
UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL 

INSTITUTO DE BIOCIÊNCIAS 

PROGRAMA DE PÓS-GRADUAÇÃO EM GENÉTICA E BIOLOGIA MOLECULAR 

 

 

TESE DE DOUTORADO 

 

 

EVOLUÇÃO EM POPULAÇÕES 

AMERÍNDIAS: ASPECTOS ESTOCÁSTICOS, 

ADAPTATIVOS E CULTURAIS 

 

 

 

 

 

 

 

 

 

 

 

 

 

CARLOS EDUARDO GUERRA AMORIM 

ORIENTADOR: PROF. FRANCISCO MAURO SALZANO 

CO-ORIENTADOR: PROF. SANDRO LUÍS BONATTO 

COLABORADOR: PROF. LAURENT EXCOFFIER 



i 
 

UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL 

INSTITUTO DE BIOCIÊNCIAS 

PROGRAMA DE PÓS-GRADUAÇÃO EM GENÉTICA E BIOLOGIA MOLECULAR 

 

 

 

EVOLUÇÃO EM POPULAÇÕES 

AMERÍNDIAS: ASPECTOS ESTOCÁSTICOS, 

ADAPTATIVOS E CULTURAIS 

 

 

 

 

 

TESE SUBMETIDA AO PROGRAMA DE PÓS-

GRADUAÇÃO EM GENÉTICA E BIOLOGIA 

MOLECULAR DA UNIVERSIDADE FEDERAL 

DO RIO GRANDE DO SUL COMO REQUISITO 

PARCIAL PARA A OBTENÇÃO DO TÍTULO DE 

DOUTOR EM CIÊNCIAS 

 

 

 

CARLOS EDUARDO GUERRA AMORIM 

ORIENTADOR: PROF. FRANCISCO MAURO SALZANO 

CO-ORIENTADOR: PROF. SANDRO LUÍS BONATTO 

COLABORADOR: PROF. LAURENT EXCOFFIER 

 

 

 

Porto Alegre, Julho de 2013 



ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Este trabalho foi desenvolvido no Laboratório de Evolução 

Humana e Molecular da Universidade Federal do Rio 

Grande do Sul, no Laboratório de Biologia Genômica e 

Molecular da Pontifícia Universidade Católica do Rio 

Grande do Sul, no Computational and Molecular Population 

Genetics Laboratory da Universität Bern e no Computational 

Population Genetics Group do Swiss Institute of 

Bioinformatics entre julho de 2009 e junho de 2013, com o 

financiamento do Conselho Nacional de Desenvolvimento 

Científico e Tecnológico (CNPq), da Coordenação de 

Aperfeiçoamento de Pessoal de Nível Superior (CAPES) e 

da Fundação de Amparo à Pesquisa do Estado do Rio 

Grande do Sul (FAPERGS), Programa de Amparo a Núcleos 

de Excelência (PRONEX). 



iii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

À minha família 

 



iv 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I believe in intuition and inspiration. … At times I feel certain I 

am right while not knowing the reason. When the eclipse of 

1919 confirmed my intuition, I was not in the least surprised. 

In fact, I would have been astonished had it turned out 

otherwise. Imagination is more important than knowledge. 

For knowledge is limited, whereas imagination embraces the 

entire world, stimulating progress, giving birth to evolution. It 

is, strictly speaking, a real factor in scientific research. 

– Albert Einstein in “Cosmic Religion and Other Opinions and 
Aphorisms”, p. 97 
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RESUMO 

Para o melhor entendimento da biologia de uma espécie ou população, faz-se 

necessária a análise detalhada das forças evolutivas que moldaram sua diversidade 

genética. Mecanismos evolutivos randômicos e direcionais devem ser entendidos 

separadamente e em sua interação para que uma interpretação mais acurada possa ser 

realizada. No que concerne a humanos, uma camada adicional de complexidade deve ser 

considerada: a cultura. No presente trabalho, aspectos da história evolutiva de 

populações nativas americanas são analisados levando em conta os efeitos da deriva 

genética, história demográfica e seleção natural sobre sua diversidade genética e 

estrutura de recombinação (desequilíbrio de ligação, DL). Adicionalmente, é realizada 

uma comparação direta entre a evolução cultural e a evolução biológica. O corpo 

principal da tese é composto por quatro artigos que visam de maneira geral ao 

entendimento desses fatores em populações humanas atuais, mas que, no contexto da 

presente tese, serão discutidos com foco nos ameríndios. Os resultados desses artigos 

podem ser resumidos como seguem: 

1) Amorim et al. (2011) X-chromosomal genetic diversity and linkage 

disequilibrium patterns in Amerindians and non-Amerindian populations (Am J 

Hum Biol 23: 299-304). Os resultados deste trabalho revelam baixa 

diversidade genética no cromossomo X aliada à alta proporção de loci em DL 

em populações ameríndias, quando comparadas a grupos com ancestralidade 

genética distinta. A deriva genética seria o principal candidato a agente causal 

para o padrão observado. 
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2) Amorim et al. Detecting Genome-wide Signals of Human Adaptation to Tropical 

Forests in a Convergent Evolution Framework (manuscrito em preparação). 

Aqui analizaram-se SNPs distribuídos nos autossomos e no cromossomo X 

para a detecção de sinais de seleção positiva. Populações amazônicas e 

africanas vivendo na floresta tropical foram comparadas com outras que 

viviam em ambiente não-florestal. Os resultados apontam para a existência de 

seleção positiva especialmente sobre genes aparentemente relacionados à 

imunidade, fluxo de colesterol e altura corporal, entre outros.  

3) Amorim et al., (2013) A Bayesian Approach to Genome/Linguistic Relationships 

in Native South Americans (PLoS ONE 8: e64099). Neste trabalho avaliou-se o 

ajuste de modelos demográficos, construídos a partir de classificações 

linguísticas, à diversidade genômica de populações da América do Sul. As 

análises revelam uma maior adequação da classificação proposta por Joseph 

Greenberg em 1987. De acordo com esse cenário, o ancestral comum dos 

principais grupos linguísticos da América do Sul teria uma idade de cerca de 

3,1 mil anos e a separação mais recente entre esses grupos teria ocorrido há 

2,8 mil anos, entre os Tupi e os Aruaque. Os resultados sugerem ainda que, 

neste contexto, línguas e genes apresentam taxa de evolução semelhante. 

4) Amorim et al. Differing evolutionary histories of the ACTN3*R577X 

polymorphism among the major human geographic groups (manuscrito em 

preparação). Neste artigo a diversidade genética do gene ACTN3 e mais 

especificamente de sua variante funcional rs1815739 em populações 

ameríndias foi comparada às de outros continentes, revelando um cenário 

evolutivo que sugere que este gene foi alvo de seleção positiva no passado, 
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mas atualmente o sinal desse processo foi apagado ou suavizado nas 

Américas. 

Esses resultados em conjunto sugerem que fatores biológicos seletivos e neutros 

foram ambos importantes durante o povoamento do Novo Mundo e destacam a 

importância de analisá-los em conjunto com características culturais, reconhecendo as 

peculiaridades de cada um e a interação entre eles. 
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ABSTRACT 

For a better understanding of the biology of a species or population, it is 

necessary to analyze the forces that shaped its genetic diversity in detail. Neutral and 

selective evolutionary mechanisms should be interpreted independently and in their 

interaction for a better interpretation of facts. Regarding human evolution, an additional 

level of complexity should be considered: culture. In the present work, some aspects of 

the evolutionary history of Native American populations is considered in relation to the 

effects of genetic drift, demography, and natural selection upon their genetic diversity 

and recombination structure (linkage disequilibrium, LD). Additionally, a direct 

comparison between cultural and biological evolution is made. The nucleus of this 

Thesis is composed by four articles that aim at the understanding of the role of these 

factors in the evolution of extant human populations, but for the purposes of this Thesis 

they will be discussed with a main focus in Amerindians. The results of these articles can 

be briefly summarized as follows: 

1) Amorim et al. (2011) X-chromosomal Genetic Diversity and Linkage 

Disequilibrium Patterns in Amerindians and non-Amerindian Populations (Am J 

Hum Biol 23: 299-304). The results of this work reveal low X-chromosomal 

genetic diversity and high proportion of loci in linkage disequilibrium when 

Amerindian populations were compared to other groups with a distinct 

genetic background. Genetic drift is the best candidate for generating the 

observed pattern. 

2) Amorim et al. Detecting Genome-wide Signals of Human Adaptation to Tropical 

Forests in a Convergent Evolution Framework (manuscript in preparation). 

Here a positive selection analysis of autosomal and X-chromosomal SNPs was 
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conducted. Amazonian and African tropical forest populations were compared 

to those living outside forests. The results suggest the action of positive 

selection especially upon genes related to immunity, cholesterol cellular flux 

and body height, among others.  

3) Amorim et al., (2013) A Bayesian Approach to Genome/Linguistic Relationships 

in Native South Americans (PLoS ONE 8: e64099). In this work, we tested the 

fit of current genomic South Amerindian diversity to demographic models 

based on linguistic classifications. The analyses revealed a better fit of the 

classification proposed by Joseph Greenberg in 1987. According to this 

scenario, the common ancestor of the main South American linguistic groups 

would have an age of circa 3.1 thousand years before present (BP) and the 

most recent fission between these groups would be that of the Tupí and 

Arawakan at 2.8 thousand years BP. The results also suggest that, in this 

context, language and genes evolve at a similar pace. 

4) Amorim et al. Differing evolutionary histories of the ACTN3*R577X 

polymorphism among the major human geographic groups (manuscript in 

preparation). The genetic diversity of the ACTN3 gene, and more specifically 

of its functional variant rs1815739 in Amerindian populations was compared 

to these of other continents, revealing an evolutionary scenario that suggests 

that this gene might have been a target of positive selection in the past; 

currently however, the signal of this process was erased or smoothed in the 

Americas.  

These results suggest that selective and neutral biological evolutionary factors 

were important during the settlement of the New World and highlight the importance of 
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analyzing them together with cultural characteristics, considering their peculiarities and 

the interaction between them. 
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I.I) APRESENTAÇÃO 

O entendimento da origem e da manutenção da diversidade genética em 

humanos e outros organismos em escala local e genômica tem aplicações em vários 

domínios da ciência e tecnologia, como, por exemplo, na genética médica, no 

melhoramento vegetal e na biologia evolutiva. Ignorar a ação da seleção natural sobre 

essa diversidade pode levar a um desentendimento da biologia dos organismos 

estudados em sua totalidade e de suas relações com o meio-ambiente e outros 

organismos. Da mesma forma, o desconhecimento das peculiaridades da história 

demográfica de uma população e da ação dos mecanismos randômicos de manutenção 

da diversidade genética pode levar a conclusões precipitadas acerca dos processos 

adaptativos dos organismos em questão. Por exemplo, estudos de associação e 

varreduras totais do genoma podem falhar na identificação de loci candidatos, relatando 

associações espúrias como verdadeiras, pois grande parte da variação genética humana 

está sujeita a ampla variação inter-populacional em decorrência dos efeitos de 

mecanismos apenas neutros (Hoffer et al., 2009) e boa parte dos estudos de seleção 

natural e associação são baseados na identificação de loci com distribuição aberrante 

(Beaumont, 2005); além do que, em alguns casos, mecanismos puramente neutros 

podem mimetizar os efeitos da seleção positiva (Excoffier e Ray, 2008). Apesar disso, um 

número crescente de estudos tem demonstrado que parte da genética de nossa espécie 

foi moldada por mecanismos adaptativos (Sabeti et al., 2007; López Herráez et al., 2009; 

Williamson et al., 2007; Coop et al., 2010; Daub et al., 2013; Grossman et al., 2013). 

Assim sendo, compreender as peculiaridades da história evolutiva de uma espécie ou 

população, separando os efeitos de mecanismos evolutivos direcionados daqueles de 
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ação randômica é um primeiro passo para o enriquecimento do conhecimento acerca 

dessa população ou espécie. 

No que concerne aos estudos de evolução humana, esse problema adquire uma 

nova dimensão: a cultura apresenta uma dinâmica evolutiva peculiar e interdependente 

da evolução biológica. Atualmente tem-se disponível um número considerável de 

trabalhos que relatam casos em que a cultura e a biologia interagem, estudos que 

demonstram que ambas evoluem e exemplos de eventos em que uma se adapta à outra e 

modifica suas pressões seletivas (Laland e Brown, 2002; Richerson e Boyd, 2005; Reali e 

Griffiths, 2010; Tovo-Rodrigues et al., 2010; Hünemeier et al., 2012a, b). 

 No presente trabalho, aspectos da história evolutiva de populações nativas 

americanas são analisados levando em conta os efeitos da deriva genética, demografia e 

seleção natural sobre sua diversidade genética e estrutura de recombinação 

(desequilíbrio de ligação, DL). Adicionalmente, uma comparação direta entre a evolução 

cultural e a evolução biológica é estabelecida de forma a contribuir para a compreensão 

da história de populações autóctones da América do Sul. Em última instância, o trabalho 

visa à compreensão detalhada dos mecanismos evolutivos aos quais os nativos 

americanos estiveram submetidos ao longo de sua história, inclusive no momento 

posterior à sua entrada nas Américas. 

O corpo principal desta tese está estruturado em três partes: I) esta apresentação, 

junto a uma breve revisão bibliográfica e o relato dos objetivos do trabalho; 2) uma 

compilação de quatro artigos – publicados ou em preparação –, que versam em geral 

sobre evolução humana, mas que no contexto desta tese serão usados para a discussão 

da história evolutiva dos ameríndios; e 3) conclusões gerais de acordo com essa 
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perspectiva. Em anexo está reproduzido um trabalho realizado com a minha 

colaboração, que foi utilizado para a discussão dos artigos e redação da tese.  

I.II) UMA BREVE INTRODUÇÃO À PRÉ-HISTÓRIA AMERICANA 

 Um dos poucos pontos consensuais no que concerne à pré-história das Américas 

é a origem asiática de seus primeiros habitantes humanos (Salzano, 2007). O processo 

de povoamento desse continente é entendido atualmente como tendo ocorrido de 

acordo com três estágios (Kitchen et al., 2008). O primeiro envolve um gargalo 

populacional em decorrência da saída de uma parcela de uma população do leste 

asiático – provavelmente da região da Sibéria (Bortolini et al., 2003) – em direção à 

Beríngia (correspondente hoje à região onde se localiza o estreito de Bering). A este 

primeiro estágio, está associada a redução da diversidade genética da população 

migrante, devido ao fato de que esta representa uma amostragem possivelmente não-

aleatória da população-fonte.  

Na Beríngia, a população migrante permanece isolada por cerca de 5.000 anos 

(Fagundes et al., 2008), o que consiste no segundo estágio do processo de povoamento 

do continente (Kitchen et al., 2008). Neste estágio, a população passa por um novo 

gargalo populacional por conta da redução do tamanho populacional (possivelmente 

devido à degradação do ambiente decorrente da ocupação prolongada do território e 

limitação natural de recursos) e do isolamento (uma vez que massas de gelo impediam o 

a entrada na América do Norte por uma rota interna). Estudos sugerem que este gargalo 

pode ter sido bastante severo, com o tamanho efetivo da população tendo sido estimado 

em cerca de no mínimo mil mulheres (Fagundes et al., 2008). 

Com o aumento da temperatura do planeta após o último glacial máximo há cerca 

de 20.000 anos (Yokoyama et al., 2000), as massas de gelo que bloqueavam o acesso ao 
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continente americano se derreteram permitindo o acesso de humanos ao seu interior, o 

que consiste no terceiro estágio do povoamento do continente americano (Kitchen et al., 

2008). É possível que rotas costeiras também tenham sido usadas em maior ou menor 

grau – como aparentemente ocorreu na América do Sul (Dillehay et al., 2008) – 

dependendo ou não da tecnologia de navegação marítima incipiente da época. Essa 

entrada teria ocorrido via América do Norte há cerca de 18 mil anos (Fagundes et al., 

2008). 

Membros da nossa espécie já estariam presentes no extremo sul do continente há 

mais de 14.000 anos, como indicado pelos artefatos humanos encontrados no sítio 

arqueológico de Monte Verde, localizado no sul do Chile (Dillehay et al., 2008). Isso 

sugere que os humanos devem ter se deslocado ao longo de toda a extensão do 

continente americano – com mais de 14 mil km – em pouquíssimo tempo e que o 

povoamento de todo o continente deve ter ocorrido de maneira muito veloz (Dillehay, 

2009). Neste curto período de tempo, uma população extremamente móvel teria se 

deslocado ocupando diferentes ambientes, ao longo de uma extensa variação de 

formações florestais, recursos alimentícios, geografia, diversidade patogênica e, em 

suma, de pressões seletivas variadas. É, portanto, bastante plausível pensar que essas 

populações tenham desenvolvido algumas adaptações biológicas a essa grande 

variedade de ambientes e que pelo menos algumas devam ter deixado sinais genéticos, 

como, por exemplo, a variante ABCA1*R230C, de acordo com o cenário evolutivo 

proposto por Hünemeier et al. (2012a). 

Adicionalmente, algumas dessas populações passaram por gargalos de garrafa 

posteriores devido ao processo de fissão-fusão ao qual particularmente as populações 

das terras baixas sul-amerincas estariam submetidas (Neel e Salzano, 1967). Em 
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consequência desses fenômenos de redução da diversidade genética causado pela 

estruturação e reduzido tamanho efetivo dessas populações, observa-se por um lado 

uma alta homogeneidade intra-populacional e por outro uma alta divergência inter-

populacional, em especial com relação aos indígenas amazônicos (Wang et al., 2007). Tal 

fenômeno é menos pronunciado em indígenas andinos, o que se deve ao fluxo gênico 

recorrente entre populações dos Andes e maior tamanho efetivo dessas populações 

(Scliar et al., 2012).  

Como populações de diversidade genética tão reduzida em decorrência dos 

sucessivos gargalos populacionais e da ação da deriva genética foram capazes de lidar 

com a adaptação a esta ampla gama de pressões seletivas? Como os processos 

adaptativos biológicos podem responder tão rapidamente a essa variação extrema? 

Processos exclusivamente biológicos devem ter ocorrido ao longo da história dos povos 

nativos americanos, porém os efeitos da cultura e suas vantagens adaptativas são fatos 

que não podem ser negligenciados. 

I.III) GENES E CULTURA(S) 

A cultura humana se diferencia da dos outros animais por apresentar uma alta 

complexidade e capacidade de acumulação sucessiva de novidades (Richerson e Boyd, 

2005). Desde os primórdios, essa cultura tem sido associada com um aumento na 

vantagem adaptativa de nossa espécie, propiciando a saída da África e o povoamento da 

Eurásia (Mellars, 2006) e, mais recentemente, acionando mecanismos seletivos que 

alteram o valor adaptativo de indivíduos que apresentam um fenótipo específico 

(Hünemeier et al., 2012b) ou de certos genes a partir da construção de nichos em que 

estes podem ser vantajosos (Hünemeier et al., 2012a). Nesse sentido, a co-evolução 
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gene-cultura1 tem sido estudada em populações ameríndias utilizando-se a variação 

genética do gene que codifica o receptor de dopamina-D4 (DRD4) em populações 

agricultoras e caçadoras-coletoras (Tovo-Rodrigues et al., 2010), a diversidade crânio-

facial dos Xavantes associada à evolução de marcadores putativamente neutros 

(Hünemeier et al., 2012b) e a relação de um gene associado ao influxo de lipídios para a 

célula com o surgimento da agricultura nas Américas (Hünemeier et al., 2012a). 

Uma forma de abordagem alternativa a essa é considerar aspectos culturais que 

apresentam evolução independente da genética. Exemplos desse tipo de abordagem são 

os estudos que visam a entender a variação linguística a partir da variação biológica e 

ainda aqueles que avaliam a relação entre a evolução dessas duas entidades: as línguas 

(ou culturas) e os genes. Esses estudos, apesar de serem baseados em modelos 

demográficos simplificados e pouco realistas, têm contribuído enormemente para o 

entendimento de aspectos da história demográfica e da variação linguística das 

populações nativas das Américas, como, por exemplo, ao esclarecer a dinâmica de 

surgimento e dispersão de família linguísticas (Callegari-Jacques et al., 2011), ao analisar 

a estruturação dentro de certos grupos linguísticos (Fagundes et al., 2002) e ao validar 

determinadas classificações linguísticas a partir da variação genética (Hunley e Long, 

2005). 

Esses estudos comparativos entre genes e línguas são possíveis devido ao fato de 

que ambos evoluem, isto é, apresentam variação herdável, que está sujeita a 

mecanismos de manutenção randômicos e direcionais (Richerson e Boyd, 2005; Reali e 

Griffiths, 2010). Apesar disso, línguas, como outros elementos culturais, também são 

                                                           
1
 “Co-evolução gene-cultura” é um termo utilizado por Peter Richerson e Robert Boyd (2005:191-193) para 

descrever o sistema em que os componentes biológico e cultural humanos interagem de forma a modificarem 

o valor adaptativo um do outro respectivamente. 
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transmitidas horizontalmente e possuem menos restrições evolutivas. Por conta disso, a 

cultura, em princípio, pode ser substituída mais rapidamente que genes e apresentar 

taxas de evolução mais velozes (Perreault, 2012).  

I.IV) A IMPORTÂNCIA DOS MECANISMOS ADAPTATIVOS NO 

POVOAMENTO DAS AMÉRICAS 

 A interação de espécies com o ambiente – quer seja este ambiente manipulado 

pela cultura ou não – é um fator normalmente  associado à ocorrência de adaptações 

biológicas que muitas vezes geram impacto na diversidade genética da população 

submetida a novas pressões ambientais (Coop et al., 2010). Apesar da evolução 

molecular ser influenciada principalmente por mecanismos evolutivos neutros (Kimura 

e Ohta, 1974; Hughes, 2012), a genômica populacional tem apontado uma série de casos 

em que genes, redes de genes e regiões regulatórias foram aparentemente alvos de 

seleção positiva. Essas análises revelam por um lado que episódios de varreduras 

adaptativas clássicas2 devem ter sido raros durante a evolução humana (Hernandez et 

al., 2011) e por outro que algumas classes de genes como aqueles relacionados à 

reprodução, percepção sensorial e principalmente à resposta imune foram os alvos mais 

importantes da seleção positiva (Sabeti et al., 2006, 2007; Williamson et al., 2007; López 

Herráez et al., 2009; Daub et al., 2013), além de regiões regulatórias (Grossman et al., 

2013). Tais estudos, de escala genômica, representam a mudança de uma perspectiva 

em que os estudos se baseavam em hipóteses a priori a partir da investigação de genes 

candidatos, para os estudos que são geradores de hipótese, a partir dos dados, trazendo 

                                                           
2
 As varreduras adaptativas clássicas ou classic selective sweeps são aqueles casos em que uma mutação nova 

com alto valor adaptativo é rapidamente fixada numa população (Sabeti et al., 2006), em contraposição com a 

seleção positiva sobre variação pré-existente ou seleção sobre múltiplos alelos (Hernandez et al., 2011), o que 

levaria à fixação de alelos de frequência intermediária. 
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novas perspectivas para o entendimento da evolução humana e dos mecanismos 

adaptativos. 

As metodologias para inferência de seleção positiva são as mais variadas e 

partem de diferentes pressupostos. Duas das mais utilizadas em nível intraespecífico são 

baseadas nas ideias de que alelos que apresentam alto valor adaptativo em determinado 

ambiente devem exibir maior diversidade interpopulacional do que alelos em loci 

neutros (Beaumont, 2005) e os haplótipos em que se situam devem ser encontrados em 

alta frequência populacional atrelada à ampla extensão de desequilíbrio de ligação 

(Sabeti et al., 2002). Apesar das críticas constantes (Hughes, 2012), ambos os métodos – 

principalmente em suas versões mais recentes – são robustos o suficiente para não 

serem afetados por efeitos demográficos ou por particularidades dos sistemas e das 

regiões utilizadas (Beaumont, 2005; Sabeti et al., 2006, 2007; Foll e Gaggiotti, 2008). 

Dessa forma, é possível ter, hoje em dia, uma certeza maior de que parte significativa do 

genoma humano evoluiu sob o efeito da seleção positiva, colocando em cheque ideias 

neutralistas clássicas mais radicais ou, pelo menos, levantando questionamentos sobre 

as situações especiais em que mecanismos neutros devem ter sido mais ou menos 

importantes que mecanismos adaptativos. 

Nesse âmbito, é plausível imaginar que mecanismos evolutivos randômicos 

devem ter sido de grande importância na origem e manutenção da diversidade genética 

de populações ameríndias, uma vez que a história demográfica dessas populações 

incluiu uma série de gargalos populacionais e fenômenos de redução de tamanho efetivo 

(Neel e Salzano, 1967; Fagundes et al., 2008; Kitchen et al., 2008). Apesar disso, tal ideia 

é meramente especulativa, já que poucos estudos em escala genômica incluíram 

populações ameríndias em suas amostras. São alguns exemplos desse tipo os estudos de 
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López Herráez et al. (2009), Coop et al. (2010) e Daub et al. (2013). Não obstante, em 

nenhum desses casos essas populações foram o principal foco. Dentro desse cenário, é 

difícil imaginar quais genes e funções biológicas devem ter exercido alguma importância 

na pré-história americana, se de fato a ampla variação ambiental representou uma 

barreira para o povoamento de determinadas partes do continente, como foram os 

modos de adaptação no Novo Mundo e quais redes genéticas podem ser ativadas em um 

curto período de tempo para efetivarem a adaptação de seres humanos às pressões 

seletivas de novos territórios.  

Apesar da escassez de varreduras totais do genoma para esse fim, esforços têm 

sido direcionados para a busca de sinais de seleção natural em genes específicos. 

Podem-se citar como exemplos a busca de loci candidatos para adaptação à alta altitude 

em populações andinas (Bigham et al., 2009); a inferência de ação de seleção natural em 

genes relacionados à imunidade (Tarazona-Santos et al., 2011);  o exemplo do ABCA1 na 

Mesoamérica, que sugere que a interação dos indivíduos com o ambiente modificado 

pela agricultura teria ocasionado o aumento do valor adaptativo do um alelo que 

favorece o influxo de colesterol para a célula (Hünemeier et al., 2012a); e o caso em que 

a deriva genética obliterou o sinal da seleção natural existente no gene KIR devido às 

peculiaridades da história demográfica ameríndia (Augusto et al., 2013), o mesmo não 

tendo ocorrido com o CCR5, um gene com indícios persistentes de seleção balanceadora 

(Ramalho et al., 2010). Com o aumento de exemplos como esses e com a realização de 

estudos de varredura genômica especialmente desenhados para a análise de povos 

nativos americanos, o cenário complexo de povoamento do Novo Mundo poderá ser 

esclarecido de uma maneira mais eficaz. Espera-se que parte dos sinais genéticos de 

adaptação deva ter sido apagada por conta da deriva genética, dos sucessivos gargalos 
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populacionais e do reduzido tamanho efetivo de grande parte das populações nativas 

das Américas. No entanto, uma vez que estudos com genes e regiões candidatas já 

revelaram alguns casos em que a seleção natural moldou a diversidade genética 

ameríndia, é provável que estudos de varredura total do genoma apontem para novas 

direções, sugerindo novos genes candidatos, e que possam explicitar de que maneira 

povos nativos americanos foram capazes de lidar com a diversidade de ambientes do 

continente em um curto período de tempo. 

I.V) OBJETIVOS 

O presente trabalho tem como objetivo geral analisar os processos evolutivos 

culturais e biológicos (adaptativos ou neutros) em populações nativas americanas, 

procurando entender as particularidades de cada um e avaliando seus efeitos sobre a 

diversidade genética. Os resultados, apresentados na Parte II a seguir, são divididos em 

quatro artigos que, no geral, visam: 

1) à análise dos padrões de desequilíbrio de ligação e diversidade genética do 

cromossomo X e sua relação com a história demográfica de populações ameríndias, 

comparando-as com grupos que também apresentam certo grau de isolamento, mas que 

possuem contribuição genética distinta dessas; 

2) à identificação e interpretação de sinais genéticos de adaptação à Floresta 

Amazônica numa abordagem que considera as convergências evolutivas como evidência 

para a adaptação, utilizando-se para esse fim uma comparação com populações 

africanas que vivem em ambiente semelhante; 

3) ao entendimento da relação entre a evolução genômica e linguística em 

populações nativas sul-americanas, relacionando-a à história demográfica de 
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populações pertencentes aos cinco principais grupos linguísticos dessa região e 

utilizando modelos demográficos realistas; e 

4) à descrição dos mecanismos evolutivos que levaram ao aumento da frequência 

de uma mutação não-sinônima no gene ACTN3 em populações ameríndias, em 

contraposição com o corrido em outras populações do mundo. 
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Abstract Tropical forests are believed to be very harsh environments for human 

life. It is unclear if human beings would have ever subsisted in those environments 

without external resources. However, it is possible that humans have developed recent 

biological adaptations in response to specific selective pressures to this challenge. To 

understand such biological adaptations we analyzed genome-wide SNP data under a 

Bayesian statistics framework, looking for outlier markers with overly large 
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differentiation between populations living in a tropical forest, as compared to 

genetically related populations living outside forest. The most significant positive 

selection signals were found in genes related to lipid metabolism, the immune system, 

body development, and axon guidance. The results are discussed in the light of putative 

tropical forest selective pressures, namely food scarcity, high prevalence of pathogens, 

difficulty to move, and inefficient thermoregulation. Agreement between our results and 

previous studies on pygmy phenotype, a putative prototype of forest adaptation, were 

found, suggesting that a few genetic regions previously described as associated with 

short stature may be evolving under positive selection in Africa and the Americas. 

INTRODUCTION 

Tropical forests are characterized by a high diversity of plants, with tall trees, 

dense canopies and low light penetration (Ratnam et al., 2011). Their climate is 

generally warm with minimum temperatures well above the freezing point, and mean 

annual rainfall above 1,000 mm (Bailey et al., 1989). Despite being one of the most 

productive environments of the world, tropical forests provide only few resources for 

humans (Hart and Hart, 1986). Indeed, in these environments plants invest most of their 

energy in structure maintenance and not into the reproductive parts that are the most 

edible parts for humans and their preys (Bailey et al., 1989). In addition, the instability 

of food resources in response to the high seasonality of rain falls raises the costs of 

foraging, further reducing its capacity to support human life (Bailey et al., 1989; Hart 

and Hart, 1986). 

Besides food limitation, other characteristics of tropical forests may also 

contribute to the hostility of these environments. For instance, tropical areas harbor on 

average 70% higher pathogen diversity as compared to more temperate areas (Guernier 
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et al., 2004). As a consequence, infant and child mortality rates among tropical forest 

dwellers should be high (Ohenjo et al., 2006). Moreover, the small differences between 

air and skin relative humidities and high temperature, coupled with little air movement, 

make sweat production and evaporation difficult in tropical forests, potentially 

compromising thermoregulation (Perry and Dominy, 2009). 

Due to the hostility of this environment, it is unclear if humans would have ever 

subsisted in tropical forests without depending on external resources, such as 

agriculture or possible exchanges with neighboring populations. Evidence of societies 

living in such harsh conditions is scarce for contemporary and extinct modern humans 

(Bailey et al., 1989), as well as for early Homo (Mercader, 2002). Nonetheless, it is 

possible that humans have developed recent biological adaptations to tropical forests. A 

few examples of such adaptations have indeed been documented, the most well-known 

being the pygmy phenotype. Short-statured individuals may have, for instance, 

advantages to cope with food limitation, thermoregulation, and mobility hardship in a 

dense forest (Perry and Dominy, 2009). However, it has also been suggested that this 

phenotype could be a by-product of selection for early onset of reproduction (Migliano 

et al., 2007), which could enable populations to overcome problems related to their life 

history and increased mortality (Walker and Hamilton, 2008). 

To investigate whether tropical forest dwellers have developed specific biological 

adaptations to this harsh environment, we searched for genome-wide signals of positive 

selection in populations from the Americas and Africa. Populations living in this 

environment and others, genetically related, living outside forests were investigated 

with the specific aim of identifying signals in these two continents. 
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SUBJECTS AND METHODS 

Populations and samples 

Genome-wide single nucleotide polymorphism (SNP) data were downloaded for 

seven populations included in the Human Genetic Diversity Panel database (HGDP; Cann 

et al., 2002; Rosenberg et al., 2002). Two African (Biaka and Mbuti pygmies) and two 

American (Surui and Karitiana) tropical forest populations were selected, as well as 

three other populations from these continents to serve as non-tropical forest 

comparisons (Mandenka and Yoruba in Africa; Pima in America). Considering the 

genetic similarity between Mandenka and Yoruba (Li et al., 2008), these populations 

were grouped into a single set, hereafter called “West Africa”, to increase sample size 

and the statistical power of the analyses. More information on the chosen populations 

can be found in Hart and Hart (1986); Cann et al. (2002); Rosenberg et al. (2002); Lee 

and Daly (2004); and ISA (2013). We excluded atypical and duplicated samples, keeping 

only those present in the H1048 subset of Rosenberg (2006). 

The six populations were combined into four distinct population sets (PS), each 

including one tropical forest and one control population per continent as follows: 

PS1: West Africa, Biaka; Pima, Surui. 

PS2: West Africa, Mbuti; Pima, Surui. 

PS3: West Africa, Biaka; Pima, Karitiana. 

PS4: West Africa, Mbuti; Pima, Karitiana. 

Each PS was analyzed separately to find loci and genomic regions that would 

putatively be under natural selection. The rationale behind the use of different 

population sets is to look for signals of adaptation across data sets, and thus to eliminate 

signals potentially due to particular tropical forest populations, which have been shown 
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to present high rates of genetic drift due to their small effective population sizes (Wang 

et al., 2007; Tishkoff et al. 2009). 

Genetic data 

Data on 660,918 SNPs were downloaded from the Stanford University HGDP-

CEPH SNP genotyping data supplement 1 (Li et al., 2008; 

<ftp://ftp.cephb.fr/hgdp_supp1/>). We initially discarded 250 markers that were 

monomorphic in all populations, those that presented only missing data, and those 

located on either the Y-chromosome, the pseudoautosomal region of the sex 

chromosomes, or the mtDNA, leaving us with 660,668 SNPs. After selecting the different 

PSs as described above, those markers with minor allele frequency less than 5%, when 

all populations were pooled, were discarded, yielding 582,074, 581,855, 584,205, and 

577,345 SNPs for population sets PS1-PS4, respectively.  

Detecting outlier SNPs 

A modified version of BayeScan (Foll and Gaggiotti, 2008) was used to identify 

candidate targets for natural selection. The methodology is based on the multinomial-

Dirichlet likelihood-based approach (Balding, 2003) implemented via a Markov chain 

Monte Carlo (MCMC) algorithm (Beaumont and Balding, 2004) and uses a hierarchical 

island model (Excoffier et al., 2009) – in which the subpopulations’ allele frequencies are 

correlated through a common migrant gene pool from which they differ by varying 

degrees – to calculate a population specific FST coefficient. Logistically transformed FST 

coefficients are then decomposed into a population-specific component (β), shared by 

all loci, and a locus-specific component (α), shared by all the populations (Beaumont and 

Balding, 2004; Foll and Gaggiotti, 2008). Selection is inferred when α is significantly 

different from zero. For each locus, two alternative evolutionary models including α 
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(selection) or neutrality can thus be explored. The posterior probability of each model 

(selection vs. neutrality) is estimated with a reversible-jump MCMC algorithm (Foll and 

Gaggiotti, 2008) and indicates how likely the model with selection is in comparison to 

the neutral one. Significantly positive values are indicators of an overly large level of 

differentiation of a given SNP and thus positive selection; whereas significantly negative 

values of α are indicative of balancing selection. Further information on this 

methodology can be found in the Bayescan manual or other methodological papers on 

the F-model (Balding 2003; Beaumont and Balding, 2004; Foll and Gaggiotti, 2008). 

The newest version of BayeScan includes a hierarchical island model accounting 

for the relative closer similarity of certain populations in comparison to others as should 

be the case of populations that are distributed in different continents. In this regard, 

when considering two pairs of populations in two different continents one ends up with 

four alternative selection models for each locus: (1) neutral variability; (2) selection in 

one continent; (3) selection in the other continent; and (4) selection in both continents. 

We shall assume hereafter that convergent selection occurred when selection presents a 

higher probability than neutrality and model 4 has a higher posterior probability than 

models 2 and 3. 

The modified version of BayeScan estimates for each marker the posterior 

probability of each one of the four tested models. These posterior probabilities are then 

transformed into q-values for each marker in order to control for the False Discovery 

Rate (FDR; Benjamini and Hochberg, 1995). FDR is defined as the expected proportion 

of false positives among outlier markers. In this paper, we considered all SNPs with q-

values lower than 0.1 as significant. This procedure yielded a list of outlier SNPs for each 

PS, which were then considered as candidate loci for natural selection targets. 
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Gene and regulatory elements annotation 

All SNPs were assigned to genes using PLINK v1.07 (Purcell et al., 2007; available 

at http://pngu.mgh.harvard.edu/purcell/plink). SNPs not present in coding regions 

were assigned to a given gene if located less than 50 kb away from it. When more than 

one gene was within this range, the closest gene was chosen for the subsequent 

analyses. The amount of outlier SNPs falling in genic regions (or <50kb way from them) 

was compared to the amount of SNPs in non-genic regions. This proportion was then 

compared to the distribution of the 660,668 HGDP SNPs in genic or non-genic regions 

with a chi-square test using R (R Development Core Team, 2011) to check if these outlier 

SNPs were enriched for genic SNPs in comparison to all available markers. 

The coordinates of the 19,668 protein-coding genes located on the human 

autosomal and X chromosomes were obtained from NCBI Entrez Gene website (Maglott 

et al., 2011; <http://www.ncbi.nlm.nih.gov/gene>, accessed on January 4, 2012) for the 

hg19 assembly (NCBI Build 37.3). Twenty-six genes presented multiple locations; in 

these cases we took the outermost start and end positions. The original positions of the 

SNPs on the hg18 reference genome (NCBI Built 36.3) obtained from the original dataset 

(Li et al., 2008; <ftp://ftp.cephb.fr/hgdp_supp1/>) were remapped on hg19 with the 

NCBI Genome Remapping Service 

(<http://www.ncbi.nlm.nih.gov/genome/tools/remap>). In doing so, we were not able 

to remap 74 SNPs, which were then excluded from the following analyses. 

Information on the DNaseI Hypersensivity clusters were obtained online 

(<http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeRegDnaseC

lustered/>, volume 2, accessed on April 4, 2013) for the hg19 assembly and added to the 

annotation file. These clusters show DNaseI hypersensitive areas assayed in 125 human 
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cell types by the ENCODE Project (ENCODE Project Consortium, 2012) and may be 

indicative of regulatory regions. This information was used to calculate the distance of 

an outlier SNP to a putative functional region. 

Detecting clusters of outlier SNPs 

A sliding-window approach was implemented with R to identify significant 

clusters of candidate SNPs and remove isolated loci. We considered consecutive 

windows of size 500 kb-wide with 25 kb overlap. The q-value associated to each window 

was assumed as the 95% quantile of all included SNPs. Low density windows, i.e. those 

with less than one fifth of the average SNP density per chromosome, were set as non-

significant. A graphical representation of this procedure was plotted with R taking into 

account the distribution of the SNPs, their particular q-value, the window q-value, and 

the best supported model of selection for each outlier SNPs. For the outlier SNPs, we 

also included information on their nearest gene if it was at most 50 kb apart. 

The sliding-window approach yielded a second set of outlier markers. This SNP 

set is more refined than the one with the first candidates, since it ignores the low SNP 

density regions of the genome and those candidates that are isolated, highlighting 

genomic regions with a higher density of outlier SNPs. For each of these outliers, we also 

flagged cases in which the difference between the probabilities of the best and the 

second-best model of selection was less than 0.15, since the exact selection model 

(selection in one or both continents) is difficult to identify with high confidence. 

Genetic bases of adaptation 

To infer the biological processes and pathways associated with genes containing 

one or more outlier SNPs, we used the STRING 9.0 software (Franceschini et al., 2013) to 

identify Gene Ontology (GO) terms (Ashburner et al., 2000) and biological pathways 
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described in the Kyoto Encyclopedia of Genes and Genomes (KEGG; Kanehisa and Goto, 

2000; Kanehisa et al., 2012) that were enriched in the outlier gene lists considering a 

FDR of 0.1. For each PS only one list with all selection models (selection in one continent 

or both) was used. In doing so, we allow that two or more genes belonging to the same 

pathway, but that were inferred to be evolving under different selection models, to be 

considered as evolving under convergent evolution at the pathway-level and not only at 

the SNP- or gene-levels as the previous analysis. 

When the STRING database used a gene alias different from that used for the 

annotation file, we resolved the ambiguity by considered the GeneCards Encyclopedia 

(<www.genecards.org>; Safran et al., 2010), except for five genes for which no 

correspondence was found in this online encyclopedia, which were then ignored in 

subsequent analyses. 

To account for the fact that a gene with many SNPs is more likely to contain high 

scoring SNP than a gene with fewer SNPs just by chance, we checked if the outlier gene 

lists were biased for high SNP-count genes. For this, a Kolmogorov-Smirnov (KS) test 

implemented via R was employed to check if the distribution of SNP-counts from all 

annotated genes differed significantly from those of the outlier gene lists. 

RESULTS 

According to the FST-based Bayesian approach implemented via BayeScan (Foll 

and Gaggiotti, 2008), 1,482, 1,222, 1,579, and 1,365 outlier SNPs were identified in 

populations sets PS1 to PS4, respectively (the list, very extensive, will be available on 

request). From these, 75 are significant regardless of which PS is analyzed. Using a 

threshold of 50 kb to associate a SNP with a candidate gene, these sets yielded 568, 474, 

620, and 517 genes respectively, of which 57 were found to be co-occurring in all four 
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PSs (ABLIM3, ACSS2,  AKAP6, ANKRD26, ARHGEF10, ATIC, BCAT1, C20orf111, C2orf73, 

CBLN1, CNTN4, CNTNAP5, COL22A1, CPA5, CRTC3, CWH43, DCUN1D4, DHCR7, EPHB4, 

FAM188B, FKBP6, GALNT16, GLIS3, GLRB, GPC6, GRIK2, HLA-DPA1, HMG20B, HSF2, 

IQGAP1, KIAA1598, KLHL29, LRRC66, MASTL, MPST, NAALADL2, NRG1, NRP2, NSUN5, 

PARK2, PKIB, PPP2R2C, RABGGTB, RAD51B, RBFOX1, RBM9, RBMS3, RFX3, ROBO2, SCP2, 

SGCB, SHISA6, SPAG16, SPATA13, SPATA18, ST6GAL1, and TRG@).  

The sliding-window procedure yielded 440, 399, 505, and 471 SNPs with 

significant signal of positive selection and included in significant sliding-windows in 

each case. There were no cases in which balancing selection could be inferred, i.e. α 

never assumed a significant negative value, which may be due to the characteristics of 

the genetic system employed (e.g. ascertainment bias) and not necessarily to the 

absence of this phenomena in the evolutionary history of these populations. 

Supplementary Information on chromosomal location of these SNPs, nearest gene (if 

located in a genic region), as well as the q-value and best supported model of selection, 

highlighting those cases in which the two best supported models present similar (<0.15) 

probabilities furnishes a very extensive list of 1,815 lines, which will be available on 

request.  

Outlier SNPs are significantly enriched (p-values < 0.00017) for genic SNPs in 

comparison to the whole HGDP SNP set. In average 72.0% of the outlier SNPs after the 

sliding-window procedure are located in genic regions considering all four PSs, while in 

the HGDP database this number is only 63.6%. The outlier SNPs were located at 

maximum 45.8kb apart from a gene or a putative regulatory element indicated by a 

hypersensibility to DNaseI as described by the ENCODE project. 
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Figure 1 shows the Manhattan plots of the distribution of the SNPs in the genome 

for the different PSs and their estimated q-value, as well as the best model for selection 

(color-coded) into the sliding-window approach. It was possible to identify seven 

clusters of outlier SNPs co-occurring in all four PSs (indicated by gray-shaded boxes at 

Figure 1).  

For the first two clusters – located at 1p32.3 and 2q32.1 (Figures 2 and 3) – the 

best supported model is positive selection in the Americas, although convergent 

evolution cannot be ruled out in a few cases. Cluster 1 is delimited by two SNPs 

(rs7550236 and rs6679819) that are 43.1 kb apart from each other. The latter and a few 

other SNPs from this cluster occur inside SCP2 (Figure 2). Cluster 2 contains four SNPs 

(rs17715017, rs1733497, rs1439771, and rs2119047; the outermost SNPs are 

separated by 25.2 kb) in an inter-genic region (Figure 3). This signal occurs in a wider 

region for PS3 and PS4, reaching SNPs rs12617731 and rs2165172, that are 206.6kb 

apart from each other. 

The next two clusters of significant SNPs occur on the same chromosome (Cluster 

3 at 4p11 and Cluster 4 at 4q12; Figure 1) and selection in Africa is in general the best 

supported model. Cluster 3 comprises rs2605267 and rs2572363 (the latter could also 

be evolving under convergent adaptation in Africa and the Americas) and is associated 

to CWH43 (Figure 4). Cluster 4 is delimited by rs4865414 and rs1460554, which are 

177.4 kb apart from each other, and comprises SNPs that fall into genes such as 

DCUN1D4, LRRC66, and SGCB (Figure 4). 

Convergent evolution is the best supported model of selection for the SNPs falling 

into the other three clusters, which are located at 5p12, 6p22.31, and 7q11.23 (Figure 

1). One of the extremities of Cluster 5 is defined by rs6875400, which is found to be 
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significant in all PSs and is located in an inter-genic region. The other extremity of this 

cluster is defined by two different SNPs depending on the analyzed PS. For PS1 and PS3, 

this SNP is rs6895327, located circa 365 kb away from rs6875400, and occurring inside 

C5orf34, delimiting a genomic region in which NNT is included and presents significant 

outlier SNPs associated to it (Figures 5A and 5C,). For PS2 and PS4, the outermost 

significant SNP is rs4264950, located more than 445 kb from rs6875400 and around 27 

kb from CCL28 (Figures 5B and 5D). Although the whole region delimited by significant 

SNPs in the four different PSs include C5orf34 and NNT, no outlier SNP was found to be 

associated to these genes in PS2 and PS4. Cluster 6 comprises HSF2 and PKIB and is 

delimited by rs3778348 and rs9320878 (Figure 6). The analyses of PS1 and PS3 

revealed an additional significant SNP at this cluster (rs487098), which is located at 

SERINC1. The last cluster (no. 7) includes two SNPs that are 27.3 kb apart: rs1178970, 

located in a FKBP6 intron; and rs1880948, located 0.12 kb apart from NSUN5 and 3.55 

kb from TRIM50. 

The abovementioned 14 genes that include or are close to SNPs that present 

signals of positive selection after the sliding-windows approach for all four PSs are 

described in Table 1. 

Genes with at least one significant outlier SNP presented strong SNP-count bias 

(KS test p-value < 1e-15). Hence, these gene lists were not analyzed for GO terms 

enrichment or KEGG pathways. Nonetheless the gene lists after the sliding-windows 

procedure were unbiased when all PSs were pooled and repeated genes were eliminated 

(KS test p-value = 0.07) and also for PS2-4 independently (p-values for the KS test equals 

to 0.07, 0.26, and 0.79 respectively); but not for PS1 (KS test p-value = 0.03). Although 

several GO terms and KEGG pathways were enriched at the analyses, no GO term 
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remained significant after correction for multiple testing (FDR=0.1; results not shown), 

even considering the 57 ones found to be co-occurring in all four PSs, and only two 

KEGG pathways remained significant, namely “Apoptosis” (with a q-value of 0.07 for 

PS2) and “Axon guidance” (for PS2-4, with q-values of 0.09, 0.02, and 0.01 respectively). 

The first pathway includes the following genes with outlier SNPs for PS2: PPP3CA, 

PPP3CB, PRKAR2B, and XIAP. Genes occurring in the “Axon guidance” pathway with a 

significant signal of positive selection are PPP3CA, PPP3CB, ROBO2, and UNC5C for PS2; 

ABLIM3, EPHB4, LIMK2, NTN4, ROBO2, and UNC5D for PS3; and EPHB4, LIMK2, NTN4, 

PPP3CB, ROBO2, and UNC5D for PS4. 

DISCUSSION 

Tropical forests are believed to be very harsh habitats for human beings (Hart 

and Hart, 1986). In addition to being almost deprived from energy-rich food and edible 

plants (Bailey et al., 1989), these environments are very propitious for the development 

of diseases (Guernier et al., 2004) and might also compromise thermoregulation (Perry 

and Dominy, 2009). In this work we sought to identify human adaptations to these 

environments by employing a Bayesian method (Foll and Gaggiotti, 2008) to identify 

SNPs in a genome-wide dataset showing overly large or low extent of differentiation 

between tropical and non-tropical forest populations. We sought to infer signals of 

convergent evolution by comparing native populations from tropical forests (Biaka, 

Mbuti, Karitiana, and Surui) with genetically related populations living elsewhere 

(Mandenka, Yoruba, and Pima) combined in four different population sets (PSs). The 

analysis suggested some SNPs, genes, and biological pathways in which convergence and 

positive selection could be inferred, highlighting biological functions associated to 

immunology, nervous system development, and lipid metabolism, among others, that 
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may have presented adaptive advantage in tropical forests. The few cases in which the 

same signal could be identified by employing different combinations of populations 

(clusters 1-7 at Figure 1), indicated that the inferred signal is likely due to 

environmental selective pressures and adaptation rather than any particularity of the 

demographic history of the analyzed populations. The outlier regions are enriched for 

genic loci. Those few cases that have fallen inside an intergenic region, such as Cluster 2 

(Figure 2), could always be associated (distance < 50 kb) to a putative regulatory 

element described by the ENCODE project. The results show that at least some recent 

human adaptations are indeed based in regulatory regions (Grossman et al., 2013) and 

that selection had played an important role in shaping human genetic diversity. 

In a previous study involving Native Americans, Hünemeier et al. (2012) 

suggested that ABCA1, a gene encoding a cholesterol efflux regulatory protein, was 

evolving under positive selection due to limited food resources that Native American 

encountered during their history. We also found significant signals of positive selection 

in genes that are related to lipid circulation and metabolism, such as SCP2 and CWH43 

(Figures 1, 2 and 4; Table 1). While the first gene is found to be probably evolving under 

positive selection in the Americas, the latter presents this pattern in African populations. 

Both might have developed cellular mechanisms for energy maintenance in response to 

food scarcity pressures. However other factors could be involved, since cholesterol plays 

an important role in various infectious processes such as virus invasion and replication 

(Lee at al., 2008) and resistance against malaria (Combes et al., 2005). 

In this regard, Sabeti et al. (2006) in their review noticed the preponderance of 

genes related to the immune system in the available genome-wide scans for positive 

selection. This preponderance was further confirmed by Williamson et al. (2007) and 
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López Herráez et al. (2009), and ultimately by our analyses. Besides the two 

abovementioned genes, SCP2 and CWH43, which have a possible effect on immunology, 

the protein encoded by CCL28, which was found in the vicinities of Cluster 5 and present 

SNPs with signal of convergent evolution in PS2 and PS4 (Figure 5, right column), 

modulates immunity to HIV infection and skin-related inflammatory diseases (Table 1). 

Another category of genes frequently presenting signals of positive selection is 

fertility, more specifically, spermatozoid development (Sabeti et al., 2006). In this 

regard, FKBP6, a male fertility factor (Table 1), was also suggested to be evolving under 

positive selection with the analyses of the tropical forest populations of Africa and the 

Americas (Figure 7).   

Heat-shock transcription factors, such as that encoded by HSF2 (Cluster 6; 

Figures 1 and 6), are activated by stress and respond to elevated temperatures. One of 

the consequences of inefficient thermoregulation is the increase of body temperature. 

The observed positive selection signals at SNPs found in this gene could be due to an 

adaptation to the tropics, initiating gene(s) transcription in response to high body 

temperatures. Another study with African-, European-American, and Chinese 

populations also found a significant signal of positive selection in heat shock genes 

(Williamson et al., 2007), suggesting that this category might have some importance in 

human adaptation to different environments. 

In the search for enriched KEGG pathways, the “Axon guidance” category is 

significant in more than one PS (PS2-4), even after correction for multiple testing. The 

exact nature of this signal is unknown and thus deserves further investigation. 

It is generally accepted that the pygmy phenotype might have evolved as an 

adaptation to life in dense tropical forests, to thermoregulation, and to food scarcity 
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(Diamond, 1991; Perry and Dominy, 2009); or as a by-product of selection for early 

onset of reproduction (Migliano et al., 2007). Our research design enables the 

comparison of two African pygmy populations with two other non-pygmy populations 

from the same continent besides this tropical/non-tropical dichotomy in order to 

identify possible targets for positive selection that could be related to the pygmy 

phenotype. The two best candidate regions for this comparison are those of Clusters 3 

and 4 (Figures 1 and 4). The first presents a gene involved in lipid metabolism (CWH43, 

discussed above). The second includes DCUN1D4, LRRC66, and SGCB, and is found in a 

locus that, when subjected to a homozygous microdeletion, leads to severe limb-girdle 

muscular Duchenne-like dystrophy, combined with hyperlaxity and join contractures, 

chest pain, palpitations, and dyspnea (Kaindl et al., 2005). Both could be involved in 

body growth and development, and these regions deserve further attention in future 

investigations on human height and pygmy evolution. 

Fifteen genomic regions have been found to be associated with the pygmy 

phenotype by means of covariation between allele frequencies and body height in Africa 

(Mendizabal et al., 2012). In four of these regions we also found signals of positive 

selection in the African continent. By comparing Mbuti to West Africa two regions were 

highlighted (regions 12 and 14 as named by Mendizabal et al., 2012). In our study, the 

first region is among those with the highest q-values, and is located in the long arm of 

chromosome 10 (Figure 1) spanning over 644 kb. It presents 14 outlier SNPs in the 

following 11 genes: P4HA1, NUDT13, ECD, FAM149B1, DNAJC9, MRPS16, ANXA7, 

ZMYND17, USP54, PPP3CB, and TTC18. One of them, PPP3CB, encodes a subunit of 

calcineurin, a protein that regulates bone formation by osteoblast differentiation (Sun et 

al., 2005). Additionally, two polymorphisms in this region – rs2271904 and rs4294502 – 
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present signals of positive selection and are both non-synonymous mutations in ECD 

and TTC18 respectively.  

The second region is defined by two SNPs (rs7174731 and rs7181518) in TRIP4. 

This gene encodes a thyroid hormone receptor interactor and was also suggested to be 

related to the pygmy phenotype by López Herráez et al. (2009). Since African pygmies 

live in inland tropical forests, regions with limited access to iodine-rich foods, these 

authors suggested that genetic changes in this gene could be related to an adaptation to 

their iodine-deficient environment and responsible for their short stature, since changes 

in the thyroid hormone pathway can cause growth deficiency (Sultan et al., 2008). 

Finally, considering Biaka instead of Mbuti, we found two genes with positive 

selection signals: USP46 and MLL3. The latter is involved in histone modification, a 

category associated with height in a genome-wide association study (Lango Allen et al., 

2010). USP46 has been associated with cognition and behavior of humans and mice 

(Fukuo et al., 2011; Zhang et al., 2011). 

An additional region suggested by Mendizabal et al. (2012) to be associated with 

the pygmy phenotype presents signals of convergent adaptation using all four different 

combinations of populations in our study. They found significant SNPs in NNT, while we 

observed a more diffuse significant signal also including CCL28 in some cases (Figure 5).  

Other genes listed in Table 1 indicating a possible role in human adaptation to the 

tropics and not yet discussed, whose function is known, include: (a) PKIB related to cell 

division; and (b) NSUN5 and TRIM50, involved with the development of the vascular 

system and with calcium metabolism. Four genes (PPP3CA, PPP3CB, PRKAR2B, and 

XIAP), involved with apoptosis, present significant values in PS2 and could also play a 

role in this ontogenetic process. 
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CONCLUSIONS  

The FST-based Bayesian method employed in our study was able to detect some 

regions with positive selection signal suggesting that the following biological functions 

and pathways may play a role in human adaptations to tropical forest: lipid metabolism, 

immunology, body development, axon guidance, and heat stress response. The same 

signal in different population sets may assure that they are due to environment 

adaptation and not to any demographic peculiarity of the chosen populations. Further 

refinement of these analyses with the input of full genome or exome sequence 

information for these populations could reveal which particular mutations are 

responsible for the fitness variation among individuals and the specific biological 

function affected by them.  
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Table 1. Genes with signals of positive selection in the four sets of comparisons made 

(PS1-4) suggesting human adaptations to tropical forests in Africa and the Americas.  

Gene Alias Cluster 
Biological function in mammalians 

or associated human diseases  

Sterol carrier protein-2 SCP2 1 
Involved in cholesterol trafficking and 
metabolism1. 

Cell wall biogenesis 43 
C-terminal homolog 

CWH43 3 
Enhance lipid remodeling to 
ceramides2. 

 Defective in cullin 
neddylation 1 domain 

containing 4 
DCUN1D4 4 Unknown. 

Leucine rich repeat 
containing 66 

LRRC66 4 Unknown. 

Sarcoglycan beta SGCB 4 

Is located in a genomic region where a 
microdeletion causes limb-girdle 
muscular dystrophy type 2E with joint 
hyperlaxity and contractures3. 

Chromosome 5 open 
reading frame 34 

C5orf34 5 Unknown. 

Chemokine (C-C motif) 
ligand 28  

CCL28 5 
Modulate immunity to viral infection4 
and skin-related inflammatory 
diseases5. 

Nicotinamide nucleotide 
transhydrogenase 

NNT 5 

Produces high concentrations of 
NADPH at mitochondria and the 
resulting energy is used for 
biosynthesis and in free-radical 
detoxification6. 

Heat shock transcription 
factor 2 

HSF2 6 
Involved in the activation of heat-shock 
response genes under conditions of 
heat7. 

cAMP-dependent protein 
kinase catalytic inhibitor 

beta 
PKIB 6 

Associated to the aggressive phenotype 
of prostate cancer8. 

Serine incorporator 1 SERINC1 6 Unknown. 

FK506 binding protein 6 FKBP6 7 
May play a role in modifying the 
susceptibility to idiopathic 
spermatogenic impairment9. 

NOP2/Sun domain 
family member 5 

NSUN5 7 
Deleted in Williams-Beuren syndrome 
(vascular system and calcium 
metabolism problems)10. 

Tripartite motif 
containing 50 

TRIM50 7 
May be involved in the Williams-
Beuren syndrome11. 

References: 1Kriska et al. (2010); 2Umemura et al. (2007); 3Kaindl et al. (2005); 
4Castelletti et al. (2007);  5Ezzat et al. (2009); 6Meimaridou et al. (2012); 7Sandqvist et al. 

(2009); 8Chung et al. (2009); 9Zhang et al. (2007); 10Doll and Grzeschik (2001); 11Micale 

et al. (2008). 
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Figure 1: Manhattan plots of the genome-wide distribution of SNPs (x-axis) and their correspondent q-values (log-transformed 

at y-axis) for inferring positive selection. With a False Discovery Rate of 0.1 (dashed line), SNPs are color-coded according to 

the best supported model of selection, namely neutrality (black or grey), in Africa (blue), in the Americas (green), and in both 

continents (convergent evolution, red). Different sets of populations were used in the analysis yielding four different 

population sets (PS1-4). Congruent clusters of outlier SNPs considering all four PSs are highlighted with a grey box. 
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Figure 2A-D: Manhattan plots of the distribution of SNPs (x-axis) and their 

correspondent q-values (log-transformed at y-axis) for inferring positive selection 

in Chromosome 1. The sliding-window q-value is indicated by a yellow continuous 

line. With a False Discovery Rate of 0.1 (dashed line), SNPs are color-coded 

according to the best supported model of selection, namely neutrality (black), 

selection in Africa (blue), selection in the Americas (green), and in both continents 

(convergent evolution, red). When an outlier SNP was located less than 50 kb 

apart from a gene, the closest gene name was written next to it. Different sets of 

populations were used in the analysis yielding four different population sets (PS1: 

2A; PS2: 2B; PS3: 2C; PS4: 2D). 
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Figure 3A-D: Manhattan plots of the distribution of SNPs (x-axis) and their 

correspondent q-values (log-transformed at y-axis) for inferring positive selection 

in Chromosome 2. The sliding-window q-value is indicated by a yellow continuous 

line. With a False Discovery Rate of 0.1 (dashed line), SNPs are color-coded 

according to the best supported model of selection, namely neutrality (black), 

selection in Africa (blue), selection in the Americas (green), and in both continents 

(convergent evolution, red). When an outlier SNP was located less than 50 kb 

apart from a gene, the closest gene name was written next to it.  Different sets of 

populations were used in the analysis yielding four different population sets (PS1: 

3A; PS2: 3B; PS3: 3C; PS4: 3D). 
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Figure 4A-D: Manhattan plots of the distribution of SNPs (x-axis) and their 

correspondent q-values (log-transformed at y-axis) for inferring positive selection 

in Chromosome 4. The sliding-window q-value is indicated by a yellow continuous 

line. With a False Discovery Rate of 0.1 (dashed line), SNPs are color-coded 

according to the best supported model of selection, namely neutrality (black), 

selection in Africa (blue), selection in the Americas (green), and in both continents 

(convergent evolution, red). When an outlier SNP was located less than 50 kb 

apart from a gene, the closest gene name was written next to it. Different sets of 

populations were used in the analysis yielding four different population sets (PS1: 

4A; PS2: 4B; PS3: 4C; PS4: 4D). 
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Figure 5A-D: Manhattan plots of the distribution of SNPs (x-axis) and their 

correspondent q-values (log-transformed at y-axis) for inferring positive selection 

in Chromosome 5. The sliding-window q-value is indicated by a yellow continuous 

line. With a False Discovery Rate of 0.1 (dashed line), SNPs are color-coded 

according to the best supported model of selection, namely neutrality (black), 

selection in Africa (blue), selection in the Americas (green), and in both continents 

(convergent evolution, red). When an outlier SNP was located less than 50 kb 

apart from a gene, the closest gene name was written next to it.  Different sets of 

populations were used in the analysis yielding four different population sets (PS1: 

5A; PS2: 5B; PS3: 5C; PS4: 5D). 
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Figure 6A-D: Manhattan plots of the distribution of SNPs (x-axis) and their 

correspondent q-values (log-transformed at y-axis) for inferring positive selection 

in Chromosome 6. The sliding-window q-value is indicated by a yellow continuous 

line. With a False Discovery Rate of 0.1 (dashed line), SNPs are color-coded 

according to the best supported model of selection, namely neutrality (black), 

selection in Africa (blue), selection in the Americas (green), and in both continents 

(convergent evolution, red). When an outlier SNP was located less than 50 kb 

apart from a gene, the closest gene name was written next to it. Different sets of 

populations were used in the analysis yielding four different population sets (PS1: 

6A; PS2: 6B; PS3: 6C; PS4: 6D). 
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Figure 7A-D: Manhattan plots of the distribution of SNPs (x-axis) and their 

correspondent q-values (log-transformed at y-axis) for inferring positive selection 

in Chromosome 7. The sliding-window q-value is indicated by a yellow continuous 

line. With a False Discovery Rate of 0.1 (dashed line), SNPs are color-coded 

according to the best supported model of selection, namely neutrality (black), 

selection in Africa (blue), selection in the Americas (green), and in both continents 

(convergent evolution, red). When an outlier SNP was located less than 50 kb 

apart from a gene, the closest gene name was written next to it. Different sets of 

populations were used in the analysis yielding four different population sets (PS1: 

7A; PS2: 7B; PS3: 7C; PS4: 7D). 
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Supplementary Table S1. Classification of the five languages considered in this study. When available, the date of origin of the language is given in 

parenthesis.  

 

Population 
Hierarchic 

level 
Campbell [23] Urban [24] 

Greenberg 

[22] 
Greenberg  and 

Ruhlen [26] 
Lewis [25] Loukotka [20]  Rodrigues [21]  

Kogi 0 
Chibchan-Paezan 

(Chibchan + Chocoan) 
      

 1 

Chibchan (56 centuries 

ago or sometime after 

3000 B.C.) 

 Amerind Amerind Chibchan 
Languages of 

Andean tribes 
 

 2 Chibchan B  
Chibchan-

Paezan 
Southern Aruak Northern division  

 3 Eastern Chibchan  Chibchan 
Andean-Chibchan-

Paezan 
Kogi Chibcha, stock  

 4 Colombian subgroup  
Nuclear 

Chibchan 
“Chibchan-Paezan”  Arhuaco group  

 5 
Northern Colombian 

group 
 Aruak Chibchan  Koghi (Kogi)  

 6 Arhuacan  Kagaba (Kogi) Nuclear Chibchan    

 7 Cágaba (Kogi)   Aruak    
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 8    Kagaba (Kogi)    

Aymara 0 

Quechumaran stock 

(Quechumaran + 

Aymaran) 

      

 1 Aymaran  Amerind Amerind Aymaran 
Languages of 

Andean tribes 
 

 2 Aymara  Andean Southern Aymara 
South Central 

division 
 

 3   Aymara 
Andean-Chibchan-

Paezan 
 Aymara, stock  

 4   Aymara Andean  Aymara  

 5    Aymara    

 6    Aymara    

Piapoco 0 
Quechumaran stock 

(Quechumaran + Aymaran 
      

 1 Maipurean Arawak Amerind Amerind Arawakan 

Languages of 

tropical forest 

tribes 

 

 2 Northern division 
Maipure (3000 years 

ago) 

Equatorial-

Tucanoan 
Southern Maipuran 

North Central 

division 
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 3 Upper Amazon branch Setentrional Equatorial 
“Equatorial-

Tucanoan-Ge-

Pano-Carib” 

Northern 

Maipuran 
Arawak, stock  

 4 
Western Nawiki 

subbranch 
Piapoco 

Macro-

Arawakan 
Equatorial-

Tucanoan 
Inland Caquetio group  

 5 Piapoko group  Arawakan Equatorial Piapoco Piapoco  

 6 Piapoco  Maipuran Macro-Arawakan    

 7   Piapoco Arawakan    

 8    Maipuran    

 9    Piapoco    

Guarani 0 

(Similarities between 

Tupian and Jean 

languages)
1 

 

      

 1 Tupían stock 

Tupi-Karib-Macro-Jê 

(Before 6000 years 

ago) 

Amerind Amerind Tupi 

Languages of 

tropical forest 

tribes 

Tronco Tupí 

 2 Tupí-Guaraní family 

Macro-Tupi (Between 

3000 and 5000 years 

ago) 

Equatorial-

Tucanoan 
Southern Tupi-Guarani 

North Central 

division 

Família Tupí-

Guaraní 
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 3 Guaraní group 
Tupi-Guarani ( 2000 

or 3000 years ago) 
Equatorial 

“Equatorial-

Tucanoan-Ge-

Pano-Carib” 
Subgroup I Tupi, stock Guaraní 

 4 Guaraní language (área) Guarani Kariri-Tupi 
Equatorial-

Tucanoan 
Guaraní 

(Guarani) 
Guarani group 

“vários” 

Guaraní 

(Guarani) 

 5 “several” Guarani  Tupi Equatorial  Guaraní (Guarani)  

 6   Guaraní Kariri-Tupi    

 7    Tupi    

 8    Guaraní    

Kaingang 0 

(Similarities between 

Tupian and Jean 

languages)
 1 

 

      

 1 Jean 

Tupi-Karib-Macro-Jê 

(Before 6000 years 

ago) 

Amerind Amerind Macro-Ge 

Languages of 

Paleo-American 

tribes 

Tronco Macro-

Jê 

 2 Southern branch 

Macro-Jê (At least 

5000 or 6000 years 

ago) 

Ge-Pano-

Carib 
Southern Ge-Kaingang 

Division of 

Central Brazil 
Família Jê 
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 3 Kaingang 
Jê (3000 years ago or 

more) 
Macro-Ge 

“Equatorial-

Tucanoan-Ge-

Pano-Carib” 
Kaingang Kaingán, stock 

Kaingáng 

(Kaingang) 

 4  Kaingang Ge-Kaingan Ge-Pano-Carib  
Kaingán 

(Kaingang) 
 

 5   Kaingan “Ge-Pano”    

 6   
Kaingan 

(Kaingang) 
Macro-Ge    

 7    Ge-Kaingang    

 8    Kaingang    

 9    Kaingang    

1 
Campbell [23] sees similarities between Tupian and Jean languages. In our models, those languages were grouped when Campbell’s classification was considered. 
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Supplementary Table S2. List of the microsatellite (STR) loci used in the analysis. 

Loci Loci Loci Loci 

AAAAC001_9 AGAT119M_1 ATAA009_8 D11S1981 

AAAT105ZP_2 AGAT126_5 ATAA018P_8 D11S1998 

AAAT111_5 AGAT128_3 ATAC026P_14 D11S4459 

AAAT121P_8 AGAT130_5 ATAC037P_7 D11S4463 

AAAT134_13 AGAT132_17 ATAG042_8 D11S4464 

AAC023_3 AGAT133_7 ATAG053P_10 D12S1064 

AAC030_3 AGAT136M_20 ATAG078P_5 D12S1300 

AACAT001_13 AGAT140P_9 ATAG089P_18 D12S2070 

AAT071_3 ATA009_1 ATC033_6 D12S297 

AAT107_16 ATA063_16 ATC3D09_3 D12S372 

AAT226_16 ATA069P_14 ATC4D07_3 D12S373 

AAT238_1 ATA103C03P_16 ATCT018_4 D12S395 

AAT245_17 ATA16D09_2 ATCT035_20 D13S1807 

AAT246_4 ATA18C09P_9 ATCT050_18 D13S317 

AAT253P_12 ATA20B07_10 ATGA020_6 D13S793 

AAT256P_6 ATA21F01_4 ATGT006Z_10 D13S796 

AAT261_9 ATA25D12_11 ATT023_8 D13S800 

AAT268_11 ATA27C11_11 ATTT019M_22 D13S894 

AATA019_8 ATA29E07M_2 ATTT030_6 D13S895 

AATA053_15 ATA2E04_1 CATA002Z_16 D14S1426 

ACT3F12_13 ATA31F09M_7 CTAT016_9 D14S608 

AGAT021_2 ATA38A05_1 D10S1208 D14S617 

AGAT030P_5 ATA42G04P_9 D10S1222 D14S742 

AGAT049P_7 ATA44F05P_4 D10S1230 D15S642 

AGAT060_18 ATA57D10M_3 D10S1239 D15S643 

AGAT084_12 ATA58E08ZP_17 D10S1426 D15S659 

AGAT099P_5 ATA65H08P_9 D10S1432 D15S816 

AGAT110P_13 ATA73A08M_1 D10S2327 D16S2616 

AGAT115_8 ATA73C05P_12 D10S2470 D16S2621 
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AGAT116P_14 ATA80B10Z_10 D10S677 D16S2624 

AGAT118_1 ATA85B10P_3 D11S1392 D16S3253 

D16S539 D20S480 D3S3039 D6S305 

D16S769 D20S482 D3S3045 D6S474 

D17S1294 D21S1432 D3S4523 D6S942 

D17S2180 D21S1437 D4S1629 D7S1799 

D17S2196 D21S1440 D4S1644 D7S1802 

D18S1370 D21S2052 D4S1647 D7S1808 

D18S1371 D22S683 D4S2368 D7S1818 

D18S1376 D22S686 D4S2397 D7S1824 

D18S535 D2S1328 D4S2431 D7S2204 

D18S542 D2S1352 D4S2623 D7S3051 

D18S851 D2S1360 D4S2632 D7S3056 

D18S858 D2S1394 D4S3243 D7S3061 

D18S877 D2S1399 D4S3248 D7S3070 

D19S246 D2S1400 D4S3360 D7S821 

D19S254 D2S1776 D5S1456 D8S1048 

D19S559 D2S1780 D5S1457 D8S1108 

D19S589 D2S2944 D5S1462 D8S1110 

D19S714 D2S2952 D5S1501 D8S1113 

D1S1589 D2S2968 D5S1505 D8S1136 

D1S1594 D2S2972 D5S2488 D8S1477 

D1S1596 D2S410 D5S2845 D8S261 

D1S1597 D2S427 D5S2849 D8S592 

D1S1653 D2S434 D5S817 D9S1120 

D1S1677 D3S1763 D5S820 D9S1121 

D1S3462 D3S1764 D6S1006 D9S1122 

D1S3669 D3S2387 D6S1009 D9S1838 

D1S3721 D3S2398 D6S1017 D9S2157 

D1S518 D3S2409 D6S1277 D9S2169 

D1S551 D3S2427 D6S2410 D9S922 
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D20S1143 D3S2432 D6S2436 D9S930 

D20S164 D3S2460 D6S2439 D9S934 

D9S938 GATA156H01M_8 GATA51F04P_14 MFD433-AGAT010_3 

F13A1-D6S GATA157H01_18 GATA5E06P_9 MFD442-GTTT002_7 

GAAT1A5_2 GATA165A11M_9 GATA61F04_9 MFD455-AAT052_9 

GATA036_18 GATA167C12_12 GATA63B12P_15 MFD466-TTA001_16 

GATA045_14 GATA169F02_17 GATA63F01_2 NA-D10S-2 

GATA060_8 GATA173A03_18 GATA6F05P_22 NA-D12S-1 

GATA10H07P_17 GATA174G01_2 GATA70F12M_2 NA-D12S-2 

GATA126A06M_2 GATA175H06M_9 GATA71E06_11 NA-D13S-1 

GATA129D03M_4 GATA178C11M_3 GATA72A06_3 NA-D14S-1 

GATA129G03P_6 GATA193D02_1 GATA73B08M_11 NA-D17S-1 

GATA12A08P_5 GATA194A05M_2 GATA73D05_18 NA-D18S-1 

GATA131D09_3 GATA194B06P_2 GATA73D11P_5 NA-D1S-2 

GATA134F03P_10 GATA194H05Z_1 GATA7F09_12 NA-D1S-3 

GATA135F02P_1 GATA196C10P_10 GATA81E09_20 NA-D6S-1 

GATA136A04_14 GATA22F01_15 GATA81F06_10 NA-D8S-2 

GATA137A12M_7 GATA22H04M_9 GATA85D10_18 NA-D9S-1 

GATA137B09_13 GATA23A02_2 GATA87D11_7 SCA10_22 

GATA138B05_5 GATA23G09_1 GATA8H05_2 TAAA014P_6 

GATA139B09P_5 GATA27Z_9 GATA90G05P_10 TAAAA006_4 

GATA140E03_16 GATA29A06M_2 GATA90G11M_14 TACA003_10 

GATA141B10M_5 GATA29B11_11 GATA91D12M_2 TAGA002M_2 

GATA143C02_15 GATA29C09P_6 GATA91G06_14 TAT028P_7 

GATA145G10M_7 GATA2B02Z_1 GATA91H01_12 TAT032Z_15 

GATA146B10_3 GATA30A08M_6 GGAA19H02_12 TATC012_8 

GATA146D07_3 GATA30B11_4 GGAA20F08_1 TATC028_1 

GATA148F04P_21 GATA31B11_17 GGAA22C05_12 TATC057_21 

GATA148G10P_2 GATA31H11P_5 GGAA23C07_1 TATG002P_7 

GATA149B10M_2 GATA3H11_8 GGAA30H04_14 TCAT006ZP_22 

GATA152F04M_3 GATA4E04_7 GGAT2G03_3 TCTA015M_22 
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GATA152F05L_1 GATA51A07P_5 GGAT2G06M_12 TCTA020_9 

GATA153F11_15 GATA51D11P_5 GGAT3G09M_9 TCTA023P_14 

TCTA025_11 TTA032Z_6 TTAT027P_15 TTTA001M_7 

TPO-D2S TTAT023Z_16 TTCA004P_8 TTTA040_3 

TTA008P_11    
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II.IV) Artigo 4 

Amorim CEG, Salzano FM, Bortolini MC, Hünemeier T (2013) Differing evolutionary 

histories of the ACTN3*R577X polymorphism among the major human geographic groups 

(Manuscrito em preparação a ser submetido a European Journal of Human Genetics).  
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Running headline: Differing ACTN3 evolutionary histories 

 

A proposal was made that the functional ACTN3*R577X polymorphism might have 

evolved due to selection in Eurasian human populations. To test this possibility 

we surveyed all available population-based data for this polymorphism and made 

a comprehensive evolutionary analysis of its genetic diversity, trying to assess the 

action of adaptive and random mechanisms on its variation in the major human 

groups throughout the world. The derived 577X allele increases in frequency with 

distance from Africa, reaching the highest frequencies in the Americas. Positive 

selection, detected by an extended haplotype homozygosisty test, was consistent 

with the Eurasian data only, but simulations with neutral models could not fully 

explain the Amerindian results. It is possible that the peculiar Native American 

population structure could be responsible for the observed allele frequencies, 

which would have resulted from a complex interaction between selective and 

random factors. 

Keywords: alfa-actinin; human dispersal; positive selection; rs1815739. 
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INTRODUCTION 

The human ACTN3 (α-actinin skeletal muscle isoform 3) gene is located in the 

long arm of chromosome 11 and encodes an α-actinin binding protein solely expressed 

in fast twitching skeletal muscle fibers (Mills et al., 2001). A non-deleterious CT 

transversion (rs1815739) converts arginine at residue 557 of the ACTN3 protein to a 

premature stop-codon (North et al., 1999). 

Evidence shows that this polymorphism may affect muscle performance (Alfred 

et al., 2011) in ways that the derived X allele is under-represented in sprint/power 

athletes (Yang et al., 2003). Hence it is believed that ACTN3 is required for optimal 

muscle performance at high velocity, but it is still doubtful if the derived allele could 

improve endurance performance (Alfred et al., 2011). Experimental approaches with 

knock-out mice demonstrated that the lack of ACTN3 in muscle cells results in a 

significant shift in the metabolic pathways of the lactate-based fast fibers, leading to a 

slower but more efficient aerobic pathway normally associated with slow muscle fibers 

(MacArthur et al., 2007). The lack of this protein is then compensated by an ACTN2 up-

regulation (Mills et al., 2001). 

These data suggest that the high frequency of the 557X allele in some human 

populations could have had resulted from selective pressures for increased metabolic 

efficiency, enhancing the capability for endurance running. The consequence could be 

the emergence of novel kinds of hunting – such as persistence hunting – that could also 

have played a role in range expansions (Bramble and Lieberman, 2004). It was then 

hypothesized that this gene could have had evolved under balancing selection earlier in 

Homo history (MacArthur and North, 2004) and that more recently it could have been 
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subjected to positive selection in European and Asian populations (MacArthur et al., 

2007), but not in Africa (Schlebusch et al., 2012). 

Despite the intricate scenario that was proposed, only few attempts to analyze it 

into an evolutionary perspective context was made (for instance, Friedlander et al., 

2013), and the focus was on association of muscle metabolism and athletes´ 

performance (Alfred et al., 2011 and references therein).  

We gathered all the available population-based rs1815739 polymorphism data 

creating a databank of over 5600 genotyped chromosomes distributed in 121 

autochthonous populations worldwide, the most complete databank so far on the 

variability of the “athlete gene”. The question was how the genetic variation observed at 

the human ACTN3 has been impacted by human evolutionary history? To answer this 

question we used the Extended Haplotype Homozygosity test, estimated the age of 

emergence of the derived allele, and devised five alternative models for the peopling of 

the Americas, to verify how the empirical data would fit them. 

SUBJECTS AND METHODS 

Data source and populations 

Data were first obtained from three public databanks: 1000 Genomes Project 

(1000 Genomes Project Consortium et al., 2012), HapMap (International HapMap 

Consortium, 2003), and Human Genetic Diversity Panel (HGDP; Li et al., 2008). Then an 

extensive literature review was conducted and three articles with rs1815739 genotypes 

from healthy human individuals using random population samples were retrieved 

(Fattahi and Najmabadi, 2012; Reich et al., 2012; Schlebusch et al., 2012). Association 

studies were not included in our analyses, since samples were not taken at random. A 

total of 3989 genotypes distributed in 150 population samples were obtained from these 
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sources. We first eliminated the populations with known substantial recent admixture. 

When individual information on recent admixture was available, we also removed these 

recent migrants. Since some of the remaining samples overlaped in the different reports, 

only the largest sample was included, and we merged populations with the same name 

that were separated in the original study. This procedure left us with 2806 genotypes for 

121 populations worldwide. Readers are referred to the primary publications for further 

information on samples and populations.  

Data processing and handling were performed with PGDSpider (Lischer and 

Excoffier, 2012) and with in-house built bash scripts. 

ACTN3*R577X Allele Age 

To estimate the age of emergence of the derived allele, we used equation E(t1) = 

[−2p/(1−p)]ln(p), where E(t1) is its expected age in units of 2N generations and p is the 

derived allele frequency  (Slatkin and Rannalla, 2000). We assumed a generation time of 

25 years and N = 6000, which is often regarded as a minimum estimate for the effective 

population size of modern humans during the period before recent growth. Since this 

formula assumes neutral evolution for the locus under investigation, we used the 

average derived allele frequency in all pooled selected African populations in the 

formula, since there is no signal of selection in this continent (Schlebusch et al., 2012).  

Positive selection inference 

Additional information on the flanking region of rs1815739 was available for 

three major human populations: 384 individuals from Central and East Asia, 162 from 

Europe, and 260 from the Americas (Reich et al., 2012). This information includes the 

genotypes for 30 SNPs (rs4930359, rs905770, rs2282529, rs7947391, rs7925108, 

rs2511224, rs2305535, rs11227501, rs7951189, rs2298806, rs11227516, rs3816492, 
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rs3867132, rs490998, rs2275998, rs540874, rs560556, rs498045, rs556759, rs519380, 

rs624561, rs10791889, rs3782079, rs664297, rs4930390, rs569818, rs11601241, 

rs7948839, rs2167457, and rs7119426) located ~187 kb upstream and ~322 kb 

downstream of rs1815739, therefore spanning circa 510 kb. This dataset was used for 

the identification of positive selection in this genetic region and the same sampling 

procedure employed by the source publication (Reich et al., 2012) was followed. 

To infer positive selection we used the Extended Haplotype Homozygosity (EHH) 

test, defined as the probability that any two randomly chosen chromosomes carrying the 

haplotype of interest are identical by descent from the core region to a distance x; and 

the Relative EHH (REHH), the factor by which EHH decays on the tested haplotype 

compared to the decay on all other haplotypes combined. We selected one SNP at a time 

for the core marker and the relative extended haplotype homozygosity (REHH) was 

computed for each haplotype and compared at increasing distances from these markers. 

These analyses were performed with Sweep (Sabeti et al., 2007) and haplotype phases 

were estimated with BEAGLE 3.3.2 (Browning and Browning, 2007).  

Neutral Demographic Simulations 

To test how the observed patterns of ACTN3 genetic diversity are correlated to 

neutral evolution, we simulated genetic data for 1000 SNPs with ms (Hudson, 2002) 

under a wide range of demographic scenarios mimicking the prehistoric settlement of 

the Americas, since this is the continent where the highest frequencies of the 577X allele 

was observed (Schlebusch et al., 2012). In a similar approach to that developed by 

Schroeder et al. (2009), we analyzed this dataset – simulated under strict neutrality – to 

determine how often we could observe an allele with a similar distribution to that 

described for the polymorphism under investigation, which, in our case, is rs1815739, 

http://onlinelibrary.wiley.com/doi/10.1002/ajhb.22331/full#bib6
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that presents an allele with high frequency in the Americas and an average allele 

frequency differential of at least 0.29 in comparison to any other region of the globe (Li 

et al., 2008; Reich et al., 2012). 

Five scenarios (Figure 1) were modeled for the split of Native Americans from 

Asians, as follows: 

- Model A considers two derived populations with the same size; 

- Model B adds a bottleneck to the previous model, in ways that the ratio be-

tween the effective population sizes (NEF) of the derived populations is 0.15; 

- Model C, in which this ratio is 0.06 and both populations undergo exponential 

growth, so that the ratio between NEFs of the derived populations is 0.15 in 

the present (T0); 

- Model D, the same as B, but with population substructure in both derived 

populations; 

- Model E, the same as C, but with population substructure in both derived 

populations. 

Population samples and deme sizes were defined based on the empirical data 

available for the rs1815739 polymorphism, filtering out those populations with less 

than 4 available genotypes and considering only East Asians as the derived population 

living in Asia, since this is the region most genetically related to the present day 

Amerindians. That yielded 25 demes for the simulated population that mimicked Asia 

and 18 for the simulated populations that mimicked the Americas. 

Different splitting times (T2) between Asia and the Americas were adopted for 

each model in different runs as follows: 1,001, 740, and 500 generations before the 

present. Current Asian NEF was assumed to be n=9,000 and the ancestral NEF was equal 
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to that estimated for Asia during the split, which may vary according to the model as 

explained before.  

For models D and E structure emerged at T1, which assumed different values in 

different runs (295, 195, or 75 generations ago) and migration was allowed to happen 

according to the stepping-stone and island models separately. Under the island model, 

5% of each subpopulation consists of migrants from all other subpopulations at random 

in each generation; while for the stepping-stone model, the same percentage was made 

of migrants from two other subpopulations. We also considered circumarctic migration 

for these models; gene flow would also occur between one Asian and one American 

subpopulation at the rate of 0.0022, and they would not exchange migrants with the 

other subpopulations from their respective continents. 

This procedure replicated Schroeder et al.’s (2009) strategy. The ms command-

lines employed by us were all based on those kindly provided by them and will be 

available on request. Modifications were done to accommodate differences between the 

sampling schemes and genetic systems.   

RESULTS  

Table 1 shows the rs1815739 derived allele frequencies in the analyzed 

populations pooled according to the six major geographical regions. Mozabite was 

excluded from Africa due its geographical location and possible influence of Middle 

Eastern gene flow. Supplementary Table S1 presents the 577X allele distribution for 

each population before pooling. Considering data from all Africans the allele age 

estimated for ACTN3*577X using population frequency information was 61,373 YBP 

(~2,455 generations). 
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The data from Asian and European populations (Figure 2 – A and B respectively) 

showed that the REHH of the 577X allele core haplotypes is significantly higher than the 

REHH of the ancestral allele core haplotypes on both sides of rs1815739 (REHH = 5.5 

and 4.4 at 187 kb of distance on the 5’ side; and REHH = 5.3 and 5.6 at 322 kb on the 3’ 

region, for Asian and Europeans, respectively). Native Americans presented lower 

extension values (REHH = 1.7 at 187 kb on the 5’ side, and REHH = 0.7 at 322 kb on the 

3’ region; Figure 2 – C).  

In average 6.1% of the SNPs reproduced the pattern observed for the rs1815739 

polymorphism. Models A, B, C, D, and E present respectively 0.8, 1.8, 10.5, 6.9, 6.4% of 

SNPs with at least 0.29 of a frequence differential between the simulated populations. In 

general, this percentage was higher with increasingly more complex and realistic 

models. The inclusion of a bottleneck for the population simulating Amerindians was the 

factor that most contributed for the emergence of alleles with a high frequency in this 

continent. Different migration models (i.e. island and stepping-stone) did not affect the 

allele’s emergence with such intercontinental differentiation; and circumarctic 

migration did it just slightly, lowering the proportion of simulations presenting the 

rs1815739 polymorphism pattern.  

DISCUSSION 

Human populations are known to have been subjected to different population 

bottlenecks as they expanded their range along the planet (Fagundes et al., 2007; 2008). 

These bottlenecks affect genetic diversity in ways that one allele may become fixed in 

some groups whereas it may reach intermediate or very low frequencies in others. In 

fact, high interpopulation diversity due solely to neutrality is expected to be seen in a 

large proportion of loci in the human genome (Hofer et al., 2009); on the other hand the 
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different selective pressures that humans encountered during the colonization of the 

world may also cause allele frequency heterogeneity between populations (Hancock et 

al., 2010), since some alleles may be more advantageous than others in specific 

environments. Dissecting the effects of drift from those of natural selection may be a 

hard task in some cases. In this work, we considered the ACTN3 evolutionary history in 

the major human continental groups and showed the importance of both processes on 

its evolution. 

Some studies have suggested that ACTN3 may be evolving under natural selection 

(Bramble and Lieberman, 2004; MacArthur and North, 2004; Friedlander et al., 2013) 

and another has demonstrated it empirically (MacArthur et al., 2007). Our study 

confirms the hypothesis of an adaptive evolutionary history for rs1815739 at ACTN3, 

although random drift may also be of importance in some regions of the world. 

The rs1815739 derived allele frequency shows a general trend of increase with 

distance from Africa, reaching its highest frequencies in the Americas. Despite the high 

frequency of this allele in this continent, the corresponding adaptive sweep could not be 

confirmed for these populations, since they presented REHH values about five times 

lower than those found in Asia and Europe for the haplotypes carrying the derived 577X 

allele. For these latter populations, there is a consistent signal of strong positive 

selection acting upon this locus. A few hypotheses for the high fitness of carriers of the 

577X allele in Eurasia can be suggested; among them, the most obvious would be that of 

advantages in muscle activity in endurance running in scenarios such as those proposed 

by Bramble and Lieberman (2004): ease of access to carcasses and the emergence of 

new strategies for acquiring food, such as persistence hunting. Additionally, both alleles 

could have been evolving under selection for a certain time.  
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The present estimate of the allele´s emergence at 84.2 thousand years ago is in 

the range calculated for the time humans left Africa (45.0 to 87.5 years ago; Laval et al., 

2010), and gives further support for the hypothesis that the derived allele may have 

presented selective advantages during human dispersal and the out-of-Africa migration. 

In accordance to the lack of evidence for ACTN3 positive selection in the Americas 

as indicated by the EHH tests, the neutral demographic simulations also suggest that, 

given the peculiar demographic scenario for the peopling of the Americas, it is plausible 

to observe alleles that have raised in frequency in this continent due to drift effects, 

without any need for evoking adaptive processes. However, the proportion of loci with 

similar intercontinental differentiation to that of the rs1815739 polymorphism was low, 

indicating that the devised models cannot completely reproduce ACTN3*R577X 

evolutionary and demographic history. 

The simulated scenarios considered several different aspects of the theories on 

the demographic dynamics of the peopling of the New World, such as the variance in the 

strength of the bottleneck during the entrance in the continent (Fagundes et al., 2008; 

Kitchen et al., 2008); the presence of circumarctic migration (González-José et al., 2008); 

different patterns of migration among demes; population growth (Fagundes et al., 2008) 

and stasis; and population structure or “tribalization” (Neel and Salzano, 1967). There 

might be other factors influencing the rs1815739 distribution that could not be 

reproduced in these scenarios or detected by the EHH tests. Hence, neither a situation in 

which this allele presents selective advantage or that it evolves solely due to random 

drift solely can be indicated. A combination of both, with possible changes in the 

selective pressure over time and space and the loss or fixation of the beneficial allele in 

certain groups due to drift could be suggested. 
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South Amerindian structure can distort positive selection signals and make them 

hard to be identified. Similar results as those found here were obtained for PAX9 

(Paixão-Côrtes et al., 2011), ABCA1 (Hünemeier et al., 2012), and KIR (Augusto et al., 

2013), for which no signal of positive selection was found in the Americas (or 

specifically in South America for ABCA1), despite the evidence for non-neutrality in 

other populations. As more realistic simulations and robust selection inference methods 

are developed, a clearer evolutionary scenario for such genes in the Americas could be 

proposed.  

The hypothesis of a recent high increase in frequency of the rs1815739 derived 

allele due to selection in the Americas is much appealing. An allele that could enhance 

human dispersal would be likely advantageous during the settlement of the New World, 

especially since it has happened in relatively short time (Dillehay, 2009). Moreover, the 

involved populations certainly have used persistence hunting and this way of living  

could act as a selective pressure favoring the derived allele. For instance, the 

Tarahumara Amerindians, besides practicing persistence hunting, also have customs 

related to endurance running (Balke and Snow, 1965) and the derived X allele is nearly 

fixed among them (Victor Acuña-Alonzo, personal communication). Thus in spite of the 

doubts about the exact role of this allele in enhancing human fitness (Alfred et al., 2011), 

our study does not exclude the view that the X allele may enhance human capability for 

enduring exercising and related practices.  
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Table 1 Frequencies of the rs1815739 derived allele in autochthonous 

populations pooled into six geographical groups  

 

Geographical group Sample sizes (2n) Allele frequencies 

Africa 794 0.07 

Middle East 146 0.38 

Europe 445 0.44 

Asia 992 0.49 

Oceania 35 0.50 

Americas 394 0.76 
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Figure 1 Demographic models used for the coalescent simulations: A – population split 

at T2 with two derived populations with the same size; B – population split at T2 with 

two derived populations with ratio between their effective population sizes (NEF) equal 

to 0.15; C – population split at T2 with two derived populations with ratio between their 

NEFs equal to 0.06 at T2 and 0.15 presently (T0); D – same as model B, but with 

population substructure arising at T1 in both derived populations; E – same as model C, 

but with population substructure arising at T1 in both derived populations. The number 

of demes depicted does not correspond to the actual simulations. For further details see 

methods section.  
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Figure 2 Relative extended haplotype homozygosity (REHH) for 30 SNPs located at a 

distance described in the X-axis from ACTN3 rs1815739 spanning circa 510 kb. The 

orange line represents the homozygosis of the flanking SNPs relative to rs1815739 for 

haplotypes carrying the derived 577X mutation, while the red line represents the same 

for haplotypes carrying the ancestral allele. A: Asian; B: European; and C: American data.  
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Supplementary Table S1. Frequency of the rs1815739 derived allele in 

autochthonous populations worldwide 

 Population 
Sample size 

(2n) 

577X 

allele frequency 
Reference 

Africa Bantu in Kenya 12 0.08 2 

 Bantu in South Africa 38 0.11 6 

 Biaka Pygmies 30 0.13 2 

 Gui Ghana Kgal 14 0 6 

 Herero 16 0.12 6 

 Juhoansi 34 0 6 

 Karretjie 24 0 6 

 Khomani 34 0.06 6 

 Khwe 34 0.03 6 

 Luhya 97 0.08 3 

 Luhya 90 0.07 1 

 Maasai 143 0.19 1 

 Mandenka 24 0.17 2 

 Mbuti Pygmies 15 0.03 2 

 Mozabite 30 0.48 2 

 Nama 14 0.07 6 

 San 6 0 2 

 Xun 26 0.08 6 

 
Yoruba 113 0.08 1 

Middle East Bedouin 48 0.42 2 

 Druze 47 0.29 2 

 
Palestinian 51 0.42 2 

Europe Adygei 17 0.56 2 

 British 89 0.49 3 

 Finnish 93 0.35 3 

 French 29 0.41 2 

 French Basque 24 0.46 2 

 Spanish 14 0.39 3 

 North Italian 12 0.42 2 

 Orcadian 16 0.59 2 

 Russian 25 0.3 2 

 Sardinian 28 0.48 2 

 
Toscan 98 0.42 3 

Asia Algonquin 2 1 5 

 Altaian 3 0.67 5 

 Balochi 25 0.46 2 

 Brahui 25 0.32 2 
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 Population 
Sample size 

(2n) 

577X 

allele frequency 
Reference 

 Burusho 25 0.52 2 

 Buryat 9 0.61 5 

 Cambodians 11 0.45 2 

 Chukchi 30 0.3 5 

 Dai 10 0.4 2 

 Daur 9 0.61 2 

 Dolgan 4 0.62 5 

 Evenki 10 0.4 5 

 Han Chinese 97 0.41 3 

 Hazara 17 0.38 2 

 Hezhen 8 0.44 2 

 Iran 210 0.44 4 

 Japanese 89 0.49 3 

 Kalash 25 0.86 2 

 Ket 1 1 5 

 Khanty 5 0.6 5 

 Koryak 10 0.3 5 

 Lahu 10 0.35 2 

 Makrani 25 0.46 2 

 Miaozu 10 0.4 2 

 Mongolia 10 0.5 2 

 Naukan 16 0.41 5 

 Naxi 9 0.56 2 

 Nganasan 20 0.43 5 

 Oroqen 10 0.55 2 

 Pathan 22 0.48 2 

 Selkup 4 0.5 5 

 She 10 0.35 2 

 Sindhi 25 0.54 2 

 Southern Han Chinese 100 0.38 3 

 Tu 10 0.5 2 

 Tujia 10 0.35 2 

 Tuvinians 9 0.39 5 

 Uygur 10 0.5 2 

 Xibo 9 0.33 2 

 Yakut 25 0.48 2 

 Yizu 10 0.5 2 

 
Yukaghir 13 0.5 5 

Oceania Melanesian 18 0.64 2 

 
Papuan 17 0.35 2 
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 Population 
Sample size 

(2n) 

577X 

allele frequency 
Reference 

Americas Arara 1 0 5 

 Arhuaco 1 1 5 

 Aymara 19 0.89 5 

 Bribri 4 0.87 5 

 Cabecar 30 0.6 5 

 Chané 2 1 5 

 Chilote 4 0.75 5 

 Chipewyan 7 1 5 

 Chono 1 1 5 

 Colombian Amerindians 13 0.81 2 

 Cree 2 1 5 

 Diaguita 3 1 5 

 Inuit 4 0.25 5 

 Embera 5 0.8 5 

 Guahibo 6 0.67 5 

 Guarani 5 0.7 5 

 Guaymi 5 0.8 5 

 Huilliche 3 0.83 5 

 Inga 6 1 5 

 Jamamadi 1 0 5 

 Kaingang 1 0 5 

 Kaqchikel 10 0.7 5 

 Karitiana 24 0.9 2 

 Kogi 3 0.5 5 

 Maleku 2 0.75 5 

 Maya 25 0.88 2 

 Mixe 17 0.91 5 

 Mixtec 5 0.75 5 

 Ojibwa 2 1 5 

 Palikur 3 1 5 

 Parakanã 1 0.5 5 

 Pima 25 0.88 2 

 Purepecha 1 1 5 

 Quechua 38 0.89 5 

 Surui 21 0.48 2 

 Tepehuano 23 0.76 5 

 Teribe 3 1 5 

 Ticuna 6 0.5 5 

 Toba 4 0.62 5 

 Waunana 3 1 5 
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 Population 
Sample size 

(2n) 

577X 

allele frequency 
Reference 

 Wayuu 9 0.72 5 

 Wichi 5 0.8 5 

 Yaghan 2 1 5 

 
Zapotec 39 0.86 5 

1International HapMap Consortium (2003); 2Li et al. (2008); 31000 Genomes Project 

Consortium et al. (2012); 4Fattahi and Najmabadi (2012); 5Reich et al. (2012); 
6Schlebusch et al. (2012). 
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III.I) CONCLUSÕES GERAIS 

 Para melhor entender a biologia de uma população, é necessário o detalhamento 

das forças evolutivas que moldaram a sua diversidade genética. Forças seletivas 

direcionais e mecanismos evolutivos randômicos, como a deriva genética, devem ser 

analisados de maneira separada e quanto à sua interação para que uma interpretação 

mais acurada possa ser realizada. Adicionalmente, no que concerne a humanos, o fator 

cultura não pode ser negligenciado. 

 O papel da deriva genética na evolução de nativos americanos já foi bastante 

explorado na literatura científica com respeito à diversidade genética. Os sucessivos 

gargalos de garrafa a que essas populações estiveram submetidas ao longo de sua 

história (Neel e Salzano, 1967; Fagundes et al., 2008) ocasionaram uma grande 

divergência entre elas e, concomitantemente, uma baixa diversidade intrapopulacional 

(Wang et al., 2007). O papel da deriva genética sobre o desequilíbrio de ligação (DL), por 

sua vez, foi relativamente pouco explorado. Como demonstrado na seção II.I desta tese 

(Amorim et al., 2011), os padrões de DL também são afetados pela deriva genética, de 

modo que a proporção de loci associados pode aumentar concomitantemente à 

diminuição da diversidade genética. Tal fenômeno de associação entre a redução da 

diversidade genética e o aumento do DL deve-se ao fato de que, com a perda de alguns 

haplótipos, novas associações entre os alelos restantes podem surgir (Slatkin, 2008). 

Dessa forma, é de se esperar que em populações autóctones das Américas os níveis de 

DL sejam altos comparativamente a outras populações do mesmo continente, como as 

populações miscigenadas analisadas no mesmo estudo, e mesmo a populações 

autóctones de outros continentes. Assim sendo, a alta proporção de loci em DL, bem 

como sua extensão, devem ser levadas em conta para a formulação de estudos de 
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seleção natural (uma vez que parte da metodologia disponível para inferência de seleção 

positiva baseia-se na extensão do DL; ver revisão por Sabeti et al., 2006) e de associação 

(já que, com o maior tamanho dos blocos de marcadores em DL, um menor número de 

marcadores seria suficiente para a detecção de regiões de interesse). 

Ademais, as consequências da deriva genética na distribuição alélica em 

populações ameríndias podem ser bastante extremas, de forma a apagar ou suavizar os 

sinais de seleção positiva que podem ser detectados em populações ancestrais à dos 

Ameríndios, como sugerimos na discussão dos resultados da análise da variante 

rs1815739 no gene da ACTN3 descritos na seção II.IV (Artigo 4). Os casos dos genes 

PAX9 (Paixão-Côrtes et al., 2011), ABCA1 (Hünemeier et al., 2012a) e KIR (Augusto et al., 

2013) também podem ser exemplos desse fenômeno, o qual aparentemente está 

emergindo como um padrão para populações ameríndias. Tal fato deve-se em parte à 

possibilidade de haver variações na pressão seletiva ao longo do tempo e em diferentes 

ambientes; aos efeitos da deriva genética, que pode fixar os diferentes alelos, quer seja 

vantajoso ou não; e às limitações inerentes às metodologias disponíveis.  

Apesar da capacidade da deriva genética de mimetizar ou suavizar os efeitos da 

seleção positiva, é possível encontrar uma grande quantidade de loci para os quais um 

modelo de evolução não-neutra é o mais provável. O método estatístico utilizado na 

seção II.II (Artigo 2)  para a detecção de sinais de seleção natural baseia-se em um 

método robusto que leva em consideração os efeitos da demografia sobre a diversidade 

genética das populações sob análise (Foll e Gaggiotti, 2008). Adicionalmente, uma 

abordagem específica do trabalho permitiu que se identificassem regiões que 

apresentam o mesmo indício de seleção positiva independentemente da população 

utilizada, revelando loci e funções biológicas que foram importantes para a adaptação 
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dos povos americanos à Floresta Amazônica e filtrando rigorosamente aqueles loci que 

apresentam distribuição aberrante devido às peculiaridades de uma população 

específica. 

Naquela seção, foi possível identificar loci que desempenharam função adaptativa 

no ambiente tropical da Floresta Amazônica. Para tanto, utilizou-se a ideia de que a 

evolução convergente3 é indício de adaptação a um conjunto de pressões seletivas 

associado a uma característica ambiental compartilhada (Losos, 2011) e foram incluídas 

na análise populações que vivem em um ambiente semelhante ao amazônico, i.e. a 

Floresta Tropical do Congo, de forma a identificar alterações na distribuição alélica que 

sugerissem adaptação a este nicho. Uma série de genes e funções biológicas associados 

principalmente à imunidade e metabolismo de lipídios foram destacadas. Ao povoarem 

as florestas do Novo Mundo, os primeiros americanos estiveram submetidos a um novo 

ambiente com uma diversidade patogênica elevadíssima (Guernier et al., 2004). Alguns 

genes, como CCL28, devem ter respondido a esta pressão seletiva permitindo com que o 

povoamento desse ambiente, extremamente inóspito segundo Bailey et al. (1989), tenha 

ocorrido de forma eficaz. Por outro lado, o gene SCP2, possivelmente relacionado à 

obteção de energia nutritiva – muitas vezes dificultada pelo fato de que florestas 

tropicais têm disponível poucos alimentos ricos em energia comestível para humanos e 

suas presas (Bailey et al., 1989; Hart e Hart, 1986) – também apresentou sinais 

sugestivos de seleção positiva. Hünemeier et al. (2012a) descreveram um mecanismo 

adaptativo semelhante em populações mesoamericanas. Tanto nesse estudo quanto na 

presente tese, genes relacionados ao fluxo celular de colesterol apresentam sinais 

                                                           
3
 Evolução convergente, como define Losos (2011), é a similaridade fenotípica derivada independentemente 

em duas ou mais linhagens em contraposição à similaridade resultante da herança de um ancestral comum.  
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condizentes com uma história evolutiva não-neutra. É possível que esses genes tenham 

desempenhado funções que contornaram a deficiência de energia disponível e 

aumentado a capacidade adaptativa das populações autóctones das Américas, 

permitindo com que essas atingissem a distribuição atual e a ocupação dos mais 

variados ambientes, mesmo aqueles aparentemente mais inóspitos como a Floresta 

Amazônica. 

O valor adaptativo do fenótipo pigmeu nas Américas foi um aspecto levantado na 

seção II.II que merece atenção especial. Nesta seção, encontrou-se congruência entre os 

resultados das análises de seleção positiva nos genomas de habitantes da floresta 

(Karitiana e Surui) em comparação com habitantes de uma região mais desértica no 

norte do México (Pima) e resultados de um estudo de associação com a altura de 

africanos conduzidos por Mendizabal et al. (2012). Uma das regiões descritas por esses 

autores inclui o NNT, um gene alvo de seleção positiva nas Américas de acordo com 

nossas análises. Essa congruência de resultados sugere que o fenótipo pigmeu ou 

alguma característica associada a este pode apresentar alto valor adaptativo em outras 

regiões do mundo que não a África. Indivíduos de baixa estatura podem, por exemplo, 

apresentar vantagens para lidar com a limitação de recursos alimentícios, com a 

termorregulação e com dificuldade de movimentação (Perry e Dominy, 2009). A 

importância dessa característica no povoamento das Américas e mais especificamente 

da Floresta Amazônica merece mais atenção em investigações subsequentes. 

 É provável que novos estudos como esse, utilizando diferentes populações 

expostas a diversas pressões seletivas das Américas, revelem novos loci de interesse e 

tornem mais claro o cenário evolutivo do povoamento do continente, esclarecendo de 
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que forma os primeiros americanos lidaram com a imensa variedade de ambientes a que 

foram expostos durante o povoamento pré-histórico do Novo Mundo. 

Um caso curioso é o da ACNT3*R577X, uma variante protéica associada ao 

desempenho muscular de atletas de elite. Yang et al. (2003) demonstraram que o alelo 

derivado ocorre significativamente menos em atletas de velocidade. Posteriormente, foi 

sugerido que este alelo poderia desempenhar vantagem para o desempenho de 

atividades de resistência e que isso seria a causa dos sinais de seleção positiva sobre 

esse gene em populações europeias e asiáticas (MacArthur et al., 2007; Friedlander et al., 

2013). Entre outras características, uma das possíveis vantagens da capacidade para 

desempenho de esforço muscular durante longos períodos é a possibilidade de 

emergência de modalidades de caça alternativas como o acesso facilitado a carcaças e a 

caça por exaustão da presa (Bramble e Lieberman, 2004), esta última é uma forma de 

caça típica dos Tarahumara (Balke e Snow, 1965), uma etnia habitante do noroeste 

mexicano. É possível que, além dessa, outras características tenham sido afetadas pela 

diversidade do ACTN3, entre elas algo poderia estar relacionado com a rápida dispersão 

dos primeiros americanos no Novo Mundo. Apesar de não ter sido identificado sinal de 

seleção positiva neste gene nas Américas, é possível que o polimorfismo no ACNT3 

tenha, de alguma forma, exercido alguma influência sobre esse aspecto da história 

americana. 

  De fato, o que torna o povoamento das Américas um episódio peculiar na história 

da humanidade é a grande rapidez com que uma vasta diversidade de ambientes ainda 

não povoados foi ocupada. Durante esse longo percurso, os primeiros americanos se 

depararam com diversas pressões seletivas e apesar de uma diversidade genética 

reduzida em decorrência dos sucessivos gargalos populacionais a que foram 
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submetidos, foram capazes de se estabelecer por quase toda a extensão do continente. A 

cultura, nesse caso, deve ter desempenhado um papel importante, quer seja na 

modificação do valor adaptativo de determinados alelos pela construção de nichos 

(Hünemeier et al., 2012a), quer seja pela aceleração da evolução populacional 

(Hünemeier et al., 2012b). Compreender com que velocidade a cultura de nativos 

americanos evolui em comparação com os genes pode trazer informações mais 

detalhadas sobre a história dos ameríndios. Um estudo comparando as taxas de 

evolução genética e cultural evidenciou empiricamente que as taxas evolutivas são 

maiores para a cultura (Perreault, 2012), o que pode estar relacionado, por exemplo, 

com a sua forma de transmissão horizontal, isto é, entre indivíduos não aparentados 

(Reali e Griffiths, 2010). Entretanto, a inclusão de datas para a fissão de populações sul-

americanas dentro do intervalo estimado para eventos de fissão linguística 

correspondentes indica que, ao menos no que concerne aos grupos linguísticos 

analisados, língua e genes têm taxas evolutivas semelhantes (Seção II.III – Amorim et al., 

2013). A existência de limitações na evolução de determinados traços culturais, mas não 

em outros, é uma possibilidade a ser investigada. É possível ainda que em alguns casos 

as línguas apresentem maiores limitações para dispersão que genes (Hunley e Long, 

2005), o que ocasionaria, por exemplo, uma maior taxa evolutiva para os genes em 

comparação com as línguas.  

Estudos como os explorados na presente tese contribuirão para o entendimento 

da biologia de populações nativas americanas em especial no que concerne à dinâmica 

populacional e evolução pós-povoamento. Novas perspectivas devem surgir na medida 

em que novos genomas e exomas de ameríndios forem sequenciados. Para tanto, será 

necessária a utilização de uma perspectiva integradora, que leve em conta as 
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peculiaridades da história demográfica dessas populações, bem como a existência de 

respostas às pressões seletivas, e que não descarte a cultura como um elemento 

evolutivo essencial. Na medida em que novos estudos de seleção natural forem 

realizados, outros loci devem se destacar como alvos de seleção positiva, como foi o caso 

do ABCA1 (Hünemeier et al.,, 2012a), SCP2 e CCL28 entre outros. Apesar disso, exemplos 

como o dos genes PAX9 (Paixão-Côrtes et al., 2011), KIR (Augusto et al., 2013) e ACTN3 

devem ser os mais comuns, já que a história evolutiva dessas populações deve ter sido 

em grande parte influenciada pela deriva genética. 
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