in Sacutiaba and 16% in Mocambo). In both
populations endogamous marriages are predominant. The European contribution
seen by Amorim [9] was higher among immigrants than Quilombolas (especially
in Mocambo). These findings match well with the current study, in that migration

has brought European variation into the Quilombo communities.

Such high immigration rate could have produced a measure of population
substructure in Mocambo. That could be the underlying cause of the HWE
deviations detected and the low Hobs, as could be expected when migration is
recent and/or continued, especially when the originating and receiving
populations have different genetic compositions. That is the case in Mocambo,
where 11 of the 46 markers are not in HWE, and have observed heterozygosity

(H,,s) much lower than expected (H,,,). That population’s demographic dynamics

exp)
involves continued influx from the neighboring Xocd and recent migration from
surrounding populations with a higher European admixture component [9].

Sacutiaba is a smaller population with higher immigration rates, but did not

present the deviations seen in Mocambo. That might be due to the fact that



Bahia, where Sacutiaba is located, is a state with a genetic ancestry comparable

to that usually observed in Quilombos [ 3, 16, 54-56].

The observation of East Asian components in our sample (0.3-1.1%) is low
enough to discount the detection of migration or exchange between Quilombos
and Asian-Brazilian populations and more likely reflects the difficulty of fully

differentiating East Asians and Amerindians with the 46 AIM Indels used.

When comparing our estimates to those of previous studies with
autosomal markers (Table 1), highly consistent patterns emerge in which the
African component is very important. Classical and protein markers are
exceptions, as the loci used lack population-differentiated allele frequency
distributions. The ancestry estimates we obtained with 46 AIM Indels can be
considered to accurately describe the genetic composition of Kalunga, Sacutiaba
and Mocambo. The sex bias in admixture contributions indicated by lineage
markers shows a predominantly European male contribution in the three
Quilombos populations while the female contribution is mostly African. No

European mtDNA was found in Kalunga, Sacutiaba and Mocambo [57].

In the wider context of the Brazilian population, the levels of African
co-ancestry we observed in the three populations is only comparable to that seen
in other Quilombos and in a few other African-Brazilian populations [3, 16, 55-57].
Salvador, capital of the State of Bahia, is the best studied of such populations and
its African component has been estimated to average 49.2% [57]. In contrast,

across the whole country, the predominant ancestry is European, the African



component is considerably lower and more variable and the Amerindian ranges
from very low to barely detectable [2, 21, 58-62], with some notable exceptions in
northern states (as summarized in [3, 13, 25, 31, 63]). As estimated from
autosomal markers, the mean African contribution in urban Brazil ranges from 5%
in the South to 30% in the Southeast and Northeast [3] — the two regions where

slavery was more prominent.

5. Conclusions

The three Brazilian populations with marked African descent studied here
represent Quilombos in the traditional sense: rather isolated communities built by
former African and African-descendant slaves during the colonial times or shortly
after. In spite of the partial isolation and in addition to their already complex
origins, Quilombos have maintained bonds with surrounding populations to
produce variable genetic backgrounds. Therefore, they are complex admixed
populations, which is reflected in their population structure and admixture ratio

data.

The genetic data obtained from 46 ancestry informative Indels is
consistent with the history and demography of Quilombos and matches well with
our previous studies of these populations. They are not homogeneous, but share
demographic and genetic characteristics. Kalunga, Sacutiaba and Mocambo
have high African co-ancestry levels of 67.3%, 44.7% and 42.6%, respectively,
compared to an urban Brazilian population average of 30% in regions where

slavery was more significant. That contrast is due to Quilombos’ exceptional



history, which itself underlies the diversity seen in Brazilian rural populations and

more generally across Latin American regions.
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Figure captions

Figure 1. Two components PCA for reference, comparison and study
samples. a) PCA for dispersion of the study set (Mulalo, Kalunga and Sacutiaba)
in relation to reference (Africa, Europe and Indigenous America) and comparison
(Northern Africa, Central and South Asia, and the Middle East) groups. b) PCA
for dispersion of the study sample in relation to the reference populations . ¢)
PCA for dispersion of the study set in relation to each population that constitute

the African parental group.

Figure 2. Structure analysis for reference, comparison and study samples.
Structure analysis considering k:3-5 for reference (AFR: Africa, EUR: Europe, |AM:
Indigenous American); comparison (EAS: East Asia, CSA: Central and South
Asia, NAF: Northern Africa, MID: Middle East), and study sample (Brazilian
quilombos Kalunga: KAL and Sacutiaba: SAC, and the Colombian comunidad

negra Mulalo: MUL).

Figure 3. Ancestry analysis. a) Bar plot for k:3 (best k) considering the three
parental populations (Africa, Europe and Indigenous America) most likely to have
contributed to the gene pools of Mulal6, Kalunga and Sacutiaba. b) Pie charts of
population ancestry estimates. AFR: Africa, EUR: Europe, IAM: Indigenous
America, MUL: Mulalé, KAL: Kalunga, SAC: Sacutiaba.

Figure 4. Distribution of Individual ancestry estimates. Violin plots showing
ranges of individual ancestry estimates for each parental group (Africa, Europe,
and Indigenous America) in the study populations Mulald, Kalunga, and

Sacutiaba.



Supplementary material
(available at github.com/ninacalorina/supplementary-material-thesis)

Table S1. Pairwise Fst estimates for the Quilombos and the CEPH-HGDP data
set (African, European, American, East Asian, Central and South Asian, and

Middle Eastern) considered during the selection of the parental populations.

Table S2. Descriptive population parameters estimated for each of the 46 AIM
Indels in Kalunga, Sacutiaba and Mocambo. FOOTNOTE: HWE:
Hardy-Weinberg Equilibrium. P-val: P-value. S.E.: standard error. Hexp: expected
heterozygosity. Hobs: observed heterozygosity. In bold: P-values < 0.05. Allele
labeling: 1: short allele, 2: long allele, 3: novel mutation on either the long or short
allele. Sequence patterns can be found on Pereira et al 2012 [43] and Santos et
al 2015 [72].

Table S3. Linkage disequilibrium analysis for each pair of loci in Kalunga,
Sacutiaba and Mocambo. FOOTNOTE: Upper diagonal: standard error. Lower
diagonal: P-Values. In bold: p < 0.05 considering the standard errors. Bordered
cells: P + S.E. 2 0.05.

Table S4. Individual ancestry estimates and population assignment for each
sample from Kalunga, Sacutiaba and Mocambo based on data from the 46 AIM

Indels panel.

FOOTNOTE: Population assignment was done by Naive Bayes classification on
K-POP 0.1. The training sets were compiled from CEPH-HGDP and consisted of:
Africa (AFR), Europe (EUR), America (AME), and East Asia (EAS). Two different
analyses were performed, one including East Asia (w/ EAS), and another not
including EAS (w/o EAS). Ancestry estimates were done on STRUCTURE 2.3
considering the four populations set. In bold: 1) Highest parental contribution in
each individual’s ancestry and 2) population assignment, when different from the

main ancestry component.



CAPIiTULO 2

Ancestralidade e Estrutura Genética em
Populacdes Afro-derivadas da América do Sul

Neste capitulo, os quilombos Kalunga e Sacutiaba e a comunidad negra
Colombiana Mulalé s&o analisados para o sistema de AIM SNPs SNPforlD 34plex.
O trabalho foi redigido na forma de um artigo a ser submetido para publicagédo no
periédico American Journal of Human Biology com o titulo “Genetic Ancestry and
Structure in African-derived populations from South America”. Apresentamos dados
novos para o sistema nas populagdes brasileiras e compilamos dados previamente

publicados da populacao colombiana (SNPforlD Browser).

Brasil e Coldbmbia compartilham uma histéria de colonizagéo e escravizagao
de populagdes indigenas americanas e africanas (essas, trazidas para as Américas
com esse fim). Em ambos, apesar da introgressdo de variabilidade genética
proveniente de outras regides do mundo, a mistura € majoritariamente tri-hibrida
entre populagdes indigenas americanas, européias (especialmente ibéricas) e
africanas subsaarianas (Da Silva, 2012). Ha que se ressaltar que os africanos
levados para a Coldmbia n&o pertenciam necessariamente aos mesmos grupos
étnicos que foram levados para o Brasil (Landers et al., 2015). Isso se deveu tanto a
mudancas nas relacdes politicas entre paises colonizadores no continente africano,

quanto & licenca para importar escravos pelo porto de Cartagena de indias, que se



alternou ao longo do tempo entre portugueses, espanhois, holandeses, genoveses,

franceses e ingleses (Arocha, 1998; Azopardo, 1987).

No Brasil, o movimento quilombista alcancou as primeiras leis de
reconhecimento e reparagao na década de 80 do século XX. Os entendimentos
juridico e antropolégico hoje consideram quilombos como comunidades derivadas
diretamente ou ndo dos quilombos pré-abolicdo da escravatura (por isso também
definidos como historicos). Na Colémbia, os movimentos Afrocolombianos ou de
Negritud alcangaram leis de reconhecimento e reparagdo na década de 90, com o
Ato Transitorio 55 de 1991, incorporado a Ley 70 de 1993:

“La presente ley tiene por objeto reconocer a las comunidades negras
que han venido ocupando tierras baldias en la zonas rurales riberefias
de los rios de la Cuenca del Pacifico, de acuerdo con sus practicas
tradicionales de produccion, el derecho a la propiedad colectiva, de
conformidad con lo dispuesto en los articulos siguientes. Asi mismo
tiene como proposito establecer mecanismos para la proteccion de la
identidad cultural y de los derechos de las comunidades negras de
Colombia como grupo étnico, y el fomento de su desarrollo econémico
y social, con el fin de garantizar que estas comunidades obtengan
condiciones reales de igualdad de oportunidades frente al resto de la
sociedad colombiana. (art. Transitorio 55 de la Constitucion Politica —
Ley 70 de 1993).”

que por sua vez, define como comunidad negra:

“... un conjunto de familias de ascendencia afrocolombiana que posee
una cultura propia, comparte una historia, y [que] tiene sus propias
tradiciones y costumbres dentro de la relacion campo-poblado, que
revela y conserva conciencia de identidad que la distingue de otros
grupos étnicos... (Art.2. de la Ley 70 de 1993).”

De acordo com o ICODER (Instituto Colombiano de Desarrollo Rural, 2006;

acessado em junho de 2019), existiam no ano de 2006, 60 mil familias vivendo em



155 comunidades negras. O Valle del Cauca, departamento onde se localiza Mulald,
tem 29 comunidades reconhecidas e habitadas por mais de 6 mil familias
(www.etnoterritorios.org, acessado em junho de 2019). Ha que se ressaltar a
diferenca estabelecida na prépria Ley 70 de 1993 entre palenque e comunidad
negra: uma comunidade palenquera deve ter continuidade material com palenques
pré-abolicdo e seriam, portanto, analogos aos quilombos histéricos. Hoje, apenas a
comunidade de Palenque de San Basilio € assim reconhecida, enquanto as demais
comunidades (analogas a quilombos pdés-aboli¢ao), incluindo Mulald, sdo chamadas

comunidades negras.

Brasil e Coldmbia compartilham dois fatores que justificam a analise paralela
de quilombos e comunidades negras. Primeiramente, uma historia colonial que
gerou miscigenagao entre povos indigenas colonizados, europeus colonizadores e
africanos escravizados. Em seguida, a propria existéncia dos quilombos e
comunidades negras: populacbes de ancestralidade africana predominante,
relacionadas aos movimentos campesinos, e relacionadas a resisténcia historica ao
sistema escravista e a estrutura social derivada desse sistema (Da Silva, 2012).
Além disso, nos dois paises a ambiguidade das relagdes raciais gerou mitos de
igualdade - a chamada “democracia racial” no Brasil e o “café con leche” na
Colombia (Da Silva, 2012). Esses mitos, assim como a analogia falaciosa do
“‘melting pot’ utilizada para descrever populagdes Latino Americanas, sugerem
homogeneidade e mascaram relagées sociais desiguais e conflitos fundiarios.
Assim, o objetivo geral do capitulo € descrever estrutura e ancestralidade genéticas
e avaliar semelhangas e diferengas entre os quilombos Kalunga e Sacutiaba e a
comunidad negra Mulalé para, desta forma, somar ao conhecimento da diversidade

das populagdes humanas do continente sul americano.



REsumo

A América Latina tem uma histdria intrincada que se reflete em sua composigao
genética. Comunidades com ancestralidade africana prevalente, originadas como
forma de resisténcia a escravidao ou como consequéncia do colapso das estruturas
sociais derivadas desse sistema, existem ainda hoje em varios paises. Exemplos
sdo os quilombos no Brasil e as comunidades negras na Coldbmbia. Apesar da
crescente literatura descrevendo populagdes miscigenadas da América do Sul,
populagdes ndo urbanas e ndo indigenas ainda sao sub-representadas em bancos
de dados publicos adequados para a analise de ancestralidade. Neste capitulo,
buscamos adicionar dados e conhecimento sobre populagdes afro-derivadas da
América do Sul. Focamos nossas analises na descricdo de ancestralidade e
estrutura, além de contrastar nossas populacdes de estudo uma a outra, a suas
parentais presumidas e a populagdes de outros continentes. Analisamos o sistema
SNPforlD 34plex, capaz de diferenciar africanos, leste-asiaticos/indigenas
americanos e europeus - as populagdes que contribuiram majoritariamente para a
formagao do continente. Geramos dados para os quilombos Kalunga e Sacutiaba e
compilamos dados da comunidade negra Mulal6 do SNPforlD browser. Nossos
dados mostraram que as trés populagdes tem como principal componente de
ancestralidade a parental africana, seguida pela européia e pela indigena americana
em proporgdes compativeis com suas historias, localizagdes geograficas e dindmica
demografica atual. A analise ndo revelaou diferencas marcantes entre nossas
populacdes de estudo e as populagbes africanas que compuseram a amostra de
referéncia, apesar da composicdo miscigenada das trés. Em conclusdo, as
populagcdes em estudo nao sao idénticas em ancestralidade africana e diferem
substancialmente nas proporcbes das outras parentais e na distribuicdo da
ancestralidade individual. Nossos resultados reiteram a diversidade do continente,
que se revela mesmo dentro de um grupo com paralelos fortes em histéria de
formagao e origem.

Palavras-chave: Ancestralidade; AIM; Mistura; América Latina; Quilombo;

Comunidade negra; Brasil; Colémbia
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ABSTRACT

Objectives

Latin America has an intricate history, which is reflected on its genetic composition.
Communities with prevailing African ancestry (either formed as a way of resisting
slavery, or as a consequence of that system) exist to this day. Examples are
quilombos in Brazil, and palenques and comunidades negras in Colombia. In spite of
the growing literature describing admixed South American populations, non-urban
and non-indigenous populations are underrepresented in databases suitable for
ancestry analysis. Here, we add to the body of knowledge about African-derived
populations from South America, describing ancestry and structure and contrasting
our study populations to one another, to their presumptive parentals, and to

populations from other continents.
Methods

We analysed three African-derived populations from Colombia and Brazil for the
system SNPforlD 34plex, capable of differentiating Africans, Europeans and East
Asians/Indigenous Americans. Data was generated for the quilombos Kalunga and
Sacutiaba, and compiled from SNPforlD Browser for the comunidad negra Mulalo.
Statiscal analysis described basic population genetics parameters, ancestry and

structure.
Results

The three populations have a major African ancestry, followed by European and
Indigenous American components compatible with their history, location, and current
demographic dynamics. PCA did not reveal marked differences between our study

sample and African populations, regardless of their admixed composition.



Conclusions

Mulalé, Kalunga and Sacutiaba are not identical in African ancestry and differ
substantially in structure and contribution from the other parentals. Our results
reiterate the continent’s diversity, even within a group with such strong parallels in

history and origin.

Keywords: Ancestry; African-Derived; Brazil; Colombia; South America



1. Introduction

“Melting pot” has been a common, yet fallacious analogy to describe Latin
American populations. The expression erases minorities and implies integration,
homogeneity and full admixture, while leaving out the diversity that characterizes
contemporary populations from the continent. Examples of that diversity abound in
the literature on population genetics (Adhikari et al. 2017; Salzano and Sans, 2014;
Ruiz-Linares et al. 2014; Wang et al. 2008) which testify to rich genetic ancestry,
structure, and composition, and expose the impropriety of the aforementioned

analogy.

The first human populations to set foot in the Americas migrated from East
Asia through Beringia, a landmass now mostly submerged. Those first settlers were
likely isolated from their own Siberian ancestors for at least 5 kya (Gomez-Carballa
et al. 2019) before entering the continent. Archaeological, linguistic and genetic
evidence point to an entering time at 15-18 kya ago (Pinotti et al. 2019). In the
continent, the rising original populations went through different stories of contact and
isolation, expansion and retraction, founder effect, drift and selection leading to the
diversity seen in indigenous populations today. Later, during the 15" century, layers
of complexity were added to that scenario by the beginning of the Age of Discovery
and the Atlantic Slave Trade. In South America, those massive migratory movements
introduced variability mostly from Iberian Europe and Sub-Saharan Africa into the

continent (Salzano e Freire-Maia, 1967). Recent migration from other European



regions, the Middle East and East Asia, for example, rendered admixture further

complex.

Brazil and Colombia were home to the largest ports of entry where enslaved
Africans were disembarked in the Americas (Landers et al. 2015) until the 19"
century, and are now home to the largest populations of African descent in South
America (Da Silva, 2012). In every country where slavery existed, people seeked
ways to resist it. A common way for enslaved Africans and their descendents (who
were often admixed) to resist captivity was escaping and settling in secluded
locations. All over the continent, communities of variable sizes and degrees of
isolation were formed, constituting safe havens that share a history of resistance
against oppression and fight for freedom and dignity (Gomes, 2015; Da Silva, 2012).
Many such populations have remained genetically isolated to some extent from
surrounding populations and exist to this day in Brazil (where they are called
mocambos or quilombos - Vila Real, 1996; Neme & Andrade, 1987) and Colombia
(where they are called palenques or comunidades negras - Landers et al. 2015; Da

Silva, 2012).

Genetic ancestry estimation, i.e. the quantification of variants of different
origins in an individual genome (Shriver and Kittles, 2004), is key to: 1. inferring
history and relationships among human populations, kinship and demographic
events (exemplified in Gontijo et al. 2018; Elhaik 2014; Hellenthal et al. 2014; Wang
et al. 2008); 2. describing population structure for gene mapping analysis (Shriver et

al. 1997) and guiding case-control studies (Pritchard and Donelly, 2001); 3.



restricting the scope of a search in the forensic genetics context (Jobling e Gill,

2004).

In spite of the growing literature describing admixed South American
populations, non-urban and non-indigenous populations are underrepresented in
databases of genetic markers adequate for ancestry and structure analysis (Gontijo
et al. 2018; Manta et al. 2013). The 1000 Genomes (The 1000 Genomes Project
Consortium, 2015) and CEPH (Cann et al. 2002), for instance, include two
non-indigenous populations, namely Colombians from Medellin (CLM) and Peruvians
from Lima (PEL), both urban. That issue is currently being remedied by studies
directed at the continent (exemplified in Gontijo et al. 2018; Ossa et al. 2016; De
Moura et al. 2015; Manta et al. 2015; Xavier et al. 2015; Moreno et al. 2014;
Freire-Aradas et al. 2014; Heinz et al. 2013) and by databases beginning to compile
a wider sampling of the continent (of which SNPforlD Browser is an example; Amigo

et al. 2008).

Here, we describe ancestry and genetic structure of three African-derived
South American populations: the Colombian comunidad negra Mulalé and the
Brazilian quilombos Kalunga and Sacutiaba. Our goal is to add to the body of
knowledge about African-derived populations from South America, thus presenting a
more accurate description of the continent’s variability. Furthermore, we evaluate
whether the historical and anthropological parallels shared by the quilombos and

comunidades negras under analysis are reflected on their genetic ancestry.



2. Material and Methods

2.1 Study Populations

Our study populations comprise three rural African-descendant populations
from Brazil and Colombia, numbering 144 samples. Published data were compiled
from SNPforilD Browser (available at http://spsmart.cesga.es/snpforid.php; Amigo et
al. 2008) for the Colombian comunidad negra Mulalé (n = 42), and new data were
generated for the Brazilian quilombos Kalunga (n = 72) and Riacho de Sacutiaba e
Sacutiaba - herein Sacutiaba (n = 30). Over the years since sample collection, the
results of our previous analyses and of the health assessment using the collected
samples (blood, urine and stool tests) were communicated to the quilombos Kalunga

and Sacutiaba, in addition to educational actions regarding health.

The Mulalé (MUL) live in relative isolation in the Departamento Valle del
Cauca in Colombia, where gold mining and coffee and sugar cane plantations relied
heavily on African slave workforce (Landers et al. 2015). Mulal6 has its origins in the
16" century in the area of a former slave trading farm, and in 2015 was inhabited by

1800 people (2015 census; DANE, 2015).

Kalunga (KAL) is the largest quilombo today in what regards both the land
they own (75,233 ha) and population size (estimated 5,300 people), according to the
2010 census (IBGE, 2010) and Fundacdo Cultural Palmares (FCP, 2017). The

founding Kalungas were either freed or escaped slaves that had been brought to



central Brazil to work on gold mining in the late 18" century. Migration rates into

Kalunga are very low (Paiva, 2017).

Sacutiaba (SAC) is an extended family of 200 people (Brasileiro and
Sampaio, 2002) structured into smaller households. According to the scarce register
about SAC, the community was founded by runaway slaves from the neighboring
state of Minas Gerais around 200 years ago (Brasileiro and Sampaio, 2002).
Sacutiaba shares commercial and social bonds with surrounding populations, and

has an estimated immigration rate of 30% (Amorim et al. 2011).
2.2 Sample collection and ethical concerns

Collection and analysis of samples from the Brazilian Kalunga and Sacutiaba
followed pertinent ethics guidelines and regulations for human research (project
approved by the Research Ethics Committee of the Faculty of Health Sciences at
University of Brasilia - CEP-FS/UnB 030/2002 and 151/07). All participants were
volunteer and informed about research goals and confidentiality of data, and signed

instruments of consent previously to collection.
2.3 Genetic markers

Our study examines a panel comprised by 34 AIM SNPs: SNPforlD 34plex
(Phillips et al. 2007; revised in Fondevila et al. 2013). This set was designed to be
complemented by panels adequate for specific admixture contexts: Pacifiplex (for
Oceanic admixture; Santos et al. 2016), Eurasiaplex (for differentiating Europeans
from South Asians; Phillips et al. 2013), and PIMA (for detecting the IAM

component). By itself, the system is able to detect African, European, and East



Asian/Indigenous American components (Fondevila et al. 2013) - the most
numerically relevant contributors to admixture in South America -, and is thus

suitable for analysing populations from the continent.
2.4 DNA extraction and SNP genotyping

DNA was extracted from buffy coat using the blood genomicPrep Mini Spin Kit

(GE Healthcare) and quantified in a NanoDrop 1000™,

Genotyping was modified from the SNaPshot® protocol described in
Fondevila et al. 2013, consisting of multiplex PCR amplification, single-base
extension and genotyping by capillary electrophoresis. Specific fragments were
amplified by single multiplex reactions in 7 uL containing 1-10 ng DNA; primer mix
(0.11-1.46 mM each as per Phillips et al 2007), dNTP mix (10 mM), AmpliTag™ Gold
(0.5 U), PCR buffer (0.690 uL), MgCI? (25 mM), BSA (2.016 ug), milli Q water up to
reaction volume. Amplification conditions were: initial denaturation at 95°C for 15
min; 30 cycles at 95°C for 30 sec, 60°C for 50 sec, 65°C for 40 sec; and a final
extension at 65°C for 15 min. For the removal of excess primer and dNTP, a 5 pL
reaction volume containing 0.750 pL of PCR product and 0.650 pL of ExoSAP-IT GE
Healthcare was incubated for 45 min at 37°C, followed by 15 min at 85°C. Excess
primer and dNTP were removed by incubating 0.750 pyL of PCR product and 0.650
ML of ExoSAP-IT GE Healthcare for 45 min at 37°C, followed by 15 min at 85°C to
inactivate the enzyme. Single base extension (SBE) was performed in a 6 uL
reaction volume containing 2.5 yL SNaPshot® mix (AB), 1.5 yL SBE primer mix

(0.34-2.98 mM each, as per Phillips et al 2007), and 2.0 yL purified PCR product.



SBE amplification was performed in an AB 9700 thermal cycler following the
program: 30 cycles of 96 °C for 10 s, 55 °C for 5 s and 60 °C for 30 s. Excess
nucleotide was removed by incubating 6.0 yL of SNaPshot® product with 1.3 pL of
SAP (1 U/ml Shrimp Alkaline Phosphatase, GE Healthcare) for 80 min at 37°C,
followed by 15 min at 85°C to inactivate the enzyme. SNaPshot® product was
prepared for genotyping in a reaction volume of 10.2 ul containing 1 pl purified
SNaPshot® product, 0.3 uyl 120 LIZ size standard and 8.9 pl Hi-Di™ formamide.
Capillary electrophoresis was done on ABI 3130 Genetic Analyzer in 36 cm capillary
arrays with POP-4™ polymer. Allele calling was done by GeneMapper™ 3.2.

Predefined size windows for each allele were determined from prior analysis.
2.5 Reference populations selection and data compilation

Reference/parental and comparison populations were chosen from The 1000
Genomes data available at SNPforlD Browser (Amigo et al. 2008). The first criterion
for parental populations was historical plausibility; hence we focused on African
(AFR), European (EUR) and Indigenous American (IAM) populations. The second
criterion was continent sample homogeneity: After an exploratory Structure analysis,
populations and individuals with indication of co-ancestry of 20% or more were
excluded from descriptive parameter estimation and from ancestry and related
analysis, but maintained for structure, PCA and pairwise Fq.. The core of our
parental dataset (n = 702) is thus composed of samples from AFR (n = 293), EUR (n
= 260) and IAM (n = 149) populations. Our comparison set includes samples from
East Asia (EAS; n = 340), Central and South Asia (CSA; n = 281), Northern Africa

(NAF; n = 224), and the Middle East (MID; n = 220). Detail can be found on



Supporting information - S1 Table). For assessing structure, the complete dataset
(reference, comparison and study) was included. For estimating ancestry, parental

and study sets were considered.

2.6 Statistical analysis

Allele frequencies, Hardy-Weinberg Equilibrium (HWE), observed (Hobs) and
expected heterozygosity (Hex), linkage disequilibrium (LD), and pairwise Fq; were
estimated using Arlequin 3.5 (Excoffier and Lischer, 2012). Patterns of population
structure were assessed by Fq;, PCA and STRUCTURE analysis. PCA was done
using K-POP (Mendes and Gontijo, 2017). Structure and ancestry were assessed
using STRUCTURE v2.3.3 (Pritchard et al. 2000). Analyses tested K:2-8, using the
following parameters: burn-in of 10,000; MCMC of 100,000; Admixture model,
correlated allele frequencies; 8 iterations; POPFLAG. From the output, CLUMPAK
v1.1.2 (Kopelman et al. 2015) determined the optimal K (LnPr( X|K )) according to
the method of Evanno (Evanno et al. 2005); and K-POP aided the plotting of cluster
membership proportions. Individual ancestry distributions were plotted using
Matplotlib 3.0 (Hunter, 2007) on Python 3.7. Ancestry estimations were based on

cluster membership proportions identified by STRUCTURE analyses.

3. Results and discussion

African slavery was a pillar of colonial occupation and exploitation of the
Americas. Plantations, mining and domestic labor relied heavily on African

workforce, and thousands were forcibly brought to the continent with that purpose.



Brazil and Colombia share historical aspects that justify the parallel analysis of
quilombos and comunidades negras. Those populations arose as a form of
resistance against the slave system and as a consequence of the collapse of social
structures generated by that system (Da Silva, 2012). Today, in both countries, many
of those communities persist, and preserve an important part of the continent’s

history.

Here, to better understand the history and diversity of African-derived South
American populations, we have analysed the panel SNPforlD 34plex in a set of
samples from the Brazilian quilombos Kalunga and Sacutiaba and from the
Colombian comunidad negra Mulalé. Beyond reporting frequencies and basic
population genetics parameters, our statistical analysis aimed at ancestry and
structure, and at contrasting our study populations to one another, to their

presumptive parentals, and to populations from other continents.

3.1. Population-descriptive parameters

Genotypes, along with our reference and comparison datasets, are presented
in S1 Table. No data was available for rs3827760 in MUL. Allelic frequencies are
shown in S2 Table. Tests for Hardy-Weinberg Equilibrium showed some deviation in
the three study populations: One locus is out of HWE in MUL, twelve in KAL, and five
in SAC. All loci that do not meet HWE show loss of heterozygosity in the three
populations, except for one locus in SAC. Hence, the high proportion of deviation

could result from endogamy or underlying population structure - both of which are



reasonable explanations for the populations in question. Our data shows no major

LD: 2.94% of the pairs of loci are in LD in MUL, 6.49% in KAL, 4.33% in SAC.

3.2. Patterns of structure and admixture

We assessed patterns of structure seen in our sample and of relationship
seen among them and other populations by Fg;, PCA and STRUCTURE. Overall, our
results show that MUL, KAL and SAC are more closely related to one another and to
AFR than to the other populations we tested, as expected given their history, and as
previously reported for different sets of markers (Gontijo et al. 2018; Guauque-Olarte

et al. 2012; Amorim et al. 2011; Ronddn et al. 2008).

Reference/parental and comparison sets of populations

An exploratory STRUCTURE analysis guided our selection process of
reference/parental and comparison populations. Pairwise Fg; (S4 Table) for all
populations included in that STRUCTURE analysis shows each parental population
forms a cohesive group with pairwise Fg; < 0.10, as did our study populations. Based
on pairwise Fq; and high co-ancestry estimates (AFR < 0.80) provided by the initial
STRUCTURE analysis, San and Somalia were excluded from the AFR parental set.
Pairwise F¢; within the Indigenous American group was higher than within all other
continental groups tested, but still smaller than the threshold established as minimum
for between-group Fg;. Nevertheless, because demographic dynamics in the
Americas deemed indigenous populations more structured than those from other
continents (Martin et al. 2017; Reich et al. 2012; Wang et al. 2008), and because Fg;

tends to be inflated between isolated populations (Granot et al. 2016), we considered



our IAM selection adequate. Reinforcing observations from those analyses, PCAs
show a compatible picture (Fig 1 a and b), in which AFR, EUR and IAM are clearly

clustered apart from one another, as did our structure assessment (Fig 2).
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Figure 1. Two components PCA for reference, comparison and study samples. (a) PCA
for dispersion of the study set (Mulalé, Kalunga and Sacutiaba) in relation to reference
(Africa, Europe and Indigenous America) and comparison (Northern Africa, Central and
South Asia, and the Middle East) groups. (b) PCA for dispersion of the study sample in
relation to the reference populations. (c) PCA for dispersion of the study set in relation to

each population that constitute the African parental group.

Our comparison set is composed of groups from Central and South Asia -
CSA, North Africa - NAF; The Middle East - MID; and East Asia - EAS.

STRUCTURE, Fg and PCA clearly showed that CSA, NAF and MID cannot be
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clearly set apart from each other, nor can they be distinguished from EUR with our
set of markers. Agreeing observations have been previously reported by Rosenberg
et al (2005; 2002) and Li et al (2008), whose studies found that CSA and MID are not
clearly differentiated within Eurasia. Even though Eurasia is vast land mass and
isolation by distance might play an important role in differentiation, its mostly
continuous geography and its history of conquers and population expansions allowed
for nomadic cultures to develop, for migration, and for contact and admixture among
human groups. On that matter, an interesting pair of populations is Uygur, a Muslim
population from northwestern China, and Adygei, a Muslim group from southeastern
Russia. F4; for that pair is < 0.10, even though they are presented as belonging to
different continental groups in public databases. Similar results have been reported
for that pair (Granot et al. 2016). That might be a consequence of the Muslim
expasion that reached as far as Central Asia, leading to admixture with indigenous
populations and introducing a culture shared by Uygur and Adigey. Those
demographic processes and geographic proximity might have led to a smaller
genetic differentiation between them. Alternatively, as proposed by Granot et al.
(2016), the low differentiation indicated by Fq; might be simply a bias introduced in

the estimates by within-population structure.

Regarding the far East of Eurasia, EAS forms a very cohesive cluster (Fig 1a).
Nevertheless, PCA shows an almost complete superposition between EAS and IAM
- F4; estimates yield agreeing results. That was predictable, as the recent separation
and direct origin of those populations make them closer in terms of genetic variability.

That observation is reiterated by STRUCTURE analysis (Fig 2). SNPforlD 34plex is a



core system designed to differentiate Africans, Europeans and East Asians, and to
be complemented by multiplexes designed for specific admixture contexts. In
addition, it showed power to detect Indigenous American ancestry, according to the
authors (Fondevila et al, 2013). Our data corroborates the system's power to
discriminate the Indigenous American from African and European components.
Nevertheless, we could not differentiate East Asians from Indigenous Americans in

our dataset.
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Figure 2. Unsupervised structure analysis for reference, comparison and study
samples. Structure analysis considering k:3-5 for reference (AFR: Africa, EUR: Europe,
IAM: Indigenous American); comparison (EAS: East Asia, CSA: Central and South Asia,
NAF: Northern Africa, MID: Middle East), and study sample (Brazilian quilombos Kalunga:
KAL and Sacutiaba: SAC, and the Colombian comunidad negra Mulal6: MUL)

African-Derived South American populations: ancestry and structure

Mulal6, Kalunga and Sacutiaba form a cohesive group (F4; < 0.10 within the

group) genetically closer to one another and to AFR populations than to any of the
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other continental groups we tested (Fq; < 0.20 with AFR populations). At a glance,
they share a strong AFR component, followed by EUR and IAM/EAS for all k tested
(Fig 2). That results from admixture between AFR and non-AFR in the constitution of
quilombos and comunidades negras, and is consistent with our PCA (Fig 1b) and
previous observations for different sets of markers (Gontijo et al. 2018; Gontijo et al.
2014; Guauque-Olarte et al. 2012; Amorim et al. 2011; Rondén et al. 2008). Both in
ancestry estimates and PCA, individuals from MUL, KAL and SAC are intermediate
to the three reference/parental samples, but closer to AFR (Fig 1 a and b). In
accordance with ancestry analysis (Fig 3) and demographic dynamics usually seen
in quilombos and comunidades negras (Amorim et al. 2011; Ossa et al. 2016), some
individuals from MUL are closer to IAM, and some from SAC, to EUR. Over 84% of
our sample have AFR estimates above 50%. In MUL, 74% of our sample is above
that threshold, and in SAC, 60%. In KAL, the lowest individual AFR estimate was

53.8%.

Mulalé shows the widest range and highest individual AFR estimate
(38.9-80.5, s.d. 11.8%), but a population estimate (60.4%) lower than KAL. It also
has the highest IAM overall contribution (17.2%; ranging from 7.8%-31.0%, s.d.
6.5%). That suggests social relationships with indigenous populations or populations
with indigenous ancestry, either old or current, especially likely given the high IAM
ancestry estimates seen in Valle del Cauca (Ossa et al. 2016), where MUL is
located. Since MUL is reportedly isolated (Landers et al. 2015; Guauque-Olarte et al.
2010; Rondédn et al. 2008), this gene flow is more likely old. Those patterns are

evident in Figs 3a and 4. In addition to the widest range of co-ancestry for all three



parentals, MUL has the highest s.d. for the contribution of each parental to individual
ancestry (S5 Table), also noticeable in structure analysis (Fig 3). Those observations
could indicate recent foundation, substructure or ongoing gene flow. Since MUL has
its origins in the 16" century and low migration rates (Guauque-Olarte et al. 2010;

Rondén et al. 2008), substructure might be a more suitable explanation.
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Figure 3. Ancestry analysis. (a) Bar plot for k:3 (best k) considering the three parental
populations (Africa, Europe and Indigenous America) most likely to have contributed to the
gene pools of Mulalé, Kalunga and Sacutiaba. (b) Pie charts of population ancestry
estimates. AFR: Africa, EUR: Europe, IAM: Indigenous America, MUL: Mulalé, KAL.:
Kalunga, SAC: Sacutiaba.

Kalunga has the highest overall AFR contribution (62.8%). The range of
individual ancestry estimates stands out in KAL (53.8 to 73.7%; s.d. 4.3%). This is
the most narrow range, indicating more uniformity than what is seen in MUL and
SAC (also evident in S5 Table and Figs 3.a and 4), an observation reinforced by the
structure assessment in Fig 3a. KAL is the most isolated of the three populations

under study, and the near absence of migration into the community (Paiva, 2017)



and relatively large size might have protected it from the effects of introgression and
account for the high AFR ancestry. Field work has shown us KAL is a socially
structured community, as its 5,300 inhabitants are spread over a wide, inhospitable
territory, and isolation by distance could affect the distribution of variability.
Nevertheless, KAL seems in fact uniform enough so that substructure is not reflected

on ancestry analysis.
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Figure 4. Distribution of Individual ancestry estimates. Violin plots showing ranges of
individual ancestry estimates for each parental group (Africa, Europe, and Indigenous

America) in the study populations Mulalé, Kalunga, and Sacutiaba

In Sacutiaba, 60% of our sample has AFR ancestry = 50%. This population
has the highest EUR contribution (35.9%), with individual admixture estimates
ranging from 27.2 to 46.7% (s.d. 5.3%). The estimated migration rate into the
community is 30%, and EUR ancestry is higher among immigrants than locals
(Amorim et al. 2011). That could alone explain the higher EUR ancestry seen in this
community. SAC has a pattern of ancestry distribution closer to KAL, but not as
narrow, which is also evidenced by the low s.d. associated to ancestry estimates (S5
Table). While that could be perceived as contradictory, given the 30% imigration rate

reported for SAC, some demographic observations (Amorim et al. 2011) might clarify



that pattern: First, SAC has mostly endogamic marriages. Second, the high migration
rate includes “travel migration” - when individuals leave the community in search of
work and later return to their home community. Third, SAC is located in a state
(Bahia) where many populations have comparable ancestry estimates (De Moura et
al. 2015; Machado, 2008; Abé-Sandes et al. 2004), hence the source of migration
might not be so different as to introduce ancestry variability. Finally, there is no
evidence of substructure. All things considered, in spite of immigration, SAC,
founded over 200 years ago, is a stable population in terms of ancestry with a

relatively homogeneous structure.

African-Derived South American populations on a wider context

Since the most relevant admixture component to the constitution of MUL, KAL
and SAC is AFR, a PCA was performed to evaluate the relationship of our study set
and AFR and to assess proximity to any specific AFR population (Fig 1C). Each
African population in our reference group was considered individually. EUR was
included for reference because it is the second most important component in the
constitution of MUL, KAL, and SAC - according to ancestry analysis. Here again, the
three study populations overlap AFR, though some individuals are closer to EUR.
AFR populations could not be clearly set apart from one another by this set of
markers, as evidenced by Fg; (S4 Table), PCA (Fig 1c) and STRUCTURE (Fig 2).
African Americans, who are knowingly admixed with EUR, overlap considerably with
KAL, SAC and MUL. That admixture is evident in STRUCTURE (Fig 2) and ancestry

analyses (Fig 3a).



For assessing structure and evaluating the study sample on a wider reference
scale, STRUCTURE analysis (k:3-5) was performed on our complete dataset (Fig 2).
Optimal k is k:5. At k:3, Africans, Europeans and Indigenous Americans/East Asians
are set apart as three distinct groups, with IAM and EAS forming a single group. At
k:4, a new component appears in EUR that strongly separates Denmark and Orkney
Islands (Scotland) from Italy. Both EUR components are shared by the other EUR
populations, CSA, NAF and MID, and both appear in our study set. At k:5, a
component shared by Indigenous American (IAM) and Asian (EAS and CSA)
populations appears. Even at k:5 IAM and EAS were not differentiated, reiterating

our observations on F¢; and PCA.

Kalunga and Sacutiaba in the Brazilian context

Gontijo et al. (2018) have summarized ancestry estimates for KAL and SAC
from previous publications and reported data and estimates for a system of 46 AIM
Indels described by Pereira et al. (2012). Their results showed high AFR ancestry
estimates (67.3%), followed by intermediate EUR (24.9%) and lower |IAM (7.2%)
estimates in KAL. In SAC, differences were bigger, especially in EUR estimates
(46,8%: 10,9% higher than what we observed). Nevertheless, the overall picture we
present is similar to what the 46 AIM Indel panel showed and to the pattern that
emerges from their review: high AFR estimates, followed by EUR and 1AM, in that
order. That is a common pattern in quilombos and some other African-Brazilian
populations (examples are seen in De Moura et al. 2015; Machado, 2008;

Abé-Sandes et al. 2004).



SNPforlD 34plex has been previously employed to estimate ancestry in a
sample from Sao Paulo, Brazil, for a case-control study (Silbiger et al. 2012). Séo
Paulo is an urban admixed population, and as expected, the highest ancestry
estimate was EUR (58-59%), followed by AFR (28-31%), IAM (9-13%) and EAS
(5%). That is compatible with what is usually seen in Brazilian populations: A
predominant EUR ancestry, followed by lower AFR, reaching 30% in states were
African slavery was more prominent (De Moura et al. 2015), and very low |IAM
components, in that order (exemplified in Gontijo et al. 2018; Ruiz-Linares et al.
2014; Manta et al. 2013; Giolo et al. 2012). That well established pattern sets

quilombos apart from the general Brazilian population.

Mulalé in the Colombian context

A sample from urban Colombia (CLM - The 1000 Genomes, Colombians from
Medellin) was also evaluated using SNPforlD 34plex (Fondevila et al. 2013). That
work found a EUR ancestry of 63.1%, followed by IAM (13%), EAS (13.2%), AFR
(6.9%), and Oceanian (3.7%). The contrast in AFR and EUR contributions to the
gene pools of urban Medellin and the isolated comunidad negra Mulal6 is stark: the
former is preponderantly EUR, and the latter, AFR. Other research with Colombian
populations reinforce that pattern of higher EUR contribution in most densely

populated areas.

Ossa et al. (2016) analysed the same 46 AIM Indels panel (Pereira et al.
2012) and found that to be the case for Caribe, Andes and Orinoquia regions (55%,

58%, 53%, respectively), while Amazonia has higher IAM ancestry (65%) and the



Pacific coast has a higher AFR component (63%). Those results are in accordance
with Colombian history: Amazonia remained more isolated, and the Pacific relied
heavily on African workforce for gold mining during the 16" and 17" centuries, and
later received a large migratory contingency of people of African descent after the
abolition of slavery in the 19" century (Ossa et al. 2016). According to the same
work, Valle del Cauca, the departamento where MUL is located, has an overall
ancestry estimate of 55.5% EUR, 30.5% IAM, and 14% AFR. Those results set MUL
further apart from populations from Valle del Cauca, as a result of its particular

history.

3.3 Final remarks

Here, we described three non-urban admixed populations from South America
with preponderant African ancestry. Given their history, location and relationship with
surrounding populations, we assessed structure and ancestry considering three-way
admixture with Africans, Europeans and Indigenous Americans. In common, our
study populations share history: They were formed as a response to the African
slave system that dominated the Americas up until the 19" century. Their founding
peoples were mostly either escaped or in some way freed slaves and their
descendants, who were likely admixed with Europeans and Indigenous Americans.
Also, those populations were not completely isolated, and maintained social and
commercial bonds with other groups. That shared history led to similarities in genetic

composition, as they were founded by people with similar genetic backgrounds.



The estimates we present are consonant with the populations known history
and demography. The three populations share a strong African ancestry. In that
aspect, Mulalé and Kalunga are more alike, and the differences in contribution from
other parentals are compatible with their demographic dynamics. Sacutiaba, on its
turn, has a more pronounced European component which resonates with its
migration rates. Overall, our results add to the knowledge about African-derived
populations from South America and stress the diversity seen in the continent, even

within a group with such strong parallels in history and origin.
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Figure Legends

Figure 1. Two components (1st and 2nd) PCA for reference, comparison and
study samples. a) PCA for dispersion of the study set (Mulal6, Kalunga and
Sacutiaba) in relation to reference (Africa, Europe and Indigenous America) and
comparison (Northern Africa, Central and South Asia, and the Middle East) groups.
b) PCA for dispersion of the study sample in relation to the reference populations. c)
PCA for dispersion of the study set in relation to each population that constitute the

African parental group.

Figure 2. Structure analysis for reference, comparison and study samples.
Structure analysis considering k:3-5 for reference (AFR: Africa, EUR: Europe, IAM:
Indigenous American); comparison (EAS: East Asia, CSA: Central and South Asia,
NAF: Northern Africa, MID: Middle East), and study sample (Brazilian quilombos
Kalunga: KAL and Sacutiaba: SAC, and the Colombian comunidad negra Mulalé:
MUL).

Figure 3. Ancestry analysis. a) Bar plot for k:3 (best k) considering the three
parental populations (Africa, Europe and Indigenous America) most likely to have
contributed to the gene pools of Mulalo, Kalunga and Sacutiaba. b) Pie charts of
population ancestry estimates. AFR: Africa, EUR: Europe, IAM: Indigenous America,
MUL: Mulalo, KAL: Kalunga, SAC: Sacutiaba.

Figure 4. Distribution of Individual ancestry estimates. Violin plots showing
ranges of individual ancestry estimates for each parental group (Africa, Europe, and

Indigenous America) in the study populations Mulalé, Kalunga, and Sacutiaba.



Supporting information

(available at https://github.com/ninacalorina/supplementary-material-thesis)

Table S1. Database. Complete database tested in the exploratory Structure
analysis, pairwise Fst estimates and PCA. Populations/samples in bold were

excluded from ancestry analysis.

Table S2. Allelic frequencies. Allelic frequencies observed in the quilombos

Kalunga and Sacutiaba and the palenque Mulal6.

Table S3. Descriptive parameters. Number of genotypes analysed,
Hardy-Weinberg Equilibrium (p-value, s.d.), Observed (Hobs) and expected (Hexp)
heterozygosity, number of pairs a given locus is in linkage disequilibrium (LD) for the
34plex panel in the quilombos Kalunga and Sacutiaba and in the palenque Mulalo.

Highlighted cells: p-value < 0.01. Highlighted: loci with p-value £ s.d. < 0.01.

Table S4. Pairwise Fg;. Pairwise F4; between populations from Africa (AFR), Europe
(EUR), Indigenous America (IAM), East Asia (EAS), Central and South Asia (CSA),
Northern Africa (NAF), Middle East (MID) and the African derived study populations
from Brazil (KAL and SAC) and Colombia (MUL). In dark grey: continental groups
and study populations. In red: Fg; > 0.10 within continental group. In blue: study
populations. In light grey: group formed by EUR, CSA, NAF and MID (mean Fg; <
0.0,9). In green: Uygur (CSA) x EAS (mean F4; <0.10).

Table S5. Ancestry estimates in Mulald, Kalunga and Sacutiaba. Individual and
population ancestry estimates considering Africans (AFR), Europeans (EUR) and
Indigenous Americans (IAM) as contributing populations to admixture in the
formation of the study populations. Mean and median values, s.d., and minimum and

maximum estimates are shown.



CAapiTuLO 3

Sistema PIMA (Population Informative Multiplex for
the Americas). Multiplex Informativo de Populacao
para as Américas

Neste capitulo, apresentamos o sistema PIMA, um novo painel para a detecgdo do
componente indigena americano em populagbes miscigenadas contemporaneas.
Ele é formado por 26 AIM SNPs autossémicos, além de um SNP no cromossomo X
e o marcador de sexagem amelogenina, e foi desenhado para complementar o
sistema-cerne 34plex (analisado no capitulo 2). O artigo PIMA: Population
Informative Multiplex for the Americas apresenta dados novos de diversas
populacdes. Dentre elas, estdo os quilombos Kalunga e Sacutiaba, avaliados com
outras populacdes de diferentes composi¢coes de ancestralidade e grupos amostrais
de marcada ancestralidade africana: a comunidad negra Mulalé, na Coldbmbia, e a
amostra ASW, composta por pessoas de ancestralidade africana do Sudoeste dos
Estados Unidos. PIMA foi elaborado por uma equipe da Unidade de Xenética do
Instituto de Ciencias Forenses da Universidade de Santiago de Compostela, Galicia,
Espanha. Inicialmente, o sistema foi desenvolvido como parte da tese “Estudio de
marcadores genéticos en poblaciones nativoamericanas y mestizas americanas:
aplicaciones forenses, poblacionales y en estudios de asociacion’, defendida por

Gloria Liliana Porras-Hurtado no ano de 2011. Liliana foi responsavel pela selecéao



dos marcadores, padronizagao inicial e genotipagem de populagdes. Durante meu
estagio doutoral, participei da padronizagdo final da analise laboratorial,
genotipagem, analise estatistica populacional descritiva e comparativa, redacéo do
texto e preparo do material para publicacdo. Posteriormente, o trabalho expandido e
modificado para compor esta tese e esta apresentado aqui no formato de artigo
definido pelo periodico Forensic Science International: Genetics, ao qual foi

submetido para publicagao.



Resumo

Apresentamos aqui um painel de SNPs autossdmicos informativos de
ancestralidade desenvolvido como um multiplex pequeno e informativo, capaz de
complementar marcadores uniparentais na deteccdo e mensuragédo do componente
de mistura Indigena Americano (IAM) encontrado em populagdées contemporaneas.
Selecionamos SNPs com: 1. diferenciais de frequéncia alélica extremos entre
Indigenas Americanos e outros grupos que contribuiram para a miscigenagao
observada em populacdes americanas atuais (Africa, Europa e Leste da Asia); 2.
alta informatividade para determinacdo de ancestralidade (/); e 3. distribuicdo
espacada ao longo do genoma e separada dos SNPs de outros sistemas de
pequena escala existentes para o uso forense. O painel resultante, analisado por
extensdo de base unica por SNaPshot e genotipagem em eletroforese capilar, foi
denominado PIMA (Population Informative Multiplex for the Americas), e € composto
por 26 SNPs autossémicos, pelo marcador de sexagem amelogenina e por um SNP
no cromossomo X. PIMA complementa o painel-cerne 34plex e juntos proveem uma
ferramenta simples e poderosa para a analise de populagdes do continente

americano, incluindo aquelas com histérias complexas de miscigenacéo.

A comparacado dos resultados obtidos combinagcdo dos painéis PIMA e 34plex
aqueles obtidos por um painel 5 vezes maior nos permitiu verificar sua eficiéncia
relativa. PIMA+34plex fornecem poder equivalente ao sistema LACE, composto por

314 SNPs, mas requer um esfor¢o de genotipagem menor.

Os perfis de ancestralidade e estrutura genética de 22 populagbes do continente
americano foram estimados utilizando dados de PIMA+34plex, e essas estimativas
foram contrastadas com informacdo obtida de marcadores uniparentais (mtDNA e
cromossomo Y) para uma pequena amostra de individuos miscigenados da
Venezuela. Nossos resultados indicam que o componente de mistura 1AM é
eficientemente detectado em populagées contemporaneas usando o nosso pequeno

conjunto de marcadores informativos de ancestralidade, e que esses resultados sdo



condizentes com a histéria conhecidas das Américas. O pequeno tamanho e alto
poder de discriminagcdo do PIMA, particularmente quando combinado ao 34plex,
fazem desse sistema uma ferramenta poderosa e pratica para estudos de genética

de populacdes americanas e para a rotina forense.

Palavras-chave: Ancestralidade; SNP; AIM; Indigena Americano; mistura
populacional; SNaPshot; HGDP-CEPH
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ABSTRACT

We describe an ancestry-informative autosomal SNP multiplex designed to be a
small-scale, flexible panel that can complement uniparental markers in assessing the
American variability (i.e. pre-Colombian) found in contemporary indigenous American
populations. This study centered on choosing SNPs with the specific characteristics
of: 1) extreme allele frequency differences between indigenous Americans and the
African, European and East Asian population groups that contribute to present-day
population variation in the Americas; 2) high informativeness-for-assignment |
values; and 3) well-spaced genomic distribution and chromosomal separation from
existing small-scale forensic ancestry marker sets. The resulting capillary
electrophoresis SNaPshot single base extension test was named: PIMA (Population
Informative Multiplex for the Americas), comprising 26 autosomal SNPs, a single
X-chromosome SNP plus the amelogenin sex marker adapted for SNaPshot. PIMA
complements the established 34plex forensic ancestry panel to provide a powerful
and simple tool for the analysis of American populations, including those with
admixed histories, commonly encountered in America. Comparing the results
obtained with the combined marker panels of PIMA and 34plex to SNP data from a
much larger ancestry panel allowed us to gauge their relative efficiency.
PIMA+34plex gives equivalent power to the 314-SNP ‘LACE’ genomic ancestry
control panel, while requiring a much smaller genotyping effort. The ancestry profiles
and genetic structure of 22 populations spread across the American continent were
estimated using PIMA+34plex data, and those estimates were contrasted with
information provided by uniparental markers (mtDNA and Y-chromosome loci) for a
small set of admixed individuals from Venezuela. Our results indicate that an
American genetic component is efficiently detected in contemporary American
populations using a small set of ancestry informative SNPs, and these co-ancestry
estimates are consistent with the known history and demography of the Americas.

The small scale and high population differentiation power of PIMA, particularly when



combined with 34plex, provides a practical and powerful tool for genetic studies of

American populations as well as forensic DNA analyses.

Keywords: Ancestry; SNP; AIM; Indigenous American; population admixture;

SNaPshot; HGDP-CEPH

Highlights

> Compact SNaPshot-based ancestry SNP test called PIMA developed with 26
autosomal SNPs, 1 X-SNP and amelogenin

> 22 American-continent study populations characterized with 25 PIMA SNPs
and 27 SNPs of established 34plex forensic ancestry SNaPshot test

> PIMA found to be highly efficient at detecting and apportioning co-ancestry in
admixed populations from America — even detecting 4-way admixture in S&o
Paulo sample

> Evaluations of admixed samples typed in common with PIMA+34plex vs a
314-SNP genomics set shows equivalent power to detect American
co-ancestry

-> Comparisons of PIMA+34plex with Y/mtDNA patterns in small set of admixed
Venezuelans highlights need for powerful autosomal SNPs added to

uni-parental data.



1. Introduction

Inference of individual biogeographical ancestry (BGA) plays an important role
in a wide range of genetics fields. In medical genetics, it guides case-control studies
correcting for substructure effects, important in the evaluation of medical risks [1]. In
population genetics, BGA using carefully chosen Ancestry Informative Markers
(AIMs) informs the interpretation of human population expansions, movement and
interaction. Carefully chosen AlMs [2] particularly improve the estimation of study
population’s ancestry proportions, assessment of genetic structure and demographic
histories. BGA is of increasing relevance to forensic genetics, as an ancestry
inference obtained from the DNA sample can help focus a criminal investigation [3],
particularly when there are no suspects or matches to national DNA database

profiles.

In contemporary American populations, BGA inference is complicated by two
factors: the continent’s convoluted history and demographics; and the difficulty in
fully differentiating the closely related variation found in East Asian and Indigenous
American populations: stemming from their separation just 15 thousand years ago
(KYA). The American continents now have the most intricate ancestral genetic
backgrounds of any contemporary population group defined by continentally-based
regional distribution (i.e. Africa, European-Eurasia, East Asia, Oceania, with South
Asian-Eurasia often separately defined as a continental region). Demographic
movements throughout history have produced high levels of genetic heterogeneity

and a complex landscape of population admixture. The peopling of the Americas



happened from north to south, beginning 15-18 KYA [4]. The initial source of
migration was Beringia in the far northeast of Siberia, where ancestors of the first
migrant groups into NW America were likely isolated from their own Siberian
ancestral populations before entering the continent [5]. In the 15th Century, the
arrival of European colonizers and the African slave trade led to the introduction and
subsequent expansion of new population admixture contributors into the Americas.
Before World War Il, and more markedly afterwards, migratory waves originating
from Europe, East Asia and the Middle East brought a new influx of people - and
hence genetic diversity - into the continent [6]. Such a complex history of migration,
admixture and founder effects (where only a small number of people undergo rapid
expansion in numbers in newly occupied lands) has resulted in the highly admixed

American populations seen across the continent today.

Information available from the analysis of uniparental and autosomal markers
in American populations provides different perspectives of a population’s past.
Y-chromosome and mtDNA variation characterize single paternal and maternal
lineages [7-10] that may not represent the overall ancestral background of a person if
a lineage originates from a deep-rooted ancestry and is therefore potentially
unrepresentative of that person’s overall ancestry. In contrast, autosomal AlMs offer
more scope for understanding the demographic structure of a population and for the
analysis of ancestry at the individual level [11-14]. In a continent so diverse and with
such a complex history as the Americas, the analysis of both lineage and autosomal
markers together becomes necessary for the more complete reconstruction of an

individual’'s ancestral background.



Here, we describe a forensic ancestry test comprising 26 ancestry informative
SNPs (AIM-SNPs) that is dedicated to indigenous American population variability,
named PIMA: Population Informative Multiplex for the Americas. The panel has
SNPs with genomic positions avoiding those previously analyzed in the established
34-SNP ancestry test that forms the core of capillary electrophoresis ancestry
analysis in several laboratories (herein 34plex) and was developed to focus on the
differentiation of Sub-Saharan Africans, Europeans, and East Asians [15,16]. The
goal of the reported study was to bring together a concise, yet highly informative set
of AIM-SNPs for differentiating American ancestry from that of other continental

populations, which could complement 34plex [15,16].

Because of the extensive degree of population admixture in America outlined
above, the term ‘indigenous American’ is largely a theoretical description outside the
Amazon region. We used it here to denote populations with ancestry components
that are recognizably from pre-Colombian peoples who occupied the American
continent prior to the influx of European colonizers, African slaves and, in much
smaller numbers, recent East Asian migrants. For brevity, the term ‘American’ is
used to denote this distinct ancestry, rather than its more common usage meaning

‘coming from America’.



2. Materials and Methods

2.1. Ethics statement

Collection and analysis of new samples followed standard ethical guidelines.
All participants were informed about the research goals and data confidentiality,
signing the relevant consent documents. The research was approved by: the
Research Ethics Committee of the Faculty of Health Sciences at the University of
Brasilia (CEP-FS/UnB 030/2002 and 151/07) for Brazilian population samples; and
the Ethics Committee of the University of Santiago de Compostela (details in
Supplementary Text S1 of [11]), for samples from Colombia, Guatemala, Chile and

Venezuela.

2.2. Populations sampled

A total of 822 DNA study samples were collected with informed consent.
Indigenous American samples comprised Colombians: Awa (n=30), Coyaima (n=22),
Embera (n=7), Pastos (n=33), Pijao (n=32); Guatemalans: Q’eqchi (n=15);
Venezuela: Wayu (n=23). Admixed population samples were collected in Brazil: Sao
Paulo (n=163), Kalunga (n=69), Riacho de Sacutiaba (n=29); Colombia: North West
Colombia (n=208), Bucaramanga (n=19), Mulalé (n=34); Chile: North Chile (n=25),
South Chile (n=30); Guatemala: Guatemala City (n=20); and Venezuela: Maracaibo
(n=29), Caracas (n=34). Four admixed populations from 1000 Genomes (first variant
data release, herein 1KG) were included in this set: Puerto Ricans from Puerto Rico

(PUR, n=55), Individuals with Mexican ancestry in Los Angeles, USA (MXL, n=66),



Colombians from Medellin (CLM, n=60), and African Americans from SW USA

(ASW, n=61).
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Fig. 1. Map of American study population and HGDP-CEPH reference

population sampling locations.

The reference population set included 851 1KG samples from Africa, Europe,
and East Asia. This set was used to assess the relative power of PIMA+34plex SNPs
compared to the LACE panel [11] to detect three and four-way admixture

components. Reference indigenous American populations without high levels of
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admixture were not available from 1KG, so we used indigenous American
populations from the CEPH Human Genetic Diversity Panel (HGDP-CEPH) panel
comprising Pima and Maya from Mexico; and the Karitiana and Surui populations
from Amazonian Brazil (total n=57). The geographic distribution of the study and

reference populations originating from the American continent are shown in Fig. 1.

2.3. AIM-SNP selection

The twenty-six PIMA SNPs were selected from the largest set of human SNP
genotypes (650,000 loci) analyzed in 52 global populations of the HGDP-CEPH
panel by Stanford University [17]. The Stanford SNP genotypes are publicly available
from The CEPH Foundation, but we made use of the SPSmart online SNP browsers
[18-20], which allow the simultaneous comparison of the Stanford HGDP-CEPH data
with genotypes from HapMap, Perlegen and 1KG. This generated a candidate pool
of ~600 SNPs from which 32-36 were selected to design a multiplex suitable for a
forensic PCR and SNaPshot single base extension test. Emphasis was placed on
SNPs that had well differentiated East Asian and American allele frequencies, since
these population groups have less divergence than other group comparisons due to
more recent shared population histories. A single SNP rs6993205 without prior
HGDP-CEPH genotypes was selected from the evaluation of HapMap data, using

the SPS browser [19].



2.4. PIMA genotyping protocol

The PIMA multiplex PCR reaction was optimized using QIAGEN® Multiplex
PCR kit, adding 2 ul of PCR Master Mix, 2 ul of primer mix (0.125-2.5 uyM), and 1-20
ng of DNA in a final volume of 5 uyl. Amplification conditions were: initial denaturation
at 95 °C for 15 min; 30 cycles at 94 °C for 30 s, 60 °C for 1 min and 72 °C for 30 s;
and a final extension at 72 °C for 10 min. Excess primers and dNTPs were removed
by adding 1 pl of ExoSAP-IT (1 U/ul Exonuclease | and Shrimp Alkaline
Phosphatase, GE Healthcare) to 2.5 pl of the PCR product and incubated at 37 °C
for 45 min followed by 85 °C for 15 min to inactivate the enzyme. The PIMA single
base extension (SBE) reaction in a final volume of 3 pl contained 1.25 pl of
SNaPshot™ reaction mix (Applied Biosystems: AB), 0.75 ul of SBE primer mix (0.5-4
MM) and 1 pl of purified PCR product. The SBE primer mix was diluted in 160 mM
ammonium sulphate to avoid non-specific hybridization amongst the primers. The
SBE reaction was performed in an AB 9700 thermal cycler with the following cycle
program: 30 cycles of 96 °C for 10 s, 55 °C for 5 s and 60 °C for 30 s. Excess
nucleotides were removed by addition of 1 yl SAP (1 U/ pl Shrimp Alkaline
Phosphatase, GE Healthcare) to the total volume of the extension products and
incubated at 37 °C for 80 min and 85 °C for 15 min. A combination of 1 pl of sample,
9.5 yl LIZ 120 size standard plus HiDi formamide at a ratio of 1:33.3 (both AB) was
analyzed by capillary electrophoresis using an AB 3130 Genetic Analyzer with POP4
and analyzed with GeneMapper v4.0. Predefined size windows for each allele were

determined from prior analysis of a minimum of 20 test samples.



2.5. Analysis of mtDNA and Y chromosome STRs

To compare the estimated co-ancestry proportions in admixed individuals
obtained from panels of autosomal SNPs with those from uniparental markers, a
small sample of individuals from Caracas, Venezuela were genotyped (n=8) that had
been previously analyzed for mitochondrial DNA [21] and Y chromosome STRs.
Although small, this sample provided an insight into differences in co-ancestry

proportion estimates that can arise from admixture sex bias.

2.6. Statistical analyses

Allele  frequencies were downloaded from  SPSmart [18-20]
(http://spsmart.cesga.es). Hardy-Weinberg Equilibrium (HWE), observed (Hobs) and
expected heterozygosity (Hexp), linkage disequilibrium (LD), pairwise Fst, pairwise
difference within and between populations, and Nei's genetic distances were
estimated using Arlequin 3.5 [22]. Genetic cluster analysis was made using Structure
v2.3.3 [23] using the following parameters: burn-in length of 200,000; MCMC of
200,000; admixture model; correlated allele frequencies; POPFLAG. Five
independent runs were analyzed for each tested K value (ranging from K:2 to K:7).
From the output, CLUMPP v1.1.2 [24] was used to obtain the optimal K(LnPr(X|K)
according to the method of Evanno [25] and to obtain the average permuted
individual and population Q-matrices. Bar plots were constructed from average

Q-matrices by DISTRUCT v1.1 [26].



Principal component analysis (PCA) was performed using KPOP [27]
(available at https://github.com/fabiommendes/kpop). Four continentally-based
reference population samples (1KG: AFR, EUR, EAS; CEPH: AME) were included in
all plots for assessing the efficiency of PIMA+34plex SNPs in differentiating the main
population groups contributing to admixture in the Americas. Study populations were
plotted in four separate PCAs corresponding to groups with shared ancestry of: a)
indigenous American populations that had little or no recorded admixture (Awa,
Pastos, Pijao, Coyaima, Embera, Wayu, Q'eqchi); b) admixed American populations
with a high contribution of European co-ancestry (Colombia: 1KG CLM, NW
Colombia, Bucaramanga; Venezuela: Caracas, Maracaibo; Brazil: Sdo Paulo; North
and South Chile; 1TKG MXL and 1KG PUR); ¢) admixed American populations with a
high contribution of African co-ancestry: (Brazil: Kalunga, Sacutiaba; Colombia:
Mulalo; 1KG ASW); and d) urban populations likely to have a high contribution of
American co-ancestry (re-analyzing 1KG MXL, Guatemala City, North and South

Chile data).

Population assignments using Naive Bayes likelihood ratio tests; estimation in
each SNP of Rosenberg’s informativeness-for-assignment — a well-established
metric that measures population divergence (/, [2]); and cross validation analysis
were performed using the Snipper app suite classifier (available at
http://mathgene.usc.es/snipper/). Statistical distances and correlation analysis were
performed using Matplotlib 3.0 [28] on Python 3.7 and plotted using the library

seaborn 0.9.


http://mathgene.usc.es/snipper/
http://mathgene.usc.es/snipper/

2.7. Evaluation of ancestry inferences from small-scale forensic AIM

panels compared to a 5-fold larger genomics ancestry control panel

The efficiency of PIMA+34plex SNPs for ancestry inference of the four
population groups relevant to the Americas was assessed by comparing their
genotype data with those obtained from the analysis of the 314-SNP LACE panel
[11], taking advantage of seven indigenous American population samples analyzed

in common during the PIMA and LACE panel development programs.

It is important to note that in all American populations genotyped in common,
seven 34plex SNPs gave problems with SNaPshot tests, with large proportions of
incomplete data generated. Therefore, all analyses using PIMA+34plex data
combined and reported here, had 27 of the 34plex SNPs, excluding: rs12913832;
rs1335873; rs3827760; rs4540055; rs5030240; rs722098; rs881929 genotypes to

avoid excessive data gaps.

The LACE panel was developed to detect the American, African and
European co-ancestry components in self-declared ‘Latin American’ participants of
epidemiological studies and therefore is designed to control population bias in case
and control groups [1]. When the LACE AIMs were selected, there was less
emphasis on East Asian ancestry differentiation. Nevertheless, a large number of
carefully spaced SNPs are compiled in this panel at a five-fold higher genotyping
scale, compared to the full 60 SNPs of PIMA+34plex combined, although a smaller

set of 52 markers were actually characterized, as noted above.



3. Results and Discussion

3.1. Characteristics of PIMA panel SNPs

From the approximately 600 candidate SNPs identified to be the most
informative for differentiating HGDP-CEPH American population variation from that
of non-American populations, the PIMA panel assembled 26 autosomal AIM-SNPs, a
single X chromosome AIM-SNP and the amelogenin sex marker (to aid assessment
of the X-SNP genotype in the same test). The complete grid of PIMA SNP genotypes
(and data from the 27/34 34plex SNPs used in all population analyses) is detailed in
Supplementary Table S1A. The missing data rate was ~1.7% (1,766 of a total
102,544 individual genotypes). Supplementary Table S1B lists separately the
HGDP-CEPH population data for tri-allelic SNP rs17287498 - the one autosomal
marker not used for American study populations analyses but developed for the final

version of the PIMA multiplex along with X-SNP rs3027749.

The initial SNaPshot multiplex included three other autosomal SNPs:
rs16968965, rs17403380 and rs4792928; but they consistently underperformed,
possibly due to interactions within the PCR or extension (EXT) primer sets and were
removed. The amelogenin test was adapted for SNaPshot by extending either the A
nucleotide on the 3’ side (in the forward RefSeq direction) of the 6-nt sequence
absent on the X sequence ([CACTTT/-] A); or the 5’-most C of this sequence present
on the Y. Supplementary Table S2A lists the genomic details of the 28 PIMA
markers, plus the three removed SNPs. Supplementary Table S2B gives details of

the PCR and extension (EXT) primers of the final optimized SNaPshot test.



Supplementary Fig. S1A shows typical SNaPshot peak patterns, and Supplementary
Fig. S1B the genotypes obtained for the control DNA 9947A. Although peaks are well
separated in the 9947A SNaPshot profile shown, low signals discernible in the
rs252155-A (SNP code P20) and rs17130385-T (P8) extension products were not
improved further by increasing these SNP’s PCR primer mix concentrations.
SNaPshot fragment size estimates for the dye sets of the alleles for each PIMA
marker (using POP4 polymer electrophoresis) are given in Supplementary Fig. S1C.
Both POP4 and POP6 polymer are applicable, but optimum separations were

obtained during development with POP4.

Supplementary Table S2C and Supplementary Fig. S2 give the genomic
positions of PIMA and 34plex SNPs; indicating a reasonably well spaced distribution
that can minimize bias in the estimation of admixture (from the risk of closely sited
co-segregating SNPs informative for a particular contributing population). The closest
pair of SNPs between panels had a distance of 6.50 megabases (Mb) for rs8137373
(PIMA) and rs2040411 on chromosome 22; much further apart than two 34plex

syntenic SNP pairs with ~1 Mb separation.

Worldwide patterns of population variation observed in the PIMA SNPs are
detailed in two sets of maps. In Fig. 2, all 27 SNPs are displayed as bar-charts with
the reference allele in blue (alternative allele in yellow, plus allele-3 in red in
rs17287498), ordered by decreasing American vs non-American delta allele
frequency differential values - as a simple system for indicating the most informative
SNPs for this differentiation. Fig. 2 summarizes variation in the four 1000 Genomes

population groups (AFR, EUR, EAS, SAS - South Asians) and combined



HGDP-CEPH American population frequencies plus 1000 Genomes Peruvians from
Lima (PEL). Previous analyses of the AMR admixed American populations in 1KG
indicated the highest levels of American co-ancestry in PEL, with ~20-25 individuals
having little or no detectable non-American co-ancestry in this sample (detailed in
Snipper, available at: http://mathgene.usc.es/snipper/forensic_mps_aims.html).
Therefore, we regularly scrutinize PEL allele frequencies in SNPs that have not been
characterized in other databases (e.g. tri-allelic SNPs and X-SNPs), and included

here as a point of reference.
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Fig. 2. Summary bar-plots of PIMA SNP variation in the four main population groups of 1000
Genomes (1KG) and HGDP-CEPH indigenous Americans. SNPs are ordered left to right in
descending allele frequency differential values (delta) comparing the 1KG 4-group average

allele frequencies (non-AME) vs CEPH American (AME) frequencies (not calculated for the



tri-allelic SNP rs17287498 and X-SNP rs3027749). The non-American allele frequencies of
rs17287498 were estimated from gnomAD population data (lacking SAS). Additional plots
shown for the 1KG 4-group average frequencies and 1KG Peruvians from Lima (PEL). RA:
reference allele; EUR: Europeans; AFR: Africans; SAS: South Asian; EAS: East Asian.

The map format of Fig. 2 (adapted from the Santa Cruz genome browser:
genome.ucsc.edu) has the advantage of showing the American regions as a
separate map. SNP rs17287498 is not listed by 1000 Genomes, so gnomAD data
was used (available at: https://gnomad.broadinstitute.org/variant/10-54530788-C-A,
South Asian data absent from gnomAD). The 4-group average frequencies from
1000 Genomes are also plotted and juxtapositioned next to the HGDP-CEPH
Americans to highlight the most differentiated SNPs (excluding X-SNP rs3027749,
which is African-informative). The first (leftmost) 12-14 SNPs show highly contrasting
blue vs yellow allele frequency distributions and these loci most efficiently define
American variation when present in an individual, whether through their
population-of-origin or co-ancestry from admixture. The 26 autosomal PIMA SNPs
are individually plotted as pie charts in Supplementary Figs. S3 (in the same
delta-based order as Fig. 2), using SNP data from the Santa Cruz Genome Browser
maps, where the ancestral (blue) and derived (yellow) alleles are indicated
(rs17287498 data is from HGDP-CEPH genotyping completed for this study and
given in Supplementary Table S1B). The maps of Supplementary Figs. S3 indicate
many PIMA SNPs show a degree of within-American divergence, notably:
rs2051827, rs12402499 and rs3217863 (Supplementary Figs. S3, SNPs 6, 9, 12)

have considerable variation in their American-indicative allele frequencies amongst



the five HGDP-CEPH populations (1 in Colombia to 0.61 in Karitiana; 0.96 in
Karitiana to 0.5 in Maya; 1 in Colombia to 0.37 in Surui, respectively). In contrast,
many of the least differentiated SNPs show minimal or no within-American
divergence, such as rs10127540 and rs6993205 (Figs. S3, 22, 23). The tri-allelic
SNP rs17287498 (Figs. S3, 26) was highly informative for differentiating American
and African populations from Eurasia (Europe, Middle East, South Asia), and to a
lesser extent East Asia; with rs17287498-A mainly absent from Africa, and four of
five HGDP-CEPH American populations monomorphic for the rs17287498-C allele.
Overall, the individual SNP maps emphasize that a large proportion of the PIMA
SNPs have American-specific alleles, or with similar degrees of informativeness,
alleles absent from American populations but present in all or most other population

groups worldwide.

Estimations of population genetics parameters: Hardy-Weinberg Equilibrium
(HWE) test; observed and expected heterozygosity; pairwise linkage disequilibrium
(LD) tests; and allele frequencies (25-SNP and 27-SNP subsets of each panel) are
shown in Supplementary Table S3. Deviations from HWE mainly occurred in
admixed populations and was most marked when admixture was complex (e.g.
three-way co-ancestry in Brazilian populations). Values of pairwise LD also increased
with admixture, ranging from ~5% (in Africa) to ~29% (in Sdo Paulo, Brazil). In most
populations, pairwise LD was ~10% (mean: 10.61%; median: 9.06%; SD: 3.32%).
The high rate of LD in S&o Paulo, combined with HWE deviations, possibly due to
underlying substructure in the population or sample. Awa (indigenous Colombian),

Q’eqchi (indigenous Guatemalan) and Guatemala City (urban Guatemalan) were the



three populations with the highest level of monomorphic SNPs (25%, 17%, 15%,
respectively), most of which are also monomorphic in either East Asians or
Americans (Supplementary Table S3A). These patterns of variation may reflect
endogamy characteristic of a small effective population size or recent founder
effects. However, while occurrence of endogamy is plausible for the Awa and
Q’eqchi, it is much less likely in the urban Guatemala City sample. Pairwise Fgr,
pairwise differences between and within populations, and Nei’s distance (d) are
shown in Supplementary Fig. S4. Much of the American population structure
revealed by these analyses is in accordance with the sample’s known history and

demographics, further reflected in the co-ancestry estimates detailed below.

3.2. Simple ancestry analysis tests with PIMA and 34plex: PCA,

cumulative |, and ancestry assignment success

Principal component analysis (PCA) of individual and combined PIMA and
34plex panels are shown in Fig. 3A (HGDP-CEPH American populations plus three
1000 Genomes population groups). Noting that 27 of the 34plex SNPs were
genotyped for these comparisons, so this panel’s data is slightly less informative
than in normal forensic use. The PCA plots are matched to charts of the cumulative
ancestry informativeness [/, values for each differentiation (i.e. Africans vs

non-Africans, etc.) in Fig. 3B.
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Fig. 3. Evaluation of the population differentiation performance of individual PIMA and
34plex panels and the combined set. Fig. 3A. PCA tests of 3 SNP sets analyzing 1000
Genomes African, European, East Asian; and HGDP-CEPH American genotype data. Fig.
3B. Cumulative | charts of PCA tests of 3 SNP sets, adding most powerful loci first. Fig. 3B.
Cross validation ancestry assignment success of 3 SNP sets, with error highlighted for the

relevant population group.

The PCA patterns of 34plex indicate that despite Africa and Europe being well
differentiated, this panel does not separate East Asians and Americans as efficiently
as PIMA, and the / values from American differentiation are the lowest. PIMA
separates Americans from other populations more efficiently, but markedly increases
this population group’s /, values; adding the risk of biasing estimation of American

co-ancestry. Simultaneous analysis of PIMA and 34plex SNPs (Supplementary Table



S1), although only marginally changing the separation of clusters in PCA, improves
the clusteredness of each population’s set of points. The cumulative /, values also
still show an imbalance of American-divergent SNPs overall, but final values of 4, 6
and 7.5 represent improvements on use of one AIM panel. The data in Fig. 3C show
classification success rates when each SNP profile is analyzed with the remaining
SNP data of each panel (i.e. cross-validated). These success rates indicate 34plex
SNPs give almost 8% erroneous American ancestry inference of East Asians, in
comparison to the 0.5% African erroneously inferred to be Europeans, and 4.2%
Europeans erroneously inferred to be East Asians when using PIMA. Ancestry
inference error from cross-validation is lost when both panels are combined, despite
the lack of seven 34plex SNPs. In summary, the careful choice of
American-informative SNPs of PIMA helps reduce the ancestry inference error
observed (as East Asians incorrectly inferred to be American), due to the lack of
American-informative SNPs in the 34plex panel. Combining 34plex with PIMA
addresses the need to fully differentiate American from East Asian variation - an
important prerequisite for the accurate detection of co-ancestry in admixed

individuals from the Americas.

3.3. Comparisons of PIMA+34plex with the large-scale LACE ancestry

panel

The comparison of the ancestry informativeness of two sets of AIMs can be
subjective, but we opted to use STRUCTURE analysis to generate cluster

membership proportion estimates for 1266 individuals (with emphasis on admixed



study population samples from the Americas), genotyped in parallel with
PIMA+34plex and LACE panel SNPs. Fig 4A shows STRUCTURE cluster plots for
K:3 and the optimum K:4 inferred genetic clusters for both AIM panels. Amongst
study populations, the maijority cluster membership values in LACE informed the
ranking of the samples in Fig. 4A (e.g. ASW, Coiyama and Mulalo are ordered by
LACE descending African cluster membership proportions, etc.). It is noted that a
very small level of joint membership was observed in the reference populations but
was mainly confined to 1KG Finnish Europeans and rarely exceeded 10%. Some
European cluster joint membership in the Maya (M) and Pima (P) of the
HGDP-CEPH American reference data is likely to reflect some admixture in these

populations which has been detected in other studies, particularly in Maya [17,29]

The most evident difference between panels is the underestimation with LACE
SNPs of the East Asian cluster component in reference population East Asians at
K:3. The joint cluster memberships of East Asia (green) and Europe (blue) in the
LACE data underlines the paucity of SNPs in this panel that fully differentiate East
Asian variation from other groups. In both K:3 and K:4 inferred clusters, the patterns
seen in the admixed study population samples are near identical, with just a marginal
tendency of a higher proportion of African admixture components in the LACE
patterns of CLM, MXL, PUR, ASW. The Indigenous Wayu study population shows
the lowest level of non-American co-ancestry overall (less than many HGDP-CEPH
Pima samples) and could be included as a reference population for American

indicative SNP variation.
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Fig. 4A. STRUCTURE cluster plots for K:3 and K:4 inferred clusters comparing
PIMA+34plex and LACE panels for a comprehensive set of common reference and
American study samples. Cluster bar plots ordered in both SNP panels by increasing
majority co-ancestry from LACE cluster membership proportions (CLUMPP-merged from 5
runs). HGDP-CEPH populations grouped and marked as: A=Amazonian Karitiana /Surui;
M=Maya; P=Pima. Fig. 4B. Cross validation ancestry assignment rates for the reference
population samples. Fig. 4C. Comparisons of mean population differentiation metrics Fg;

and | in each panel.

Cross validation of the reference population samples with the SNPs of each
panel showed both achieve 100% classification success for the optimum (K:4)
cluster division of Africa, Europe, East Asia and America (Fig. 4B). The mean Fg;

patterns were comparable on both sets of SNPs (Fig. 4C), although the high values

169



in East Asia and America for PIMA+34plex reflect the targeting of SNPs with higher
than average divergence between these two groups. Informativeness [, values
showed only slight differences between panels and reasonable balance (Fig. 4C),
since both panels aimed to keep a balance between the cumulative /, values
amongst the four population groups. The higher [/, value for America with
PIMA+34plex SNPs compared to those of LACE, indicates a small panel of carefully
chosen AlMs dedicated to a particular population group can successfully achieve

high levels of differentiation, despite being limited in scale.

The consistency of individual co-ancestry estimates obtained from
STRUCTURE analysis of PIMA+34plex and LACE was evaluated by statistical
distance estimates (total variation) and correlation analysis for contributing
populations (Supplementary Figs. S5). Correlation coefficients were high (r* > 0.8)
considering three components (K:3 Africa, Europe and America). When the East
Asian component at K:4 was included, the correlation coefficients stayed high for
Africa, Europe and America (r?> > 0.8), but were low for East Asia (0.0027), as would
be expected given the lack of genuine East Asian co-ancestry amongst the study
populations. This finding is confirmed by the correlation coefficients obtained when
HGDP-CEPH East Asian samples were included in the study sample, obtaining an r?

value higher than 0.9.

3.4. Patterns of admixture in the full range of American study populations
with PIMA+34plex SNPs

Having established a close match between the STRUCTURE cluster patterns

with both panels, we interpreted the distribution of cluster membership proportions



for PIMA+34plex at K:4 obtained from separate STRUCTURE analyses of the full
range of 22 American study populations (5 runs, with identical reference population
data). Table 1 outlines the population Q-matrix generated from the CLUMPP-merged
population cluster membership averages of the five STRUCTURE runs.
Supplementary Fig. S6 shows the cluster plot of merged data and aligns the study
population’s average cluster membership proportions under their respective cluster
columns. Generally, the patterns of admixture observed in the cluster memberships
of the 22 populations in Table 1 appear to be consistent with both their geographic

distribution and demographic history.

In view of the wide range of admixture patterns observed in these study
populations, an informative approach to visualize the data is to compare populations
with similar admixture components and ratios. Therefore, we also made principal
component analyses on subsets of the STRUCTURE genotype data from the
reference population groups and sets of study populations together, and grouped
these into four PCA plots (Fig. 5) comprising: a) indigenous populations; b) admixed
populations with high European co-ancestry; c) admixed populations with high
African co-ancestry; and d) urban populations with high American co-ancestry. The
patterns in these additional PCA tests were consistent with assessments of
admixture made in STRUCTURE, as they placed the admixed populations closer to

the main contributing population in each case.



Table 1. Ancestry estimates in the full range of study populations from the American
continent based on PIMA+34plex genotypes analysed with STRUCTURE. Average cluster
membership proportions taken from CLUMPP-based population Q-matrix values with the
cluster plot shown in Supplementary Fig. S6. 1000 genomes comprise; CLM, Colombians
from Medellin; MXL, Mexican ancestry in LA USA; PUR, Puerto Ricans from Puerto Rico;
ASW, African ancestry in SW USA. Highlighted cells indicate three populations with the

smallest difference between estimates for the first and second components (<12%).

Inferred ancestry

Population of origin

African European East Asian ITrir?eerri]c?auns
CLM 0.084 0.693 0.014 0.209
NW Colombia 0.143 0.539 0.005 0.313
Bucaramanga 0.144 0.517 0.007 0.331
Mulalo6 0.582 0.241 0.026 0.151
Awa 0.011 0.015 0.052 0.922
Pastos 0.014 0.247 0.012 0.727
Coyaima 0.025 0.184 0.034 0.757
Pijao 0.041 0.405 0.072 0.482
Embera 0.119 0.133 0.035 0.712
Caracas 0.214 0.595 0.005 0.186
Maracaibo 0.209 0.518 0.016 0.256
Wayu 0.074 0.128 0.128 0.67
Guatemala City 0.064 0.298 0.014 0.623
Q’eqchi 0.016 0.133 0.022 0.829
Chile — North 0.034 0.512 0.056 0.399
Chile — South 0.021 0.567 0.025 0.387
MXL 0.052 0.456 0.044 0.448
PUR 0.151 0.711 0.018 0.119
S&o Paulo 0.279 0.657 0.032 0.032
Kalunga 0.664 0.27 0.005 0.062
Sacutiaba 0.515 0.379 0.027 0.079

ASW 0.739 0.213 0.008 0.04
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Fig. 5. PCAs of American study population subsets arranged in four plots. (A) Indigenous
American study populations (Colombia: Awa, Pastos, Embera, Pijao, Coyaima; Venezuela:
Wayu; Guatemala: Q’eqchi). (B) American admixed populations with high European ancestry
(Colombia: CLM, NW Colombia, Bucaramanga; Venezuela: Caracas, Maracaibo; Brazil: Sao
Paulo; Chile: North and South; MXL; PUR). (C) American admixed populations with high
African ancestry (Brazil: Kalunga, Sacutiaba; Colombia: Mulalé; ASW). (D) Urban
populations with high American ancestry (MXL, Guatemala City, and north/south Chile).

Patterns in the eleven urban populations or samples from cosmopolitan
regions with high population density (e.g. Puerto Rico) had predominantly European
ancestry (82% of individuals >50%, and in descending order of Puerto Rico >
CLM-Medellin > Sao Paulo > Caracas). More than 66% of urban sample individuals
had American co-ancestry as the second admixture component with the range
21-45%, while 33% had African co-ancestry as a second component (15-28%). The
MXL and Guatemala City samples had high American co-ancestry levels of 45% and

62%, respectively, with European and American components divergent in less than



1% of MXL individuals. Notably, Guatemalans from Guatemala City are very similar
in their admixture profiles to Q’eqchi, with individual estimates ranging from 40-80%
and 65-90%, respectively. The 30% European and 62% American contribution
positions the Guatemala City samples between the European and American clusters
in PCA. In Chile, both north and south samples have relatively high European
co-ancestry of 51-57%, (American 39-40%) but a much lower African component of
<3%, consistent with the lower level of historic African slavery in regions southwest

of the Andes divide [30,31].

Not surprisingly, the indigenous American populations that have minimal
contact with people from other parts of the country/region in which they were
sampled, show very high American ancestry estimates recorded as cluster
proportions (in descending order of Awa > Q’eqchi > Coyaima > Pastos > Embera).
Pastos, Coyaima and Embera had relatively high European components of 13.3%,
18.4% and 24.7%, respectively. It is noteworthy, that the Colombian Awa is the only
indigenous population apart from the HGDP-CEPH Amazonian Karitiana and Surui
(‘A" columns in Fig. 4A), to show almost completely unadmixed patterns of American
ancestry. This pattern is also evident in the PCA (Fig. 5) and pairwise F4; heatmap
(Supplementary Fig. S4). Populations with predominant African co-ancestry
contributions (Colombian Mulald, Brazilian Quilombos Kalunga and Sacutiaba, ASW)
show admixture patterns as variable as those detailed above for American
co-ancestry, but equally compatible with their known history and demographics
[32-34]. The Quilombos are Brazilian populations with significant African descent that

have remained genetically isolated to some extent from surrounding populations [32].



Likewise, the Mulalé have lived in relative isolation in west-central Colombia, where
gold mining and coffee or sugar cane plantations relied heavily on African slave

workers.

Venezuelan Caracas and Maracaibo urban populations both showed
three-way admixture patterns with a higher than average European component
(>52%), and similar African and American components of ~21% and 18-25%,
respectively. The Wayu are the largest indigenous population in Venezuela, and
inhabit mostly the Guajira Peninsula, shared with Colombia. They have a history of
contact with Europeans and other non-American populations since colonial times, so

consequently a minor European component is detectable in their gene pool (>12%).

Unlike the other urban populations analyzed, individuals from Sao Paulo are
widely spread between African and European components in the European
admixture PCA (Fig. 5B). Brazil received ~40% of all Africans that were forcibly
enslaved and brought to the Americas (3.6-10 million people [33]), and remains a
country where social strata are still highly correlated with a person’s ancestry and
appearance. One outcome from developing PIMA was an enhanced ability to
properly gauge the American admixture component in the urban population of Sdo
Paulo. Indigenous Brazilian populations were reduced from 2-3 million people to a
current estimated ~900,000 following contact with Europeans, with contemporary
indigenous groups now mostly located in Northern and Central-Western states.
Overall, a three-way admixture pattern describes most of the country’s demographic
profile, with high levels of European co-ancestry with lower but highly variable

African and American co-ancestry (data reviewed in [34]). The S&o Paulo sample



used here was collected for a case-control study on hypercholesterolemia [35] -
underlining the value of simple SNP panels like PIMA to efficiently detect and control
ancestry bias in donor samples used in medical genetics. Furthermore, applying the
more powerful combination of PIMA+34plex SNPs led to the detection of East Asian
co-ancestry in the Sdo Paulo sample, forming a four-way admixture pattern of a
predominant European (65%) and African (28%) co-ancestry level overall, but with
detectable and consistent East Asian and American admixture components of ~3.5%
each. The fact that these two closely related population groups were distinguished
despite being present at minimal levels of co-ancestry also highlights the population

differentiation power of PIMA, for which it was designed.

3.5. Comparing data from PIMA+34plex and uniparental markers in a

small sample of admixed Venezuelans

Uniparental marker data from a small sample (n=8) from Caracas, Venezuela,
were compared to ancestry estimates obtained from PIMA+34plex autosomal SNP
genotypes. Supplementary Fig. S7 shows the inferred ancestral origin of each
individual's mtDNA and Y-chromosome variation and the co-ancestral proportions
from their autosomal SNP variation. Although a limited sampling, the overall picture
observed matches previous findings of biased mating between European males with
females mostly from other ancestries, and most commonly American. In our sample,
European Y-chromosome variation was seen in 7 out of 8 individuals and American
mtDNA variation in 5 of 8. The total autosomal SNP variation detected a higher

European ancestry proportion than seen in mtDNA variation, which itself represented



a higher proportion of American variation; underlining the inferred mainly European
male lineages and mainly American female lineages, consistent with sex bias seen in
admixture in the Americas. Samples VEN-03 and VEN-18 show a minor American
co-ancestry proportion (<10%) and American mtDNA variation, suggesting
population admixture was a less recent event in these individuals compared to some

of the others.

These patterns were also previously seen in our studies of Brazilian Kalunga
and Sacutiaba, where no European mtDNA were found (reviewed in [32]). Studies of
other groups of the Colombian population of Antioquia [35,36], found >94% of
Y-chromosome lineages were of European origin, while mtDNA was >90% American.
In Chile, where autosomal AlMs have shown that ancestry is fairly homogeneous
across the country (as shown applying PIMA+34plex in another study [38]), the same
sex bias was observed: mtDNA variation was mostly American (82-95%) [30] and
Y-chromosome variation mostly European (91.7%) [31]. Overall, such observations
emphasize the importance of analyzing both autosomal and uniparental lineage
single markers to adequately describe both a population’s history and an individual’s

likely co-ancestry.

4. Concluding remarks

Our results show that the five centuries of contact and admixture among the
populations meeting in America has produced complex and varied population
structure and co-ancestry patterns amongst all the populations we studied, especially

in non-admixed indigenous peoples. Despite a severe reduction in indigenous



American population sizes during this time, American co-ancestry persists in varied
degrees in contemporary populations across the continent. This indigenous
American gene pool has also survived in places where it might be expected to have
been reduced by a strong influx of Europeans - notably in the urban samples we

analyzed from Guatemala City, Chile and Mexicans in Los Angeles.

The PIMA panel's capacity to differentiate American and East Asian
populations to a level equivalent to, or better than, a much larger genomic ancestry
control panel comprising 314 SNPs, exceeded our expectations for the goal of
adjusting the shortfall of the 34plex panel that had been identified from initial
comparisons of HGDP-CEPH Americans to other populations. A combined
PIMA+34plex panel has a more balanced informativeness content and can identify
and differentiate American-indicative variants, even when present in relatively minor
proportions in admixed individuals. This is substantiated by the detection of all four
population group components in the complex admixture patterns of the Sdo Paulo
sample, with levels of American and East Asian co-ancestry below 5%. We
recognize that inclusion of the seven SNPs in a full 34plex panel, absent due to poor
performance when testing study populations, is likely to boost the ancestry
differentiation performance of the PIMA+34plex sets still further, notably the most
powerful East Asian-informative SNP in 34plex: rs3827760 [16]. Nevertheless, the
small scale and high differentiating power of PIMA (particularly in combination with
34plex) makes it an invaluable and practical tool for population genetics, medical

studies and forensic DNA analysis.
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Figure captions

Fig. 1. Map of American study population and HGDP-CEPH reference population

sampling locations.

Fig. 2. Summary bar-plots of PIMA SNP variation in the four main population groups
of 1000 Genomes (1KG) and HGDP-CEPH indigenous Americans. SNPs are
ordered left to right in descending allele frequency differential values (delta)
comparing the 1KG 4-group average allele frequencies (non-AME) vs CEPH
American (AME) frequencies (not calculated for the tri-allelic SNP rs17287498 and
X-SNP rs3027749). The non-American allele frequencies of rs17287498 were
estimated from gnomAD population data (lacking SAS). Additional plots shown for
the 1KG 4-group average frequencies and 1KG Peruvians from Lima (PEL). RA:
reference allele; EUR: Europeans; AFR: Africans; SAS: South Asian; EAS: East

Asian.

Fig. 3. Evaluation of the population differentiation performance of individual PIMA
and 34plex panels and the combined set. Fig. 3A. PCA tests of 3 SNP sets
analyzing 1000 Genomes African, European, East Asian; and HGDP-CEPH
American genotype data. Fig. 3B. Cumulative |, charts of PCA tests of 3 SNP sets,
adding most powerful loci first. Fig. 3C. Cross validation ancestry assignment

success of 3 SNP sets, with error highlighted for the relevant population group.

Fig. 4A. STRUCTURE cluster plots for K:3 and K:4 inferred clusters comparing
PIMA+34plex and LACE panels for a comprehensive set of common reference and
American study samples. Cluster bar plots ordered in both SNP panels by increasing
majority co-ancestry from LACE cluster membership proportions (CLUMPP-merged
from 5 runs). HGDP-CEPH populations grouped and marked as: A=Amazonian

Karitiana /Surui; M=Maya; P=Pima. Fig. 4B. Cross validation ancestry assignment



rates for the reference population samples. Fig. 4C. Comparisons of mean

population differentiation metrics Fg; and |, in each panel.

Fig. 5. PCAs of American study population subsets arranged in four plots. (A)
Indigenous American study populations (Colombia: Awa, Pastos, Embera, Pijao,
Coyaima; Venezuela: Wayu; Guatemala: Q’eqchi). (B) American admixed
populations with high European ancestry (Colombia: CLM, NW Colombia,
Bucaramanga; Venezuela: Caracas, Maracaibo; Brazil: Sdo Paulo; Chile: North and
South; MXL; PUR). (C) American admixed populations with high African ancestry
(Brazil: Kalunga, Sacutiaba; Colombia: Mulalé; ASW). (D) Urban populations with
high American ancestry (MXL, Guatemala City, and north/south Chile).



Supplementary tables

(available at https://github.com/ninacalorina/supplementary-material-thesis)

Supplementary Table S1A. Genotype data used in all population analyses;
comprising 25 of 27 PIMA and 27 of 34plex SNPs. REF: Reference population data.
Table S1B. HGDP-CEPH population data (genotypes and population-based allele
frequency estimates) for tri-allelic SNP rs17287498, not genotyped for American

study populations but developed for the final version of the PIMA multiplex.

Supplementary Table S2A. Genomic details of the 28 markers of the PIMA panel.
Table S2B. PCR primer and SNaPshot extension (EXT) primer details of the final
PIMA multiplex design. Table S2C. GRCh37 coordinates of 62 SNPs of the PIMA
and 34plex panels. The separation in megabases (Mb) of syntenic SNPs is shown

and the three closest SNP pairs marked in red.

Supplementary Table S3A. Descriptive population genetics parameters for
PIMA+34plex in study and reference populations: Hardy-Weinberg equilibrium
(HWE) tests, observed (Hobs) and expected (Hexp) heterozygosity, monomorphic
allele rates. Table S3B. Pairwise linkage disequilibrium analyses. Table S3C. Allele
frequencies (25/27 PIMA SNPs; 27/34 34plex SNPs). Allele calls are for

SNaPshot-detected nucleotide substitutions.



Supplementary figures

Supplementary Figure S1.
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Supplementary Fig. S1A. Typical PIMA SNaPshot profile of 9947A control DNA.
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Supplementary Figure S1B 9947A genotypes.



C Example SNaPshot EXT product size estimates for 9947A control DNA (POP-4)

9947A Sapehot peni _ A C

T P1 2293 25.06
cC P4 28.76 30.35
CcC P6 33.98 33.19
GG P7 33.25 35.01
GT P8 36.10 36.91
CA P9 37.14 36.57
cC P10 38.78 40.25
GA P11 37.27 3875
CcT P12 40.62 4177
CcT P13 42.74 43.87
cT P14 44 67 4573
GG P15 43.57 44 16
GA P16 46.09 4716
CcT P17 47.50 48.80
GA P18 49.91 51.00
CcT P19 50.36 51.44
GA P20 54.96 56.01
CcC P21 52.94 54.02
CcT P23 57.40 58.60
GG P24 57.73 58.41
GA P26 61.77 62.87
cC p27 62.08 63.23
AA P28 65.15 65.78
T P2 64.19 65.06
GG P-tet 68.20 69.14 69.47 71.25
AA PX1 73.39 7412
CA P-ame 75.79 7542

_ GG P22 80.28 81.23

Supplementary Figure S1C SNaPshot peak size estimates in POP4.
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Supplementary Figure S2. Genomic positions of PIMA and 34plex SNPs. Three
closest SNP pairs marked with their separation in megabases (Mb). GRCh37

genomic coordinates given in Supplementary Table S2C.
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Supplementary Figure 3.
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Supplementary Figure S3. Individual PIMA autosomal SNP allele frequency pie
charts for 53 HGDP-CEPH populations. (cont.)
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Supplementary Figure S3. Individual PIMA autosomal SNP allele frequency pie
charts for 53 HGDP-CEPH populations. (cont.)
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Supplementary Figure S3. Individual PIMA autosomal SNP allele frequency pie
charts for 53 HGDP-CEPH populations. (cont.)
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Supplementary Figure S3. Individual PIMA autosomal SNP allele frequency pie
charts for 53 HGDP-CEPH populations. (cont.)
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Supplementary Figure S3. Individual PIMA autosomal SNP allele frequency pie
charts for 53 HGDP-CEPH populations.

Pairwise Fsrvalues Average number of pairwise differences
Africa ric,
Europe o7 Europs
East Asia East Asi g
America Americ. &
3
Ccm o
0.6 2
NW Colombia NW Color c
Bucaramangs Bucaram H
Mulal M g
i 0.5
Pastos i
Coyaimi Coyaim. 2
Pijal 0.4 2
Z
Ember; E Emb 2
Caras Caracas £
Maraca by 03 Maraca b H
Way!
Guatemala City Guatemala City
Q'eqchi 0.2 Q'eqehi
Chile - North Chile - North =
Chile - South Chile - South. i
MXL 01 MXL i
]
PUR PUR »
Sao Paulo Séo Paulo g
Kalunga 00 Kalunga
Sacutiaba Sacutiaba
AsW ASW
0y o83
84383
£8 3¢
g5 e°
a8
kR
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Supplementary Figure S5. Correlation plots for each comparing STRUCTURE
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Supplementary Figure S6. Cluster plot from STRUCTURE analysis of the full range
of American study population samples - using PIMA+34plex SNPs and same
reference genotypes as Fig. 2 run. Individual study samples ordered by ascending

American or African co-ancestry (K4/K1 cluster membership proportions).
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4. AVALIA(}AO GERAL DAS ESTIMATIVAS DE ANCESTRALIDADE

4.1 Apresentacao do problema

A estimativa de ancestralidade € uma ferramenta util na redugédo do escopo de
investigacdes, na situagdo forense na construgdo de amostras para estudos com
desenho experimental caso-controle, na genética médica, e um objetivo per se para
a genética antropoldgica. Sua acuracia depende do uso de marcadores adequados
ao contexto de mistura em analise, mas apesar de existirem métricas que guiam a
escolha de marcadores e o desenvolvimento de painéis para estimativa de
ancestralidade, ndo ha protocolo estabelecido para a avaliagdo de seu desempenho.
Assim, cabe ao pesquisador selecionar o sistema que lhe pareca adequado tendo
em conta estudos prévios, critérios objetivos (como informatividade, balanceamento
do conteudo de informagao entre componentes parentais, parentais acessadas pelo
sistema e disponibilidade de dados publicos) e fatores praticos (como estrutura

laboratorial requerida, e viabilidade financeira).
4.2 Introducao

O objetivo essencial da genética forense é determinar a que individuo
pertence uma dada amostra biolégica (Jobling e Gill, 2004). Ela hoje se vale de
metodologias que dependem, via de regra, da comparagdo de perfis genéticos
obtidos da amostra de interesse aqueles obtidos de suspeitos ou depositados em
bancos de dados (Kayser e Schneider, 2009). Os sistemas utilizados para esse fim

sdo os desenvolvidos para identificacdo individual - em especial o CODIS



(Combined DNA Index System). Esses sistemas sdo compostos por marcadores
com: 1. grande variabilidade intrapopulacional, o que |hes confere alto poder de
discriminagao e reduz a probabilidade de associagao espuria entre perfis; e 2. baixa
variabilidade interpopulacional - o que os torna potencialmente uteis em qualquer
populacao (Jobling e Gill, 2004). Em populagdes para as quais nao existam bancos
de dados de perfis genéticos, em situagcbes em que nao existam suspeitos ou em
que a degradagao do DNA n&o permita a genotipagem, metodologias comparativas

nao sao uteis.

Nesse contexto, a genética forense busca desenvolver sistemas que
relacionem diretamente perfis genéticos a caracteristicas que possam reduzir o
escopo de uma investigagao (Frudakis, 2010), incluindo perfil de pigmentacéo, idade
e ancestralidade. O Forensic DNA Phenotyping esbarra em barreiras éticas e legais,
além de entraves metodoldgicos impostos pela complexidade da heranga e
manifestacdo de tragos fenotipicos (Sturm e Larsson, 2009). Ainda assim, esforgos
tém sido despendidos no desenvolvimento de sistemas com esse fim e alguns deles
tém obtido sucesso razoavel em populacdes especificas (por exemplo: Chaitana et

al. 2018; Walsh et al. 2017).

O estado incipiente dessa abordagem torna a estimativa de ancestralidade
genética e origem geografica/populacional mais relevante no contexto forense.
Sistemas desenvolvidos com esse objetivo agregam caracteristicas informativas e
de analise laboratorial que os tornam uteis também na analise de ancestralidade
com finalidades antropoldgicas e meédicas. Abordagens para a avaliagdo do poder

de painéis para a estimativa de ancestralidade incluem a comparagdo com outros



painéis, com dados de GWAS, a utilizacdo de pares de irmaos, a comparagao de
estimativas de ancestralidade e de classificagdo por Naive Bayes, a comparagao do
In acumulado e seu balanceamento, cross-validation e PCA (exemplos no Capitulo 3
desta tese; Phillips 2015; Aquino et al. 2015; Galanter et al. 2012; Pereira et al.

2012; Phillips et al. 2007).

Neste trabalho, analisamos trés diferentes sistemas de marcadores
informativos de ancestralidade (forindel, SNPforlD 34plex, PIMA+34plex) em
populagdes Latino Americanas a partir de uma perspectiva predominantemente
antropolégica, sobretudo nos dois primeiros capitulos, mas também forense,
especialmente no terceiro. De acordo com os critérios de selecdo de marcadores
adotados no desenho dos painéis (descritos em: Capitulo 3 desta tese; Fondevila et
al. 2013; Pereira et al. 2012; Phillips et al. 2007), os sistemas sdo adequados para a
analise de populagbes com o padrdes de mistura esperados nas populagdes de
estudo. Aqui, com o objetivo de avaliar a concordancia dos sistemas na descrigao
das populagdes de estudo, comparamos as estimativas individuais de mistura nas

amostras de Kalunga e Sacutiaba.

4.3 Metodologia

Apesar de existirem meétricas que guiam a escolha dos marcadores que
comporao um painel, ndo ha um protocolo estabelecido para avaliacido da acuracia
de estimativas de ancestralidade. Aqui, optamos por avaliar a concordancia entre os
pares de painéis utilizados na estimativa e distribuigdo de ancestralidade individual

quantificando a distancia estatistica (ou variagéo total) entre elas. Consideramos na



analise 1. o conjunto total de populagdes parentais e 2. cada populagao parental
separadamente. Medidas de distancia s&do quantificacbes de similaridade e
dissimilaridade entre entidades estatisticas tais como distribuicbes de probabilidade
ou variaveis independentes (Venturini 2015). Elas servem de base para outras
avaliagcbes estatisticas, como métodos de MDS e clusterizagdo. A chamada
distancia estatistica ou variagado total avalia a dissimilaridade entre distribuicbes de
probabilidade - aqui, as estimativas de ancestralidade individual para cada um dos
quatro sistemas de marcadores. Ela varia de zero a um, sendo zero a situagao de
identidade e um, a de maxima diferenga. Para acessar o quanto as estimativas
geradas a partir dos diferentes sistemas variam, utilizamos as medianas das
distdncias estimadas para cada individuo de forma global e em relacédo a cada

parental (Tabela 1 e Figura Suplementar 1).

As analises foram feitas utilizando o Matplotlib 3.0 (Hunter, 2007) no Python
3.7 e os resultados, plotados utilizando a biblioteca seaborn 0.9 (Waskom et al.
2018) no Matplotlib. Apenas as estimativas geradas para Kalunga e Sacutiaba foram
comparadas. Mocambo foi excluida da comparagao porque sua a analise ndao gerou
resultados laboratoriais satisfatorios para os sistemas SNPforlD 34plex e PIMA (e

consequentemente para o sistema combinado PIMA+34plex).

4 .4 Resultados e discussao

As matrizes de distancia estatistica geradas (Tabela 1) foram plotadas em
heatmaps (Figura Suplementar 1). A maior distancia global foi observada entre as

contribuigdes estimadas pelos sistemas SNPforlD 34plex e PIMA (0.142). Os dois



sistemas foram desenhados para se complementarem no sistema conjunto
PIMA+34plex, com o qual ambos mostraram distancias menores (0.105 e 0.087,
respectivamente). A menor distancia estatistica foi observada entre os sistemas
forindel e PIMA+34plex (0.069). Ambos foram desenhados para estimar as
contribuicbes das parentais em analise, e de fato geraram estimativas de

co-ancestralidade estatisticamente préximas.

Tabela 1. Distancia estatistica. Distancias estatisticas estimadas para todos os
componentes de mistura e para cada um deles (africano - AFR, europeu - EUR,
indigena americano - IAM e leste asiatico - EAS) a partir dos painéis PIMA,
SNPforlD 34plex, PIMA+34plex e forinDel.

PIMA+34 PIMA 34plex

PIMA 0.0875 0.0000 0.0000

TOTAL 34plex 0.1050 0.1418 0.0000
forinDel 0.0690 0.0830 0.1260

PIMA 0.0680 0.0000 0.0000

AFR 34plex 0.0600 0.0990 0.0000
forinDel 0.0545 0.0625 0.0750

PIMA 0.0865 0.0000 0.0000

EUR 34plex 0.0395 0.0610 0.0000
forinDel 0.0575 0.0610 0.0530

PIMA 0.0175 0.0000 0.0000

IAM 34plex 0.0190 0.0280 0.0000
forinDel 0.0150 0.0250 0.0180

PIMA 0.0030 0.0000 0.0000

EAS 34plex 0.0880 0.0850 0.0000
forinDel 0.0020 0.0045 0.0930

PIMA+34 PIMA 34plex

Em negrito: menores distancias observadas. Em células destacadas: distancias
estatisticas estimadas para o par forinDel e PIMA+34plex.



Em relacéo a parental africana, a maior diferenga observada também foi entre
PIMA e SNPforlD 34plex (0.099). A provavel explicagdo é o balanceamento de cada
sistema. O PIMA apresenta menor In AFR que os outros sistemas (Capitulo 3 desta
tese). Ja SNPforlD 34plex tem maior In acumulado para essa parental que para as
demais. Os dois apresentaram distadncias menores em relacdo a PIMA+34plex
(0.068 e 0.060, respectivamente), como era de se esperar, ja que compdem esse
painel. Da mesma forma, esse par apresentou a maior distancia para a parental IAM
(0.028) e distancias menores em relagado ao sistema PIMA+34plex (0.017 e 0.019,

respectivamente). Aqui também PIMA apresenta maior /In acumulado.

Ja em relagcdo a parental EUR, a maior distadncia observada foi entre os
sistemas PIMA e forinDel. O primeiro apresenta /n acumulado muito mais baixo para
essa parental que para as demais (Capitulo 3 desta tese), enquanto o segundo foi
desenhado para estima-la de forma balanceada. Por fim, para a parental EAS, a
maior distancia foi observada entre forinDel e 34plex. Os dois foram desenhados
tendo a detecgdo e mensuragédo dessa parental como objetivo (Pereira et al. 2012;
Philips et al. 2007; Fondevila et al. 2013). No entanto, apenas forinDel teve também
a diferenciagéo da parental IAM como objetivo. Assim, a diferenga deve ser devida a
inadequacao de 34plex para detectar e mensurar IAM e diferencia-la de EAS. 34plex
estimou 9% de contribuicio EAS nos quilombos, quando ndo ha registro da

presenca de individuos com essa ancestralidade em nenhum dos dois.

A comparagdo mais relevante aqui, no entanto, € entre o par de sistemas
forinDel e PIMA+34plex, ja que ambos deveriam estimar as contribuigdes das quatro

parentais AFR, EUR, IAM e EAS de forma balanceada. De fato, esse par apresentou



as menores distancias estatisticas global (0.069) e para cada uma das parentais:
AFR (0.055), IAM (0.015) e EAS (0.002). Apenas para a parental EUR ele n&o
apresentou menor distancia, mas ela ainda assim foi baixa (0.057). Considerando as
distancias estatisticas entre esse par e a pequena diferenga percentual entre as
medianas estimadas para as ancestralidades individuais (0.001 a 0.003), os dois
sistemas estimam contribuigdes muito proximas e mostraram desempenho similar
na analise de ancestralidade individual e populacional dos quilombos Kalunga e
Sacutiaba. Essa proximidade atesta a adequacao dos dois sistemas para a analise

de populacgdes Latino Americanas em geral.
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mais escuros indicam distancias estatisticas maiores.

205



5. CoNCLUSOES

Com este trabalho, contribuimos para o conhecimento sobre as populacdes
afro-derivadas latinoamericanas, gerando informacdo sobre ancestralidade e
estrutura genéticas e permitindo a construgdo de um panorama mais completo das
populagdes humanas do continente. Ao longo dos trés capitulos que compdem esta
tese, duas populagdes quilombolas rurais (Kalunga - GO e Riacho de Sacutiaba e
Sacutiaba - BA) foram analisadas utilizando sistemas de marcadores informativos de
ancestralidade. Além dessas populagdes, o quilombo Mocambo - SE foi analisado
para o sistema forinDel, no capitulo 1, e a comunidad negra Colombiana rural

Mulalé, para os sistemas SNPforlD 34plex e PIMA nos capitulos 2 e 3.

De forma geral, os resultados das analises de ancestralidade e estrutura
genética apresentadas ao longo dos trés capitulos confirmaram que os
componentes de mistura mais significativos nos quilombos e na comunidad negra
estudados sdo o africano e o0 europeu e que, apesar da ancestralidade
compartilhada em decorréncia de histérias de formacéao similares, as populagbes em
estudo ndo sdo homogéneas. Além de atestar a diversidade existente no continente,
essa observacao reforca a necessidade de descrever populagdes nédo urbanas e
nao indigenas para a construgao de bancos de dados adequados para a analise de

ancestralidade.

No Capitulo 1, apresentamos e discutimos a analise do sistema forlnDel nas
populagdes Kalunga, Sacutiaba e Mocambo. Embora os resultados obtidos nao

tenham fugido ao esperado, com eles refinamos as analises prévias utilizando um



conjunto de marcadores mais poderoso que os anteriormente empregados e
contribuimos para a completude de bancos de dados de interesse forense no que se

refere a populagdes rurais brasileiras.

No segundo capitulo, inserimos na analise dados da populagado
afro-colombiana Mulal6, analoga a quilombos pés-abolicdo. A partir da analise do
sistema SNPforID 34plex em Mulaldé, Kalunga e Sacutiaba, pudemos construir um
panorama das populag¢des afro-derivadas da América do Sul. Pudemos verificar que
apesar de as trés populagdes analisadas terem alta contribuicdo africana em sua
composi¢cado genética, elas diferem substancialmente nas contribuicbes das outras
parentais e distribuicdo de ancestralidade. Nossos resultados reiteram a diversidade
das populagdes humanas do continente, mesmo dentro de um grupo com paralelos

histéricos e de origem tdo marcados.

Apresentamos também, no terceiro capitulo, um novo sistema de marcadores
(PIMA: Population Informative Multiplex for the Americas) que se mostrou eficiente
em diferenciar o componente de mistura indigena americano dos componentes
africano, europeu e leste asiatico, especialmente em conjunto com marcadores do
sistema SNPforlD 34plex. O painel combinado PIMA+34plex apresenta uma
composi¢ao balanceada em termos de informatividade para as quatro parentais a
que se propde avaliar (indigena americana, africana, européia e leste asiatica). Além
disso, mostra performance comparavel a de um sistema maior (LACE; Galanter et
al. 2012), avaliado como referéncia a ser alcangada, e gerou resultados condizentes

com a histéria e demografia conhecidas das 22 populagdes avaliadas.



Por fim, avaliamos a adequacao e eficiéncia dos painéis SNPforlD 34plex e
PIMA+34plex na estimativa de mistura para as parentais africana, européia,
indigena americana e leste asiatica em populagdes com perfil geral de mistura
tri-hibrida tendo como modelo as populagbes Kalunga e Sacutiaba. Nossos
resultados mostraram que os dois painéis geram resultados muito proximos,
atestando sua adequacgao e indicando acuracia. Apesar de as populacgdes utilizadas
como modelo ndo terem de fato contribuicdo do leste asiatico em seus pools
génicos, a presenga de marcadores incluidos nos painéis especificamente para
detectar e mensurar esse componente nao interferiu de maneira relevante nas

estimativas das demais parentais.
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PosFAcIo

A coleta do material biolégico e dos dados das populagdes quilombolas
utilizados nesta tese foi realizada por equipes do Laboratério de Genética Humana
da UnB em expedicbes chefiadas pelas Professoras Doutoras Silviene Fabiana de
Oliveira e Maria de Nazaré Klautau-Guimaraes. Para a coleta de dados demografico
e de saude geral, todos os voluntarios foram entrevistados utilizando questionarios
desenvolvidos especificamente para essa finalidade. A expedicdo para a
comunidade Riacho de Sacutiaba e Sacutiaba ocorreu em 1998. A primeira
expedicdo a comunidade Kalunga aconteceu no ano de 2001. Posteriormente,
diversas expedi¢des a essa comunidade foram feitas, das quais pude participar. O
questionario utilizado como base para as entrevistas foi expandido, assim como a
amostra, e adendos ao projeto inicial incluiram analises de fecundidade e maiores
informacgdes sobre saude geral. O processamento do material bioldgico, a extracao
de DNA e o armazenamento foram feitos no Laboratério de Genética da UnB por

uma equipe ampla e que variou ao longo das expedicgdes.

A analise laboratorial dos sistemas aqui apresentados foi feita na Unidade de
Xenética do Instituto de Ciencias Forenses da Universidade de Santiago de
Compostela, Galicia, Espanha, durante estagio de doutorado sob supervisédo direta
de Christopher Phillips, com apoio de Maria Victoria Lareu e Angel Carracedo. Ali,
participaram ativamente Ana Freire-Aradas e Carla Arcanjo Santos. Contribuiram
também Yarimar Ruiz Orozco, Olalla Marofias Amigo e os técnicos e pesquisadores

do laboratério Ana Mosquera, Raquel Cruz, Manuel Fondevila e Danel Rey.



O capitulo 1 foi concluido e publicado na forma de artigo no periédico
Forensic Science International: Genetics (Gontijo et al., Ancestry analysis in rural
Brazilian populations of African descent. Forensic Science International: Genetics,
Volume 36, September 2018, Pages 160-166). O capitulo 2 esta em revisao para
submissao (Gontijo et al., Genetic Ancestry and Structure in African-derived
populations from South America, a ser submetido ao periédico American Journal of
Human Biology). O capitulo 3 esta em revisao para submissao (Gontijo et al., PIMA:
Population Informative Multiplex for the Americas, a ser submetido ao periddico

Forensic Science International: Genetics).

Um artigo relacionado a tese, mas nao incluido, foi publicado: Mendes, F. M.,
& Gontijo, C. C. (2017). Kpop: A Python package for population genetics analysis.
Forensic Science International: Genetics Supplement Series, 6, e407—e409. Nesse
trabalho, desenvolvemos e apresentamos um software que integra ferramentas de
manipulagdo de bancos de dados, algoritmos comuns a anadlise de genética de
populagcdes, métodos de clusterizagdo, categorizacdo e redugdo de
dimensionalidade, além de algumas estatisticas descritivas. O software foi

amplamente utilizado na execugao desta tese.

Trés artigos nao relacionados a tese, mas da mesma area de pesquisa, estao
em fase de redacdo ou submissdo em colaboracdo com outros alunos e
pesquisadores. O primeiro trata da ressignificagdo do termo quilombo frente a
diversidade histérica e demografica que se observa nessas populagdes, e apresenta
dados coletados durante nossas visitas a comunidades quilombolas: Paiva et al.,

Demography and Migration: lllustrating the Contemporary Meaning of Quilombo


https://www.sciencedirect.com/science/journal/18724973/36/supp/C

(Brazilian Afro-Descendant Communities). O segundo trata da distribuicdo de
mutagdes neutras no gene da Fibrose Cistica na populagdo Kalunga e em amostras
do HGDP-CEPH (Gontijo et al., CFTR haplotypes in worldwide urban populations
and in Brazilian quilombos). O terceiro trata da distribuicdo de SNPs e haplétipos em
genes de cor da pele e sua correlagdo com origem biogeografica em quilombos e
populagbes do 1000 Genomes: Castro et al., Analysis of three isolated
Afro-descendant Brazilian populations: genetics, biogeographical origin and skin

colour.

Dois trabalhos foram apresentados em evento internacional (27" Congress of
the International Society for Forensic Genetics, Seoul, Republic of Korea, 2017): 1.
Ancestry and Structure of African-Brazilian Populations Estimated from 46
AIM-Indels (Gontijo et al., 2017) e 2. Kpop: a Python Package for Population
Genetics Analysis (Mendes and Gontijo, 2017). Outros dois foram aceitos, mas
retirados por falta de apoio financeiro para participagdo nos eventos (86" Annual
Meeting of The American Association of Physical Anthropologists, 2017, The
distribution of CFTR haplotypes in Brazilian Quilombos as a consequence of history,
Gontijo et al.; The 28™ Congress of the International Society for Forensic Genetics,

2019; PIMA: A Population Informative Multiplex for the Americas; Gontijo et al.).



