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RESUMO

A historia evolutiva do sistema nervoso e suas implicagdes para o comportamento
humano estdo repletas de muitos questionamentos ainda sem respostas, mesmo apds os resultados
do projeto do genoma humano e a melhoria extraordinaria dos métodos de nova geracao; tanto para
nossa quanto para outras espécies modelos. Sendo assim, a busca por respostas configura-se em um

topico ndo so instigante, como tremendamente desafiador.

Genes associados aos neurotransmissores sdo encontrados em uma diversidade de
eucariotos sem sistema nervoso central, estimulando a indaga¢ao sobre quando o complexo sistema
nervoso apresentaria o arquétipo bioldgico para a sua emergéncia. Ademais, além da presenca de
um primitivo sistema nervoso desde a origem dos cnidarios, sdo os hominineos - primatas bipedes
dotados de cérebros grandes - que mostram de maneira mais marcante como os comportamentos
criativos, inovadores e aprendidos emergem como armas adaptativas poderosas para enfrentar as

adversidades e desafios impostos pelo ambiente natural e social.

Nesta tese procurou-se contribuir com respostas a estas e outras questdes. Para isso,
buscou-se por sinais de forgas evolutivas que estariam atuando no genoma, em particular em genes
associados com comportamentos adaptativos; desde a origem dos eucariotos unicelulares até o
Homo sapiens. Dentre as varias abordagens utilizadas, nos fizemos uso de analises populacionais
na busca dos mecanismos evolutivos por trds da manuten¢do de polimorfismos compartilhados
(trans-especificos) por humanos arcaicos e modernos, presentes em genes associados com tracos
comportamentais complexos, os quais incluem “pensamento criativo” e “comportamento
inovador”. Mostramos, por exemplo, que alguns desses polimorfismos estdo sendo mantidos por
pelo menos 400-275 mil (provavelmente por selecdo balanceadora), como aqueles associados as
doengas psiquidtricas, e que também fazem parte de um repertério genético que sobrepdem-se ao
sistema imunolégico. Essa variabilidade pode ter desempenhado um papel tanto sobre a plasticidade
imunolégica, quanto comportamental; dotando as espécies do género Homo com uma extraordinaria

capacidade adaptativa comportamental em diferentes nichos ecologicos e contextos sociais.

Em uma outra abordagem, utilizando 238 genomas de eucariotos, mostramos que uma
parte representativa dos ortélogos de genes de neurotransmissores ja estava presentes no ancestral

comum de todos os eucariotos. Curiosamente, o sistema dopaminérgico foi identificado como o




mais representado na raiz dos eucariotos. Ainda, foi possivel observar que desde a origem dos peixes
ndo ha inovagdes de ortologia, quando utilizamos a rede humana como parametro, sugerindo que a
ultima rodada de duplica¢do completa do genoma no ancestral comum dos teledsteos provavelmente
impulsionou a evolugdo da rede de neurotransmissores, ou mesmo foi a grande causa para a

evolucdo da complexidade do sistema nervoso observada nesses organismos.

Nossa ultima abordagem analisa as relagdes entre as diferentes taxas de mutagdes dentro
da ordem dos primatas e tragos de historia de vida; como diversidade comportamental, de estratégia
reprodutiva, tempo de geracdo, massa corporal e outros. Diferentemente dos valores observados em
chimpanzés (Pan troglodytes), que replicaram estimativas anteriores, aqui identificamos que
humanos e gorilas ndo apresentariam taxas de mutagdes constantes considerando a razdo entre
cromossomo X/cromossomos autossomicos. Este dado sugere, que, para o estudo da evolucao do
fenotipo de comportamento sexual, os chimpanzés seriam um bom modelo do putativo ancestral
dos grandes macacos. Além disso, ¢ provavel que a competicdo espermatica em gorilas e humanos
pode ter sido muito mais intensa no passado do que atualmente. Além do mais, comparando os
diferentes tracos de histérico de vida dos primatas encontramos uma relagdo inversa entre as taxas
de substitui¢do nos cromossomos autossomicos ¢ a razao entre idades de amadurecimento das
fémeas e machos, propor¢ao de tamanho testicular, razdo entre tempo de gestagdo e intervalo de
nascimentos, ¢ razdo entre tempo de gestacdo e expectativa média de vida, mesmo quando

controlada pelo método de analise filogenética independente de contrastes.

Finalmente, mostramos dados preliminares sobre a variabilidade genética em genes
ligados ao comportamento em Sapajus libidinosus, uma espécie de macaco do Novo Mundo

caracterizada pelo uso inovador de ferramentas e aprendizagem social.




ABSTRACT

The evolutionary history of the nervous system and its implications on human behavior
is still full of questions, even in the face of the results from human genome project, and
extraordinary new advances in the next generation methods; considering either for humans and
other species. Thus, seeking to answer these questions is an exciting and challenging topic to study.

Genes associated with neurotransmitters are found in a diversity of eukaryotes without
a central nervous system, stimulating the inquiry into when the complex nervous system would have
emerged. Nonetheless, beyond the presence of a primitive nervous system since the origin of
cnidarians, the hominins are those which markedly demonstrate how creative, innovative, and
learning behaviors make allow them to trespass natural and social challenges.

In this present thesis we sought to contribute to the understanding of these issues.
Initially, we searched for signs of evolutionary forces acting on genome, particularly on genes
associated with adaptive behaviors; since the origin of unicellular eukaryotes to Homo sapiens.
Among several used approaches used, we made use of population analyses searching for
evolutionary mechanisms behind the maintenance of shared polymorphisms (trans-specific)
between archaic and modern humans for genes associated with complex behavioral traits, which
include "creative thinking" and " innovative behavior ". We were capable to demonstrate that, for
example, some of these polymorphisms maintained by at least 400-275 thousand years (probably
by balancing selection), such as those associated with psychiatric diseases, are also part of a genetic
repertoire that overlaps those observed for immune system. This variability may have played a role
in both immunological and behavioral plasticity; endowing species of the genus Homo with

extraordinary adaptive behavioral capacity in different ecological niches and social contexts.

In another approach, using 238 eukaryotic genomes, we showed that a representative
part of neurotransmitter orthologs were already present in the common ancestor of all eukaryotes.
Interestingly, the dopaminergic system was identified as the most represented system in the root of
eukaryotes. It was also possible to observe that since the origin of fishes there were no orthological
innovations when we use the human network as a parameter, suggesting that the last round of whole
genome duplication in the common ancestral genome of teleosts probably boosted the evolution of

the neurotransmitter network, or even were the cause of its complexity observed in these organisms.

Our final approach analyzes the relationships between different mutation rates within

the order of primates and life history traits; such as behavioral diversity, reproductive strategy,




generation time, body mass and others. Differently from the values observed in chimpanzees (Pan
troglodytes), which replicated previous estimations, we identified that humans and gorillas would
not have kept a constant mutation rate considering the X-to-Autosomal ratio. This data suggests that
chimpanzees would be a good model for the evolutionary studies of the sexual behavior, as a
putative ancestral of the great apes. In addition, it is likely that sperm competition in gorillas and
humans may have been much more intense in the past than currently. Moreover, comparing the
different traits of primates’ life history, we found an antagonistic relationship between autosomal
mutation rate and the ratio between females-to-males sexual maturity, proportion of testicular size,
ratio between gestation time and interval of births, and the ratio between gestation time and life

expectancy, even after controlling by the phylogenetically independent contrast analysis method.

Finally, we show a preliminary data on genetic variability in behavioral genes in the
Sapajus libidinous, a species of New World monkey characterized by innovative use of tools and

social learning.




CAPITULO I

INTRODUCAO GERAL

“O homem, com suas nobres
qualidades, ainda carrega no
corpo a marca indelével de sua
origem modesta.’

’

Charles Darwin.




1. INTRODUCAO GERAL

1.1 Consideracoes Gerais

Em 1871, no livro “The Descent of Man and Selection in Relation to Sex” Charles
Darwin enfatiza que o sistema nervoso humano, assim como o de qualquer outra estrutura organica,
faz parte de um processo evoluido (Striedter et al. 2012). Se compararmos o tamanho cerebral da
nossa espécie, o Homo sapiens, com o dos nossos ‘“parentes primatas mais proximos”, oS
chimpanzés (Pan troglodytes) e bonobos (Pan paniscus), verificamos nada menos que um cérebro
trés vezes maior em humanos. Dito isso, e assumindo a complexidade do Homo sapiens quanto a
sua capacidade intelectual e habilidades cognitivas, ¢ comum chegar a conclusdo de que a chave
para entender tais habilidades estaria em seu volumoso cérebro. Entretanto, o volume encefilico,
mesmo quando corrigido pelo tamanho do corpo, por si s6 ndo justifica nosso comportamento
complexo; visto que a organizacdo neuronal e a distribui¢do dos cortex cerebrais desempenham um

papel extremamente relevante (Ponce de Ledn et al. 2016).

Se por um lado ¢ facil assumir que os humanos modernos possuem destacada
capacidade intelectual e cognitiva, por outro a tarefa torna-se extremamente dificil quando
analisamos as outras ja extintas espécies da linhagem dos hominineos. Hominineos podem ser
classificados como primatas bipedes pertencentes a linhagem humana, desde o ultimo ancestral

comum com os chimpanzgs, hé cerca de 8 milhdes de anos (Ma) (Moorjani et al. 2016a).

Diferentemente da estrutura esquelética, o comportamento ndo passa por processo de
fossilizagao; porém ha um conjunto de dados que podem ser utilizados para inferir quanto a esse
fenotipo sobre espécies ja extintas. Um desses dados pode ser feito tomando o molde do endocranio
fossilizado, estudando ndo s6 seu volume como sua morfologia (Bruner et al. 2003). Outra
metodologia € a partir de registros arqueoldgicos culturais, carregados de simbolos, ou mesmo que
desempenhem um papel tecnolodgico, o que nos fornece possiveis diregdes quanto aos atributos

intelectuais dos nossos ancestrais.

O fim da primeira década do século XXI marca uma revolucao para o estudo da tematica
de evolugcdo humana. Utilizando técnicas de sequenciamento de DNA provindo de restos

arqueoldgicos, foi possivel que geneticistas recuperassem o genoma do Homo neanderthalensis




(Green et al. 2010; Priifer et al. 2014; Priifer et al. 2017) e do espécime de Denisova (Reich et al.
2010; Meyer et al. 2012). A partir de entdo, foram iniciadas uma série de investigacdes quanto as
diferengas genéticas entre humanos modernos e arcaicos, indo além das comparag¢des morfologicas

entre as espécies.

Diante da problemadtica de compreender o arcabougo molecular envolvido no processo
evolutivo do comportamento humano, bem como de suas capacidades cognitivas, a presente Tese
de Doutorado utiliza dados moleculares de genomica e populacionais para preencher tais lacunas.
Dessa forma, o Capitulo 3 da presente Tese (Viscardi et al., 2018) apresenta achados que buscam
por polimorfismos compartilhados entre popula¢des de humanos arcaicos ¢ modernos disponiveis
para compreender a possivel contribuicdo da selecdo balanceadora na manutencdo da alta
variabilidade comportamental dos mesmos. Seguidamente, passamos por uma andlise de biologia
de sistemas no Capitulo 4 (Viscardi et al., em preparacdo) onde o objetivo € compreender a origem
do repertodrio de genes ortdlogos associados aos neurotransmissores humanos. O Capitulo 5 da Tese
(Viscardi et al., em preparacdo), por sua vez, apresenta uma andlise a partir do célculo das taxas
mutacionais dentro da ordem dos primatas, relacionando-as com uma série de caracteristicas
fenotipicas de diferentes tracos de histérico de vida. O intuito dessa pesquisa ¢ identificar relacdes
que possam elucidar as diferentes estimativas no relégio molecular dos primatas, evidenciando
como as estratégias sociais e reprodutivas podem impactar na evolvabilidade das espécies. No
Capitulo 6 apresentamos resultados preliminares sobre a variabilidade de genes associados ao
comportamento em duas espécies de macacos do Novo Mundo (mNM): Sapajus libidinosus e
Sapajus nigritus. O estudo visa associar a alta taxa de produgdo de ferramentas vinculada aos
individuos S. libidinosus que vivem em ambiente de Caatinga, com o padrdo da variabilidade em
genes candidatos, quando confrontados com individuos do grupo controle (S. nigrii), que habitam

florestas e ndo produzem artefatos (subtitulo 6.1).

Antes de apresentar os resultados (Capitulos 3-6), no entanto, uma revisdo sobre o

estado da arte dos topicos de interesse da presente Tese sera apresentada abaixo.




1.2 Uma Breve Historia Evolutiva Dos Hominineos

O tamanho absoluto de um cérebro ndo ¢ uma variavel muito adequada para representar
a capacidade cognitiva de um indiviuo, ou mesmo para usar de comparacdo entre espécies. Por
exemplo, elefantes e baleias azuis sdo organismos de cérebros muito grandes, porém nao
apresentam equivalente complexidade comportamental ao dos humanos modernos, que esta
acompanhada, dentre outros fatores, de tecnologia sofisticada. Assim, a ciéncia da
paleoantropologia utiliza-se da medida de tamanho cerebral relativo, visto que cérebro e corpo sao
alometricamente relacionados (Alba 2010). Como exemplo, pode-se destacar a analise comparativa
entre o volume cerebral de grandes primatas contemporaneos e dos australopitecineos - hominineos
habitantes da Africa ha cerca de quatro Ma, com ~400 cm? de volume — com o cérebro de tamanho
similar ao dos grandes macacos atuais, como os chimpanzés. Contudo, se aplicarmos o coeficiente
de encefalizacdo (medida do tamanho do cérebro em relagdo ao tamanho corporal ou E.Q) as
espécies australopitecineas apresentam um E.Q. médio de 2.5, enquanto os chimpanzés possuem
um E.Q. de 2. Diante desses dados, pode-se especular que a expansdo cerebral ja estava presente,

ainda que timidamente, nos Australopithecus afarensis (Lewin 2005).

O género o qual pertencemos, o Homo, surge na Africa ha cerca de 2,5 Ma, com duas
espécies que marcam a origem desse ramo: o H. habilis e o H. rudolfensis, ambas com notavel
volume cerebral (~552 cm?® e ~752 cm?, respectivamente) se comparado com os australopitecineos.
Apesar de por muitos anos terem sido considerados os primeiros manufatores de ferramentas, novos
achados mostram que as primeiras ferramentas teriam surgido, na verdade, ha mais de trés milhdes
de anos (Harmand et al. 2015); o que propde a possibilidade de sua produgdo por espécies de

volumes cerebrais menores, como os australopitecineos, algo que comentaremos mais adiante.

Diferentemente dos Paranthropus, que foram extintos por volta de 1.2 Ma (Wood e
Strait, 2004), o género Homo colonizou uma parte significativa do globo, sendo hoje representado
pela nossa espécie. As primeiras espécies do género sdo conhecidas como habilineas, representadas
pelos ja citados Homo habilis e Homo rudolfensis, ambos com volume de cérebro relativamente
maior que dos australopitecineos. O Homo erectus, espécie identificada no século XIX por Eugéne
Dubois a partir de achados na ilha de Java, na Indonésia, foi o primeiro hominineo a ter deixado a

Africa, por volta de 1,8 Ma. Porém, devido ao fato de existir fosseis relativamente diferenciados em




diferentes continentes, alguns pesquisadores preferem adotar taxonomias distintas para identifica-
los, antes de uma tnica: H. ergaster (encontrado majoritariamente no leste da Africa), H. erectus
(Africa, Asia e Oceania) e H. heidelbergensis (Europa). Seus volumes cerebrais médios sio de ~850
cm?, ~1000 cm?® e ~1198 cm?, respectivamente (Lewin, R.2005). Existem ainda outros espécimes
com tamanhos cerebrais similares classificados dentro do ramo H. erectus (Etler 2000; Schwartz
2004). Sendo assim, alguns especialistas consideram esses espécimes como pertencentes as espécies
biologicas separadas (Homo erectus sensu stricto), enquanto outros os veem como membros de uma
unica espécie (Homo erectus sensu lato), assumindo, neste ultimo caso, grande variabilidade
morfologica dentro da espécie (Schwartz 2004; Baab 2008; Lordkipanidze et al. 2013).
Independentemente de discussdes taxonomicas a respeito dos primeiros hominineos que sairam da
Africa, este evento, conhecido como Saida da Africa I (Out of Africa I) marcou a historia de nosso

género, como veremos abaixo.

Colonizar grande parte mundo exigiu resolver uma gama de problemas adaptativos
(Cela-Conde e Ayala, 2007). Desse modo, o sucesso do evento Saida da Africa I provavelmente
ndo teria ocorrido sem o apoio de um aparato tecnoldgico adequado. Além de possuir um volume
cerebral maior ao dos seus ancestrais, o H. erectus foi protagonista em transportar as ferramentas
produzidas por longas distancias, além de terem sido identificadas, pela primeira vez nos registros
arqueologicos, lancas longas de madeira, sugerindo que eram cacadores (Thieme, 1997; Plummer,
2004; Haidle e Pawlik, 2010), algo inovador comparado aos carniceiros habilineos. Ainda, outros
fatores também devem ter contribuido para uma migragao e colonizagdo bem-sucedida, tal como o
uso eventual ou sisteméatico do fogo (Goren-Inbar et al. 2004; Mourre et al. 2010; Berna et al. 2012;

Rhodes et al. 2016).

Interessantemente, talvez uma das primeiras evidéncias de comportamento complexo
quanto ao género Homo encontrada no registro arqueoldgico se refira ao sitio de Dmanisi, na regido
do Caucaso (Georgia). Em 2004, no sitio comentado, a equipe de Lordkipanidze recuperou um
cranio e um mandibula (espécimes D3444 e D3900, respectivamente) de um Homo erectus datados
de aproximadamente 1,7 milhdes de anos de um individuo que sobrevivera por pelo menos dois
anos, unicamente através do comportamento cooperativo do seu grupo. A evidéncia esta em que o
espécime ndo apresentava nenhum dente para se alimentar, sendo necessario a pré-mastigacao por

algum outro integrante do grupo (Lordkipanidze et al. 2005).




1.3 Producao De Ferramentas

Uma das caracteristicas utilizada no passado para definir o género Homo foi a sua
capacidade de produzir ferramentas. As ferramentas mais antigas conhecidas até¢ 2015 datavam de
aproximadamente 2.6 milhdes de anos, coletados em Gona, na regido do Hadar (Etiopia) (Harmand
et al. 2015). Curiosamente, estas ferramentas ndo foram encontradas em contexto de nenhuma
espéie do género Homo, porém pertenciam ao mesmo nivel estratigrafico que uma variedade de
espécies hominineas, como o Australopithecus garhi, Australopithecus africanus, Australopithecus
sediba, Paranthropus aethiopicus, Paranthropus boisei, Paranthropus robustus, Homo habilis e
Homo rudolfensis. Estas duas ultimas espécies citadas, chamadas de habilineas, por serem dotadas
de grande volume cerebral em comparagdo com os australopitecineos, acabaram por ser apontadas
como as provaveis fabricantes desta primeira industria litica. Atualmente, muitos sdo os debates
sobre a possiblidade de alguns australopitecineos serem os primeiros fabricantes de tais ferramentas
(Whiten et al. 2009). Em 2013, artefatos liticos datando de 3.3 milhdes de anos atras, foram
encontrados no Quénia, contextualizando as ferramentas com o A.afarensis (McPherron et al. 2010;
Harmand et al. 2015). Tais descobertas expandem horizontes sugerindo que a base biologica para a
producdo de ferramentas ja estivesse presente antes mesmos do género Homo. Esta sugestdo, apesar
de chamar aten¢do em um primeiro instante, ¢ perfeitamente plausivel visto que tanto macacos
prego (Sapajus libidinosus; Haslam et al. 2016; Proffitt et al. 2016), quanto os chimpanzés (Pruetz
e Bertolani, 2007; Sanz e Morgan, 2009) produzem ferramentas com relativa frequéncia.
Curiosamente, os machos adultos da espécie Sapajus libidinosus tém grande tolerancia com a
aproximacao dos jovens infantes. Estes jovens escolhem os adultos mais habilidosos como “tutores”
para que, por observacao, possam aprender as técnicas para produzir e utilizar ferramentas (Ottoni,

de Resende e Izar, 2005; Ottoni, Dogo e Izar, 2005; Ottoni e Izar, 2008).

Esses achados em associagdo com o A4. afarensis, contribuem para a constru¢do de um
quadro légico da compreengdo da capacidade cognitiva de nossos ancestrais. E de conhecimento
geral, que ha producdes de ferramentas e actimulo de tecnologia por outros primatas, como
chimpanzés e macacos prego (Haslam et al. 2016; Proffitt et al. 2016; Faldtico et al. 2017). Ainda,
simulagdes computacionais demonstram que para os primeiros estagios do acimulo de cultura nao
haveria a necessidade do aumento das capacidades cognitivas (Pradhan et al. 2012). Entretanto, as
ferramentas provavelmente contribuiram para o deselvovimento cognitivo, visto que a propria

inovacdo ¢ indiretamente proveniente do processo de acumulagdo. Dessa forma, os chimpanzés




mostram que portariam todos os recursos bioldgicos necessarios para produgdo de ferramentas
relativamente simples (Pradhan et al. 2012). Buscando uma filogenia ainda mais distante com nossa
espécie, os proprios macacos prego de algumas populagdes (do género Cebus e Sapajus) utilizam
ferramentas para cavar a procura de tubérculos ou mesmo para alcangar pequenas presas em tocas,
como aranhas e pequenos roedores. Além disso, usam esses artefatos para atrair parceiros sexuais
(Falotico et al. 2017) atirando nos mesmos, possivelmente como forma de chamar a ateng¢do para
si. Tal conhecimento abre o debate para as possibilidades do uso das ferramentas muito anterior a
alimentac¢do baseada em carne no género Homo, proposta pela busca do tutano como recurso através

da quebra de ossos longos, apresentado anteriormente.

1.4 Saida Da Africa I1

A espécie Homo sapiens surge na Africa ha aproximadamente 200-150 mil anos (Ka).
A partir de seu continente de origem, os humanos modernos empreenderam uma notavel epopeia
migratdria, que teve como resultado a colonizagdo de todos os continentes, com excecdo da
Antértida, ainda em épocas pré-Neoliticas. Tal evento é conhecido como Saida da Africa II (Out of
Africa 1), em uma analogia a primeira emigragio africana do H. erectus (Saida da Africa I) (Stewart
e Stringer, 2012) como ja visto em item anterior da presente Tese. Conquanto, diferente da primeira
saida da Africa, as rotas de migragdo, bem como os territorios, ji estavam ocupadas por outros
hominineos, tais como o Neandertal (Homo neandertalenses) na Europa/Asia, e outras variantes
morfolégicas de H. erectus, ou mesmo espécies descendentes destes, na Oceania (Stewart e

Stringer, 2012).

H. neanderthalensis e H. sapiens coabitaram a Europa e parte de Asia por um periodo
de aproximadamente 20 mil anos (Mellars, 2004; Wang, Farina e Li, 2012). A longa sobreposi¢ao
temporal e geografica dessas duas espécies tem permitido especulacdes sobre as consequéncias
desse provavel contato. Miscigenacdo entre as duas espécies, aculturacdo e extingdo das espécies
ndo-sapiens seriam alguns dos ocorridos sugeridos. Alguns estudos paleontologicos e
arqueoldgicos, por exemplo, sustentam continuos eventos de substitui¢ao das espécies arcaicas pela
moderna (Swisher et al. 1996), enquanto outras sustentam a hipotese de miscigenacdo (Zilhdo e

Trinkaus, 2001; 2002). A paleogenética, por sua vez, vem dando forca a hipdtese de miscigenagao




apo6s a primeira publicacdo do genoma rascunho do Neanderthal (Green et al. 2010) e,
posteriormente, seu genoma de alta cobertura (Priifer et al. 2014); embora o tema esteja longe de
ser um consenso (Condemi, Mounier, Giunti, Lari, Caramelli e al. 2013). Na regido da Sibéria,
teria vivido outro hominineo arcaico considerado uma espécie irma dos Neandertais. Representado
por um molar e uma falange, o espécime de Denisova teve seu genoma sequenciado hé seis anos
(Reich, et al. 2010; Meyer, et al. 2012). Sinais de mesticagem com humanos modernos também
foram encontrados a partir do conhecimento desse primeiro genoma. Curiosamente, esse sinal ¢
especificamente marcante quando populacdes melanésias modernas de Papua Nova Guiné e das

ilhas Bougainville sdo consideradas.

Os ultimos refugios Neandertais na Europa datam por volta de 20 Ka na peninsula
Ibérica (Mellars, 2004; Stewart e Stringer, 2012; Wood, et al. 2012). Varias hipoteses sdo propostas
para explicar sua extingdo, mas as mais comuns sdo aquelas que justificam a extingdo pela
inferioridade cognitiva dos Neandertais e de outras espécies arcaicas, quando comparada com a dos
humanos modernos. O argumento basea-se em uma suposta baixa sofisticagdo de suas ferramentas
e especulagdes quanto a complexidade de suas estruturas sociais (Henshilwood, e Marean, 2003;
Mellars, 2004). Considerando essas hipdteses, a defasagem nas habilidades cognitivas teria sido

determinante para a extin¢do dos hominineos arcaicos que coexistiram com os humanos modernos.

Vale ressaltar, no entanto, que o volume cerebral médio do Neandertal (1512 cm?) € o
maior ja descrito para um hominineo, incluindo o Homo sapiens (~1355 cm?®). Este fato instigante
juntamente com outros que veremos no item a seguir, fazem parte de um conjunto de evidéncias

que questionam a suposta defasagem cognitiva de nossos parentes extintos.

1.4.1 A Cultura Neandertal

A fabricagdo e o uso de ferramentas constituem-se em pecas chaves para inferéncias
sobre a cultura nas espécies de primatas, incluindo nos hominineos (de Waal, 1999). No entanto, as
inimeras defini¢des de cultura normalmente abrangem um espectro muito maior de elementos. Em
1871 o antropdlogo britanico Edward B Tylor, considerado o pai do conceito moderno de cultura,
define: “cultura ¢ todo o complexo que inclui o conhecimento, as crengas, a arte, a moral, o direito,

os costumes e quaisquer outros habitos e capacidades adquiridos pelo homem enquanto membro de




uma sociedade” (Dalgalarrondo, 2011). Desse modo, a auséncia de ferramentas ndo implica,
necessariamente, auséncia de cultura, pois existem varios meios de manifestagao cultural verbal ou
material carregado de significados abstratos e simbolicos que ndo deixam qualquer tipo de registro
(Lewin, 2005), tais como os cantos e dangas. Cultura, assim, vem sempre acompanhada de

comportamentos sociais e individuais complexos.

Durante o Paleolitico Médio (300-40 Ka), a tecnologia litica dos Neandertais, conhecida
como Musteriense, ¢ marcada pela chamada técnica de Levallois, basicamente voltada para
producdo de lascas em massa, a partir de um nticleo, que sdo posteriormente melhor trabalhadas.
Tal técnica se mantém presente no registro arqueologico até 36 Ka (Bar-Yosef, 2002). Todavia,
ainda no Paleolitico Médio, hé indicios de que hd mais de 200 Ka os Neandertais usavam uma forma
complexa de produzir suas ferramentas: queimavam casca de bétula para sintetizar uma espécie de
cola e assim produzir ferramentas compostas, demonstrando uma diversidade tecnologica.
Curiosamente, uma técnica semelhante ¢ observada muito mais recentemente no registro

arqueoldgico associado ao H. sapiens (Roebroeks, e Villa, 2010).

No inicio do Paleolitico Superior (40-10 Ka), ha 36 Ka, surge uma nova industria
representada por laminas finas, lascas e artefatos feitos de ossos, galhada de cervideos e marfim,
conhecida como Chatelperronense. H4 um grande debate sobre a originalidade do Neandertal
quanto a esta industria, pois uma tecnologia similar ¢ também encontrada em humanos modernos.
Assim, para alguns, a producdo de tais artefatos seria resultado do contato e troca cultural com o H.

sapiens (Zilhdo e Trinkaus, 2001; Mellars, 2004; Lewin, 2005).

1.5 Bases Genéticas Do Comportamento e Habilidades Cognitivas

O inglés Francis Galton ja& reconhecia em 1869 que habilidades cognitivas e
comportamentais poderiam ser herdadas (Vallender, 2011). Atualmente, estudos com humanos
mostram que tais caracteristicas, como processamento sensorial, reconhecimento de si, emogdes,
motivagdo, aprendizagem, memoria, aten¢do, busca de novidade, funcao executiva e tolerancia com
outros individuos apresentam alguma base bioldgica herdavel (Vallender, 2011; Vissers et al., 2015;
Gilissen et al., 2014; Johnson et al., 2016). Destarte, através do uso da genética e da biologia
molecular ¢ possivel buscar quais variagdes genéticas entre e dentro das espécies seriam

responsaveis, pelo menos em parte, por esses fendtipos. Igualmente, ¢ sabido que forcas evolutivas,




tal como a selecdo natural (direcional e/ou balanceadora), atuam sobre os fendtipos, selecionando
individuos portadores de determinados comportamentos adaptativos, de acordo com as demandas
ambientais e ecologicas.

Neurdnios sao as unidades bésicas do sistema nervoso, sendo eles 0s principais responsaveis
pela condug@o do impulso nervoso através de reagdes fisico-quimicas nas sinapses. O termo sinapse
tem origem na década de 30 do século XX, cunhado por Charles Sherrington, que a definiu como
um local de contato entre dois neurdnios. Assim, transmissdo sindptica pode ser definida como a
passagem de infomagdo entre neuronios, podendo ser elétricas ou quimicas. Curiosamente,
vertebrados apresentam um numero relativamente maior de sinapses quimicas do que elétricas
quando comparados com invertebrados, algo que ¢ associado com sua maior capacidade de
processamento de informagdes e que, consequentemente, permitiu maior complexidade funcional
ao sistema nervoso (Lent, 2010). Dentre os genes mais comumente estudados pela genética para
compreender a origem do fenétipo comportamental estdo os genes codificadores de
neuromoduladores, como a vasopressina (AVP) e oxitocina (OXT), genes condificantes para
neurotransmissores (e.g. Glutamato e Dopamina), e genes envolvidos na expressdo dos seus
receptores (Bailey et al. 2007; Vargas-Pinilla et al. 2015; Pare et al. 2016).

Durante o processo de especiagdo, a espécie derivada e seu ancestral comum podem acabar
por compartilhar muitos genes em comum. Genes que sdo, assim, herdados verticalmente de uma
espécie para outra sao chamados de ortélogos, enquanto genes que tém em sua origem um evento
de duplicacdo génica sdo conhecidos como paralogos (Koonin 2005).

Como exemplo, podem ser citados os neuro-hormonios pardlogos OXT e AVP,
associados com diversos tracos comportamentais complexos, além de possuirem importantes papéis
fisiologicos. Em mamiferos placentérios, o neuro-hormonio AVP difere do OXT basicamente por
mudangas nas posi¢des 3 e 8 (Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly e Cys-Tyr-Ile-Gln-Asn-
Cys-Pro-Leu-Gly, respectivamente) (Stoop, 2012; Koehbach et al., 2013); estando separados por
uma regido intergénica de aproximadamente 10kb, com sua orientagao transcricional oposta. Dentre
as suas funcdes conhecidas, esses nona-peptideos atuam no controle de estresse, agressividade,
formacgao de pares sexuais, cuidado parental, além de outros comportamentos complexos, como
veremos mais adiante na presente Tese. Fisiologicamente, OXT atua também na contracdo uterina
e eje¢do do leite, enquanto AVP tem papel na homeostase da dgua (French, 2016). OXT ¢ AVP
exercem suas fungdes através dainteracdo com seus receptores (OXTR; AVPla, AVP1b e AVPR2,

respectivamente). Sendo assim, o estudo do sistem OXT-AVP, como um todo, pode nos auxiliar a




elucidar as bases genéticas que dotam certos animais de comportamentos sociais (ver como exemplo
estudos de nosso grupo de pesquisa, Vargas-Pinilla et al., 2015 e Parreiras-e-Silva et al., 2017).
Obviamente, também ha outros genes que influenciam direta ou indiretamente os
fenotipos comportamentais (Sekar et al. 2016). Genes envolvidos no desenvolvimento do cérebro e
transmissdo sindptica também sdo importantes, visto que muitas mutacdes deletérias tém sido
descritas na nossa espécie (Vernes et al., 2007; Sholtis e Noonan, 2010). A titulo de exemplo, ja
foram identificados sinais de selecdo natural nos genes codificadores dos receptores da serotonina
(HTR2A) e dopamina (DRD2 e DRD4), bem como no transportador da serotonina SLC6A44 (5-HTT)
(Staes et al., 2014, 2016; Taub e Page, 2016). A sequéncia promotora do gene SLC6A44, que
apresenta repeti¢des em tandem de niimero varidvel (VNTR), possui duas regides polimorficas
conhecidas como PL1 e PL2. Enquanto a regido variavel PL1 ¢ exclusiva dos grandes macacos (e.g.
orangotangos, gorilas, chimpanzés e humanos), a regido PL2 ¢ encontrada somente em macacos do
Velho Mundo (Dobson e Brent, 2013). Vale destacar que estudos anteriores encontraram repeticdes
em tandem PL2 em um estudo com duas espécies de macacos do Novo Mundo, mas sem identificar
a variabilidade dentro das mesmas (Pascale et al., 2012), o que ndo sigifica a auséncia dessa
variabilidade em outras espécies demacacos do Novo Mundo. Variantes nestas regides tém sido
associadas com dominancia social e ansiedade em Macaca fascicularis (Miller-Butterworth et al.,
2008). Como esses polimorfirmos estdo sendo mantidos por milhares de anos, alguns autores
sugerem a possivel acdo deselecdo balanceadora (Dobson e Brent, 2013; Shattuck et al., 2014).
Em humanos e cetaceos, o gene codificador do receptor D4 da dopamina (DRD4)
também ¢ conhecido por apresentar variagdo no numero de VNTRs no exon 3, a qual ja fora
associado com o fendtipo de “busca por novidades” (Larsen et al. 2005; Mogensen et al. 2006;
Tovo-Rodrigues et al. 2010). Em humanos, alelo de sete repeti¢des ja foi associado com o fendtipo
descrito acima. Além disso, sinal de selecdo positiva ha pelo menos 50 mil anos foi identificado,
sugerindo a importancia do alelo (bem como do fendtipo a ele associado) no processo migratdrio
durante a saida da Africa II (Ding et al. 2002). Trabalhando com cagadores-coletores da América
do Sul, Tovo-Rodrigues e colaboradores (2010) identificaram uma frequéncia maior do alelo de 7
repeti¢des, indicando que o répido aumento da sua frequéncia em amerindios, poderia estar
relacionado as necessidades de rapidas respostas as dindmicas mudangas de ambiente e escassez de

recursos.

Variantes na regido promotora do gene do receptor de AVP do tipo 1A (4VPR1a) foram

também associadas com os fendtipos do comportamento tanto em humanos quanto em chimpanzés,




como o ja mencionado “busca de novidades”, além de “resposta a recompensa”, “preven¢do de
danos” e “comportamentos de dominancia” (Donaldson e Young, 2008, 2013; Latzman et al., 2014).
Outras pesquisas também indicaram que em humanos a variagdo neste gene também esta associada
ao Espectro Autista (Procyshyn, et al., 2017), o que denota a importancia do gene em funcdes

conectivas relacionadas a interacdo social.

Como comentado anteriormente, existem varias hipdteses para explicar a extingdo dos
Neandertais, mas normalmente elas se apoiam em uma suposta inferioridade intelectual dos mesmos
em compara¢do ao H. sapiens. Assim, muitos dos achados que apontam complexidade cultural dos
Neandertais sdo referidas como erros metodologicos ou aculturagdo, como no caso citado da
industria Chatelperronense (Henshilwood, e Marean, 2003; Lewin, 2005; Mellars, 2004). No
entanto, novos achados na arqueologia apontam para uma maior semelhanca entre as espécies.
Sitios arqueologicos com instigantes pinturas rupestres, com data¢des do periodo Neandertal, pdem
em davida a capacidade exclusiva do H. sapiens de fazer este tipo de arte (Zilhao, et al., 2010; Pike,
et al., 2012). Dados genéticos, por sua vez, indicam situa¢do que favorece uma similaridade entre
nossa espécie a os Neandertais/Denisovianos. Por exemplo, os Neandertais teriam as mesmas
mutacdes no gene FOXP2 encontradas nos humanos modernos. Tais mutagdes, ausentes nos
chimpanzés e nos outros grandes macacos, foram associadas a capacidade da linguagem articulada
(Krause, et al., 2007). Nosso grupo de pesquisa demonstrou—que um grande nimero de alelos
derivados, incluindo em genes da cognicdo, do neurodesenvolvimento e da neurotransmissao,
anteriormente conhecidos apenas em Homo sapiens, na verdade ja estavam presentes nas espécies
arcaicas (Paixdo-Cortes, et al 2012; 2013). Assim, esses achados indicam a manutencdo desta
heterogeneidade ha no minimo 800 Ka, indicando polimorfismos presentes em ambas as espéies.
Conjuntamente, estes achados permitem sugerir que o repertorio genético para o comportamento
complexo do H. sapiens possa ter emergido muito antes do que se imaginava e, possivelmente,
estaria presente em outras espécies do género. A presente tese tem como uma de suas pretensdes
explorar esta hipotese. Para isso, algumas outras defini¢cdes e considera¢des se fazem necessarias,

COMO Veremos nos itens a seguir.

1.5.1 Polimorfismos Compartilhados e Selecio Baleanceadora

Polimorfismos compartilhados (ou trans-especificos) podem ser identificados quando a

espécie A possui 2 alelos (Al e A2) em um Jlocus e a espécie B também possui, em um locus




homologo, os 2 alelos (B1 e B2). Excluindo o surgimento concomitante de variantes em linhagens
distintas (evolugdo paralela), os polimorfismos compartilhados nas espécies derivadas pressupdem
um estado polimorfico na espécie ancestral. Estima-se que a perda dos polimorfismos neutros
compartilhados entre duas espécies derivadas com tamanhos efetivos médios de 10 mil individuos
se dé aproximadamente em 340 mil anos, ou 17 mil geracdes, considerando geragdes de 20 anos.
Ainda, ¢ esperado que 1% dos polimorfismos neutros compartilhados sejam mantidos além de 53
mil geracdes (Clark, 1997). Entretanto, esse periodo de tempo pode cair na medida em que o
tamanho efetivo das espécies derivadas ¢ menor que 10 mil individuos. Outrossim, o modelo sé se
aplica se os alelos em questdo forem seletivamente neutros. Simulagdes de computador mostram
que alelos codominantes, sob a acdo da sele¢do natural, podem ser mantidos por 10 milhdes de anos,
ou mais, em diferentes espécies relacionadas filogeneticamente. Este parece ser o caso dos alelos
do sistema MHC compartilhados entre primatas e roedores (Takahata e Nei 1990). Neste caso
classico envolvendo loci do sistema imunoldgico, os polimorfismos compartilhados envolvem
genes cuja fungdo justificaria uma pressdo seletiva forte para manter uma alta diversidade no
conjunto de alelos/locus, tornando o sistema bastante pldstico, ao longo de muito tempo. O
mecanismo mais comumente associado a manutengdo de polimorfismos ndo neutros
compartilhados entre diferentes espécies € a selecdo baleanceadora, que atua basicamente através
da vantagem adaptativa do heterozigoto (alelos codominantes) e da selecdo dependente-de-
frequéncia, quando a vantagem adaptativa desaparece na medida em que a frequéncia de um
fenotipo ultrapassa um dado limiar.

Hoje hé poucas dividas que existe uma base genética para tragos complexos. Redes de genes
fundamentam o processamento sensorial, das emogdes e motivacdes, além do desenvolvimento
neuronal e da plasticidade. Todos esses elementos sdo essenciais para a geracao de comportamentos,
sendo que estes programas genéticos variam entre e dentro das espécies, dando origem a uma
diversidade comportamental (Bendesky e Bargmann, 2011). Mais que isso, tal diversidade pode
estar sendo mantida principalmente por sele¢do balanceadora se diferentes tragos sdo favorecidos
em situacdes ambientais distintas, onde as pressdes seletivas se alteram constantemente (Wolf, et
al., 2007; Boon, Réale e Boutin, 2007; Pruitt e Riechert, 2010; Bendesky e Bargmann, 2011). Por
exemplo, em um ambiente rico em recursos alimenticios uma alta atividade exploratdria ¢ menos
vantajosa que uma baixa atividade, pois esta tiltima conserva mais energia (Boon, Réale e Boutin,

2007).




Outros exemplos podem ser citados dentro do grupo dos primatas, como polimorfismos
compartilhados entre espécies de primatas do Novo mundo (Atelidae, Pitheciidae e Cebidae) no
gene da L-M opsina (Hiwatashi, et al., 2010), relacionado com a visdo di/tricromatica. Nao existe
uma clara vantagem em ser tricromatico, pois ha casos em que ser dicromatico ¢ uma vantagem em
populacdes de macacos e simios (detectar insetos que vivem na superficie, ou objetos camuflados

pela cor), bem como hé casos em que ndo ha diferenca entre ser dicromatico ou tricromatico.

Podemos sugerir que ao identificar sitios sobre sele¢do balanceadora em grupos
humanos, seus valores devem ultrapassar a ancestralidade comum estimada para as populagdes
humanas, visto que o /ocus estd mantendo a diversidade desde antes da separacdo entre as
populagdes. No entanto, um cuidado ainda € necessario na interpretagdo dos dados diante de que
loci autossomais tém sua datagdo em humanos na amplitude de 300-1900 Kya, e o nivel de
polimorfismo médio em humanos esta na ordem de 8x10* por par de bases (Kreitman e Di Rienzo,

2004).

1.5.1.1 Qual a Dinimica Evolutiva Que Poderia Sustentar a Hipdtese

Apresentada Acima?

A selec¢do natural é conhecida por selecionar tragos adaptativos no individuo, devido ao
seu melhor desempenho quando comparada aos outros membros da mesma populagdo. Com o
tempo, alelos dos genes que contribuem para o devido trago irdo aumentar em frequéncia, podendo
occorrer sua fixacao (Fijarczyk e Babik, 2015). Entretanto, olhando para uma perspectiva de grupo,
¢ amplamente aceito que a sele¢do pode operar sobre niveis multiplos (selecdo em multi-nivel),
algumas vezes apresentando uma covariancia significativa entre o trago e o valor adaptativo sobre
o nivel social do grupo. Essa forma de sele¢dao pode ¢ conhecida por “selecdo de grupo” (Gardner,

2015).

Selecdo balanceadora pode ser observada ao nivel de grupo em exemplos onde o
individuo coloca sua propria vida em risco para a sobrevivéncia do grupo (Shettleworth, 2010).
Ainda, alguns polimorfismos podem ser interpretados como deletérios a nivel individual, porém
serem uma vantagem em nivel de grupo. Alguns exemplos sdo conhecidos em humanos e
normalmente associados a eventos de migracao, alta defesa devido ao comportamento agressivo e

etc. O gene AVPRIB, ¢ um exemplo de uma complexa selecdo balanceadora, associada com




depressdo e transtornos de temperamento, sobre a populagdo Africana e Europeia, visto que um dos
alelos ¢ fixado em asiaticos (Cagliani, et al., 2009). Genes que influenciam estes tracos de
personalidade normalmente s3o associados com doengas psiquiatricas, como de forma bem
recorrente ocorre com a esquizofrenia e a ja citada depressdo. Este conjunto de genes podem ser

referidos como “genes do comportamento”.

Considerando toda a trajetéria evolutiva dos hominineos - vista resumidamente nos
itens anteriores, € de um provavel tamanho efetivo pequeno devido a competicdo entre as varias
espécies e continuos bottlenecks (Huff, et al. 2010) - é possivel especular que a selecdo natural do
tipo balanceadora tenha tido um papel importante na manutengdo dos polimorfismos trans-
especificos dos sistemas genéticos conectados com habilidades de comportamentos complexos, que
tiveram na plasticidade a ferramenta fundamental para o sucesso adaptativo do grupo ao longo do

tempo.




CAPITULO I
JUSTIFICATIVA E OBJETIVOS

“Nunca tenha certeza de nada, por que
a sabedoria comegca com a duvida”

Sigmund Freud




2. JUSTIFICATIVA E OBJETIVOS

2.1 JUSTIFICATIVA

Pode-se dizer que o estudo da evolugdo humana ¢ uma busca para compreender o que
faz com que sejamos hoje uma das espécies mais bem-sucedidas do planeta, junto as bactérias e
alguns outros organismos. Grande parte desse sucesso foi garantido pela nossa inteligéncia e
capacidade comportamental complexa. A analise dos genomas de espécies do género Homo extintas
nos ajuda a compreender se nossas capacidades cognitivas sdo unicas ou se ja estavam presentes
em outros hominineos que dividiam o planeta conosco até, pelo menos, 18 mil anos atrds. Dessa
forma, compreender as causas evolutivas de certos comportamentos faz com que possamos
identificar a origem de tragos que hoje estdo ligados a problemas de satide que acometem humanos
modernos, mas que em no passado eram, quica, vantajosos. Entretanto, vale lembrar da
multifatorialidade do fenétipo comportamental, a qual faz com que o uso de um ou poucos genes
ndo seja suficiente para compreender o fenoétipo como um todo; fazendo jus a aplicagdo de
tecnologias computacionais de biologia de sistemas e analise de multiplos genomas com abordagens
populacionais, além da profundidade temporal que caracteriza os estudos evolutivos.

Trabalhos recentes tém encontrado sinais significantes associados com transtornos
psiquiatricos em genes com ag¢des muito basais, como ao transporte de ions de calcio (Heyes et al.
2015). Nao obstante, hda o avango sobre os conhecimentos do repertéorio de genes
reguladores/moduladores do comportamento, verificando-se uma epistasia com genes associados
com o sistema imune (Sekar et al. 2016; Sanders et al. 2017). Uma abordagem evolutiva pode ajudar
a identificar o porqué de ambos repertdrios génicos estarem conectados com fendtipos
comportamentais, bem como podem ajudar a elucidar se tais sinais sdo biologicamente significantes
ou um artefato matematico.

Além disso, abordagens que levam em consideragdo outras espécies de primatas e
animais de modo geral podem trazer luz sobre a emergéncia de genes homodlogos e paralogos de
interesse no estudo, bem como sobre seus papéis na emergéncia de fendtipos exclusivos ou

compartilhados entre grupos taxonomicos.
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IV.

2.2 OBJETIVOS

Buscar polimorfismos compartilhados entre populacdes de humanos arcaicos e modernos para
compreender a possivel contribuicdo da selecdo balanceadora na manutengdo da variabilidade
em tragos de comportamento (Capitulo 3).

Analisar a origem do repertorio associado aos ortdlogos em eucariotos de cinco principais
sistemas neurotransmissores humanos (GABAérgico, colinérgico, serotoninérgico,
dopaminérgico e glutamatérgico), bem como sua plasticidade, abundancia e diversidade
(Capitulo 4).

Inferir a associag¢do entre a taxa de substitui¢ao varidavel em primatas e seus diferentes tragos
historicos de vida, sexo-especifico ou ndo, para avaliar se os mesmos impactam sobre as
inferéncias do relogio molecular (Capitulo 5).

Caracterizar a diversidade genética de genes relacionados com comportamento social em
espécies de Sapajus libidinosus e Sapajus nigritus com o intuito de contribuir na busca das bases
genéticas para a emergencia de comportamentos inovadores com relevancia adpatativa

(Capitulo 6).
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Abstract

Hominin evolution is characterized by adaptive solutions often rooted in behavioral and cognitive changes. If balanc-
ing selection had an important and long-lasting impact on the evolution of these traits, it can be hypothesized that
genes associated with them should carry an excess of shared polymorphisms (trans- SNPs) across recent Homo
species. In this study, we investigate the role of balancing selection in human evolution using available exomes from
modern (Homo sapiens) and archaic humans (H. neanderthalensis and Denisovan) for an excess of trans-SNP in
two gene sets: one associated with the immune system (IMMS) and another one with behavioral system (BEHS). We
identified a significant excess of trans-SNPs in IMMS (N=547), of which six of these located within genes previously
associated with schizophrenia. No excess of trans-SNPs was found in BEHS, but five genes in this system harbor
potential signals for balancing selection and are associated with psychiatric or neurodevelopmental disorders. Our
approach evidenced recent Homo trans-SNPs that have been previously implicated in psychiatric diseases such as
schizophrenia, suggesting that a genetic repertoire common to the immune and behavioral systems could have been
maintained by balancing selection starting before the split between archaic and modern humans.
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Introduction fundamental forces of microevolution, including genetic
drift, directional natural selection (either positive or nega-

Many of the fundamental processes at the core of . .
tive), and balancing selection.

complex human behavior and cognitive abilities, including
sensory processing, recognition of self and others, emo-
tions, motivation, learning, memory, attention, vocaliza-
tion and speech processing, executive function, as well as
neural development, may be characterized by at least some
degree of heritability (Vallender, 2011; Gilissen et al.,
2014; Vissers et al., 2015; Johnson et al., 2016). Assuming
that genes are partly responsible for these phenotypes, ge-
netic variation between and within species can be expected

While directional selection tends to reduce variability
close to the selected site (Lachance and Tishkoff, 2013),
balancing selection results in the persistence of variation in
the population or species, even in the face of loss due to
drift, leading to an excess of polymorphisms with interme-
diate frequencies (Nielsen et al., 2009) and increasing ge-
netic diversity around the site of selection (Charlesworth,
2006; Fijarczyk and Babik, 2015). Balancing selection can

to give rise to the large behavioral repertoire observed in
nature (Bendesky and Bargmann, 2011). Furthermore, the
diversity of these traits can be expected to be shaped by the

Send correspondence to Maria Catira Bortolini. Departamento de
Genética, Instituto de Biociéncias, Universidade Federal do Rio
Grande do Sul, Caixa Postal 15053, 92501-970 Porto Alegre, RS,
Brazil. E-mail: maria.bortolini @ ufrgs.br

result from different processes, such as heterozygote ad-
vantage (overdominance), negative frequency-dependent
selection, and heterogeneity in selective advantage across
time or space — all possibly acting in changing environ-
ments requiring a fast rate of adaptation (Boon et al., 2007;
Wolf et al., 2007; Bendesky and Bargmann, 2011; Pruitt
and Riechert, 2011; Schaschl et al., 2015; Taub and Page,
2016).
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While many cases of directional selection have been
reported in the literature, only a handful of examples of bal-
ancing selection have been described. This may be due to
several factors. On the one hand, balancing selection may
be a transient state, leaving marks so subtle that their detec-
tion may be difficult using current tests, leading to a large
number of false negatives (Fijarczyk and Babik, 2015). On
the other hand, most methods rely on the fact that balancing
selection will lead to a decreased inter-population diversity.
In populations that diverged not long ago, or that are experi-
encing some level of admixture, however, this pattern will
be found at most neutral loci, thereby leading to a large
number of false positives. One way of circumventing this
issue is by comparison of different species, considering an-
cient balancing selection, in which most loci should indi-
cate moderate to high divergence, and thus the number of
false positives is expected to be smaller.

One of the best-studied targets of balancing selection
is the major histocompatibility complex (MHC), which in-
cludes many examples of long-term maintenance of trans-
species polymorphisms (trans-SNPs), i.e. ancient polymor-
phisms that survived in derived taxa (Takahata and Nei,
1990; Clark, 1997; Grimsley et al., 1998; Ségurel et al.,
2013; Azevedo et al., 2015). The study of these trans-SNPs
has revealed a common theme, where individuals heterozy-
gous for genes with key roles in the immune system seem to
be more effective in their defense against pathogens, while
at the same time presenting only a moderate inflammatory
response (Cagliani et al., 2008; Leftler et al., 2013; Aze-
vedo et al., 2015; Teixeira et al., 2015).

Because of the expected loss of shared polymorphic
sites over time due to genetic drift, polymorphisms shared
between species that diverged a long time ago are rare un-
der neutrality (Clark, 1997). Trans-SNPs common to spe-
cies separated by a relatively deep evolutionary split, and
without recent admixture, are therefore probably adaptive
and maintained by balancing selection. Examples of such
adaptive trans-SNPs were reported by Leffler et al. (2013)
and Teixeira et al. (2015) in their comparison between hu-
mans and the Pan genus, which are thought to have di-
verged about 8 million years ago (Moorjani ef al., 2016). In
more recently-diverged species, the presence of trans-SNPs
must be interpreted with greater caution. For instance, for
humans, which have an estimated effective population size
(Ne) of ~10,000 individuals, 1% of neutral trans-SNPs will
be preserved in the genome even after 53,000 generations
(~1,6 million years) (Clark, 1997). Assuming that the split
between Homo sapiens and Homo neanderthalensis oc-
curred around 400,000-275,000 years ago (Endicott et al.,
2010; Priifer et al., 2014), some trans-SNPs occurring in
these species are expected to be neutral and occur due to
stochastic events. Additionally, the retention of ancestral
polymorphisms can be due to introgression, the exchange
of genetic material between different species due to hybrid-
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ization (Fijarczyk and Babik, 2015). This has been de-
scribed for the hybridization between archaic humans
(including H. neanderthalensis and the closely related
Denisovans) and some modern human populations (Green
et al., 2010; Reich et al., 2010; Meyer et al., 2012).

Despite these difficulties, the investigation of
trans-SNPs in the genus Homo is an exciting research goal.
Hominin evolution is characterized by adaptive solutions
rooted in behavioral and cognitive changes. For instance,
creative thinking promotes change from prevailing modes
of thought or expression, a change that can be associated
with fitness gain (Nettle, 2006). In addition to the benefits
of change over time, there are adaptive advantages to the
parallel maintenance of different behavioral strategies
within a species (Sih et al., 2004; Korte et al., 2005;
Cagliani et al., 2009; Taub and Page, 2016). Assuming a
genetic basis for these behavioral strategies, their parallel
persistence can be seen as the result of balancing selection.
In support of the idea for balancing selection, there have
been several reports of polymorphisms in genes with
known roles in modulating complex behavior in modern
human and other mammals, which have likely persisted
through balancing selection (Cagliani et al., 2009; Schaschl
et al., 2015; Taub and Page, 2016).

Expanding on this idea, it is of great interest to inves-
tigate the role of balancing selection in the evolution of
hominin, including human, behavior on a greater scale. If
balancing selection has indeed had an important and long-
lasting impact on the evolution of behavior in hominins, it
can be hypothesized that genes associated with behavior
should carry an excess of trans-SNPs across hominin spe-
cies. Based on this hypothesis, we investigated the role of
balancing selection in the evolution of behavior in homi-
nins by studying the pattern of trans-SNPs in genes relevant
to these traits in Neanderthals and modern humans.

Importantly, as previously mentioned, many avail-
able methods used to detect balancing selection were origi-
nally designed to target balancing selection operating over
more than 4Ne generations (Clark, 1997). Due to the rela-
tively recent split between modern humans and Neander-
thals, these methods are ineffective in detecting balancing
selection when studying these two species. To overcome
this limitation, we implemented an approach that enables
the identification of an excess of trans-SNPs in groups of
genes of interest in comparison to the exome background
(i.e. the null distribution), which serves as a control for de-
mographic effects, while we added control for gene length
biases, GC content (and thus indirectly mutation rate),
number of polymorphisms per gene and background selec-
tion. Using this approach, we were able to identify poly-
morphisms shared between modern humans and Nean-
derthals, many of which located in genes related to
immunology and a few in genes playing a potential role in
behavior, including genes that may contribute to personal-
ity traits and psychiatric disorders.



Balanced polymorphisms between Neanderthals and Modern Humans

Material and Methods

Defining gene sets

To find genes underlying immune and behavioral sys-
tems, we defined two target gene sets, which we named
IMMS (genes related to the immune system) and BEHS
(genes related to behavior). We populated these gene sets
by searching the AmiGO database
(http://amigo.geneontology.org/cgi-bin/amigo/browse.cgi)
using GeneOntology terms directly related to immune sys-
tem (for IMMS) and behavior (for BEHS; supplementary
material Table S1;
http://amigo.geneontology.org/cgi-bin/amigo/browse.cgi).
We further added to the BEHS gene set, genes associated
with autism spectrum disorder (lossifov et al., 2014; Yuen
et al., 2015), schizophrenia (Carrera et al., 2009; Li et al.,
2015; Srinivasan et al., 2015), major depression (Cagliani
et al, 2009), and finally the OMIM database
(https://www.omim.org) was also consulted for psycho-
pathology associated genes (i.e. schizophrenia, major de-
pressive disorder, autism spectrum disorder, asperger
syndrome, attention-deficit disorder, antisocial behavior,
and obsessive-compulsive disorder) expanding our total
dataset. We then excluded genes that were not available for
Neanderthal exome analysis, making for a final count of
1,780 genes in IMMS and 278 in BEHS, with a total of
17,246 analyzed genes including target (IMMS or BEHS,
accordingly) and control genes.

Genetic datasets

The high quality exomes of three Neanderthals were
retrieved from the Max Planck Institute database
(http://cdna.eva.mpg.de/neandertal/exomes/; Castellano et
al., 2014). Modern human exome data were obtained from
phase 3 of the 1000 Genomes Project (The 1000 Genomes
Project Consortium, 2015). To avoid any confounding ef-
fects due to interbreeding among archaic humans and mod-
ern Eurasians (as reported by Green et al., 2010; Reich et
al.,2010; Condemi et al., 2013) in our analysis of balancing
selection, we used only Yoruba genomes, as they are as-
sumed to have no admixture history with Neanderthals or
Denisovans. We included only autosomal single nucleotide
biallelic loci, therefore excluding insertions and deletions
(InDels), polymorphic sites with more than two alleles,
variants on the sex chromosomes and mitochondrial vari-
ants. Only loci found to be heterozygous in the Neanderthal
exomes were considered for shared and non-shared poly-
morphisms; this observed heterozygosity at the individual
level was assumed to reflect population-wide polymor-
phism. Regarding the Yoruba (YRI) sample of 108 individ-
uals, we only considered polymorphisms that both
ancestral and derived alleles were segregating in this popu-
lation. Importantly, as these Neanderthal samples from
Croatia and Spain dated to more than 40 Kya (Castellano et
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al.,2014), we do not expect that any Neanderthal polymor-
phism is a result of modern human introgression.

Due to the spontaneous deamination of 5-methyl-
cytosine, methylated CpG sites are more prone to mutation
than other sites, which raises the probability of allelic iden-
tity by state rather than by descent (Azevedo et al., 2015).
Because of this, we performed all analyses both including
and excluding SNPs located within putatively methylated
CpG sites (similarly to Leffler et al., 2013).

The SIFT4G Software (Ng and Henikoff, 2003; Va-
ser et al., 2016) was used to classify SNPs into synonymous
vs. nonsynonymous substitutions and to perform a pheno-
type prediction for the disruption effect of mutations, allied
with known references in literature. Polymorphisms within
untranslated regions (UTRs) were excluded from all further
analyses.

Evaluating the excess of trans-SNPs in gene sets

We searched in each gene for polymorphisms shared
between Neanderthal and Yoruba exomes (i.e. trans-
SNPs). We then compared the number of trans-SNPs in
each one of the two target gene sets (IMMS and IBHS) to
that of the 10,000 gene sets made according to random per-
mutations of all remaining human genes for which Nean-
derthal exome sequences were available (total of 17,246
genes). In doing so, we always removed genes already ac-
counted for in the target gene set accordingly. For instance,
IMMS has 1,780 genes in its dataset, therefore 10,000 ran-
dom gene sets were built using 15,466 genes as control.
Each of the 10,000 random gene sets consisted of as many
genes as the target gene set it was simulating, namely 1,780
genes for the comparison to IMMS and 278 to BEHS. The
rationale behind the construction of random gene sets, was
to generate a null genomic distribution for trans-SNPs,
against which each target gene set was then tested. Statisti-
cal significance was determined by assessing the deviation
in the number of trans-SNPs in the target gene sets in com-
parison to the background genomic distribution of trans-
SNPs generated with the random gene sets. The bash script
was used to run this analysis
(https://github.com/cegamorim/excess_transSNPs).

Because all loci in each genome were subject to the
same demographic history, this approach implicitly con-
trols for demography. However, it does not automatically
control for possible effects of background selection, vary-
ing mutation rates across sites, and gene size. These effects
are known to affect genetic diversity and may therefore bias
our results. To control for these effects, genes in the control
sets were matched, on a gene-by-gene basis, to those in the
IMMS and BEHS target gene sets for background selec-
tion, gene length and GC content as follows: Background
selection was measured with the B statistic developed by
Mcvicker et al. (2009), which was computed based on the
expected reduction in nucleotide diversity at a neutral site
due to purifying selection at other sites, as a function of re-
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combination rates, selected site locations, deleterious muta-
tion rate, and the distribution of selection strengths, and
indicates the expected fraction of neutral diversity that is
present at a given site. A value close to 0 represents near
complete removal of diversity as a result of selection, while
a value close to 1 indicates that selection has had little effect
on diversity (McVicker ef al., 2009). To be matched with a
target gene, the value of B for a control gene needed to be
within 0.1 units of the value of B for the target gene. Gene
size was measured as total exonic length, in accordance
with the USCS build hgl9 refGene table (https://ge-
nome.ucsc.edu/). To be matched, the length of target and
control genes needed to be within 400 bp of each other. GC
content was calculated considering the gene coordinates
described in the refGene table of UCSC build hgl9. In a
first step, we used BEDTools (Quinlan and Hall 2010) to
extract the coding exon sequence based on these coordi-
nates, and then used in-house scripts to determine the GC
percentage. To be matched, the GC percentages of target
and control genes needed to be within 5% of each other.
The criterion for thresholds applied was chosen after many
trials where at least one control gene in the exome was
found for at least 98% of the target genes in IMMS and
BEHS datasets. Those target genes that could not be
matched to at least one control gene in the exome were ex-
cluded from all further analyses in both the target and con-
trol gene sets (Table S2).

All data were handled with vcftools 0.1.13 (Danecek
etal.,2011) and beftools, as well as using in- house Python
and bash scripts. Plots and analyses were implemented in
the R environment (Www.r- project.org).

Population genetics analyses

In addition to the analysis of trans-SNPs, we consid-
ered the classical population genetics statistics Tajima’s D
and Fst as potential markers of balancing selection, indi-
cated by an excess of polymorphisms with low population
differentiation. While shared polymorphisms can detect
long-term balancing selection, Tajima’s D highlights re-
gions with an excess of (not necessarily shared) poly-
morphisms, due to balancing selection or population size
change. On the other hand, F'st estimates genetic differenti-
ation among populations. Both, Tajima’s D and Fst are of
interest, since together they indicate potential targets for
balancing selection over an intermediate time span, as eval-
uated using the interval between 0.4 Ne and 4 Ne (Fijarczyk
and Babik, 2015). Tajima’s D for the YRI population and
intercontinental Fst scores (Global Fisf) for Yoruba versus
Europeans (CEU) and Asians (ASN) were obtained from
the 1000  Genomes  Selection  Browser 1.0
(http://hsb.upf.edu/)(Pybus et al, 2014). It should be
stressed that, despite the use of just H. sapiens populations,
the polymorphisms selected were those shared with Nean-
derthals. Negative Fst values were interpreted as 0. Fur-
thermore, since intermediate allele frequencies are a
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hallmark of balancing selection (Nielsen ef al., 2009), we
retrieved the average heterozygosity and standard error for
all  trans-SNPs  from the  dbSNP  database
(https://www.ncbi.nlm.nih.gov/projects/SNP/). A thresh-
old for Fst of 0.04, as used by Cagliani et al. (2013) to rep-
resent low values for Fst among human populations, and an
average heterozygosity greater than 0.400 (as employed by
Pakstis ef al., 2010) were considered to flag up SNPs poten-
tially affected by balancing selection.

All relevant SNPs identified in our analyses were
queried for known associations with psychiatric disease us-
ing the GWAS catalog implemented in the UCSC Table
Browser and the available literature.

Results

We retrieved 22,832 heterozygous sites from the
Neanderthal exome (Castellano et al., 2014), which 4,117
were trans-SNPs (Table S3) found within 2,519 genes.
Here trans-SNPs are defined as heterozygous sites in Nean-
derthals that were also polymorphic in modern humans,
represented by Yoruba people, according to the 1000 Geno-
mes phase 3 data (The 1000 Genomes Project Consortium,
2015). We note that when /oci located within CpG sites are
included the numbers of such polymorphisms and genes al-
most doubles (Table S4), which is expected due to the high
mutability of such sites (Kong et al., 2012), some of which
will potentially not be trans-SNPs but only identical by
state.

We sought to evaluate if gene sets related to the im-
mune system (IMMS; 1,754 genes) and behavior (BEHS;
271 genes) were enriched for these trans-SNPs in compari-
son to the genome as a whole. To do so, we built and permu-
tated 10,000 random sets of genes to be compared to these,
by matching each gene in these two sets of genes to others
in the genome, controlling for background selection, gene
size, and mutation rate (see Material and Methods), since
these factors are known to affect the number of poly-
morphisms in each gene. Implicitly we were also control-
ling for demography, since we were comparing target genes
to others in the same genome, which were therefore subject
to the same demographic history. Moreover, because there
is no evidence up to date of interbreeding between archaic
and modern humans before H. sapiens migrated out of Af-
rica, we used Yoruba samples to control for the effect of ar-
chaic introgression (Green et al., 2010; Reich et al., 2010;
Meyer et al., 2012). Below we describe our findings using
this approach for each gene set individually (IMMS and
BEHS).

Signals of balancing selection in the Immune
System

We identified 547 trans-SNPs in IMMS genes. This
number was significantly higher than the null distribution
for trans-SNP observed in the 10,000 random permutations
of genes from the control set (p-value= 0.016); Table 1,
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Figure 1 and Figure S1; see Methods). This pattern remains
even if we exclude from the analysis the CpG transitions,
which are known to present a higher mutation rate (Table
S3). This pattern is borderline significant when considering
only shared non- synonymous substitutions (297 polymor-
phisms; p-value = 0.05). These results suggest that in the
genus Homo, genes underlying immune system function
are more likely than non-immune-genes to maintain long-
term shared polymorphisms, possibly through balancing
selection. Additionally, we found that Neanderthals IMMS
genes harbor more heterozygous sites (2,024 polymor-
phisms; shared or not with modern humans) than the ran-
dom sets generated by permutation (p-value < 0.001;
Figure 1, column “Polymorphisms”; Table S5). Many of
these loci have SNP ID numbers (rs) and have thus been
found to be at least biallelic in a modern human population.
Due to the known hybridization between Neanderthals and
some non-African H. sapiens populations, it is difficult to
determine whether they represent polymorphisms shared
since their split from the common ancestral; nevertheless,
these findings reinforce that genes of the immune system
maintain a high level of heterozygosity in the genus Homo.
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Six of the 547 trans-SNPs shared between Neander-
thals and Yoruba that we identified in IMMS (rs2240464,
rs56318802, rs5899, rs118014438, rs377657111, and
rs14178; Table 2) are located within genes that were previ-
ously associated with schizophrenia by the Schizophrenia
Working Group of the Psychiatric Genomics Consortium
(Schizophrenia Working Group of the Psychiatric Geno-
mics Consortium, 2014). It is noteworthy that another two
of the trans-SNPs in IMMS are found in genes that have
been associated with this disorder according to another
study: rs28919579 is located in the CD4 gene, a locus that
has been linked to schizophrenia through an imbalance of
CD4 cell subtypes, and rs374886374 is located within the
C4A4 gene, a potential MHC locus that has recently been as-
sociated with schizophrenia (Sekar et al., 2016). C4 is a
fundamental element of the classical complement cascade
pathway, which rapidly recognizes and eliminates patho-
gens and cellular debris. In the brain, C44 is expressed in
neurons and promotes synaptic pruning, which is impaired
in schizophrenic patients (Sekar et al., 2016). The possibil-
ity that these trans-SNPs have influenced the behavioral
plasticity of Neanderthal and modern humans is specula-

Table 1 - Percentiles of the distribution of the mean values of polymorphism per gene in 10 000 random combinations simulating each of the proposed tar-

get gene systems (IMMS and BEHS)'.

Percentile IMMS BEHS

% SNPs Trans-SNPs NonSyn Trans-SNPs SNPs Trans-SNPs NonSyn Trans-SNPs
5 0.769932 0.083713 0.166287 0.988971 0.099265 0.209559
10 0.777335 0.086560 0.170273 1.007350 0.106618 0.220588
15 0.782375 0.088838 0.173121 1.022060 0.110294 0.227941
20 0.786446 0.090547 0.175399 1.036760 0.113971 0.235294
25 0.789863 0.091686 0.177677 1.044120 0.117647 0.238971
30 0.792711 0.093394 0.179385 1.055150 0.121324 0.246324
35 0.796128 0.094533 0.181093 1.062500 0.125000 0.250000
40 0.798405 0.095672 0.182802 1.069850 0.128676 0.253676
45 0.801253 0.096811 0.184510 1.077210 0.132353 0.257353
50 0.804100 0.097950 0.185649 1.084560 0.132353 0.261029
55 0.806378 0.098519 0.187358 1.091910 0.136029 0.264706
60 0.809226 0.099658 0.188497 1.099260 0.139706 0.272059
65 0.811503 0.100797 0.190205 1.110290 0.143382 0.275735
70 0.814351 0.101936 0.191913 1.117650 0.147059 0.279412
75 0.817768 0.103645 0.194191 1.125000 0.150735 0.286765
80 0.821185 0.105353 0.196469 1.136030 0.154412 0.290441
85 0.825171 0.106492 0.198178 1.147060 0.158088 0.297794
90 0.830296 0.109339 0.201025 1.161760 0.165441 0.308824
95 0.838269 0.112187 0.206150 1.187500 0.172794 0.319853
100 0.882688 0.133827 0.231207 1.327210 0.227941 0.400735

'Values close to the mean number of polymorphism per gene for each of the target gene sets (IMMS and BEHS) are in italic and underlined, while signifi-
cant values are in bold. Mean values for the IMMS gene set: Total Neanderthal SNPs = 0.894647, non-synonymous trans-SNPs = 0.115604, trans-SNPs =
0.220957. Mean value for the BeHS gene set: Total Neanderthal SNPs = 1.1875, non-synonymous trans-SNPs = 0.07353, trans-SNPs = 0.169118.
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The Y-axis shows the frequency with which an average number of polymorphisms per gene (shown on the X-axis) occurs in 10,000
random sets of genes matched to genes in our target systems (BEHS or IMMS) with respect to exon length, GC content, B-value and
number of polymorphisms (see Material and Methods for details).

Figure 1 - Density distribution of the average number of polymorphisms per gene observed for random sets genes (blue shade) in the Neanderthal samples
matched to those included in the immune system (IMMS) and behavioral system (BEHS) target gene sets (red bars).

Table 2 - Trans-SNPs within loci associated with schizophrenia according to the Schizophrenia Working Group of the Psychiatric Genomics Consortium
(2014).

Gene name Chromosome Position ID(rs) Ancestral allele Derived allele
RERE 1 8419873 1rs376434590 T C
RERE 1 8419874 novel G
RERE 1 8421203 rs13596 T C
BRINP2 1 177247854 rs31764431 C G
CYP26B1 2 72361960 12241057 A G
MARS?2 2 198570253 1rs200490327 G A
GIGYF2 2 233712227 187563724 A G
STABI 3 52546872 rs150311081 G A
STABI 3 52548136 1s74491782 T C
PBRM1 3 52643685 rs3755806 T C
ITIH4 3 52850999 1s2535621 A G
ITIH4 3 52863155 rs150181495 G A
MUSTNI 3 52867718 1$2276820 C T
ATXN7 3 63982082 183774729 G A
KDM3B 5 137754695 157726234 T C
DNDI 5 140052271 1s2563333 A G
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Table 2 - cont.

Gene name Chromosome Position ID(rs) Ancestral allele Derived allele
PCDHAI 5 140168070 1rs2240696 A G
PCDHA3 5 140182101 rs7701755 G T
PCDHA4 5 140188383 rs2337987 T G
PCDHA4 5 140188401 rs2879086 A G
PCDHAS 5 140221139 1s3756331 G A
PCDHAS8 5 140221195 rs199713478 G C
GPX5 6 28497245 novel C T
GPX5 6 28497279 1r$60523386 G A
SCAND3 6 28541036 novel C T
SCAND3 6 28543089 rs41270593 G T
SRPK2 7 104782888 rs2240464 A T
SRPK2 7 104844229 rs56318802 C T
DGKZ 11 46387868 rs1317826 A G
DGKZ 11 46393138 novel C T
F2 11 46747662 rs5899 C T
ZDHHCS 11 57463496 rs140343860 C T
ZDHHC5 11 57466653 novel G A
STAT6 12 57499258 rs118014438 C T
LRPI 12 57548364 rs34574998 T C
LRPI 12 57575070 rs199672493 C T
LRPI 12 57592090 rs370217380 G A
NXPH4 12 57619362 rs10783816 G A
PITPNM?2 12 123480138 novel C T
CDK24P1 12 123749780 rs150530930 G A
XRCC3 14 104165239 novel G A
XRCC3 14 104169630 rs138987760 C T
PLCB2 15 40590134 1s2229690 G A
PLCB2 15 40594191 rs373064934 A G
ADAMTSL3 15 84706461 rs950169 C T
FES 15 91428302 rs377657111 C T
THAPI1 16 67876823 28647874 A G
THAPI1 16 67876826 rs3982383 G A
THAPI1 16 67876835 rs151159352 G A
THAPI1 16 67876844 novel G A
CTRL 16 67964203 rs1134760 T C
PSMBI0 16 67969531 rs14178 A G
SLC1244 16 67979051 rs373093291 G A
SLC1244 16 67980969 rs11860125 G C
PLA2G15 16 68293320 rs3743739 T C
SMG6 17 2203025 rs1885987 T G
SMG6 17 2203356 rs35172468 C G
GID4 17 17948475 12955355 G A
MYOI154 17 18022235 1s200234990 C T
MYOI54 17 18023897 1s2955365 G A
TSSK6 19 19625547 1rs7250893 A G
ZNF536 19 31038940 r$199936097 G A
ZNF536 19 31038995 rs1469705 T C
ACTRS 20 37377139 rs2254105 C T
L3MBTL? 22 41610024 rs139451 G A

Loci are sorted by chromosome position. Genes in bold are those belonging to the IMMS target gene set. Genes shaded in gray are those considered as
Credible causal schizophrenia SNPs (sets of SNPs that are 99% likely to contain the causal variants) according to the Schizophrenia Working Group of
the Psychiatric Genomics Consortium (2014).
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tive, potentially a lot so, but these findings suggest that at
least part of the common genetic repertoire that links the
IMMS with schizophrenia in modern humans has been
maintained polymorphic for thousands of years. We note,
however, that immune system genes are known to be highly
pleiotropic (Cotsapas et al., 2011; Andreassen ef al., 2015;
Wang et al., 2015), and this picture may also be true for
other traits besides those related to psychiatric disorders.
Still, we identified another 60 trans-SNPs located within
these 108 loci associated with schizophrenia (Table 2), but
that were neither part of our set for IMMS nor BEHS, sug-
gesting that other systems may have trans-SNPs in pleio-
tropy with schizophrenia.

Potential signals of balancing selection in Behavior
System

No excess of trans-SNPs (shared polymorphisms)
was found in BEHS genes (51 SNPs in 41 genes; Table 3;
Figure 1 and Figure S1). Likewise, and in contrast to the
immune system, the number of heterozygous loci found in
Neanderthals, shared and non-shared with Yoruba, corre-
sponds to that expected by chance (p-value = 0.1; Figure 1,
column “Polymorphisms”). Additionally, Tajima’s D was
not significant for positive values (Table 3). In this regard,
significant positive values for Tajima’s D would reflect
more pairwise differences than segregating sites due to the
increased diversity of the region surrounding the selected
site, indicating old balancing selection (Nordborg ef al.,
1996). On the other hand, we found low Fist and high aver-
age heterozygosity, both important indicators of potential
signals of balancing selection, in five trans-SNPs
(rs11176013, rs12628, rs310617, rs438042, and rs362331
(Table 3) shared between Neanderthals and Yoruba. All of
these SNPs are associated with psychiatric and neuro-
developmental disorders, including schizophrenia. For in-
stance, rs438042, located near the intron/exon boundary of
THBS4 exon 3, is associated with Alzheimer Disease and
might be important for splicing, since 7THBS4 acts in in-
flammatory responses and synaptogenesis (Cagliani et al.,
2013; Cocchi et al., 2015). Another trans-SNP identified in
the BEHS gene set, rs310617, located in the EEF1A4 gene,
has been found to be heterozygous in the Denisova speci-
men. Although the specific role of rs310617 is not known,
other substitutions in this gene have been associated with
severe intellectual disability and epileptic encephalopathy
(Nakajima et al., 2015; Inui et al., 2016).

Discussion

The evolutionary history of hominins is characterized
by several notable and peculiar features. Of particular im-
portance to the successful evolutionary trajectory of the ge-
nus Homo was the emergence of a large brain capable of
sustaining complex and plastic adaptive behaviors, as well
as cognitive skills. In recent years, a growing body of re-
search has countered the notion that the Neanderthals were
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devoid of symbolism and presented lower cognitive
abilities and less sophisticated behavior than the early H.
sapiens of the Paleolithic (Akazawa ef al., 1993; Zilhdo and
Trinkaus, 2002; Zilhdo et al., 2010; Pike et al., 2012;
Rendu et al., 2013). This is in line with the findings of re-
cent genetic and paleoneurological research. For instance,
research by Mounier et al. (2016) and Ponce-de-Leon et al.
(2016) revealed strong similarities between modern hu-
mans and Neanderthals in both endocranial anatomy and
general brain development, while a study of 162 genes re-
lated to cognition by Paixao-Cortes et al. (2013) identified
a genetic repertoire shared between extinct archaic humans
and modern humans. Assuming that the use of cognitive
skills and complex behavior as an adaptive strategy repre-
sent a central element of the human evolutionary trajectory
(Cagliani et al., 2009; Schaschl et al., 2015; Taub and Page,
2016), we sought to evaluate whether natural selection, par-
ticularly in the form of balancing selection, played any role
in the evolution of genes potentially related to human be-
havior. Examples of a role for balancing selection in behav-
ioral plasticity have been reported from primates (Babb et
al., 2010; Claw et al., 2010; Dobson and Brent, 2013; Goto
et al., 2016; Taub and Page, 2016), rodents (Lonn et al.,
2017) and even arthropods (Fitzpatrick et al., 2007). To de-
tect balanced polymorphisms in genes related to behavior,
we implemented an approach based on the search for an ex-
cess of shared polymorphisms (trans-SNPs) between ar-
chaic and modern humans, in comparison to the genome as
a whole.

Our analyses revealed no excess of trans-SNPs in
genes known to underlie behavioral traits (captured in our
BEHS gene set, see Material and Methods). These findings
are consistent with the current knowledge about the genet-
ics underlying H. sapiens brain function. Genes expressed
in the brain have a large number of functions and the inter-
actions between them are complex (giving rise to basal and
specific behavioral phenotypes). Therefore, these genes are
subject to functional constraint (Nielsen et al., 2009). Re-
cently, Aggarwala and Voight (2016) developed the con-
cept of genic tolerance to assess the probability of
nucleotide substitution in the human genome, based on fac-
tors such as population history and selection, among others.
In their analysis, genes playing a role in neurode-
velopmental and psychiatric disorders were found to have a
strong genic intolerance to nucleotide substitution. In the
context of functional complexity and constraint, relatively
few, key genetic changes can lead to larger effects on cer-
tain phenotypes, in response to a specific selective pres-
sure, while at the same time maintaining original functions.
Among the results of our analyses, five trans-SNPs located
within our set of BEHS (rs11176013, rs12628, rs310617,
rs438042, and rs362331; Table 3) presented high average
heterozygosity and low Fst values, suggesting a homoge-
neous distribution of both alleles between populations.
These results imply that balancing selection did not have a
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significant role in the evolution of genes implicated in hu-
man behavior as a whole, but may have been important for
the evolution of particular genes within this set. Alterna-
tively, our approach may not have had enough statistical
power to detect the effect of balancing selection on the evo-
lution of human behavior. That could be the case if fre-
quency dependent selection, rather than overdominance,
was the main mode of balancing selection, since our test is
best suited to detect overdominance. Alternatively, the sig-
nals for balancing selection in the BEHS set may signifi-
cantly pre- or postdate the evolutionary split between
Neanderthals and modern humans.

Another possibility that deserves to be discussed in
the light of our results comes from recent findings suggest-
ing an association between behavioral traits and genes pre-
viously implicated in the immune response (Power et al.,
2015; Sekar et al., 2016). Through our inter-Homo exonic
trans-SNP approach, we found that genes underlying im-
mune function (found in the IMMS gene set) contain more
ancestral polymorphisms than expected by chance in both
Neanderthal and modern humans. These genes have played
an important immunological defense role during speciation
and migration of the genus Homo in a probable similar con-
text of their hominin common ancestral. Our results support
the idea that the variability of immune genes is both a target
and an outcome of balancing selection (Grimsley et al.,
1998; Ségurel et al., 2013). Interestingly, and perhaps sur-
prisingly, several studies have revealed a connection be-
tween the genetics of the immune system and human
behavior. For instance, some of the strongest genetic asso-
ciations found for schizophrenia at the population level in-
volve variation in the immune system loci (Schizophrenia
Working Group of the Psychiatric Genomics Consortium,
2014; Sekar ef al., 2016). It has been suggested that some
proteins of the immune system work to promote synaptic
pruning (Sekar et al., 2016), which is impaired in schizo-
phrenic patients (Lips ef al., 2012). Other mechanisms in-
volved both in the etiology of schizophrenia and in the
immune system have also been suggested, including devi-
ant immune responses (Pandarakalam 2013). Some of the
IMMS trans-SNPs identified here have previously been
found to be associated with schizophrenia in modern hu-
mans (rs2240464, rs56318802, 1rs5899, rs118014438,
rs377657111, rs14178, Table 2). Furthermore, the trans-
SNP rs374886374 is located in the gene C44, at the MHC
locus, which has recently also been associated with schizo-
phrenia in a landmark study using several Psychiatric
Genomics Consortium cohorts (Sekar et al., 2016; nearly
65,000 individuals; p-value < 10-8).

Schizophrenia is known to have a high heritability of
around 60-80%, and interestingly, it is frequently contex-
tualized in hypotheses that attempt to explain the evolution
of modern human complex behavior (Srinivasan et al.,
2015). One hypothesis aiming to reconcile the relatively
high prevalence (~0.5 to 1%) of this disorder across human
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populations with its negative effect on fitness is that
balancing selection is maintaining several alleles at loci
contributing to creative thinking, a trait that increases fit-
ness. Under unfavorable circumstances, however, the same
alleles are thought to increase vulnerability to psychiatric
disorders, including schizophrenia (Power et al., 2015;
Srinivasan ef al., 2015). Our findings contribute to this hy-
pothesis and suggest that some components of the immune
genetic repertoire that were maintained polymorphic in
both archaic and modern humans could have indirectly in-
fluenced the evolution of human behavior. This would rep-
resent an extraordinary case of evolutionary co-option, in
which IMMS genes under balancing selection harbor an-
cestral adaptive polymorphisms related to the behavioral
plasticity of the genus Homo. Allied to our conclusion, re-
cent studies have contributed to unveil the physiological
process of autoimmunity in cognition, being proposed as
the driving force of cognitive evolution in genus Homo
(Nataf, 2017).

Finally, a range of other molecular and biological
processes certainly play an important role in the evolution
of the behavioral plasticity characteristic of Homo species,
such as gene regulation and epigenetic mechanisms. More-
over, beyond the role of the heterozygote advantage in
maintaining these polymorphisms, other forms of natural
selection (frequency-dependent, directional, etc.) at multi-
ple levels (i.e., individual, kin, and/or group levels; Poli-
meni and Reiss, 2003; Wilson and Hélldobler, 2005; Zhang
and Perc, 2016), together with the unequivocal role of cul-
ture (Mesoudi, 2016), have shaped and, in the case of our
species, continue to shape, human evolution. A full explo-
ration of these topics is well beyond the scope of the present
study, which intends only to explore and discuss some ge-
netic and evolutionary pieces of this complex puzzle. Fu-
ture studies may help to build a more complete picture of
the evolution of hominin behavior.
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between Neanderthals and Modern Humans”

Figure S1 - Density distribution of the average number of polymorphisms per gene observed for random sets of genes (blue shade) in the

Neanderthal samples matched to those included in the IMMS and BEHS target gene sets (red bars), including genes located in CpG sites.
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The Y-axis shows the frequency with which an average number of polymorphisms per gene (shown on the X-axis) occurs in 10,000
random sets of genes matched to genes in our target systems (BEHS or IMMS) with respect to exon length, GC content, B-value and

number of polymorphisms (see Material and Methods for details).
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Supplementary Material to “Searching for ancient balanced polymorphisms shared

between Neanderthals and Modern Humans”

TableS1 - Gene Ontology (GO) terms used for target genes playing a role in immune and behavioral systems.

GO Description System
G0:0002118 Aggressive behavior Behavioral
G0:0002209 Behavioral defense response Behavioral
G0:0001662 Behavioral fear response Behavioral
G0:0048266 Behavioral response to pain Behavioral
G0:0007619 Courtship behavior Behavioral
G0:0035640/G0:0035641 Exploratory behavior Behavioral
G0:0008050 Female courtship behavior Behavioral
G0:0060180 Female mating behavior Behavioral
G0:0051866 General adaptation syndrome Behavioral
G0:0007625 Grooming behavior Behavioral
G0:0002376 Immune system process Immune
G0:0002121 Inter-male aggressive behavior Behavioral
G0:0008049 Male courtship behavior Behavioral
G0:0060179 Male mating behavior Behavioral
G0:0002125 Maternal aggressive behavior Behavioral
G0:0042711 Maternal behavior Behavioral
GO0:0007617 Mating behavior Behavioral
G0:0044705 Multi-organism reproductive behavior Behavioral
G0:0007621 Negativeregulationoffemalereceptivity Behavioral
G0:0060746 Parental behavior Behavioral
G0:2000822 Regulation of behavioral fear response Behavioral
G0:0045924 Regulation of female receptivity Behavioral
G0:2000821 Regulation of grooming behavior Behavioral
G0:0033057 Reproductive Behavior Behavioral
GO0:0044704 Single-organism reproductive behavior Behavioral

G0:0035176 Social Behavior Behavioral
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Supplementary Material to “Searching for ancient balanced

polymorphisms shared between Neanderthals and Modern Humans”

Table S2 —Target genes that could not be matched to at least one similar gene in the exome

with respect to exon length, B-value, GC content and number of polymorphisms.

Immune System Behavior System

ACTB EIF4AG1
ACTG1 HTT
APOB SHANKZ1*
C4B 2 TRRAP
C4B WDFY3
CENPE KDM6B
DYNC1H1
DYNC2H1
EP300
HLA-A
HLA-B
HLA-C
HLA-DQA1
HLA-DQB1
HLA-DRB1
HLA-DRB5
KMT2A
LYST
MAP1A
MUC4
NBEAL2
NCOA®6
NOTCHL*
PIK3C2G"
PKHD1L1
PRKDC
“Genes excluded only from analyses including CpG sites.




Genetics and Molecular Biology
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polymorphisms shared between Neanderthals and Modern Humans”

Table S3 - General description of polymorphisms shared between Neanderthals* and modern humans.

Description Number of polymorphisms
Input matching reference assembly 4117

Input matching as coding regions 99.95% (4115 out of 4117)
Tolerated 86.33% (3554 out of 4117)
Deleterious 10.54% (434 out of 4117)
Not Scored 3.13% (129 out of 4117)
Nonsynonymous 53.22% (2191 out of 4117)
Synonymous 46.85% (1929 out of 4117)
NonCoding (UTR) 0.48% (2 out of 4117)
Novel 7.68% (316 out of 4117)
rsiD 92.32% (3801 out of 4117)
Genes 2519

* Observed heterozygosity at the individual level was assumed to reflect population-wide polymorphism.
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shared between Neanderthals and Modern Humans”

Table S4 - General description of polymorphisms shared between Neanderthals* and modern humans, including sites within

CpG sites.

Description Number of polymorphisms
Input matching reference assembly 8387

Input matching as coding regions 99.9% (8382 out of 8387)
Tolerated 84.49% (7086 out of 8387)
Deleterious 12.72% (1067 out of 8387)
Not Scored 2.79% (234 out of 8387)
Nonsynonymous 49.81% (4175 out of 8382)
Synonymous 50.19% (4207 out of 8382)
NonCoding (UTR) and lincRNA 5.96 x 10-4(5 out of 8387)
Novel 11.42% (958 out of 8387)
rsiD 88.58% (7429 out of 8387)
Genes 4900

* Observed heterozygosity at the individual level was assumed to reflect population-wide polymorphism.
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Modern Humans”

Table S5 - Percentiles of the distribution of the mean values of polymorphism per gene in 10,000 random combinations simulating each of the proposed target gene systems (IMMS and BEHS),

including sites within CpG sites?.
Percentile IMMS BEHS
% SNPs Shared NonSyn Shared SNPs SNPs Shared NonSyn Shared SNPs
5 1.466360 0.175599 0.367161 1.981550 0.243542 0.546125
10 1.476050 0.179590 0.372862 2.007380 0.254613 0.560886
15 1.482330 0.182440 0.376853 2.025830 0.261993 0.568266
20 1.487460 0.184721 0.379704 2.040590 0.269373 0.579336
25 1.492020 0.187001 0.382554 2.051660 0.273063 0.586716
30 1.496010 0.188712 0.385405 2.066420 0.276753 0.594096
35 1.499430 0.189852 0.387685 2.073800 0.284133 0.597786
40 1.502850 0.191562 0.389966 2.084870 0.287823 0.605166
45 1.506270 0.193273 0.391676 2.095940 0.291513 0.608856
50 1.509690 0.194413 0.393957 2.103320 0.295203 0.616236
55 1513110 0.196123 0.396237 2.114390 0.298893 0.619926
60 1.516530 0.197263 0.397948 2.121770 0.302583 0.627306




Genetics and Molecular Biology

Percentile IMMS BEHS
65 1.519950 0.198974 0.400228 2.132840 0.306273 0.634686
70 1.523380 0.200684 0.402509 2.143910 0.309963 0.638376
75 1.527370 0.202395 0.405359 2.154980 0.317343 0.645756
80 1.531360 0.204675 0.408210 2.166050 0.321033 0.653137
85 1.536490 0.206956 0.411631 2.180810 0.328413 0.664207
90 1.542817 0.209806 0.416192 2.199260 0.335793 0.675277
95 1.552450 0.213797 0.421352 2.225090 0.346863 0.690037
100 1.606040 0.241733 0.454960 2.391140 0.439114 0.782288

1 Values close to the mean number of polymorphism per gene for each of the target gene sets (IMMS and BEHS) are in italic and underlined, while significant values are in bold. Mean values
for the IMMS gene set: Shared and non-shared SNPs = 1.62201, Shared non-synonymous polymorphisms = 0.214367, Shared SNPs = 0.451539; Mean values for the BEHS gene set: 2.225090,

0.154982, 0.398524.
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ABSTRACT

It has been proposed that the last common ancestor of all synapses emerged right
before the Cnidarians. However, the presence of other synaptic elements (e.g. neurotransmitters)
in a handful of taxa within eukaryotes raises the question of when the network of nervous system
would be already established in evolution. Here, we searched for the origin of genes associated
with the evolution of human synapses and their interaction for five major neurotransmitter
systems (GABA, Glutamate, Serotonin, Dopamine and Acetylcholine). We tracked down the origin
of each component of the gene/protein interaction network following the phylogenetic tree,
searching for orthologs in 238 eukaryotes. Our outcome indicated that a representative part of
the orthologs from the whole network were already present in the common ancestral of all
eukaryotes. The dopaminergic system was identified as the most representative system in the
basal root of eukaryotes, with most of its orthologs being exclusively from dopaminergic system.
The nervous system is marked by the origin of a great group of neuro-exclusive genes, identified
in root leading to the Cnidarians, corroborating previous studies. Importantly, by two approaches
we were able to discriminate neuro-exclusivity in the network topology, mainly identified in the
periphery. Furthermore, no innovations regarding the archetype of orthologs groups can be
observe after the origin of fishes, suggesting the whole-genome duplication could be one of the

great causes for the evolution of nervous-system complexity.




1. Introduction

The evolution of the first proto-synapses dates back to around 1.036 Mya, right before
the emergence of nervous system in the origin of eumetazoans (Ryan and Grant 2009; Zakon
2012). One of the earliest organisms in animal evolution with a nervous system is the Nematostella
vectensis, a Cnidarian with a simple and diffuse nerve net throughout the animal’s body (Krishnan
and Schioth 2015). However, some studies that assume ctenophores as a sister group of
eumetazoan propose that nerve cells have independent origins in a cnidarian/bilaterian common
ancestor and in the ctenophores. Besides, it is also proposed that such structures were present in
the common ancestor of all animals and posteriorly lost in Porifera and Placozoa (Moroz et al.
2014; Moroz 2015; Pisani et al. 2015). Regardless origin of nerve structure, the most ancient pre-
and postsynaptic orthologs are claim to be associated with glutamate, the most abundant
excitatory neurotransmitter in the brain of vertebrates (Gou et al. 2012), and with the y-
aminobutyric acid (GABA) (Gou et al. 2012; Moroz et al. 2014). GABA and glutamate
neurotransmitters present antagonistic functions within nervous system: while GABA exerts
inhibitory functions, the glutamate promotes excitation (Gou et al. 2012). Previous studies
demonstrated that metazoans without nervous systems (e.g sponges and placozoans), and even
unicellular eukaryotes, may carry some synaptic components as part of cell-cell signal transmission
mechanisms (Leys 2015). In fact, many metazoan genes involved with postsynaptic signaling
pathways as well as synaptic plasticity play role in environmental response pathways in unicellular
organisms (El-Sayed et al. 2005; Achim and Arendt 2014; Ryan 2014; Krishnan and Schioth 2015).
Mechanism by which presynaptic proteins required for secretion of neurotransmitters, and other
several synaptic protein homologs, are found in the closest relatives of metazoans, the
choanoflagellates (Burkhardt 2015). As Glutamate and GABA, the neurotransmitter serotonin is
also found early in evolution, like algae, fungi, molds and plants (Azmitia 2010). Serotonin is
commonly associated as mediator of particular behaviors (e.g. feeding, sex, sleep, and learning)
(Brummett et al. 2008; Dobson and Brent 2013). However, the original functions of serotonin are
speculated to be associated within the pathway of removing excess of O, from the cell due to its
origin from the tryptophan processing by enzymes commonly used in anaerobic organisms
(Azmitia 2010); with some authors suggesting its origin in the mitochondrial immediate ancestor

(Andrews et al. 2015). Most of the gene families involved with G-protein-coupled receptor (GPCR)




signaling were already present in the last common ancestor of eukaryotes (de Mendoza et al.
2014). GPCRs are involved in a considerable number of processes, including neurotransmission,
and synapse formation and development. The presence, even after the transition to
multicellularity, of a conserved signaling transduction (de Mendoza et al. 2014) highlights the
importance to analyze novelties within the network of proteins that interact with such machinery
along the evolution leading to modern humans (Bosch et al. 2017).

The evolution and origin of nervous system have always called the attention of physical
anthropologists and geneticists due to the complex behavior and large proportion of the Homo
sapiens brain. Although several studies were handled throughout candidate gene analyses (Dorus
et al. 2004), and genome comparisons (Wu et al. 2006; de Mendoza et al. 2014; Burkhardt 2015;
Krishnan and Schioth 2015), there is a gap in the understanding about the evolution of gene
interaction network of human neuronal system. Recently, genome-wide association studies
(GWAS) searching for genetic variants associated with many diseases, have successively identified
only minuscule influences on disease (Boyle et al. 2017; Callaway 2017). Additionally, the probable
early origin of some neurotransmitters, like glutamate, GABA and serotonin, clouds the analyses
from GWAS as they can be playing role in other several functions than neurotransmission.

At molecular level, no work has been deeply discussed about the evolutionary
network of synaptic neurotransmitters that gave rise to the current human neuronal system.
Throughout the analysis of biochemical neurotransmission pathway and its evolution it would be
possible to identify important genes in the neurotransmitter network that emerged as a limestone
for our current nervous system. In this study, we inferred the ancestral gene network playing role
in the evolution of human synapses, since the putative last-common ancestor of eukaryotes for
the five major neurotransmitters (GABA, Glutamate, Serotonin, Dopamine and Acetylcholine). We
tracked down the origin of each node of the current neurotransmitter network following the
phylogeny of eukaryotic evolutionary tree, searching for orthologues of compared species. Still, it
was possible to observe the major peak events in gene arisen through eukaryotic evolutionary

tree, with the last elements emerging in fishes.

2. MATERIAL AND METHODS

2.1 Synaptic neurotransmission genes selection




Human neurotransmission genes used throughout this work were retrieved from
KEGG (Kyoto Encyclopedia of Genes and Genomes) Pathway Database API
(http://www.kegg.jp/kegg/rest/keggapi) as being present in one of the following available
nervous systems pathways: Cholinergic synapse (hsa04725), Dopaminergic synapse (hsa04728),
GABAergic synapse (hsa04727), Glutamatergic synapse (hsa04724), and Serotonergic synapse
(hsa04726), yielding a list of 322 unique Entrez Gene identifiers.

2.2 Synaptic neurotransmission gene network

Entrez Gene identifiers were mapped to ENSEMBL Protein and HGNC Symbol and
queried against STRING 10.5, a database that gathers direct and indirect protein-protein
interactions from multiple sources (Szklarczyk et al. 2017). 319 of the initial 322 genes were found
in STRING 10.5 and therefore remained in subsequent analysis (supplementary table 1,
Supplementary Material online). Interactions were filtered for high confidence scores (0.7 or
greater) computed from STRING’s experimental and database evidence channels (von Mering et
al. 2005) and then used to produce a force-directed layout via RedeR, an R-based package available
at Bioconductor (Castro et al. 2012). Visualizations were plotted using ggplot2.

2.3 Evolutionary Rooting Analysis

To address the history of genes and their corresponding neurotransmission pathways,
an evolutionary rooting analysis was carried out using geneplast, a Bioconductor R package
developed for evolutionary analysis based on orthologous groups distribution (Dalmolin et al.
2011; Dalmolin 2015). All genes contained annotation for at least one cluster of orthologous
groups (COG) such that we assume a one-to-many relationship between COG IDs (91) and genes.
Geneplast determines the most probable evolutionary root of an orthologous group by analyzing
the distribution of its genes in a given species tree. In this work we used a manually curated tree

spanning all 238 STRING eukaryotes (Supplementary Fig. 1, Supplementary Material online).

2.4 Genes neuro-exclusivity

2.4.1 Neurological pathways




All pathways in which neurotransmission genes took part were manually annotated as
being neurologically related or not (supplementary table 2, Supplementary Material online). For
each gene, the ratio between its number of neural pathways and its total number of pathways was
calculated to quantify neuro-exclusivity (supplementary table 3; Supplementary Material online).
We named this estimation as Neurological Pathway Ratio (NPR), with genes with ratio equals to
one (1) classified as Neuro-exclusive (NE). Genes within broad base metabolism pathways
“Pathways in cancer” (path:hsa05200), “Transcriptional misregulation in cancer” (path:hsa05202)
and “Metabolic pathways” (path:hsa01100) were excluded from NE group.

2.4.2 Neurological expression

All tissue-based human expression data available at EBI’s Expression Atlas (Petryszak
et al. 2015) platform was collected, consisting of 9 RNA-Seq projects and covering a total of 120
different tissues (E-MTAB-513, E-MTAB-2836, E-MTAB-2919, E-MTAB-3358, E-MTAB-3708, E-
MTAB-3716, E-MTAB-4344, E-MTAB-4840, E-MTAB-5214). We manually annotated each tissue as
being part of the central nervous system (CNS) or not. Fragments per million reads per kb of
transcript (FPKM) gene expression across projects was first compiled into an average by tissue.
We then filtered out averages lower than 0.5 (supplementary table 4; Supplementary Material
online; Kellis et al. 2014). For each gene, a ratio between the sum of its expression in CNS tissues
and the sum of its expression in all tissues was calculated to quantify neuro-exclusivity. Here, we

named this measure as Neurological Tissue Expression Ratio (NTER).

2.5 Abundance
Gene abundance was calculated by averaging the number of genes per
neurotransmission orthologous groups present in each species. We also computed abundance
values for each synaptic pathway as a way to decompose their contribution to the overall

abundance trend.




3 RESULTS AND DISCUSSION

3.1 Neurotransmitter gene Network Composition

Our analysis started by selecting human genes involved with synaptic transmission.
We selected 322 genes by accessing the five major neurotransmitter systems (dopaminergic,
glutamatergic, serotonergic, cholinergic, and GABAergic) in KEGG database (supplementary table
S1; Supplementary Material online). Among the 322 genes, 319 have protein-protein interaction
information in STRING database (see methods for PPl parameters). Fig. 1 shows the human
neurotransmitter gene network, with 291 genes in the largest connected component, 17 genes in
small isolated networks, and 11 not connected genes. Several genes play roles in more than
one synaptic system (Fig. 1). About 10% of the network (31 nodes) are composed by genes that
play role in all the five synaptic systems, most of them coding for G-protein, calcium voltage-gated
channel subunits, protein kinases, and adenylate cyclase. Those genes are involved with
downstream signaling cascade of synaptic transmission. The network core is enriched by genes

simultaneously belonging to at least three synaptic systems (55 network nodes; Fig. 1A).

Cholinergic, serotonergic, and glutamatergic systems have very similar number of
genes when compared among each other (111, 112, and 113, respectively). Dopaminergic system
has the larger number of genes, totaling 131 nodes. Among them, 56 nodes are exclusively related
to dopaminergic synapses (Fig. 1B). GABAergic is the smaller system with 87 genes, being 36 genes
exclusive to GABAergic synapses. Dopaminergic-related nodes are found throughout the network
and more than 98% of them are in the network main component. GABAergic-exclusive genes are
mainly found at the network periphery and less than 80% of them are present in the largest
connected component. GABA is known to mainly exert inhibitory function except during brain
maturation development (Ben-Ari 2002). On the other hand, glutamate, serotonin, dopamine and
acetylcholine can be either excitatory or inhibitory, depending on the tissue of expression and
receptor which they interact). Even the main excitatory neurotransmitter in brain, the glutamate,
can present eventual roles as inhibitor (Liu and Wilson 2013), or during its decreased excitation
due to the excitatory function of acetylcholine, as a possible form of neuronal plasticity (Belousov

et al. 2001).




Therefore, the similar number of orthologs observed in such systems can be indicated

as a reflection of their function overlapping, likewise their multifunctionality.

3.2 Human neurotransmitter gene network evolution

Glutamate and GABA are the primary excitatory and inhibitory, and also the most
abundant neurotransmitters (Lujan et al. 2005; Yang et al. 2011), suggesting that they systems
would be more prevalent in the root of eukaryotes than other neurotransmitters. Intriguingly,
dopaminergic system is the most widely represented neurotransmitter system in the early roots
of the eukaryotic evolutionary tree, with almost half of them uniquely associated with
dopaminergic system. Six gene families can be observed at the origin of Eukarya: the CALM, GSK,
KIF5, MAPK, PPP1, and PPP2 gene families. Those orthologs families are known to regulate (Moron
et al. 2003; Chen et al. 2008; Salcedo-tello et al. 2011; Ehrich et al. 2015) dopamine. However, the
same orthologs play also several cellular functions associated with cellular processes - e.g. cell
shape, cell regulation, cell division, intracellular transport, spatial and temporal organization of
molecules and organelles — and essential pathways (Li et al. 2011; Reddy and Day 2011; Xu et al.
2017; Saidi et al. 2018). Importantly, dopamine is known to present a reasonable degree of
evolvability in its receptors (Callier et al. 2003), and differences in its pathway even between close
related species, as between humans and old world monkeys (Su et al. 2014). Still, although we
expect functional similarity among orthologues (Chen and Jeong 2000) their function can be
influenced by the own evolutionary history of both organism and orthologs (Studer and Robinson-
Rechavi 2009) which it is relevant to be aware that this linear association is not clear. Thus,
although it is possible to speculate that dopamine participated as part of these several cellular
essential processes during evolution - while other major neurotransmitters did not — this
dopamine-exclusive framework in the origin of the network it is possible that this is a matter only
considering Homo sapiens. This would explain the current difficulties in candidate-gene researches
of dopamine related disorders, as its pathways present nuances that have been established since
the common ancestor of eukaryotes in more general but also essential cell functions. Nonetheless,
if this framework reflect the real exclusivity of dopamine in the origin of eukaryotes, it would per
se why paralogous of dopaminergic system are kept in many species despite lacking conservation

in their sequence, and lack redundant functions (Yamamoto et al. 2015).




From Protozoa to Metazoans, especially Cnidarians, we observe a progressive
emergence of orthologs, which is followed by a stationary period until cephalochordates (Fig. 2).
With most of human orthologs found in cephalochordates, few genes emerge after this taxon,
being the whole network completed in the origin of fishes (represented here by the group of
Actinopterygii; supplementary table 5 and 6; Supplementary Material online).

Although a handful of the network genes were already represented in the origin of
eukaryotic tree, the first orthologs of receptors for neurotransmitters were two GABA receptors
(GABBR1 and GABBRZ2) at the common ancestor of Heterokontophyta and the Glutamate
Metabotropic receptor gene family (mGluRs) at the common ancestor of Choanoflagellate. Still,
some receptor-like for GABA orthologs could be identified in early eukaryotes, like the Alveolata
(GABARAP, GABARAP1, GABARAP2). These receptor-like genes play a role in intracellular transport
of GABA(A) receptors, interacting with the cytoskeleton during the apoptosis and autophagy,
which is associated with host defense in mammals (Sasai et al. 2017). However, they are not
essential for GABA receptor targeting to the synapse, at least according to knockout models
(O’Sullivan et al. 2005), suggesting a late role in synapse development. Importantly, regardless
previous GABA receptor-like genes commented, no other neurotransmitter receptor ortholog is
found prior to the origin of the Poriferans (Fig. 2). According to our data mGluRs emerged earlier
than the firsts Glutamate lonotropic Receptors (iGluRs) genes, but orthologs for iGLURs were
already found in Oscarella carmela (Burkhardt 2015; Leys 2015), an absent specie in STRING
database. This leads to the conclusion that some orthologs for mGluRs and iGluRs probably have
evolved both in the common ancestor of Choanoflagellates and Porifera. This is aligned with the
proposal that some neurotransmitters are phylogenetically ancient, evolving prior to the
appearance of neurons (Azmitia 2010). In evolutionary terms, the glutamate is expected to be the
first neurotransmitter to appear in the evolution of eukaryotes. Different from other
neurotransmitters, like GABA which is derived from the own glutamate (Albrecht et al. 2010) or as
serotonin from the tryptophan, Glutamate is an amino acid per se and its cooptation as a
neurotransmitter would be the most parsimony path expected, being currently the primary fast
excitatory neurotransmitter in the nervous system (Willard and Koochekpour 2013).

We identified the first orthologs for dopamine and serotonin receptors in the common
ancestor of the Porifera, while genes coding for acetylcholine receptors, specifically the muscarinic

acetylcholine receptors (CHRM), were found in the Placozoa (supplementary table 5 and 6;




Supplementary Material online). Following the phylogeny, orthologs coding for GABA, serotonin
and nicotinic acetylcholine receptors (CHRN) were identified in the common ancestor of
Cnidarians, being the latest human orthologs receptors to emerge in the whole dataset.
Furthermore, 38 new orthologs were found within the Cnidaria (supplementary table 6;
Supplementary Material online), 18 from GABAergic system and a whole module of Cholinergic
Receptor Nicotinic Alpha (CHRNA) and Beta (CHRNB) localized in the peripheral region of network
topology. Importantly, both set of genes play role in the reward system (Sousa et al. 2011;
Berrettini and Doyle 2012) a crucial mechanism implicated in memory and learning.

3.3 Neuro-exclusive genes origin

Most of the neurotransmission genes take part of the neurotransmission pathway as
responsible for signal transduction or playing also role in a variety of other pathways. Although
this is an important part of the whole process, we must discriminate those genes exclusively
involved in neurotransmission, as our main question is to search for the main biological
background coopted during the evolution of neuronal system. In order to verify neuro-exclusive
identification reliability, we discriminated non-neuro-exclusive from neuro-exclusive according to
two approaches: by neural pathways ratio, and a complementary analysis using neural tissue
expression ratio (Fig. 3). The NPR analysis discriminated 76 NE genes, which are those only
identified in pathways associated with neurotransmission. For the NTER analysis we considered
continue values of tissue expression ratio, which measures relatedness of a gene with the network
and not the neuro-exclusivity per se. NPR analysis presented basically the same distribution of
those genes with higher ratios for the NTER analysis in the network (Fig. 3). This strength the idea
that the neuro-exclusive genes are found, generally, in the periphery of the network.

In figure 2 it is possible to observe that more non-neuro-exclusive genes (NNE) appear
as the majority of orthologs since the origin of eukaryotes. This scenario radically changes right
before the origin of Cnidarians, with emergence of many NE genes, being them preponderant at
this point in evolutionary tree. Therefore, NE genes emerged late in the evolution compared with
NNE, which can be speculated as the reason for their peripheral distribution. Particularly,
Cnidarians are the first eukaryotes in the tree of life to have nervous system (Ryan and Grant 2009;
Bosch et al. 2017), implying that the emergence of NE genes played crucial role during the

evolution diffused nerve net of such organisms. Still, it should be stressed that some important NE




genes were also already present in the common ancestor of all eukaryotes like DLG4, SHANK gene

family, and SLC38A1.

3.4 Neurotransmitter network dynamics

The distribution of orthologs throughout Eukarya highlights two peaks of values for
abundance: i) in the origin of eukaryotes, and ii) in the branch leading to the metazoans. These
values suggest that current orthologs playing role in neurotransmission were probably essential
for the adaptive process of Protozoa and Cnidarians, contributing for they success in order to other
organisms. It is noteworthy that the respective roots are followed by decreasing values of
abundance, suggesting more stabilizing periods for neurotransmitter genes, and events of species
expansion.

High abundance values, however, can be a consequence from duplication events that
occurred much after the origin of the COG itself, leading to false positives. To avoid such artifact,
abundance distribution must be verified through normalization by the number of paralogues per
COG presented in each specie (Fig. 4). After normalization, five major events can be highlighted,
following their respective origin: 1) the origin of eukaryotes; 2) the highest abundance peaks in
Trichomonas sp.; 3) the origin of plants (disregarding algae; Heterokontophyta); and 4) a peak in
the origin of Echinodermata (Strongylocentrotus purpuratus), followed by 5) a plateau in the fishes
(vertebrata origin). The high abundance verified in plants is expected due their polyploidy. The
plateau observed in the root of vertebrata allow us to infer that the increase in behavioral diversity
and complexity throughout the vertebrata branch would be handle by an increase in the number
of paralogues or isoforms rather than new gene families of orthologs. Interestingly, as discussed
above, the origin of neurotransmitter receptors dates back to the Cnidarians. However, according
to the abundance of such genes, they only reach high abundance after the emergence of
Echinodermata, and followed by a plateau in fishes, implying that the system probably afforded
advantage promoting duplication not in Cnidarians, but in fishes. From the archetype of cellular
signaling observed in the origin of unicellular eukaryotes to the emergence of vertebrates there
are several duplication events leading to new orthologs groups. For instance, teleost lineage is
known to have passed through whole genome duplication (WGD) about 350 million years ago
(Pasquier et al. 2016). WGD events are common associated with adaptive radiations and

evolutionary innovations. Regardless the effect of WGD of teleost fishes observed for




neurotransmitter in our data, after the common ancestral of vertebrates, no other orthologous
groups emerge. Therefore, the vertiginous neuronal complexity observed throughout the
evolution of vertebrates is probably a product of the WGD. However, the opposite direction is also
imaginable, as the success of NE genes in Cnidarians probably gave advantage over other
organisms, which were followed by the WGD, leading to a handful of duplicated NE genes
observed in vertebrates. Finally, it is possible that at this peculiar point in the evolution, regarding
neurotransmitter systems analyzed here, novelty was major driven by subtle changes in a highly
conserved set of genes, and/or by alternative splicing, which can narrow, enlarge or regulate

interaction within the system.

CONCLUSION

System biology allows us to observed from a privileged point of view. Its
interdisciplinary grants contribution to filling the gaps of knowledge and integrate uncountable
areas of science. This is the first scientific approach of nervous system by matters of system biology
integrating the evolutionary interaction of five major neurotransmitters. Our analyses
demonstrate that the origin of Cnidarians was a landmark event in the emergence of the neuro-
exclusive-genes, implying that the biological background for the evolution of human nervous
system has its roots in the time of the nervous system origins per se; marked by the emergence of
several orthologs coding for neuro-receptors. Besides, since the almost completeness of
neurotransmitter network identified in Cnidarians, only few novelties (new orthologs) are
observed. No innovations in the archetype of orthologs were observed after the origin of fishes
and other vertebrates. Importantly, the observed abundance in the origin of vertebrates indicates
that the last round of genome duplication probably boosted the evolution of neurotransmitter

network or even were one of the great causes for the evolution of nervous-system complexity.
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Fig. 1. Human Neurotransmitter gene network. Diagram of gene-gene interaction involved in
neurotransmission according to STRING 10.5. Nodes (represented by circles) characterize the orthologs
used in this study. The size (bottom left) and color combination (bottom right) of the nodes increases
according to the number and type of neurotransmitter systems that it participates, respectively. A
schematic description of system intersections (top right) shows the number of orthologs playing role in
one or more neurotransmitter systems. Gene-gene interaction is represented in the diagram by their
edge, plotted as gray line linking each node. Genes circled by dashed lines represent genes playing role
in neurotransmission but present no gene-gene interaction with the main network according to the
parameters used in this study (see material and methods): Red dashed lines separate small isolated

networks of 17 genes, and dashed grey lines 11 not connected genes.
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Fig. 2. Comparison between Human Neurotransmitter gene networks in the origin of Eukarya with the last common ancestor of Cnidaria. (A) Network
constructed on neuro-orthologs identified in the root of the eukaryotic phylogenetic tree. Circle and squares differentiate those nodes representing non-
neuro- and neuro- exclusive, respectively. The size (bottom left) and color combination (bottom right) of the nodes increases according to the number
and type of neurotransmitter systems that it participates, respectively. Distribution of neurotransmitter system orthologs (top left) according to the roots
inferred in the species tree (plotted below). The followed species tree is plotted only for roots that carry events of orthologs emergence. Red line indicates
the distribution only for non-neuro-exclusive genes while blue line represents neuro-exclusive genes distribution. (B) Network constructed on genes
identified since the root of the eukaryotic phylogenetic tree to the origin of Cnidarians. White circles represent orthologs that were already present in
the putatively common ancestor of eukaryotes (network A). Genes circled by dashed lines represent genes playing role in neurotransmission but with no

gene-gene interaction according to the parameters used in this study (see material and methods).
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Fig. 3. RedeR plot for neuro-exclusive distribution throughout the neurotransmitter network. (A)
Neuro-exclusive genes discriminated according to Neurological Pathway; and (B) quantitative

distribution of Neuro-exclusivity Neurological Tissue Expression Ratio (see methods).
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Fig. 4. Abundance distribution of neurotransmitter orthologs. Transparent colors represent group of
Apoikozoa, while light, smoked and dark colors follow the phylogeny of bilateria, deuterostomia and
individually is discriminated by color and named in the right corner of their respective plot. Abundance
values were normalized applying a ratio of the number of paralogues for each family of orthologous

vertebrata, respectively. Abundance distribution considering all neurotransmitter system, as well as
groups of proteins (COG) and plotted by specie. The Y-axis shows the mean value of paralogues for each

COG found in the respective specie identified in the X-axis.
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ABSTRACT (250/250)

Objectives: Primates are known to present a marked variation in substitution rates, tending to be
the lowest in great apes. This is credited to differences in life history across species and sexes. Here,
we sought to assess the causes for this variation and test long-standing theories related to the

molecular clock in primate evolution, such as the hominoid slowdown.

Materials and Methods: We estimated genome-wide neutral substitution rates for 16 primate
species from multi-species alignments, using a phylogenetic method that allows for variation in
substitution rates across sites and lineages. We further evaluated the relationship between 24 life

history traits (sex-specific or not) and this variation, using Independent Contrast Analysis.

Results: We confirm previous observations of a large variation in autosomal neutral substation rates
in primates and show that this variation correlates with life history traits variation. We observe that
male mutation bias is pervasive across primates and its intensity correlates with the competition
between males in different species. Furthermore, for gorilla and humans the observed ratio of X-to-
autosomal substitution rates is lower than expected considering the biology of the present-day

species.

Discussion: Our data give support to the hypothesis of the hominoid substitution rate slowdown
and points out to the effect of differences in reproductive biology between species and sexes on the

molecular clock. The discrepancies observed between X-to-autosomal substitution rates among




great apes can be explained by changes in life history traits across time, particularly in chimpanzees,

which seem to have had weaker sperm competition in the past.

KEYWORDS: Hominoid substitution rate slowdown, Male mutation bias, Molecular clock,

Mutation rate, X-to-Autosomal ratio

INTRODUCTION

Mutations are the primordial source of genetic variation in any organism, and thus are the
basis of both genetic adaptations and disease. Moreover, mutation rates have been widely used in
phylogenetic and anthropological studies as molecular clocks to date events in evolution, especially
for those species for which other forms of dating (e.g. the fossil record) are not available (Amster
& Sella, 2016; Garland, Harvey, & Ives, 1992; Kumar, 2005; Lee, Rodrigue, & Thorne, 2015;
Moorjani, Amorim, Arndt, & Przeworski, 2016). Yet, little is known about the exact nature of
mutations and what factors influence their oc currence (Ségurel, Wyman, & Przeworski, 2014).

Notably, mutation rates are known to vary significantly across primates (Moorjani, Amorim,
et al., 2016), being unexpectedly low among great apes (known in the literature as the hominoid
substitution rate slowdown hypothesis). This is thought to be caused by the effect of varying life
history traits across species (Moorjani, Gao, & Przeworski, 2016; Sayres, Venditti, Pagel, &
Makova, 2011), and it invalidates the key assumption of steadiness of the molecular clock.
Notwithstanding, recent comparative genomic studies have failed to find the basis for the variation
in substitution rates in the order Primate (for instance, Moorjani et al., 2016), as opposed to what
have been shown to other taxa (Siepel et al., 2005). Moreover, in mammals, we observe higher
mutation rates in males than in females, what is thought to be caused by the greater number of
rounds of replication experienced by the gametes in former (Ellegren & Parsch, 2007). This effect
is known as the male mutation bias and implies that most of the mutations derive from errors during
DNA replication.

In present study, we used whole-genome multi-species alignments to estimate neutral
substitution rates on the autosomes and sex chromosomes in 16 primate species. We compiled an
extensive list with 24 life history traits (sex-specific or not) for these species and assessed the
association between the variation in these traits and that in neutral substitution rates using over 59
Mb of DNA sequence. We show that variation in substitution rates in the autosomes correlates
negatively with female-to-male sex maturity ratios, testicle weight to body size ratio, gestational
period to average lifespan, and interbirth interval to gestational period (p-values =0.0293, 0.0004,
0.0126, and 0.0277 respectively), even after correcting for phylogenetic dependence using
Independent Contrast Analysis (Felsenstein, 1985). Our findings highlight the effect of differences




in reproductive biology between sexes on the variation of neutral substitution rates and divergence
between primate species. We also show how neutral substitution rates on sex chromosomes compare
to those of autosomes, and how this can inform us about past reproductive biology and mutational
mechanisms. We achieved these results using a genomic approach including a larger number of loci
than previous studies (now including the sex chromosomes in addition to the autosomes), with a
larger number of primate species (including all for which there is a reference genome sequence to
date), and also conducting an extensive literature review to include 24 life history traits for a large

number of primate species.

MATERIAL AND METHODS
Genetic data

We estimated the autosomal substitution rate for different mutation types using a 17-
primate whole-genome sequence alignment (part of a 20-way mammalian phylogeny; table S1),
mapped to the human reference genome hg38 with the Multiz pipeline (Blanchette et al., 2004;
Karolchik et al., 2014). To estimate substitution rates on the autosomes, X and Y-chromosomes, we
used the general unrestricted single nucleotide model implemented in Phylofit (Siepel & Haussler,
2004) and considered the mouse as the outgroup.

Out of the 17 primate species available in this dataset, we excluded one, namely
Nomascus leucogenys (gibbon), because of the state of its genome assembly —relatively preliminary
in comparison to others — and the fact that its genome is subject to fast karyotype evolution (Carbone
et al., 2014), which could have an impact mapping accuracy. Moreover, because incomplete lineage
sorting (ILS) is observed between Gorilla gorilla (gorilla), Pan paniscus (bonobo), and Pan
Troglodytes (chimpanzee) (Hobolth, Dutheil, Hawks, Schierup, & Mailund, 2011; Priifer et al.,
2012), we focused the main analyses of this paper on the latter, considering a total of 14 primates

at a time, using the gorilla and bonobo to confirm results generated with the chimpanzee.

Data processing

To minimize effects of natural selection, we masked Conserved/constrained elements
(C), coding Exons (E), and Transposable elements (T). We refer to this mask as “CET”. These
annotations were downloaded from UCSC browser (Supplementary Table S1). Conserved elements
were annotated using phastCons (Siepel et al., 2005) based on a 20-way multiple alignments that
includes human, as the reference genome, and other 16 primates. Preferentially, coding exons were
retrieved from the NCBI RNA reference sequences collection annotation (refGene) in the UCSC
genome browser. For species missing annotation for NCBI we searched annotation in GENSCAN

(see details on Supplementary Table S1). We removed repetitive regions including Long Terminal




Repeat elements (LTR), interspersed nuclear elements (LINE and SINE), and DNA repeat elements,
as identified by RepeatMasker (Smit A, Hubley R, & Green P; 2004). This yielded a total of
59,214,802 bp of autosomal sequence for downstream analyses (Table S2).

For the sex chromosomes, in addition to using the CET mask, we also excluded the
pseudoautosomal regions (PAR) (Link, Aguilar-Gémez, Ramirez-Suastegui, Hurst, & Cortez,
2017). Narang & Sayres (2016) noted that, due to background selection, divergence on the
autosomes relative to the distance to genes increases on a different pace than that on the X
chromosome, causing the overestimation of male mutation bias near genes, the effect of which is
undetected 800 kb away from them (Narang & Sayres, 2016). To control for such bias, 800 kb from
3’ and 5’ flanking regions of genes were removed from autosomes and X chromosome in X-to-
autosome analyses, leaving a total of 53,529,414 bp for posterior analyses.

Finally, we also filtered out missing data, i.e., any base pair that was aligned to a gap or

a missing site in at least one of the primate species.

Statistical analyses

We used PhyloFit to estimate putatively neutral substitution rates from these multi-
species alignments, considering the general unrestricted single nucleotide model (Siepel &
Haussler, 2004). This analysis was performed with the expectation maximization (EM) algorithm
(option -E) with medium precision for convergence. PhyloFit considers the possibility of
substitution rate variation across lineage and accounts for recurrent substitutions at a site in
estimating branch lengths in the phylogeny. Error estimates were calculated with the option “-e” for
each chromosome.

Closely related species share a recent evolutionary ancestral history, and therefore may
carry more similar biological traits than more distantly related ones (a phenomenon known as
phylogenetic dependence). Thus, statistical phenotypical trait analyses between species without
taking phylogeny into account can augment type I error due to overestimation of degrees of
freedom, artificially increasing significant results (Felsenstein, 1985; Welch & Waxman, 2008). In
this study, we made use of the Phylogenetically Independent Contrasts (PIC) approach,
implemented with the Analysis of Phylogenetic and Evolution (APE) package (Paradis, Claude, &
Strimmer, 2004) in R version 3.3.1 (http:/cran.r-project.org/) to control for shared ancestry
(Garland, Bennett, & Rezende, 2005). PIC uses species phylogeny to transform interspecific data
into independent and identically distributed values, called contrasts, which allows the use of
standard statistical analyses, such as regression and correlation (Felsenstein, 1985). Additionally,
we used the Phylogenetic Tools for Comparative Biology package (phytools; Revell, 2011), also in
R, to construct and edit phylogenetic trees. We applied Garland et al. (1992) recommendations




regarding the evaluation of the relationship between the standardized independent contrasts through
ordinary least squares regression analysis, setting regression lines to pass through the origin (n-1
contrasts). Regression analyses were handled using /m function in R. Life traits information were
retrieved from available literature (Moorjani, Amorim, et al., 2016; Saltzman, Tardif, & Rutherford,
2011; Schmitz et al., 2016; Yoder et al., 2016) and from data available in The Animal Diversity
Web database (http://www.animaldiversity.ummz.umich.edu/accounts/), and WildscreenArkive
(http://www.arkive.org/). Importantly, aiming to analyze relationship between life history traits
with substitution rate in extant species, we only used substitution rates estimated for the external
branches, but considered the internal branches to calculate the contrasts in PIC analysis. The same
approach was considered to analyze the relationship between life history traits and X-to-Autosome

ratio.

RESULTS

Variation in autosomal substitution rates in primates

We observe substantial variation in the autosomal substitution rates across primates,
indicated by the variable branch lengths in Figure 1. In general, we see smaller branch lengths in
Apes (average root-to-tip length = 0.2022), intermediate values in Old World Monkeys (OWM,
0.2103) and New World Monkeys (NWM, 0.2296), and the longest branch lengths (thus larger
number of substitutions) among the Prosimians (0.2453). The variance in these estimates is
extremely small, in the order of 1e-8 or less across the different chromosomes, as expected from
large genomic datasets.

These observations confirms previous findings generated with a similar approach,
considering a smaller dataset of primate species (Moorjani, Amorim, et al., 2016), but here we were
able to identify a relationship between four life history traits and autosomal substitution rate, even
when controlling for phylogeny (Table 1), what was not observed before. These are (i) testicle
weight to body size ratio (Adjusted-R? 0.6910; negative skew, p-value=0.0005), (ii) female to male
sexual maturity ratio (Adjusted-R? = 0.2827, negative skew; p-value=0.0293), (iii) the ratio between
interbirth interval to gestational period (Adjusted-R? 0.3096; negative skew p-value=0.0227); and
(iv) gestational period to average lifespan ratio (Adjusted-R?> 0.3685; positive skew, p-
value=0.0126).

Relative testicle mass is considered a good proxy for sperm competition (Wong, 2014).
Strikingly, it was the only significant association after Bonferroni correction for multiple testing.

Nonetheless, after removing the outlier in this analysis (Figure 2A) for testicle-to-body mass ratio




(namely, the mouse lemur) the significance is lost, and the relationship becomes direct (i.e. the
Adjusted-R? value becomes positive).

Our results show that as female to male sexual maturity decreases (meaning that males
reach sexual maturity relatively later in relation to their partners), substitution rates increase (Figure
2B), suggesting that changes in the relative sexual maturity have an impact on the genetic
background. Sexual maturity is mediated by several external factors, including genetics, ecology
and socio-demography (Onyango, Gesquiere, Altmann, & Alberts, 2013). In primates, females
commonly mature earlier than males (Onyango et al., 2013), what is shown in Table S3 by most
sexual maturity ratios being below one. The observed statistical association indicates that as more
similar the sexual maturity ages of females and males are (thus ratio near one), the overall autosomal
substitution rate is expected to decrease. This could potentially be related with a paternal age effect,
according to which younger males will have less mutations accumulated in their germline in
comparison to older males (Goriely & Wilkie, 2012; Penrose, 1955), which is the consequence of
the continuous cell divisions in the male germline post-puberty. In this regard, our results suggest
that, else being equal, when males reproduce earlier (and therefore as sexual maturity ratio
approaches the value of one) there are fewer substitutions genome-wide.

There is a negative relationship between interbirth interval to gestational period ratio
and autosomal substitution rate (Figure 2C). This means that fewer mutations in the germline will
be observed as females invest more time in gestation, with the concomitant compensation of shorter
interbirth period. Another way to approach this relationship is that species with similar gestational
period and interbirth interval have a higher substitution rate. In our data (Table 1), we see that these
species (the ones with this ratio close to one and high substitution rate) are mainly the small
primates: the squirrel monkey, marmoset, bushbaby and tarsier (i.e. all except the mouse lemur).
Strikingly these are also the species with shorter generation time amongst all primates (Table 1). In
this regard, we note that the relationship between generation time and substitution rates has been
observed for other taxa (Hwang & Green, 2004) and even in primates, when using smaller datasets
(Li, Ellsworth, Krushkal, Chang, & Hewett-Emmett, 1996). Although the causal relationship is
unclear according to our analysis, the fact that individuals with shorter gestational length and shorter
interval between births also have shorter generation time could potentially suggest an effect of
generation length on substitution rates: if mutations occur primarily due to errors during DNA
replication, species with short generations are subject to more rounds of DNA replication per unit
time in comparison to those with longer generations, and as a consequence of that the former will
present larger yearly mutation rates than the latter (Thomas, Welch, Lanfear, & Bromham, 2010).
This relationship is strengthened by the positive relationship observed between gestational period

to averaged lifespan in captivity (Figure 2D), according to which species with proportional shorter




lifespan and also short gestational period are those previously scored for lower interbirth intervals

proportional to gestation analysis, i.e. the small primates (except for the green monkey).

Sex biased substitution rate variation in primates

While each autosome spend the same amount of time in the female and male germlines,
the X chromosome spends more time in the female germline and the Y is only seen in males (except
if there is any aneuploidy) (Miyata, Hayashida, Kuma, Mitsuyasu, & Yasunaga, 1987). Therefore,
the ratio between the number of substitutions identified on the sex chromosomes relative to the ones
on the autosomes reflect sex biases in mutational processes and dynamics (Sayres et al., 2011), and
thus can inform us about the differences in the reproductive biology and behavior of the different
sexes. If there is equal participation of male and female to the mutational input, we would expect to
see an X-to-autosomes substitution rate ratio (henceforth referred to as “X:A ratio”) equals to one.
Figure 1 shows estimated divergence for autosomes with their ratio relative to that on the X
chromosomes (in the form of X:A ratio) indicated in parenthesis for inner and external branches.
Generally, males contribute more to nucleotide variability, indicated by an X:A ratio < 1 (Figure
1). However, the degree of sex bias is not the same across primates: in NWM and Prosimians we
observe relatively more equal contribution from females and males (X:A ratio ranges from 0.835 to
0.853), than in OWM and great apes (0.653 to 0.739; Table 3). Data for the Y chromosome, although
limited to four species (namely Homo sapiens, Pan troglodytes, Callithrix jacchus, and
Chlorocebus sabaeus), strengths this hypothesis of a male mutation bias (Figure 3).

Curiously, the X:A ratio estimated in our study for humans is lower than previously
estimated (Amster & Sella, 2016; Patterson, Richter, Gnerre, Lander, & Reich, 2006; Presgraves &
Yi, 2009). The estimates for the chimpanzee, however, match these previous studies. Although we
were not able to identify the causes for such discrepancy in humans, we believe that it can be either
true (see Discussion below) or it may be an artifact introduced by the fact the multi-species
alignment considered humans as the reference species.

The variance in the branch length estimates using the X chromosome (s* = 1.75¢-8) is
in the same order of magnitude of those for the autosomes, which is 1.49¢-8 in average. To rule out
any possible bias related to differences in error in estimates for the X versus the autosomes, we
recalculated X:A ratio using chromosomes 9 and 14, which have similar sequence length (1.34Mb,
versus 1.39Mb on the X) and variance estimates (s> = 1.80e-8) to that of the X chromosomes,
respectively. In doing so, our results are qualitatively identical to the setting where we analyze all

autosomes together. In what follows, we discuss the results considering the full dataset.




DISCUSSION

Cross-taxa studies suggested that the unsteadiness of the molecular clock, i.e. the variation
in substitution rates across lineages, was due to the effect of different metabolic rates (Lanfear,
Thomas, Welch, Brey, & Bromham, 2007), variable body size, as well as differences in the
generation length across species (Martin & Palumbi, 1993). For primates, however, the reason for
the observed variation in substitution rates remains to be established (Moorjani, et al., 2016). We
re-assessed this issue by using a larger number of species than previous studies on primates (N
= 14) and a larger number of life history traits (a total of 24; Table 1). We found that the variation
in four life history traits is significantly associated with the variation in autosomal substation rates
in primates (Table 1). Curiously, none of these is generation length, but are related to differences in
the reproductive biology across species and sexes. We note, however, that generation length may
be correlated with some of these life history traits for which we found statistical association with
substitution rates, and therefore this may indicate an indirect effect of generation time, as noted
above.

One pattern that stand out from these analyses is the widespread presence of a male
mutation bias in the different primate species. A larger contribution of males for the total number
of substitutions in a lineage may be related to the biology of spermatogenesis, which entails constant
production of sperm after puberty, in contrast to the oogenesis, in which the female germline is
subjected to a single cell division after birth (Berlin et al., 2006). In addition to that, we observe
more intense sperm competition in some organisms, like in the Macaca genus, other O WM (Dhole
& Servedio, 2014; Harcourt, 1995), and the chimpanzee (Wong, 2014), what is expected to further
increase mutation rates per generation. In this regard, we show, for instance, that male mutation
bias is pervasive across primates, indicated by a much larger proportion of substitutions on the Y
chromosome relative to other chromosomes. The lack of significant association between
substitution rate variation and relative testes size (after the removal of an outlier) indicates that,
even after analyzing for a greater number of species (as suggested by Sayres et al., 2011), the
significant relationship between such trait and mutation rate is not observed. Two alternative
proposals by Sayres et al. (2011) is that sperm competition would have relatively little effect on the
sex-averaged substitution rates in mammals either (a) because females have evolved a mechanism
to compensate for any increase in the mutation rate in males; or (b) the mutational rate influenced
by sperm competition may be weak and undetectable.

In our data, differences in mating strategies across species (e.g. van Schaik, 2016;
Wolfe, 2015) may explain the different degrees of male mutation bias (see X:A ratio in Fig 1). For
instance, in promiscuous species such as chimpanzee (which is polygynandrous), we observe a

larger number of substitutions on the Y chromosome. For a species as the green monkey




(Chrolocebus sabaeus), which displays polygyny as strategy and the marmoset (Callithrix jacchus),
a polygynandrous specie, but with monogamy prevailing in captive environment, the number of
substitutions on the Y chromosome are relatively smaller. For polyandrous and polygynandrous
species, multiple males have to compete to fertilize eggs, generating more sperm competition
compared with monogamous and polygynous species, where little or no sperm competition occurs
(Martin, 2007).

We note that primate life traits and other social behaviors should be considered
cautiously, as they are a simplification of the reality found in nature. For instance, some authors
have found evidence of changes in the normal group composition and mating system, as cases of
polygamy in Callitrichinae, as a consequence of habitat saturation (Dietz, Baker, & Allendorf, 2005;
for a recent discussion see Garber, Porter, Spross, & Di Fiore, 2016). Despite these difficulties, we
adopted here the general classification presented in (Saltzman, Tardif, & Rutherford, 2011; Schmitz
et al., 2016; Yoder et al., 2016) and from data available in The Animal Diversity Web database.

Furthermore, the observed ratio of X-to-autosomal substitution rates for gorillas and humans
differs markedly from the expected based on a robust analytical model (Amster and Sella, 2016),
but not for chimpanzees (Table 2). Since this model considers values for traits observed in present-
day species, these discrepancies could potentially be explained by changes in life history traits
across time. For instance, one of the possibilities is that sperm competition in humans and gorillas
may have been more intense in the past, comparable to that of present-day chimpanzees. In other
words, this suggests that gorilla (Gorilla gorilla) and humans (Homo sapiens) were probably subject
to a radical change in their matting system, from a more competitive situation for the males (e.g
polyandrous, when a female takes two or more male as sexual partner at the same time) to the
current status of polygyny, and as a socially monogamous species (extra-pair paternity is relatively
low and the long-term arrangement between just an adult male and an adult female is frequent
(Fernandez-Duque, Valeggia & Mendoza, 2009; Lukas & Clutton-Brock, 2013), respectively. This
is interesting since bonobo (Pan paniscus), our most common relative together with chimpanzee
(Pan troglodytes), is polyandrous, while chimpanzee is polygynandrous (multiple males mate with
multiple females). Furthermore, due such matting system, bonobos present equal sex maturity ratio,
with males and females reaching sexual maturity with same age (Table S3). Some studies also point
out to an earlier puberty in bonobos females relative to chimpanzees (Behringer, Deschner, Deimel,
Stevens, & Hohmann, 2014). Importantly, puberty differs from sexual maturity; the former being
characterized by the beginning of the reproductive activity, whilst sexual maturity is when the
sexual capacity is accompanied by other physical and behavioral changes which characterizes an
adult individual, resulting in the mating capacity and seminal parameters consistent with the full

reproduction (Souza, Cruz, Teixeira Neto, Nunes, & Cruz, 2011). Moreover, values observed in the




gorilla and bonobo substitution rate estimation are very similar to that of humans (Table 2), when
compared to chimpanzee. This is in accordance with the similarity between X-to-autosomal
substitution rate of gorilla, bonobo and humans, leading to the parsimonious explanation that the
common ancestor of great apes was probably polygynandrous and that sperm competition in

chimpanzees might have arisen only recently as a derivate trait.

Conclusion

We confirm previous observations that differences in life history traits between primates are
implicated with large variation in autosomal neutral substation rates and a widespread male
mutation bias. Intriguingly, the observed ratio of X-to-autosomal substitution rates observed among
great apes suggest different mating strategies present in their most recent common ancestral, with
chimpanzee passing by a fast/radical strategy change more recently, since the split from bonobo.
Finally, our data points out to the effect of differences in reproductive biology between species and
sexes on the molecular clock giving support to the hypothesis of the hominoid substitution rate

slowdown.
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Table 1. Regression results according to least squares analysis controlled for phylogenetic dependence using the autosomal. R2 and slope coefficients

(beta) for the simple regression models are shown. Significant two-tailed p values are marked in bold.

Autosome substitution rate

Regression Correlation
Trait R? P value B R? P value Available Species
Body size (kg)'? -0.0679  0.6845 -0.0002 0.0642 0.835 14
Body size male (kg)'? -0.0700 0.7058 -0.0001 -0.0156  0.9597 14
Body size female (kg)*? -0.0715  0.7220 -0.0002 0.1192  0.6980 14
Body size dimorphism?? -0.0826  0.9277 -0.0008 -0.2552  0.4001 14
Length Male (cm)? -0.0901 0.9291 0.0000 0.1402  0.6477 13
Length Female (cm)?! -0.0899  0.9223 0.0000 0.1205 0.6950 13
Length Male to Female? -0.0909 0.9968 -0.0001 0.2322  0.4453 13
Interbirth Interval (days)'? -0.0210  0.4088 0.0000 -0.2919 0.3332 14
Gestational Period (days)*? 0.1825 0.0717 0.0002 0.5268 0.0643 14
Interbirth/Gestation'3 0.3096  0.0227 -0.0043 -0.6355 0.0196 14
Average Lifespan in Captivity -0.0459 0.5244 -0.0003 0.0524  0.8649 14
Gestation/lifespan® 0.3685 0.0126 1.3635 0.5679  0.0429 14
Litter per Year -0.0491 0.5429 -0.0039 -0.0707 0.8186 14
Sexual Maturity Male (months)?* -0.0800 0.8502 0.0000 -0.0808 0.7929 14
Sexual Maturity Female (months)? -0.0310 0.4503 -0.0001 -0.1758  0.5657 14
Female to Male Age at Puberty3+ 0.2827  0.0293 -0.0209 -0.5104 0.0747 14
Group size® -0.0798  0.7433 0.0001 -0.0753  0.8161 13
Litter Sizel® 0.1500  0.0946 -0.0135 -0.3812  0.1987 14




Table 1. (continued)

Weaning age (days)*3 -0.0808
Canine Dimorphism®7# -0.0984
Spermatogenic Cycle (days)910 -0.0468
Ratio Testes weight to Body size%1213.14 0.6910
Generation Time (years)'>16:17.18,19 -0.0456
Ovarian Cycle (days)?° -0.0320

0.8694
0.9056
0.4491
0.0005
0.4872
0.4357

0.0000
-0.0016
-0.0021
-0.0112
-0.0009
-0.0005

0.0317
-0.2253
0.0617
-0.8553
-0.1004
-0.2206

0.9182
0.5053
0.8846
0.0008
0.7689
0.5146

14
12
9
12
12
12

R%: adjuster R-squared (absolute values); B: slope (direction of relationship) ; Cl: Confidence Interval; Slope indicates positive or negative relationship.
Regression result removing outlier for testes weight to body size = R:0.1825; p=0.07167, beta=0.0002212; and correlation: R=0.0917; Cl: -0.5708644

0.6819709 ;p=0.801.

1:ADW: Animal Diversity Web; 2:Arkive.org: Wildscreen Arkive; 3:Qi et al. 2008; 4: Amster and Sella 2016; 5: Macdonald, 1982; 6: Garratt et al. 2013; 7:
Schwartz and Dean, 2005; 8: Turner et al. 2016; 9: Amster and Sella 2016; 10: Millar et al.2000; 11: Harcourt et al 1981; 12: Kenagy and Trombulak 1986;
13: Aslam et al 2002; 14: Dixson and Anderson 2004; 15: Perez et al. 2013; 16: Zhou et al. 2014; 17: Schmitz et al. 2016; 18: Yoder et al. 2016; 19: Moorjani

et al. 2017; 20: Saltzman et al. 2010.




Table 2. X-to-Autosome ratios on the terminal branch. Because of Incomplete Lineage Sorting,
Pan troglodytes, Pan paniscus, and Gorilla gorilla were considered separately. The corresponding
great ape genome used for calculations is indicated on the header.

. This Study Amster and Sella, 2016 Presgraves and Yi, 2009
Species panTro4 panPanl gorGor3
Homo sapiens 0.6852 0.6811 0.7676 0.8 0.7850
Pan Troglodytes 0.7805 - - 0.75 0.792
Pan paniscus - 0.6661 - -
Gorilla gorilla - - 0.7624 0.9 0.884
Pongo abelli 0.7514 0.7632 0.7640 - 0.8920

panTro4: Pan troglodytes; panPanl: Pan paniscus; gorGor3: Gorilla gorilla.

Table 3. Average tip distance across primates.

Autossomal Ula | X Chromosome Ula | ChrX-Autossomal Ula
Human 0.0057 0.0039 0.6852
Great Apes 0.009 0.0067 0.739
Old World Monkeys 0.0054 0.0035 0.6529
New World Monkeys 0.0299 0.0249 0.8349
Prosimians 0.1105 0.0948 0.8529




Figure 1. Phylogenetic tree with 14 primates. Branch lengths reflect the relative number of neutral
substitutions per site along each lineage. Phylogenetic tree was based on autosomal divergence and
X-to-Autosomal ratio are indicated in parenthesis right of the terminal branches and left to the
internal branches. Pro:Prosimians; NWM:New World Monkeys; OWM:0Old World Monkeys;
HOM: Hominidae

P Mus musculus

Otolemur garnettii (0.87)

(0.76)

Microcebus murinus  (0.82)

Odd

(0.06) Tarsius syrichta (0.87)

Saimiri boliviensis (0.84)

NMN

(0.87)

Callithrix jacchus (0.83)

(0.75) |
Rhinopithecus roxellana (0.70)

Nasalis larvatus (0.74)
(0.97)

(0]84)

NMO

Chlorocebus sabaeus (0.64)

Papio anubis (0.57)

Macaca fascicularis (0.66)

(0.93)

Macaca mulata (0.60) -

0.05 Pongo abelii (0.75)

WOH

(0.88)
Autosomes Pan troglodytes (0.78)
----- Outgroup (0.76)

Homo sapiens (0.69) ||




Figure 2. Phylogenetically independent contrasts of life history traits versus autosomal substitution rate. Relationship between phylogenetically
independent contrasts of life history traits (x-axis) versus Autosomal Substitution Rate (y-axis) are shown for the four traits that presented significant regression

on substitution rates (see Table 1).
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Figure 3. Relative substitution rates on sex chromosomes and autosomes. We estimated neutral
substitution for four primates for which Y chromosome data was available in UCSC databank,
namely Homo sapiens/Human (monogamous), Pan troglodytes/Chimpanzee (polygynandrous),
Chrolocebus — sabaeus/Green Monkey (polygynous) and Callithrix jacchus/Marmoset
(polyandrous). The value plotted corresponds to the substitution rate on the sex chromosomes

normalized by the rates observed on the autosomes for a given species.
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SUPPLEMENTARY FILES
(ONLINE:https:/www.dropbox.com/sh/zZ3mpwfbkund0g6h/AADSnqImghPS93NPmZt1KkI5I1
a?2dl=0)

Table S1. Online source of annotations for transposable elements, coding exons, and conserved

sites (i.e. the CET mask).

Table S2. Autosomal substitution rates and X chromosome 14-primate whole-genome sequence

alignment.

Table S3. Phylogenetic Independent Contrast analysis of 24 life history traits and substitution rates.

Table S4. Substitution rates on sex chromosomes and autosomes for four primate species with

different reproduction strategies.
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CAPITULO VI

Resutados e discussao preliminares: THE EVOLUTION OF
TOOL MAKING: AN EVOLUTIONARY APPROACH FROM SAPAJUS
LIBIDINOSUS

Viscardi LH, Falotico T, Fam B, Jacovas CV, Vargas-Pinilla P,
Szynwelski BE, Amorim EG, Salzano FM, Paixao-Cortes VR, Freitas T,
Ottoni E, and Bortollini MC

“Dé um peixe a um homem faminto e
vocé o alimentara por um dia. Ensine-
0 a pescar, e vocé o estard
alimentando pelo resto da vida.”

Provérbio Chinés
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Durante a elaboragdo da presente Tese de Doutorado foi possivel iniciar uma
colaboragdo com o Instituto de Psicologia de Universidade de S3ao Paulo (USP) através dos
pesquisadores Prof. Dr. Eduardo Ottoni e Dr. Tiago Faldtico com intuito de criar o projeto “Cultura
nos macacos-pregos (Sapajus libidinosus): as bases genéticas de comportamentos evolutivos
inovadores”. O presente Capitulo pretende apresentar brevemente os resultados preliminares do

referido projeto.

INTRODUCAO

Como comentado na introducdo da presente Tese, os humanos possuem uma habilidade
sofisticada de produzir e utilizar ferramentas. Em meados da década de 60, descobertas de fosseis
na Garganta de Olduvai, na Tanzania, levaram a descri¢cdo da primeira espécie do nosso género.
Neste contexto, foram descobertos uma mao e um pé de um hominineo pelo casal de arquedlogos
Louis e Mary Leakey, e sua equipe, batizando-os como pertencentes a uma nova espécie, o Homo
habilis. O nome tem como inspiracdo sua morfologia que porporcionariam ao seu portador uma
habil capacidade de manufaturar ferramentas (Johanson e Edgar, 1996).

Em 1971 a primatéloga britanica Jane Goodall publica o livro In The Shadow of Man,
levando tanto para comunidade cientifica quanto ao publico leigo o relato de comportamentos dos
chimpanzés (Pan troglodytes) em ambiente selvagem, no Parque Nacional de Gombe (Tanzania),
por cerca de dez anos (Goodall, 1971). A pesquisadora trouxe os conhecimentos de que chimpanzés
fabricavam e utilizavam ferramentas em seu ambiente natural e como esta informagdo era
transmitida para outros membros do grupo, uma caracteristica relacionada a presenga de cultura.
Ap0s sua publicagdo, sucessivos trabalhos corroboraram a idéia da existéncia de costumes sociais
particulares e culturas diferenciadas entre as comundades de chimpanzé (Vogel, 1999; Mercader et
al., 2002; Waal, 2005; Matsuzawa, 2005; Pennisi, 2006; Whiten et al., 2005, 2007), do mesmo modo
que em outras espécies de primatas (Pongo pygmaeus, Schaik et al., 2003; Macaca fascicularis
aurea; Malaivijitnond et al., 2007). Desde entdo, o termo ‘“cultura” passou a ndo ser utilizado
somente para humanos, mas também para outros primatas (Schaik et al., 2003; Whiten et al., 2005;
Pennisi, 2006; Whiten et al., 2007; Cohen, 2007).

Existem intimeras definicdes de cultura (Hofstede, 2005), porém todas carregam
elementos bdsicos como inovagdo, transmissdao e retencdo do conhecimento, seja no sentido
horizontal (entre membros ndo aparentados), quanto no vertical (genitores-prole), exatamente como

tem sido descrito entre primatas ndo-hominineos, particularmente entre aqueles que vivem em
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grupos sociais. Além disso, individuos com perfis inovadores dentro de um grupo social podem
impulsionar revolucdes tecnoldgicas. Para que uma inovacdo adaptativa seja mantida — e assim
tenha alguma significancia evolutiva - ela deve ser possivel de ser transmitida (herdada) através das
interagdes sociais e de aprendizado. Entretanto, os outros individuos somente serdo aptos a absorver
tal inovagdo se forem dotados de um repertorio genético minimo contribuinte para as capacidades
cognitivas.

A esfera do conhecimento voltada para o estudo da cultura dos primatas ndo humanos
foi batizada de Cultural Primatology. Sua origem emergiu como uma proposta de estudos, cada vez
mais oportuna e necessaria, com o objetivo de ampliar os conhecimentos sobre as tradi¢cdes
culturais, e suas diferencas, nas distintas espécies de simios, como os chimpanzés (Matzusawa,
2005; Leca et al., 2016; McGrew, 2017). Dentre os debates da area, uma das grandes perguntas
seria em quais condi¢des ambientais e ecologicas ocorreram pressdes seletivas que promoveram a
emergéncia de tracos culturais adaptativos. A escassez de alimentos ricos em nutrientes, como
pequenos insetos e animais, frutas e sementes, algo mais frequentemente observado em ambientes
abertos (savanas) do que fechados (matas e florestas), por exemplo, sdo frequentemente citados
como agentes/elementos que impulsionariam o uso de ferramentas para obten¢do de recursos
(Koops et al., 2014).

Ha 30 anos a partir de observagdes de macacos-prego (géneros Cebus e Sapajus) em
cativeiro (Westergaard e Fragazy, 1987), os debates cientificos foram ampliados devido as
extraordindrias descobertas que mostraram que os mesmos eram também capazes de produzir e
manipular ferramentas. Posteriormente, o comportamento foi também observado em ambientes
naturais, onde individuos destas espécies de forma espontanea e rotineira fabricavam e utilizavam
materiais liticos em varios locais, incluindo a espécie Sapajus libidinosus da Serra da Capivara, no
estado do Piaui no nordeste brasileiro (Ottoni e Izar, 2008; Haslam et al., 2016; Proffitt et al., 2016).
Os macacos pregos da Serra da Capivara aparentam ter a cultura litica mais sofisticada, e nao
somente usam artefatos como ferramentas (bigorna e martelo para quebrar frutos encapsulados e
“pas” para cavar) mas também para exibicdes sexuais (Faldtico e Ottoni, 2013; Proffitt et al., 2016
e referéncias 14 citadas). Dentre os materiais liticos encontrados também estao alguns artefatos que
sdo encontrados em um contexto arqueoldgico, poderiam ser potencialmente interpretados como o
resultado da produgdo intencional de ferramenta de origem homininea (Proffitt et al., 2016).
Todavia, tais artefatos sdo, na verdade, lascas de fratura concoidal (com gume cortante) originadas
de uma forma supostamente nio intencional ou controlada pelos macado-pregos citados, devido a
seus habitos rotineiros de uso do material litico. Respectivo ao comportamento sexual, observou-se
durante dois anos que trés fémeas de um grupo de Sapajus libidinosus da Serra da Capivara tinham

o habito de jogar pedras nos machos durante a sua fase proceptiva. Tal comportamento foi
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posteriormente replicado por outras fémeas no mesmo grupo. A auséncia aparente deste
comportamento em outros grupos levou a equipe de pesquisa a sugerir a difusdo de um novo
comportamento ou tradi¢do dentro deste grupo social de macacos-prego (Falotico e Ottoni, 2013).
Dessa forma, o complexo e diverso uso de ferramentas faz com que o Sapajus libidinosus da Serra
da Capivara esteja atualmente em meio a lista das raras espécies capazes de desenvolver cultura,
visto que alguns autores estimam que os mesmos o estariam fazendo ha cerca de 700 anos (Haslam

etal., 2016).

Nossa linhagem homininea desenvolveu sua tecnologia litica diante de um ambiente de
savana, onde os recursos naturais eram escassos (Harmand et al. 2015). Curiosamente, os outros
dois primatas que desenvolveram ferramentas com uso amplo e complexo, como o Pan troglodytes
verus (Pruetz et al. 2015) e o Sapajus libidinosus (Haslam et al. 2016) também encontram-se em
um ambiente homologo aos nossos ancestrais hominineos. Assim, pretendemos responder a
seguinte pergunta: existe um repertorio genético especifico que permitiu a emergéncia de
comportamentos adaptativos no ambiente da caatinga da Serra da Capivara e seria a pressao desse

ambiente responsavel pelo surgimento e manuten¢do da cultura do Sapajus libidinosus?

Sendo assim, seis genes candidatos foram selecionados para serem investigados nos Sapajus
libidinosus da Serra da Capivara: OXT, OXTR, AVPRIa e AVPRI1b, SLC6A4 e DRD4. Para isso,
iremos comparar as marcas gendmicas dos S. /ibidinosus da Serra da Capivara que produzem e
utilizam ferramentas (habeis) com aqueles que ndo produzem (ndo-habeis), seja dentro de mesmo
bando quanto entre populagdes, incluindo de outras regides brasileiras e um grupo controle da

espécie S. nigritus, bem como com outros Primatas.

MATERIAL E METODOS

Coleta e Estocagem de Material

Foram coletados individuos de espécie Sapajus libidinosus e Sapajus nigritus. nas
regides Nordeste e Sul do Brasil, especificamente, provenientes do Parque da Serra da Capivara (S.
libidinosus e nigritus) e da regido da Mata Atlantica do Rio Grande do Sul (S. nigritus). As coletas
do material biolégico foram feitas mediante a diretriz de menor intervencdo e contando com as
devidas licencas (48323-1 e 59019-1; ver anexos). Duas abordagens ndo invasivas para coleta de

material bioldgico para posterior extragdo de DNA de boa qualidade foram empregadas:
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a) A coleta de pelos permite que se tenha uma quantidade significativa de DNA (Henry
e Russello, 2011). Um protocolo estabelecido por Visalberghi et al (2015) demonstrou ser eficiente
a extracdo de DNA de qualidade a partir de pelos coletados em um grupo total de 44 individuos da
espécie Sapajus sp. O método baseia-se em uma armadilha em formato de tubo, onde no interior de
sua abertura ¢ coberto por fitas adesivas (~19mm) e com alimento (e.g nozes) no seu fundo. Trés
diferentes tubos sdo construidos, apresentando os didmetros de 3.3, 2.6, ¢ 2.0 cm e comprimentos
de 18, 27 e 34 cm, respectivamente. O individuo ao colocar seu brago dentro do recipiente para
pegar o alimento acaba por ter pelos presos nas fitas, que posteriormente sdo coletadas e
armazenadas em um freezer a -20 C°. Junto com as armadilhas foram colocadas cameras, com
gatilhos de disparo, para a posterior identificacdo dos individuos coletados. Também se pretende

fazer observagdes a distancia dos sitios com as armadilhas.

b) Coleta de fezes também foi efetuada para garantir informagdo do méaximo possivel
de individuos dos grupos. As fezes apds coletadas podem ser armazenadas por até duas semanas em

freezer de a -80 C°, o que garante um DNA de qualidade apds a extragao.

c) Amostras de grupos controle (diversas espécies de macacos do Novo Mundo) ja
foram coletadas e 0 DNA extraido. As mesmas fazem parte da cole¢do de mNM do Laboratoério de
Evolucdo Humana e Molecular (LEHM), sob a responsabilidade da Profa. Maria Catira Bortolini.
O uso dessa colecdo para projetos desta natureza foi aprovado pelo Comité de Etica Animal da
Universidade Federal do Rio Grande do Sul (data da aprovagdo: 25 de novembro de 2014). Para
fazermos uso de uma espécie mais proximamente relacionada com o Sapajus libidinosus, utilizamos

a colecdo de Sapajus nigritus sob a responsabilidade do Prof. Thales Freitas.
Extracao de DNA

As amostras de DNA foram extraidas com kit especifico de reagentes para extra¢ao de
DNA para amostras capilares (DNA Investigator Kit — Qiagen; ou NucleoSpin* Tissue — Macherey
Negal, MN) e de fezes (Stool Kit - Qiagen), de modo a obter material de alta qualidade para a
geracdo da biblioteca de DNA. As amostras foram analisadas em gel de agarose com a adi¢do de
corante para DNA (GelRed ®), na concentracdo de 1% e ap0s visualizadas em transiluminador UV,
para checar o sucesso da extragdo; as amostras de DNA foram entdo quantificadas em

espectrofotometro (NanoDrop ® - Uniscience) e diluidas para uma concentragdo de 25ng/ul.

Genes Candidatos e Sequenciamento
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O primers foram desenhados a partir do genoma de referéncia do Cebus capucinus
(NCBI:txid1737458) e considerando regides conservadas das espécies Saimiri boliviensis
(NCBI:txid39432) e Callithrix jacchus (NCBI:txid9483); todos disponiveis no banco de dados do
NCBI (https://www.ncbi.nlm.nih.gov). As sequéncias de Cebus capucinus, quando disponiveis,
foram preferencialmente escolhidas em lugar dos outros dois genomas de referéncia, visto sua
proximidade filogenética com o género Sapajus. Os primers desenhados foram testados através da

ferramenta in silico-PCR do UCSC genome (https://genome.ucsc.edu/).

Para o gene SLC6A44, sera utilizado os primers desenhados para regido polimorfica PL2
que ¢ encontrada em macacos do Velho e do Novo mundo (ver tabela 1) de acordo com o

apresentado em Chakraborty et al. (2010).

Na regido promotora de AVPRIa, dois elementos repetitivos conhecidos como RS3 ja
foram descritos, dentre os quais o chamado DupB, localizado entre -3382 a -3729 pares de base de
distancia do inicio do sitio de transcri¢do do gene A VPR Ia (Donaldson e Young, 2013; Latzman et
al., 2014). Trabalhos anteriores tém demonstrado que os Macacos do Novo Mundo ndo apresentam
esses microssatélites (Ren et al., 2014). Em contrapartida, uma segunda regido de interesse
selecionada chama-se “RS2”, um microssatélite localizado na regido intronica proxima a por¢ao 3’
do exon 1 do referido gene, apesar da regido ja ter sido descrita (Thibonnier et al. 2000; Meyer-
Lindenberg et al., 2011), nenhum trabalho j& fora publicado associando a regido com
comportamento. Esta abordagem nos abre uma possibilidade para testarmos esta regido em macacos

do Novo Mundo ¢ um mecanismo analogo ao RS3 quanto a influéncia no fenétipo comportamental.

Considerando o gene DRD4, sera utilizado um par de primers descritos por Kustanovich
et al. (2004), gerando um segmento cerca de aproximadamente 353 pares de base, que se encontra
a jusante da regido 3' do exon 3 do referido gene. O mesmo sera adaptado para macacos do Novo

Mundo utilizando-se como referéncia o genoma do Cebus capucinus, disponivel no NCBI.

Primers utilizados para a amplificagdo da regido codificadora dos genes OXT e OXTR,
tal como a regido promotora do gene OXTR foram os mesmos descritos em Vargas-Pinilla et al.,

(2015).

As regides de interesse amplificadas foram sequenciadas através do método Sanger.
Ainda, a qualidade do sequenciamento para cada regido sera verificada através das informacdes
obtidas pelo cromatograma através do software Geneious 8 (http://www.geneious.com, Kearse et

al., 2012)
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Dados Fenotipicos

Individuos Sapajus libidinosus da Serra da Capivara, bem como de outras regides, vem
sendo monitorados ha muitos anos (ver Haslam et al., 2016, e referencias 1a contidas). Desse modo,
muitos os individuais j& estdo disponiveis para analise. Por exemplo, dentre as varidveis de
interesse, a habilidade de fabricar e usar ferramentas ¢ chave para este estudo. Por exemplo, Ottoni
et al. (2005) e Ottoni e Izar (2008) demonstraram que os individuos do género Sapajus/Cebus mais
habeis eram os mais frequentemente observados pelos jovens infantes, o que permite estabelecer
um parametro objetivo de categorizagdo fenotipica para os individuos. Além disso, recentemente
comportamentos inovadores foram descritos em fémeas que arremessavam pedras nos machos no
periodo reprodutivo (Faldtico e Ottoni, 2013). Os Gltimos autores consideraram os arremessos em
um periodo de 10 minutos como um tnico evento, de modo que o comportamento de cada fémea

(identificadas por um nome préprio) pode ser quantificado.

Analises dos Dados

Abordagem Populacional (intra-especifica: Sapajus libidinosus) em Genes

Candidatos

Os dados populacionais serdo utilizados para compreendermos a distribui¢ao dos alelos
e sua relacdo com a variabilidade dos fendtipos comportamentais de interesse. Para isso, ¢
necessario primeiramente calcular o coeficiente de endocruzamento (Fis), ou inbreeding, e se o
grupo de interesse difere quanto a sua estrutura genética do grupo controle através da estimativa de
indice de fixagdo, ou Fsr, para remover qualquer viés estatistico posterior. Assim, deve-se obter
durante as coletas o conhecimento de parentesco das amostras coletadas, junto com outras varidveis
como sexo, idade, local etc. Estas, somadas a estatisticas sumdrias, como diversidade genética (x)
e haplotipica (4), e equilibrio de Hardy-Weinberg serdo calculadas para os genes de interesse usando

o programa Arlequin (Excoffier et al. 2005) e o DnaSP (Rozas et al. 2003).

Em complementa¢do a andlise do coeficiente de endocruzamento anterior, iremos
aplicar corridas de homozigosidade, ou runs of homozygosity (ROH), estimadas através do
programa Plink (Purcell et al. 2007). Nesta analise de ROH, trechos longos de DNA (1000kb)
escaneados por sliding window, com um minimo de 20 SNPs por trecho, permitindo no maximo 2
SNPs faltantes em cada individuo e nenhum heterozigoto serdo considerados. O limiar de densidade

de SNPs sera configurada para SOSNPs/kb.
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As freqiliéncias alélicas dos grupos populacionais, que serdo construidos considerando
variaveis de interesse (por exemplo: habeis vs ndo-habeis, machos vs fémeas, S. libidinosus da Serra
da Capivara vs S. libidinosus de outra regido, fémeas que arremessam pedras nos machos vs fémas
que ndo arremessa, etc),serdo comparadas através da analise de varidncia molecular (AMOVA;
Excoffier et al., 1992), também implementada no programa Arlequin. Ademais, o teste exato de
Fisher serd aplicado comparando as variantes fenotipicas com as genotipicas dos individuos - por
exemplo, se sdo portadores de diferentes alelos e se produzem ou ndo ferramentas - em plataforma

R.

RESULTADOS PRELIMINARES RELATIVOS AOS GENES AVPRIA E AVPRIB

Os primeiros resultados provindos do sequenciamendo da regido codificadora dos genes AVPRIa e
AVPRIb mostram a existéncia de um possivel polimorfismo na posi¢do 62 do AVPRI1b (figura 1).
Este sitio est4 localizado na regido intracelular (ICL) 1 do receptor. Dois alelos foram encontrados
nas 3 amostras de Sapajus libidinosus ja estudadas:Prolina (Pro) ou Leucina (Leu) sdo encontrados
nesta posicao, indicando provavel polimorfismo. Trés amostras de Sapajus nigritus apresentaram
apenas o alelo Leu. Interessantemente, o alelo Pro tem sido descrito no Homo sapiens, € mesmo
com muito baixa freqiiéncia permitiu a identificagdo do locus como sendo polimoérfico em humanos
(rs782317607). Infelizmente ndo ¢ possivel identificar a populacdo humana em que o alelo Pro
ocorre. O alelo com maior freqiiéncia (Leu) ¢ também aquele que caracteriza os chimpazés,
bonobos, gorilas e orangotangos (Pan troglodytes, Pan paniscus, Gorilla gorilla € Pongo abelli),
além dos neandertais ¢ o homem de Denisova (Fam et al., 2018; sob revisao). Todos os outros
macacos do Novo Mundo (tabela x) ja investigados carregam uma Pro na posicao, exceto, Sapajus
xanthosternos, Sapajus robustus e Cebus capucinus, familia Cebidae, que carregam uma Leu (Fam
et al., 2018; sob revisdo). Brachyteles arachnoides, familia Atelidae também carrega uma Leu.
Como sdo raros os estudos populacionais (exceto considerando nossa propria espécie) ¢ dificil saber
se 0 mesmo polimorfismo estd ou ndo presente nas outras espécies de primatas, incluindo as do
género Sapajus e Cebus.Nao obstante, o fato dos dois alelos estarem segregando em Sapajus
libidinosus indica a possiblidade de dois cendrios: polimorfismo trans-especifico ou mutagdo
convergente. Aparentemente parece ser convergéncia ja que a mutacao que leva ao surgimento da
Pro, e por consequéncia do polimorfismo na nossa espécie (CTG , Leu>CCG, Pro) ¢ diferente
daquela que leva ao surgimento da Pro no ramo dos macacos do Novo Mundo (CTG, Leu >CCA,

Pro). Ainda, Fam et al. (2018; sob revisdo) encontraram a posi¢ao 62 associada com cuidado
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Homo_sapiens/1-424
Pan_paniscus/1-424
Pan_troglodytes/1-424
Pongo_abelii/1-424
Papio_anubis/1-424
Gorilla_gorilla/1-424
Mandrillus_leucophaeus/1-424
Macaca_mulatta/1-424
Macaca_nemestrina/l1-424
Macaca_fascicularis/1-424
Colobus_angolensis/1-424
Cercocebus_atys/1-424
Chlorocebus_sabaeus/1-424
Rhinopithecus_bieti/1-424
Rhinopithecus_roxellana/l1-424
Nomascus_leucogenys/1-424
Aotus_nancymaae/1-419
Saimiri_boliviensis/1-420
Cebus_xanthosternos/1-320
Cebus_robustus/1-320
Cebus_capucinus/1-420
Spajus_libidinosus_CM05/1-312
Sapajus_libidinosus_CM07/1-276
Sapajus_libidinosusCM11/1-299
Sapajusnigritus/1-316
Sapajus/1-316

Sapajus/1-243
Callimico_goeldiif1-320
Cebuella_pygmaea/1-320
Callibella_humilis/1-319
Callithrix_jacchus/1-420
Callithrix_geoffroyif1-320
Saguinus_niger/1-326
Saguinus_martinsi/1-324
Saguinus_bicolor/1-326
Leontopithecus_chrysomelas/1-325
Leontopithecus_rosalia/1-322
Mico_melanura/1-326
Mico_saterei/1-326
Mico_humeralifer/1-326
Brachyteles_arachnoides/1-320
Alouatta_guariba/1-320
Cacajao_melanocephalus/1-320
Callicebus_coimbraif1-315
Chiropotes_utahickae/1-320
Chiropotes_albinasus/1-320
Otolemur_garnettii/1-417
Microcebus_murinus/1-420
Tarsius_syrichta/1-424
Propithecus_coquerelif1-420
Galeopterus_variegatus/1-415
Tupaia_chinensis/1-424
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Figura 1. Alinhamento entre primatas do Novo e Velho Mundo para regido intracelular do gene AVPR1b. indices de
conservagdo, qualidade, e consenso do alinhamento sdo mostrados em forma histogramas, respectivamente, com
valores mais altos representados pela parte superior dos picos.

paterno, um traco fenotipico derivado, que caracteriza clados de macacos do Novo Mundo da
familia Cebidae (ver Figura I, compilada de Fernandez-Duque et al., 2009). Ou seja, clados com a
Pro sdo aqueles que também apresentam monogamia social, partos gemelares e machos que
promovem cuidados diretos aos infantes. Além disso, sdo os cebideos que carregam OXT variantes
funcionais e adaptativas descritas anteriormente por nosso grupo de pesquisa (Vargas-Pinilla et al.,
2015; Parreiras-e-Silva et al., 2017). Interessantemente, no ramo Cebus/Sapajus hé reversao para o
estado fenotipico ancestral (auséncia de cuidado paterno), comum na imensa maioria dos mamiferos

(figura 2). Porém as observagdes na natureza relatam a grande tolerancia de adultos, incluindo
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machos, com a aproximagdo dos jovens infantes, indispensavel para que os mesmos possam, por
observagdo, aprender as técnicas para produzir e utilizar ferramentas (Ottoni et al., 2005; de Resende
etal., 2008; Ottoni e Izar, 2008).Vale destacar, que um dos Sapajus libidinosus com a Pro na posi¢ao
62 de AVPRIb ¢é o macho alfa do bando (chamado de Torto), characterizado como
sendoextremamente tolerante com filhotes e fémeas (Tiago Faldtico, comunicagdo pessoal). Ja o

macho (chamado de Assustado) que apresenta uma Leu, ¢ um macho de comportamento periférico.

Finalmente, o papel do AVPRI1b na ativacdo do eixo hipotalamico-hipofisario-adrenal
(HPA) através da liberagdo do hormonio adrenocorticotrofico (ACTH) e modulagdo da biossintese

de glicocorticoides estd bem estabelecido. Seu efeito sobre comportamentos sociais, como
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Figura 2. Filogenia dos primatas ¢ a presencga de cuidado paternal. Ramos emazul indicam aquelas espéies com cuidado paternal
mais frequente (fonte: Fernandez-Duque et al. 2009).

agressao, ansiedade e interagdo pais-filhotes, tem sido estudado principalmente em roedores.
Por exemplo, camundongos machos nocauteados para AVPR1b apresentaram niveis reduzidos de

agressdo, ansiedade e estresse, mas realizavam normalmente outras atividades tais como
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comportamento sexual e atividades que envolviam cognicdo, indicando uma instigante

especificidade funcional desse receptor.

Ademais, na posicao 150 localizada na ICL 2 de AVPR1b, um individuo Sapajus libidinosus
apresenta uma Treonina (Thr), enquanto os dois outros apresentam uma Isoleucina (Ile), indicando

também um possivel polimorfismo que deve ser melhor investigado.

No que diz respeito ao gene A VPR 1a, uma das regides de maior interesse € a regido intronica
de microssatélite RS2. Apesar de termos até o momento poucas amostras sequenciadas, foi possivel
observar uma clara separagao quanto a composic¢ao da unidade de repeticdo: a combinagao citosina-
timina (CT) ¢ observada homogeneamente entre o grupo controle (Sapajus nigritus), enquanto os
individuos Sapajus libidinosus do Parque Nacional da Serra da Capivara tém, além de CT, a
combinagdo guanina-timina (GT) (figura 3). Contudo, tal microssatélite ndo apresenta associacdes
fenotipicas descritas na literatura, algo que seria pioneiro no presente trabalho. No entanto, trabalhos
anteriores com o microssatélite RS3, na regido promotora de AVPRIa, em macacos do Velho
Mundo tém enriquecido a literatura académica frequentemente (Latzman et al., 2014; Ren, 2014;
Staes et al., 2016). Por exemplo, Staes et al. (2016) descobriram que os bonobos homozigotos para
alelos RS3 mais curtos eram menos periptorios (assertiveness) € mais abertos (openness), indicando
menor nivel de ansiedade e mais tolerancia (alelos RS3 mais longos estdo associados ao aumento
da transcricdo de AVPR1a).O microssatélite RS3 ndo ¢ encontrado em macacos do Novo Mundo,
enquanto o RS2 ¢ ausente nos macacos do Velho Mundo, justificando a necessidade de
aprofundamento da pesquisa com relagdo a este tipo marcador, esteja ele localizado em regido

potencialmente funcional ou nao.

Como um trabalho ainda em andamento, ¢ compreensivel as lacunas ainda
presentes nos resultados, de modo que ndo podemos chegar a uma conclusdo, mesmo que
preliminar, satisfatoria. Nao obstante as limitagdes de um estudo em andamento, os resultados
apresentados acima indicam distingdes dentro e entre as espécies comparadas para os dois

receptores ja investigados, indicando perspectivas animadora.
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TABELAS

Tabela 1. Genes Candidatos e suas associagdes com fenotipos comportamentos.

Genes Fenotipos Referéncias

Formacgao de parceiros, cuidado parental,
oXT comportamento de cuidados com infantes Vargas-Pinilla et al., 2015, 2016

ndo aparentados

Formacgao de parceiros, cuidado parental,
OXTR comportamento de cuidados com infantes Vargas-Pinilla et al., 2015,2016

ndo aparentados

DRD4 Busca de Novidades Kustanovich et al., 2004
Ansiedade, Busca de Novidades,
SLC6A4 Staes et al., 2014, 2016; Taub e Page, 2016
Hiperatividade
AVPRIa Busca de Novidades, Dominancia Hopkins et al. 2012
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Tabela 2. Primers

Gene Primers Referéncias
AVPRI1a (~421 bp) (Intronic Region) | Forward (58°C) Este estudo
RS2 GTGTCAGCAGCGTGAAGTC

Reverse (58.3°C)
TCTGGCTGACTCTAAGACACAGT

DRD4 (~359 bp) (Exonic Region)

Forward (61.0°C)
AGGACCCTCATGGCCTTG

Reverse (61.4°C)
CTGCTCTACTGGGCCACGT

Este estudo

OoXT

Forward (59.82°C)
CCAGCGCACCCGCACCAT
Reverse (60.15°C)
GCTAGGGACTCACCTTGCG

Este estudo

OXTR

Forward

1. CGTAAAGGGCTCGAAGGCCG

2. TGCTGTGGGACATCACCT

3. CTGCTGCAACCCCTGGATCTA

Vargas-Pinilla et al.,

2016

2015,
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Reverse
1. ATGCCCACCACCTGCAAGTAC
2. TCCCAGACGCTCCACATCTG
3. AGAACACTGGACTTCCTGACCCA

SLC6A4 (SHTTPR)

Forward
TCGACTGGCGTTGCCGCTCTGAATGC
(Humano)

CGTAGGCATTGCTACTCTGAATGC (Sagui)

Reverse
GAGGGACTGAGCTGGACAACCAC (Humano)
GGACGGAGCTGGACAACCAT (Sagui)

Chakraborty et
(Humano)

Este estudo (Sagui)

al.,

2010
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CAPITULO 7

CONCLUSAO E PERSPECTIVAS

“Ndo ha fatos eternos, como ndo ha
verdades absolutas”

Friedrich Nietzche
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Estudar a natureza do comportamento animal ¢ uma tarefa desafiadora, vista sua enorme
complexidade. Assim, abordagens multi e interdisciplinar muitas vezes sdo requeridas e
indispensaveis para que o conhecimento sobre o tema avance. Com base nisso, foi desenvolvida a
presente Tese. Discussdes especificas mais compactas sobre os achados estdo presentes no artigo e
nos manuscritos ja apresentados, de modo que neste seguinte item buscou-se discorrrer sobre os
achados de um modo mais amplo e integrativo. Nao obstante, alguma sobreposicao e repeti¢do com

o que ja fora dito e comentado ¢ inevitavel.

Ao longo da presente Tese foi possivel demonstrar que humanos modernos e arcaicos
carregam uma quantidade relevante polimorfismos compartilhados revelando a possivel
contribuicdo da selegdo balanceadora na manuten¢do dos mesmos (Capitulo 3). Nao obstante,
apesar da dindmica do trabalho ter-se voltado para os genes envolvidos diretamente no
comportamento e desenvolvimento cerebral, os achados mais instigantes foram encontrados nos
genes associados ao sistema imune, sistema onde a sele¢do balanceadora tem deixado marcas bem
conhecidas, e que tem sido recentemente associado com tragos comportamentais complexos (Sekar
et al., 2016; Sanders et al., 2017).

No Capitulo 4 achados sobre genes ortdélogos de cinco dos principais sistemas
neurotransmissores humanos (GABAérgico, colinérgico, serotoninérgico, dopaminérgico e
glutamatérgico), bem como sua abundancia em eucariotos foram descritos. Vale destacar que os
estudos de intera¢do de redes podem diferir entre redes metabdlicas, as quais compdem diferentes
classes de moléculas como enzimas, substratos e cofatores, ¢ aquelas envolvendo somente
interagdes proteina-proteina. Uma das variagdes de interagdo de redes ¢ a interagdo génica, onde
cada nd ¢ um gene e as arestas representam a interagao entre seus produtos proteicos (Harrington et
al., 2008). Quanto mais conectado um nd proteico €, mais importante ele se apresenta para o
funcionamento celular normal e mais provavelmente a sua falta acarretard na letalidade do
organismo (Liu et al., 2006). Se determinado gene apresenta uma grande importancia, ele esta
submetido a selecdo purificadora, sendo possivel uma nova especificacio somente apos sua
duplica¢do, onde o segundo acumulard mutagdes mais facilmente. Genes com maior nimero de
conexdes, provavelmente sdo aqueles mais antigos, apresentando, dessa forma, maior grau de n6 na
analise de rede. Especificamente, neurotransmissores t€ém sua via de sinaliza¢do bem anotada, o que
nos permite estudar as perdas e ganhos de interagdes consequentes de modificagdes na sequéncia

de aminoacidos.

123



Devido a histdria evolutiva compartilhada entre os genes ortdlogos, € esperado que uma
gama destes, mesmo que em organismos diferentes, seja normalmente associada a fungdes
semelhantes (Chen e Jeong, 2000). No entanto, essa associagdo torna-se controversa no momento
que o tempo de divergéncia entre as espécies € mutagdes acumuladas nos genes ortdlogos
influenciam sua similaridade funcional (Studer e Robinson-Rechavi, 2009). Assim, qualquer
associacdo entre genes envolvidos com neurotransmissdo em humanos, ndo apresenta,
necessariamente, uma associacao genoétipo/fenotipo direta quando seu ortdlogo ¢ identificado em
outros organismos. Desse modo, através da utilizagdo dos recursos promovidos pela Biologia de
Sistemas, foi possivel delinear um cenario sobre o processo evolutivo que deu origem as rotas de
interacdo de genes envolvidos na sinalizacdo de neurotransmissores hoje reconhecidos e
identificados no Homo sapiens (Capitulo 4).

Neste trabalho, corroboramos estudos anteriores que sugerem a origem do sistema
nervoso seria encontrada no ramo dos Cnidarios, - grupo que surgiu, provavelmente, ha 580 milhdes
de anos - onde h4 um pico no surgimento de genes neuro-exclusivos, especialmente codificadores
para receptores de neurotransmissores. Também identificamos que genes neuro-exclusivos sdo
encontrados em regides mais periféricas da rede, provavelmente por terem sido incorporados mais
tardiamente a rede e com funcionalidades mais especificas.

A rede dos cinco sistemas de neurotransmissores, praticamente completa na origem dos
Cnidarios, atinge seu plateu na origem dos peixes hé cerca de 530 Ma, sendo basicamente mantida
ao longo dos vertebrados. Curiosamente, esse plateu se destaca por marcar um grande evento
caracterizado por aumento na abundancia dos genes, ou seja, eles estariam presentes em um grande
grupo de organismos, de diferentes grupos taxonomicos, demonstrando o sucesso adaptativo deste
repertdrio de familias de ortélogos.

E importante ressaltar que sdo conhecidos trés eventos de duplicagio de todo o genoma
ao longo da evolucdo dos vertebrados, onde os dois primeiros ocorreram, provavelmente, no
ancestral comum a todos os vertebrados (Dehal e Boore, 2005), e a uma terceira no ramo dos peixes
teleosteos ha cerca de 350 Ma (Opazo et al., 2013; Pasquier et al., 2016). Devido a esse ultimo
evento ter sido observado em peixes, a interpretacdo de nossos dados pode levantar indagacdes
quanto ao aumento da abundancia observada nos vertebrados, ou seja, se esta estaria relacionada
diretamente ao evento de duplicacdo e ndo ao sucesso adaptativo do conjunto dos genes do
comportamento. Em conseguinte, ¢ de grande valia ser ressaltado que independentemente de tal
evento, foi observado um sutil aumento na abundancia relativa nos vertebrados em comparagdo aos

seus ancestrais e que este plateu ¢ mantido em primatas. Dessa forma, o arcabougo bioldgico que
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permitiu o desenvolvimento de fendtipos comportamentais complexos em humanos ja estava
presente nos ancestrais comuns a peixes € humanos, e as novidades comportamentais posteriores

seriam oriundas de mudangas pontuais, mas com um provavel efeito adaptativo relevante.

Inferir a associacdo entre a taxa de substituicdo variavel em primatas e seus diferentes
tracos historicos de vida € o trabalho que compde o Capitulo 5. Nele, demonstramos que, de acordo
com a razdo entre as taxas de substituicdo calculadas para o cromossomo sexual X e os
autossdmicos, observamos menores valores X/A para humanos e gorilas quando comparados com
estudos anteriores (Presgraves e Yi, 2009; Amster e Sella, 2016). Esse valor sugere que a
competicao espermatica em gorilas e humanos pode ter sido muito mais intensa no passado do que
atualmente. Ou seja, machos humanos e gorilas competiam mais com outros machos pela copula
com as fémeas, ou mesmo para efetivamente fecunda-la, o que acarretaria em uma selegdo sobre
uma producdo de esperma mais intensa (Presgraves e Yi, 2009), ou mesmo sobre o encurtamente
no tempo de geracdo dos machos para uma reprodug@o mais rapida e por um tempo mais prolongado
(Moorjani et al., 2016b). Nao obstante, diferentemente do que observamos nos chimpanzés atuais e
que foi replicado em nosso trabalho e estimado em trabalhos anteriores, humanos e gorilas ndo
mantéem suas taxas X/A constantes, sugerindo que para o estudo da evolu¢do do fendtipo de
comportamento sexual os chimpanzés seriam um bom modelo do ancestral putativo da linhagem
dos grandes macacos, incluindo os Homo.

Ainda, comparando os diferentes tragos de histérico de vida dos primatas nds
encontramos uma correlagdo negativa entre as taxas de substituigdo nos cromossomos
autossomicos e a razao entre idades de amadurecimento entre fémeas e machos (p = 0.0293); e
em outros trés tragos de histéria de vida, mesmo quando controlada pelo método de analise
filogenética independente de contraste (PIC, Phylogenetic Independent Contrast Analysis).

Quando comparamos as taxas de substitui¢des dos cromossomos sexuais Y e X, € 0s
autossomicos observamos um padrdo claro de maior acuimulo de mutagdes nos cromossomos
Y, seguido pelos autossomicos e, entdo, pelo cromossomo X. Isso ocorre devido a uma maior
producgdo de espermatozodides (em maior quantidade e de forma constante) quando comparados
aos 6vulos (por volta da 16* a 20* semana de gestacao, o feto feminino possui o nimero maximo
de 6vulos que terd durante a sua vida), o que leva a maiores chances de erros de replica¢d durante

a espermatogenesi do que oogenesis, algo ja bem conhecido e bastante reportado na literatura.

J& no Capitulo 6 descrevemos de maneira preliminar a variabilidade intra e

interespecifica encontrada em genes relacionados ao comportamento social, e o potencial dessas
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como parte do repertorio genético por tras da emergéncia de fendtipos comportamentais adaptativos
(uso de ferramentas) em Sapajus libidinosus. Finalizamos parafraseando um dizer da psicologia da
Gestal: “o todo € maior que a soma de suas partes”. Apesar das criticas a teoria citada, a frase advém
do incontestavel fato de que s6 se pode pretender compreender o comportamento animal, incluindo
humano, através de um conjunto amplo e robusto de informagdes oriundas da observagdo acurada
e da rigorosa analise cientifica. Na presente Tese desenvolvemos abordagens que nos ajudaram a
compreensdo da evolucdo de comportamentos adaptativos complexos, incluindo pensamento
criativo, presentes no género Homo em um periodo de, ha pelo menos, ~500Kya. Além disso,
investigamos as diferengas e semelhangas em sistemas genéticos neurotransmissores, considerando
profundidade de tempo evolutivo, visando compreender aspectos unicos do nosso comportamento.
Ainda, identificamos que tragos comportamentais no que tange as estratérias reprodutivas dentro da
ordem dos primatas acabam por impactar sobre as taxas de substitui¢do nucelotidicas identificadas
no genoma das espécies desse clado. Por conseguinte, os trabalhos expostos se complementam, pois
apresentam tanto abordagem micro quanto macroevolutivas, contribuindo desse modo, em
unissimo, para revelar as bases genéticas por trds de comportamentos adaptativos e como tais
comportamentos podem, em um ciclo natural vigoroso, influenciar a evolvabilidade das espécies.
Como perspectivas futuras podemos dizer que devido a majoritaria caracteristica de
processamento e andlise de dados da presente Tese de Doutorado, ndo foi possivel desenvolver
ensaios experimentais para, por exemplo, verificar o impacto dos polimorfismos compartilhados
entre humanos e neandertais sobre o fen6tipo comportamental. Outrossim, nos demais estudos aqui
apresentados, abordagens adicionais in silico e tambémin vitro e/ou in vivo podem ser idealizadas,

de modo que podemos vislumbrar novos e instigantes resultados a partir daqueles aqui relatados.
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Abstract

Oxytocin receptor (OXTR) and arginine vasopressin receptors (AVPR1a, AVPR1b, and AVPR2) are paralogous
genes that emerged through duplication events; along the evolutionary timeline, owing to speciation, numerous
orthologues emerged as well. In order to elucidate the evolutionary forces that shaped these four genes in placental
mammals and to reveal specific aspects of their protein structures, 35 species were selected. Specifically, we investi-
gated their molecular evolutionary history and intrinsic protein disorder content, and identified the presence of short
linear interaction motifs. OXTR seems to be under evolutionary constraint in placental mammals, whereas AVPR1a,
AVPR1b, and AVPR2 exhibit higher evolutionary rates, suggesting that they have been under relaxed or experi-
enced positive selection. In addition, we describe here, for the first time, that the OXTR, AVPR1a, AVPR1b, and
AVPR2 mammalian orthologues preserve their disorder content, while this condition varies among the paralogues.
Finally, our results reveal the presence of short linear interaction motifs, indicating possible functional adaptations re-

lated to physiological and/or behavioral taxa-specific traits.

Keywords: Oxytocin receptor, Arginine vasopressin receptors, molecular evolution, protein disorder, interaction motifs.
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Introduction

Genome and tandem duplication events have an im-
portant role in biological evolution (Van de Peer et al.,
2009). These processes give rise to paralogous genes,
which can evolve by speciation along the evolutionary
timeline, thus giving rise to orthologous genes (Fitch, 1970;
Gabalddén and Koonin, 2013). As result of these processes,
so-called “gene families” emerge, whose members may re-
tain similar or identical functions, but might also diverge
extensively, resulting in adaptive novelties (Neduva and
Russell, 2005;Huang and Sarai, 2012). The emergence and
differentiation of the paralogous neuroendocrine nona-
peptides oxytocin (OXT) and vasopressin (AVP; Gwee et

Send correspondence to Maria Catira Bortolini. Departamento de
Genética, Universidade Federal do Rio Grande do Sul, Caixa
Postal 15053, 91501-970 Porto Alegre, RS, Brazil. E-mail:
maria.bortolini @ ufrgs.br
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al., 2009), as well of their paralogous receptors (OXTR and
AVPR1a, AVPR1b, AVPR2, respectively) illustrate this
phenomenon (Yamaguchi et al., 2012; Lagman et al.,
2013).

The OXT peptide is comprised of a nine amino acid
sequence (Lee ef al., 2009), differing in only two amino ac-
ids from its paralogue, AVP. These nonapeptides, produced
in their highest quantities in the brain, mediate both similar
and distinct functions through their interactions with their
native receptors (OXTR; AVPRla, AVPRIb, and
AVPR2), which are produced in various organs and tissues
(Barberis et al., 1998). Some level of cross-reaction among
OXT and AVP with their non-native receptors occurs as
well, but with distinct affinities (Zingg and Laporte, 2003;
Slusarz et al., 2013). For instance, the synthesis of OXTR
in the uterus and mammary glands guarantees uterine con-
traction and milk ejection in placental mammals (Kimura et
al., 1998; Gimpl and Fahrenholz, 2001), whereas AVPR1a
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Abstract

Domestication is of unquestionable importance to the technological revolution that has given rise to modern human
societies. In this study, we analyzed the DNA and protein sequences of six genes of the oxytocin and arginine
vasopressin systems (OXT-OXTR; AVP-AVPR1a, AVPR1b and AVPR2) in 40 placental mammals. These systems
play an important role in the control of physiology and behavior. According to our analyses, neutrality does not ex-
plain the pattern of molecular evolution found in some of these genes. We observed specific sites under positive se-
lection in AVPR1b (v = 1.429, p=0.001) and AVPR2 (o= 1.49, p=0.001), suggesting that they could be involved in
behavior and physiological changes, including those related to the domestication process. Furthermore, AVPR1a,
which plays a role in social behavior, is under relaxed selective constraint in domesticated species. These results
provide new insights into the nature of the domestication process and its impact on the OXT-AVP system.

Keywords: Oxytocin and receptors, vasopressin and receptors, animal domestication, molecular evolution, positive selection.
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Introduction

The phenomenon of domestication did not go unno-
ticed by Charles Darwin. With The Variation of Animals
and Plants under Domestication, published in January
1868, he devoted a whole book to the mechanisms underly-
ing this intriguing process (Darwin, 1868). It is now well
known that the complex process of animal domestication
involves systematic selective pressures imposed by humans
according to their needs and wishes. In a classic experiment
modeling domestication, Russian researchers subjected sil-
ver foxes to rigorous artificial selection for tameness and
correlated traits over more than 50 years. Although part of
the lineages retained their ancestral traits, foxes selected for
tamability showed a loss of wild-type behavior within rela-
tively few generations, acquiring several classical morpho-
logical attributes of domesticated animals such as white
spotting, floppy ears, and curly tails (Trut et al., 2009). The
selection of traits, such as tameness and the reduction of in-
nate stress, aggression, fear and anxiety, allowed domesti-
cated animals to coexist and coevolve with humans within
their constructed niches. This complex process arguably
contributed to the rapid spread of our species across the
globe, as well as facilitating the emergence of our civiliza-
tion (Kiinzl and Sachser, 1999; Wiener and Wilkinson,
2011; Wright, 2015).

Send correspondence to: Maria Catira Bortolini. Departamento de
Genética, Universidade Federal do Rio Grande do Sul, Caixa
Postal 15053, 91501-970 Porto Alegre, RS, Brazil. E-mail:
maria.bortolini @ ufrgs.br.

In recent years, a picture of the genetic basis for do-
mestication has started to emerge (Schubert ez al., 2014,
Park et al., 2015; Marsden et al., 2016). Genes of the im-
mune system, neuronal development and behavior were
shown to have been co-opted as part of the domestication
process (Albert et al., 2012; Wright, 2015). For instance,
gray wolves (Canis lupus lupus) and dogs (Canis lupus
familiaris) are highly differentiated in their expression of
serotonin receptor genes, consistent with behavioral
changes as part of domestication (Li ef al., 2013). Impor-
tantly, domestication can lead to both the rapid fixation of
alleles associated with phenotypes of interest and a relax-
ation of selective constraints previously imposed by natural
selection, as has been described for dogs, horses (Equus
caballus) and cows (Bos taurus) (Zeder, 2012).

In placental mammals, the paralogous nonapeptides
oxytocin (OXT: Cys-Tyr-Ile-GIn-Asn-Cys-Pro-Leu-Gly)
and arginine vasopressin (AVP: Cys-Tyr-Phe-Gln-Asn-
Cys-Pro-Arg-Gly) play an important role in physiological
and behavioral functions, such as water homeostasis, vaso-
constriction, lactation, uterine contractions, parental care,
control of aggression, anxiety and stress (Gimpl and Fah-
renholz, 2001; Cagliani et al., 2009; Young and Flanagan-
Cato, 2012; McCall and Singer, 2012). In addition to the re-
spective nonapeptides, the genes OXT and A VP encode the
carrier protein neurophysin (NP) and a signal peptide (SP).
While the nonapeptides OXT and AVP are relatively well
conserved in placental mammals, neurophysin and the sig-
nal peptide are more variable. The patterns of variation
found in the portion of the OXT and AVP genes encoding
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Este @ um livro que possui pelo menos trés virtudes. 1) Anfes desta
edicdo, ele amadureceu por vdrios anos, através do Curso de Biologia
Evolutiva, organizado e ministrado por um grupo de estudantes de pos-
-graduagto da Universidade Federal do Rio Grande do Sul; alguns deles
hoje sdo Mestres ou Doutores em suas respectivas dreas. 2) Cada capitu-
lo foi cuidadosamente preparado por aqueles que ministraram o curso,
sempre com um viés de pesquisa e ensino. Além disso, cada capitulo foi
escrito por especialistas nas diferentes dreas abordadas, o que é uma
garantia de alta qualidade e atualidade dos temas. 3) Ele é dedicado
aos Professores de Ensino Fundamental e Médio; esta foi a ideia que
prevaleceu desde o primeiro Curso de Biologia Evolutiva, em 2014. Por-
fanto, o leitor tem em mdos uma obra de referéncia, onde poderd buscar
os conhecimentos que |he interessem e eventualmente, aprofundd-los,

“qarimpando” a bibliografia ao final de cada capitulo. O tema da Evolu-
¢dio Bioldgica é um dos mais apaixonantes, desde que Lamarck, Darwin
e Wallace desenvolveram suas ideias iniciis no século XIX. Muitos
outros os seguiram e hoje, nas primeiras décadas do século XXI, o tema
ndo poderia ser mais espetacular.
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A HISTORIA EVOLUTIVA DOS HOMININEOS:
DO BIPEDALISMO AO SIMBOLISMO

Lucas Henriques Viscardi

Trazer o tema evolucdo humana ao debate sempre
desperta o interesse da comunidade leiga e cientifica pelo simples
fato de estarmos falando de nés mesmos. Entretanto, esse olhar
normalmente acaba por ser carregado de vieses, especialmente
fora do ambiente académico, retratando a espécie humana como o
“produto final” da evolugdo, como se fossemos o apice do
progresso da natureza. Mesmo no meio académico, ainda nos
deparamos com alguns pesquisadores que pensam assim, claro que
ndo com os mesmos discursos que o publico leigo, mas que fazem
um distanciamento maior que o necessario entre o homem e a
natureza. Sem tirar o mérito de nossa fantastica capacidade
cognitiva, o objetivo do presente capitulo é apresentar,
brevemente, nossa histéria evolutiva, tentando mostrar ao leitor as
atuagoes da selecdo natural e as respostas bioldgicas e culturais dos
nossos ancestrais. Dentre os temas, abordaremos a evolugao do
bipedalismo, expansao do cérebro e os eventos de migracao que
ocorreram durante a histéria evolutiva humana.

Bipedalismo

Provavelmente, a imagem mais iconica quando falamos de
evolucdo humana é a que retrata uma escala evolutiva do
chimpanzé até um organismo cada vez mais ereto, tendo a nossa
espécie como ponto final. Apesar de ser uma imagem que contém
diversos erros, ¢ inegavel que ela retrata muito bem que, ao
comparamos humanos aos outros primatas, uma das primeiras
observacdes ¢ sobre o nosso andar bipede. De acordo com o
registro fossil, os primeiros hominineos (integrantes da linhagem
que leva a origem dos humanos) com postura bipede seriam o
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PSICOLOGIA EVOLUTIVA E GENETICA: ASPECTOS EVOLUTIVOS
DA DEPRESSAOQ, ESQUIZOFRENIA E SEXUALIDADE

Lucas Henriques Viscardi

“O homem pode fazer o que quer,
mas ndo pode querer o que quer”.
Arthur Schopenhauer

Psicologia e medicina evolutiva sdao duas areas que se
baseiam na variabilidade gendémica dos individuos para
compreender as origens evolutivas de um determinado
comportamento e/ou doenca. £ importante comentar aqui que a
busca por esse entendimento ndo é um substituto para a
compreensao das causas imediatas da doenca, mas sdo explicagdes
sinérgicas que auxiliam na busca tanto de causas quanto de curas
(Nesse, 2011). Aqui focaremos nos temas que abrangem a
psicologia evolutiva, mas que, por sua vez, tém implicagdes diretas
sobre a area da satde. Trés fendtipos sdo apresentados em seus
aspectos evolutivos: depressao, esquizofrenia e a polémica
questdo da influéncia genética sobre a sexualidade. A psicologia
evolutiva resume-se na uniao do arcabouco da Sintese Moderna da
Evolugao, provinda do campo da Biologia Evolutiva, com os
estudos da psicologia cognitiva. Entretanto, falar da contribuicdo
biologica para a formacdo da nossa personalidade ou mesmo da
nossa sexualidade €, com certeza, um caminho pedregoso para
debatermos em ciéncia. Para seguir nesse raciocinio, convido vocé
a se perguntar, assim como a frase acima de Schopenhauer
comenta: vocé pode querer (escolher) o que quer? Vocé sabe por
que tem certos desejos, prazeres, vicios e etc.? Pois o objetivo da
psicologia evolutiva é exatamente entender o porqué de agirmos
das mais diversas formas.
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Ministério do Meio Ambiente - MMA
Instituto Chico Mendes de Conservacgdo da Biodiversidade - ICMBio
Sistema de Autorizacédo e Informagéo em Biodiversidade - SISBIO

Autorizacéo para atividades com finalidade cientifica

Nimero: 48323-1 | Data da Emissé&o: 05/05/2015 17:25 Data para Revalida¢&o*: 03/06/2016

* De acordo com o art. 28 da IN 03/2014, esta autorizagdo tem prazo de validade equivalente ao previsto no cronograma de atividades do projeto,
mas devera ser revalidada anualmente mediante a apresentacéo do relatério de atividades a ser enviado por meio do Sisbio no prazo de até 30 dias
a contar da data do aniversario de sua emisséo.

Dados do titular

Nome: Tiago Falético CPF: 279.374.628-25

Titulo do Projeto: Correlagbes endocrinas do uso de ferramentas em macacos-prego (Sapajus libidinosus)

Nome da Instituico : Instituto de Psicologia - Universidade de S&o Paulo CNPJ: 63.025.530/0010-03

Cronograma de atividades

# Descricdo da atividade Inicio (més/ano) [ Fim (més/ano)
1 | Coleta de material (fezes) 06/2015 07/2015
2 | Andlise das amostras da primeira coleta 07/2015 08/2015
3 | Coleta de amostras adicionais 09/2015 11/2015
4 | Andlise das amostras adicionais 12/2015 01/2016
5 | Andlise de dados e elaboracéo de relatérios/artigos 02/2016 05/2016

Observacoes e ressalvas

As atividades de campo exercidas por pessoa natural ou juridica estrangeira, em todo o territério nacional, que impliquem o deslocamento de recursos humanos e
1 [ materiais, tendo por objeto coletar dados, materiais, espécimes biolégicos e minerais, pegas integrantes da cultura nativa e cultura popular, presente e passada,
obtidos por meio de recursos e técnicas que se destinem ao estudo, a difusdo ou & pesquisa, estdo sujeitas a autorizacdo do Ministério de Ciéncia e Tecnologia.

Esta autorizacdo NAO exime o pesquisador titular e os membros de sua equipe da necessidade de obter as anuéncias previstas em outros instrumentos legais, bem
como do consentimento do responsavel pela area, publica ou privada, onde sera realizada a atividade, inclusive do érgao gestor de terra indigena (FUNAI), da
unidade de conservagao estadual, distrital ou municipal, ou do proprietario, arrendatario, posseiro ou morador de area dentro dos limites de unidade de conservacédo
federal cujo processo de regularizagéo fundiaria encontra-se em curso.

Este documento somente podera ser utilizado para os fins previstos na Instrucdo Normativa ICMBio n° 03/2014 ou na Instru¢do Normativa ICMBio n° 10/2010, no que
3 | especifica esta Autorizacéo, ndo podendo ser utilizado para fins comerciais, industriais ou esportivos. O material biol6gico coletado devera ser utilizado para atividades
cientificas ou didaticas no &mbito do ensino superior.

A autorizagdo para envio ao exterior de material biolégico ndo consignado devera ser requerida por meio do endereco eletronico www.ibama.gov.br (Servigos on-line -
Licenga para importacé@o ou exportacéo de flora e fauna - CITES e n&o CITES).

O titular de licenga ou autorizagéo e os membros da sua equipe deverdo optar por métodos de coleta e instrumentos de captura direcionados, sempre que possivel,
5 [ao grupo taxonémico de interesse, evitando a morte ou dano significativo a outros grupos; e empregar esfor¢o de coleta ou captura que ndo comprometa a viabilidade
de populagdes do grupo taxonémico de interesse em condi¢&o in situ.

O titular de autorizacéo ou de licenca permanente, assim como 0os membros de sua equipe, quando da violagao da legislagao vigente, ou quando da inadequacéao,
6 | omisséo ou falsa descrigéo de informacdes relevantes que subsidiaram a expedi¢ao do ato, podera, mediante decisdo motivada, ter a autorizagao ou licenga
suspensa ou revogada pelo ICMBIo e o material biolégico coletado apreendido nos termos da legislagdo brasileira em vigor.

Este documento néo dispensa o cumprimento da legislagéo que dispde sobre acesso a componente do patrimdnio genético existente no territério nacional, na
7 | plataforma continental e na zona econdmica exclusiva, ou ao conhecimento tradicional associado ao patrimoénio genético, para fins de pesquisa cientifica,
bioprospeccao e desenvolvimento tecnoldgico. Veja maiores informa¢des em www.mma.gov.br/cgen.

Em caso de pesquisa em UNIDADE DE CONSERVACAO, o pesquisador titular desta autorizacdo devera contactar a administragio da unidade a fim de CONFIRMAR
AS DATAS das expedi¢des, as condi¢fes para realiza¢éo das coletas e de uso da infra-estrutura da unidade.

Outras ressalvas

1 | O Pesquisador deve retirar todo equipamento/materiais utilizados quando do término das visitas de campo.

5 O pesquisador estrangeiro Jurgi Cristébal Azkarate possui vinculo de Registro de expedicdo cientifica s6 estara contemplado pela Autorizacdo
Sisbio mediante a emissdo de autorizacdo do MCT, concedida por meio de Portaria ministerial.

Equipe

# Nome Funcéo CPF Doc. Identidade Nacionalidade
1 | Jurgi Crist6bal Azkarate Pesquisador AC039567 ES- Estrangeira

2 | Eduardo Benedicto Ottoni Pesquisador 035.488.068-30 8368122 SSP-SP Brasileira

Locais onde as atividades de campo serdo executadas

Este documento (Autorizacdo para atividades com finalidade cientifica) foi expedido com base na Instrugdo Normativa n® 03/2014. Através do cédigo
de autenticagdo abaixo, qualquer cidaddo podera verificar a autenticidade ou regularidade deste documento, por meio da pagina do Sisbio/ICMBIo na

Internet (www.icmbio.gov.br/sisbio).
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Ministério do Meio Ambiente - MMA
Instituto Chico Mendes de Conservacgdo da Biodiversidade - ICMBio
Sistema de Autorizacédo e Informagéo em Biodiversidade - SISBIO

Autorizacéo para atividades com finalidade cientifica

Nimero: 48323-1 | Data da Emissé&o: 05/05/2015 17:25 Data para Revalida¢&o*: 03/06/2016

* De acordo com o art. 28 da IN 03/2014, esta autorizagdo tem prazo de validade equivalente ao previsto no cronograma de atividades do projeto,
mas devera ser revalidada anualmente mediante a apresentacéo do relatério de atividades a ser enviado por meio do Sisbio no prazo de até 30 dias
a contar da data do aniversario de sua emisséo.

Dados do titular

Nome: Tiago Falético CPF: 279.374.628-25

Titulo do Projeto: Correlagbes endocrinas do uso de ferramentas em macacos-prego (Sapajus libidinosus)

Nome da Instituico : Instituto de Psicologia - Universidade de S&o Paulo CNPJ: 63.025.530/0010-03
[#] Municipio | UF [Descricdo do local [ Tipo
[T7] [PI | PARQUE NACIONAL DA SERRA DA CAPIVARA [ UC Federal

Atividades X Taxons

# Atividade Taxons

1 [Coleta/transporte de amostras bioldgicas in situ Sapajus libidinosus

2 | Observagéo e gravacdo de imagem ou som Sapajus libidinosus

Material e métodos

1 [Amostras biolégicas (Primatas) Fezes

2 | Método de captura/coleta (Primatas) Outros métodos de captura/coleta(Sem captura, somente coleta de fezes)
3 | Método de marcagéo (Primatas) Foto-identificacéo

Destino do material biolégico coletado

[#] Nome local destino [ Tipo Destino

[1 T University of Cambridge [

Este documento (Autorizacdo para atividades com finalidade cientifica) foi expedido com base na Instrugdo Normativa n® 03/2014. Através do cédigo
de autenticagdo abaixo, qualquer cidaddo podera verificar a autenticidade ou regularidade deste documento, por meio da pagina do Sisbio/ICMBIo na

Internet (www.icmbio.gov.br/sisbio).
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Ministério do Meio Ambiente - MMA
Instituto Chico Mendes de Conservacgdo da Biodiversidade - ICMBio
Sistema de Autorizacédo e Informagéo em Biodiversidade - SISBIO

Autorizacéo para atividades com finalidade cientifica

Nimero: 48323-1 | Data da Emissé&o: 05/05/2015 17:25 Data para Revalida¢&o*: 03/06/2016

* De acordo com o art. 28 da IN 03/2014, esta autorizagdo tem prazo de validade equivalente ao previsto no cronograma de atividades do projeto,
mas devera ser revalidada anualmente mediante a apresentacéo do relatério de atividades a ser enviado por meio do Sisbio no prazo de até 30 dias
a contar da data do aniversario de sua emisséo.

Dados do titular

Nome: Tiago Falético CPF: 279.374.628-25

Titulo do Projeto: Correlagbes endocrinas do uso de ferramentas em macacos-prego (Sapajus libidinosus)

Nome da Instituico : Instituto de Psicologia - Universidade de S&o Paulo | CNPJ: 63.025.530/0010-03

Registro de coleta imprevista de material biol6gico

De acordo com a Instrucdo Normativa n°® 03/2014, a coleta imprevista de material biolégico ou de substrato ndo
contemplado na autorizacdo ou na licenga permanente deverd ser anotada na mesma, em campo especifico, por
ocasido da coleta, devendo esta coleta imprevista ser comunicada por meio do relatério de atividades. O transporte do
material biolégico ou do substrato deverd ser acompanhado da autorizagdo ou da licenga permanente com a devida
anotagdo. O material biolégico coletado de forma imprevista, devera ser destinado a instituicdo cientifica e, depositado,
preferencialmente, em colegéo bioldgica cientifica registrada no Cadastro Nacional de Cole¢6es Biolégicas (CCBIO).

Taxon* Qtde. Tipo de amostra Qtde. Data

* |dentificar o espécime no nivel taxonémico possivel.

Este documento (Autorizacdo para atividades com finalidade cientifica) foi expedido com base na Instrugdo Normativa n® 03/2014. Através do cédigo
de autenticagdo abaixo, qualquer cidaddo podera verificar a autenticidade ou regularidade deste documento, por meio da pagina do Sisbio/ICMBIo na

Internet (www.icmbio.gov.br/sisbio).
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Ministério do Meio Ambiente - MMA
Instituto Chico Mendes de Conservacgdo da Biodiversidade - ICMBio
Sistema de Autorizacédo e Informagéo em Biodiversidade - SISBIO

Autorizacéo para atividades com finalidade cientifica

Nimero: 59019-1 Data da Emisséo: 23/06/2017 16:31 Data para Revalida¢&o*: 23/07/2018
* De acordo com o art. 28 da IN 03/2014, esta autorizagdo tem prazo de validade equivalente ao previsto no cronograma de atividades do projeto,
mas devera ser revalidada anualmente mediante a apresentacéo do relatério de atividades a ser enviado por meio do Sisbio no prazo de até 30 dias
a contar da data do aniversario de sua emisséo.

Dados do titular

Nome: Tiago Falético CPF: 279.374.628-25

Titulo do Projeto: Genética comportamental de macacos-prego (Sapajus spp.)

CNPJ: 63.025.530/0010-03

Nome da Instituico : Instituto de Psicologia - Universidade de S&o Paulo

Cronograma de atividades

# Descricdo da atividade Inicio (més/ano) [ Fim (més/ano)
1 | Coleta de material - RPPN Rio do Brasil 07/2017 07/2017
2 | Coleta de dados comportamentais - Todos 0s sitios 07/2017 12/2018
3 | Coleta de material - Serra da Capivara/Serra das Confusdes 09/2017 12/2017
4 | Coleta de material - RPPN Rio do Brasil/ PARNA Pau Brasil 01/2018 07/2018
5 | Andlise material 01/2018 12/2018

Observacoes e ressalvas

As atividades de campo exercidas por pessoa natural ou juridica estrangeira, em todo o territério nacional, que impliquem o deslocamento de recursos humanos e

1 [ materiais, tendo por objeto coletar dados, materiais, espécimes biolégicos e minerais, pegas integrantes da cultura nativa e cultura popular, presente e passada,
obtidos por meio de recursos e técnicas que se destinem ao estudo, a difusdo ou & pesquisa, estdo sujeitas a autorizacdo do Ministério de Ciéncia e Tecnologia.

Esta autorizacdo NAO exime o pesquisador titular e os membros de sua equipe da necessidade de obter as anuéncias previstas em outros instrumentos legais, bem
como do consentimento do responsavel pela area, publica ou privada, onde sera realizada a atividade, inclusive do érgao gestor de terra indigena (FUNAI), da
unidade de conservagao estadual, distrital ou municipal, ou do proprietario, arrendatario, posseiro ou morador de area dentro dos limites de unidade de conservacédo
federal cujo processo de regularizagéo fundiaria encontra-se em curso.

Este documento somente podera ser utilizado para os fins previstos na Instrucdo Normativa ICMBio n° 03/2014 ou na Instru¢do Normativa ICMBio n° 10/2010, no que
3 | especifica esta Autorizacéo, ndo podendo ser utilizado para fins comerciais, industriais ou esportivos. O material biol6gico coletado devera ser utilizado para atividades
cientificas ou didaticas no &mbito do ensino superior.

A autorizagdo para envio ao exterior de material biolégico ndo consignado devera ser requerida por meio do endereco eletronico www.ibama.gov.br (Servigos on-line -
Licenga para importacé@o ou exportacéo de flora e fauna - CITES e n&o CITES).

O titular de licenga ou autorizagéo e os membros da sua equipe deverdo optar por métodos de coleta e instrumentos de captura direcionados, sempre que possivel,
5 [ao grupo taxonémico de interesse, evitando a morte ou dano significativo a outros grupos; e empregar esfor¢o de coleta ou captura que ndo comprometa a viabilidade
de populagdes do grupo taxonémico de interesse em condi¢&o in situ.

O titular de autorizacéo ou de licenca permanente, assim como 0os membros de sua equipe, quando da violagao da legislagao vigente, ou quando da inadequacéao,
6 | omisséo ou falsa descrigéo de informacdes relevantes que subsidiaram a expedi¢ao do ato, podera, mediante decisdo motivada, ter a autorizagao ou licenga
suspensa ou revogada pelo ICMBIo, nos termos da legislacéo brasileira em vigor.

Este documento néo dispensa o cumprimento da legislagéo que dispde sobre acesso a componente do patrimdnio genético existente no territério nacional, na
7 | plataforma continental e na zona econdmica exclusiva, ou ao conhecimento tradicional associado ao patrimoénio genético, para fins de pesquisa cientifica,
bioprospeccao e desenvolvimento tecnoldgico. Veja maiores informa¢des em www.mma.gov.br/cgen.

Em caso de pesquisa em UNIDADE DE CONSERVACAO, o pesquisador titular desta autorizacdo devera contactar a administragio da unidade a fim de CONFIRMAR

8 AS DATAS das expedi¢des, as condi¢fes para realiza¢éo das coletas e de uso da infra-estrutura da unidade.

Equipe

# Nome Func¢ao CPF Doc. Identidade Nacionalidade
1 | Michele Pereira Verderane Pesquisadora 278.841.378-52 320268974 spp-SP Brasileira

2 | Mariana Dutra Fogacga Pesqguisadora 320.510.398-01 22329472X ssp-SP Brasileira

3 | Paulo Henrique Médena Coutinho Pesquisador 284.185.388-80 32637503-x SSP-SP Brasileira

4 | Lucas Henriques Viscardi Pesquisador 018.171.000-50 1079449615 Sjs/II-RS Brasileira
Locais onde as atividades de campo serdo executadas

# Municipio UF | Descricdo do local Tipo

1 Pl PARQUE NACIONAL DA SERRA DA CAPIVARA UC Federal

2 Pl PARQUE NACIONAL DA SERRA DAS CONFUSOES UC Federal

3 | PORTO SEGURO BA RPPN Rio do Brasil Fora de UC Federal

Este documento (Autorizacdo para atividades com finalidade cientifica) foi expedido com base na Instrugdo Normativa n® 03/2014. Através do cédigo

de autenticagdo abaixo, qualquer cidaddo podera verificar a autenticidade ou regularidade deste documento, por meio da pagina do Sisbio/ICMBIo na

Internet (www.icmbio.gov.br/sisbio).
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Ministério do Meio Ambiente - MMA
Instituto Chico Mendes de Conservacgdo da Biodiversidade - ICMBio
Sistema de Autorizacédo e Informagéo em Biodiversidade - SISBIO

Autorizacéo para atividades com finalidade cientifica

Nimero: 59019-1 | Data da Emisséo: 23/06/2017 16:31 Data para Revalida¢&o*: 23/07/2018

* De acordo com o art. 28 da IN 03/2014, esta autorizagdo tem prazo de validade equivalente ao previsto no cronograma de atividades do projeto,
mas devera ser revalidada anualmente mediante a apresentacéo do relatério de atividades a ser enviado por meio do Sisbio no prazo de até 30 dias
a contar da data do aniversario de sua emisséo.

Dados do titular

Nome: Tiago Falético CPF: 279.374.628-25

Titulo do Projeto: Genética comportamental de macacos-prego (Sapajus spp.)

Nome da Instituico : Instituto de Psicologia - Universidade de S&o Paulo CNPJ: 63.025.530/0010-03

[4 ] [BA___ | PARQUE NACIONAL DO PAU BRASIL [UC Federal

Atividades X Taxons

# Atividade Taxons
1 [Coleta/transporte de amostras bioldgicas in situ Sapajus robustus, Sapajus libidinosus
2 Observagao e gravacédo de imagem ou som de taxon em UC Sapajus robustus, Sapajus libidinosus
federal
Material e métodos
1 | Amostras bioldgicas (Primatas) Pélo, Fezes
2 | Método de captura/coleta (Primatas) Outros métodos de captura/coleta(Armadilha de pelo)
3 | Método de marcagéo (Primatas) Foto-identificacéo

Destino do material biolégico coletado

[#] Nome local destino [ Tipo Destino

[1 Tinstituto de Psicologia - Universidade de S&o Paulo [

Este documento (Autorizacdo para atividades com finalidade cientifica) foi expedido com base na Instrugdo Normativa n® 03/2014. Através do cédigo
de autenticagdo abaixo, qualquer cidaddo podera verificar a autenticidade ou regularidade deste documento, por meio da pagina do Sisbio/ICMBIo na

Internet (www.icmbio.gov.br/sisbio).
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Ministério do Meio Ambiente - MMA
Instituto Chico Mendes de Conservacgdo da Biodiversidade - ICMBio
Sistema de Autorizacédo e Informagéo em Biodiversidade - SISBIO

Autorizacéo para atividades com finalidade cientifica

Nimero: 59019-1 | Data da Emisséo: 23/06/2017 16:31 Data para Revalida¢&o*: 23/07/2018

* De acordo com o art. 28 da IN 03/2014, esta autorizagdo tem prazo de validade equivalente ao previsto no cronograma de atividades do projeto,
mas devera ser revalidada anualmente mediante a apresentacéo do relatério de atividades a ser enviado por meio do Sisbio no prazo de até 30 dias
a contar da data do aniversario de sua emisséo.

Dados do titular

Nome: Tiago Falético CPF: 279.374.628-25

Titulo do Projeto: Genética comportamental de macacos-prego (Sapajus spp.)

Nome da Instituico : Instituto de Psicologia - Universidade de S&o Paulo | CNPJ: 63.025.530/0010-03

Registro de coleta imprevista de material biol6gico

De acordo com a Instrucdo Normativa n°® 03/2014, a coleta imprevista de material biolégico ou de substrato ndo
contemplado na autorizacdo ou na licenga permanente deverd ser anotada na mesma, em campo especifico, por
ocasido da coleta, devendo esta coleta imprevista ser comunicada por meio do relatério de atividades. O transporte do
material biolégico ou do substrato deverd ser acompanhado da autorizagdo ou da licenga permanente com a devida
anotagdo. O material biolégico coletado de forma imprevista, devera ser destinado a instituicdo cientifica e, depositado,
preferencialmente, em colegéo bioldgica cientifica registrada no Cadastro Nacional de Cole¢6es Biolégicas (CCBIO).

Taxon* Qtde. Tipo de amostra Qtde. Data

* |dentificar o espécime no nivel taxonémico possivel.

Este documento (Autorizacdo para atividades com finalidade cientifica) foi expedido com base na Instrugdo Normativa n® 03/2014. Através do cédigo
de autenticagdo abaixo, qualquer cidaddo podera verificar a autenticidade ou regularidade deste documento, por meio da pagina do Sisbio/ICMBIo na

Internet (www.icmbio.gov.br/sisbio).
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