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RESUMO

As populagbes brasileiras sdo caracterizadas por seus distintos (e extensos) padrbes de
mesticagem. Justamente por apresentarem diferencas na proporcdo da heranca genética
africana, amerindia e européia, é esperado que as conexdes entre gendtipos e fendtipos
complexos como é o caso da cor de pele, olhos e cabelos, por exemplo, ndo sejam idénticas
entre diferentes populacdes brasileiras, ou entre estas e aquelas encontradas em seus grupos
ancestrais. Isto é corroborado pela consistente evidéncia de que grupos geograficos humanos
diferem quanto ao background genético relacionado a pigmentacdo, refletindo-se, portanto,
nas suas populagdes derivadas. Elucidar este background em amostras miscigenadas como a
nossa é de fundamental importancia para as areas médica, evolutiva e forense. Na presente
tese buscamos entender o que ha de mais recente na literatura cientifica relacionada com a
pigmentacdo humana, bem como produzir conhecimento de extrema relevancia neste
contexto em populacBes brasileiras com diferentes historias demograficas. Para isto,
estudamos o efeito de 18 SNPs com pigmentacéo da pele, olhos e cabelos na amostra de 563
voluntarios brasileiros do consércio internacional CANDELA (Consoércio para anélise da
diversidade e evolucdo latino-americana). Além disso, tentamos estabelecer um método de
predicdo de fenodtipos de pigmentacdo com a possivel aplicacdo em genética forense e
evolucdo humana. Na analise de associacdo dos 18 SNPs com fendtipos de pigmentacao,
observamos 3 (trés) marcadores genéticos (HERC2rs1129038, SLC24A5rs1426654 e
SLC45A2rs16891982) consistentemente associados com cor da pele, olhos e cabelos, nas
distintas populacdes brasileiras investigadas. Este é o primeiro passo para compreender
melhor o contexto biolégico da producdo de melanina e entender as relagdes genotipo-
fenotipo da pigmentacdo em populagdes miscigenadas. Com a compreensdo dos marcadores
genéticos relacionados com pigmentagdo e também com o aperfeicoamento do método de
predicdo de fendtipos de pigmentagdo desenvolvido no presente trabalho, é possivel dar o
primeiro passo para a criacdo de uma metodologia de predicdo de fen6tipos de cor da pele,
olhos e cabelos em populagbes com historias demogréaficas miscigenadas como a nossa, com

possivel aplicacdo nas areas forense, médica e evolutiva.




ABSTRACT

Brazilian populations are characterized by their distinct (and extensive) admixture patterns.
Precisely because there are differences in the proportion of African, Amerindian and
European genetic heritage, it is expected that the connections between genotypes and
complex phenotypes such as skin, eyes and hair color, are not identical among different
Brazilian populations, or between these and those found in their ancestral groups. This is
corroborated by consistent evidence that human geographic groups differ in genetic
background related to pigmentation, reflecting thus in the respectives populations derived.
Elucidating this background in admixed samples such as ours is of fundamental importance
to the medical, forensic and evolutionary fields. In this thesis we seek to understand what is
latest in the scientific literature related to human pigmentation, as well as producing
knowledge extremely relevant in this context in Brazilian populations with different
demographic histories. For this, we studied the effect of 18 SNPs with pigmentation of the
skin, eyes and hair in a sample of 563 Brazilian volunteers of the international consortium
called CANDELA (Consortium for the analysis of the diversity and evolution of Latin
America). Also, we try to establish a method for predicting pigmentation phenotypes with
possible application in forensic genetics and human evolution. In association analysis of 18
SNPs with pigmentation phenotypes, we observed 3 (three) genetic markers
(HERC2rs1129038, SLC24A5rs1426654 and SLCA45A2rs16891982) consistently associated
with skin, eye and hair color, in distinct Brazilian populations investigated. This is the first
step to better understand the biological context of the production of melanin and know the
connexions between genotype-phenotype of the pigmentation in admixed populations. With
the understanding of the genetic markers related to pigmentation as well as with the
improvement of the method of predicting phenotypes developed in the present work, it is
possible to take the first step toward establishing a methodology for predicting phenotypes of
skin, eye and hair color in populations with demographic histories like ours, with possible

application in forensic, medical and evolutionary fields.
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1. INTRODUCAO

=



1.1 Consideragdes Gerais

A analise da abordagem populacional com genomas completos ainda é incipiente (The
1000 Genomes Project Consortium, 2010), diferente da ja consolidada identificacdo e
analises envolvendo somente sitios variaveis, sendo 0s mais estudados os polimorfismos de
nucleotideo unico (SNPs, do inglés, single nucleotide polymorphisms). O projeto HapMap
(http://hapmap.ncbi.nlm.nih.gov/), pioneiro neste tipo de abordagem é um exemplo, e a
contribuicdo na geracéo de dados populacionais, com acesso rapido e fcil através da internet,
tem também trazido importantes subsidios para varias areas do conhecimento bioldgico.
Contextualizado nesse universo da enorme quantidade de dados gerados rapidamente e com
relativo baixo custo, surgem projetos com grandes metas e objetivos desafiadores. Por
exemplo, estudar a relacéo de cada gene em particular com seus respectivos fendtipos € algo
nada trivial devido a enorme complexidade das conexdes entre genétipo — fenotipo, em
especial quando os tragos ndo apresentam heranca mendeliana. Além disso, existe uma
enorme variacdo normal dentro e entre populagdes, sendo que a extenséo desta variagdo bem
como as conexdes entre cada variante com seu respectivo fendtipo ainda estdo longe de ser

conhecidas.

Diante desta problematica desafiadora, vérios tipos de abordagens vém sendo
empregadas para o estudo de tragos complexos, cada uma delas apresentando diferentes
niveis de elucidacdo. A maioria destes estudos, no entanto, tém sido realizados em
populacbes européias e seus descendentes, e alguns em asiaticos (Graf et al., 2005, 2007,
Norton et al., 2007; Stokowski et al., 2007; Edwards et al., 2010), ndo abrangendo deste
modo o grande espectro da variagdo normal humana. Além disso, é conhecido que
associagdes encontradas em um grupo populacional ndo podem ser facilmente transpostas
para outro, pois diferentes padrdes de desequilibrio de ligacdo (do inglés LD, linkage
disequilibrium) podem ser determinantes em estudos de associa¢do, dai a importancia de

estudos em populacgdes especificas, com diferentes historicos evolutivos e demogréaficos.

As populagdes brasileiras sdo caracterizadas por seus distintos (e extensos) padrdes de
mesticagem (Marrero et al., 2005, 2007; Hunemeier et al., 2007; Gongalves et al., 2008;
Guerreiro-Junior et al., 2009, para citar somente exemplos envolvendo nosso grupo de
pesquisa). Justamente por apresentarem diferencas na proporcdo da heranca genética

africana, amerindia e européia, é esperado que as conexdes entre gendtipos e fenotipos




complexos como é o caso da cor de pele, olhos e cabelos, por exemplo, ndo sejam idénticas
entre diferentes populacdes brasileiras, ou entre estas e aquelas encontradas em seus grupos

ancestrais.

1.2 Contextualizando o presente trabalho no Consorcio Internacional CANDELA

O trabalho de tese aqui desenvolvido faz parte de um projeto maior conduzido por
nosso grupo de pesquisa intitulado “Fenotipo, ancestralidade gendmica e dindmica de
mesticagem no Brasil” (aprovado pelos comités de ética da UFRGS, HCPA e UESB -
Anexos I-111), estando este, por sua vez, vinculado ao Consorcio Internacional denominado
CANDELA (Consorcio para Analise da Diversidade e Evolucdo Latino-Americana;
www.ucl.ac.uk/silva/candela). O CANDELA merece destaque aqui por se tratar do mais
abrangente estudo interdisciplinar com populagGes Latino-americanas envolvendo
diversidade bioldgica, em nivel de fendtipos visiveis (cor de pele, olhos e cabelos, medidas
antropométricas, entre outros) e genotipos, juntamente com aspectos socio-culturais
envolvidos na dindmica de mesticagem e construcdo da identidade e pertencimento (os dados
coletados neste projeto podem ser vistos nos Anexos IV-1X). Amostras e dados oriundos de
cinco paises latino-americanos (México, Colémbia, Peru, Chile e Brasil) foram coletados e
estdo sendo analisados através da ampla rede de projetos vinculados ao CANDELA. O
coordenador geral do consorcio é o pesquisador Andres Ruiz-Linhares (University College
London), enquanto as Profa. Maria Cétira Bortolini e Lavinia Schuler-Faccini sdo as
responsaveis pelo mesmo no Brasil. O Prof. Rolando Gonzélez-José (Cenpat/Conicet -
Argentina), por sua vez, coordena a parte do consorcio relacionada com os dados

antropométricos.

Parte da amostra brasileira coletada de acordo com o protocolo CANDELA foi
investigada durante o desenvolvimento desta tese de doutorado. Detalhes a respeito deste
protocolo serdo descritos nos itens a seguir, sempre que pertinente, e/ou na sessdo de Material

e Métodos dos respectivos artigos cientificos, bem como no Apéndice | desta tese.




1.3 Pigmentagéo humana

A cor dos olhos foi uma das primeiras caracteristicas consideradas para ilustrar o
conceito de heranca mendeliana em humanos (Sturm & Frudakis, 2004). Desde o inicio dos
estudos quantitativos de Genética Humana, a cor dos olhos tem servido como um modelo de
traco facilmente observavel que poderia se ajustar a uma regra mendeliana de heranca
dominante-recessiva (Sturm & Larsson, 2009). Foi no inicio do século XX que surgiram 0s
dois primeiros relatos, um dos Estados Unidos e outro do Reino Unido, investigando a
natureza da heranca da cor dos olhos. Davenport & Davenport (1907) e Hurst (1908)
estudaram a heranca desta caracteristica em familias durante trés geragdes e ambos
concluiram que a cor do olho castanho era um traco dominante, sendo o olho azul, uma
caracteristica recessiva. Infelizmente, como em muitos tracos fenotipicos, este modelo néo
contempla a complexidade encontrada na natureza e, embora ndo seja comum, h4 relatos (tdo
antigos quanto os estudos iniciais de cor dos olhos) de que pais com olhos azuis podem
também produzir criangas com olhos castanhos (Holmes & Loomis, 1909; Wright, 1918). O
exemplo ndo-mendeliano de transmissdo da cor da iris dos pais para os filhos, combinado
com a natureza quantitativa da pigmentacdo da iris, ja é suficiente para indicar que a heranca

deste trago ndo se ajusta a um modelo simplista.

Deste modo, assim como a cor da pele e cabelos, entre outros tragos visiveis com claro
fator hereditario, a cor da iris dos olhos deve ser mencionada como caracteristica de heranca
multifatorial, condicionada por vérios genes, além de outros fatores (Sturm et al., 1998;
Badano & Katsanis, 2002). Entretanto, a despeito deste conhecimento, é ainda comumente
ensinado em escolas através de livros didaticos o modelo equivocado e simplista de que a cor
do olho castanho é sempre dominante sobre o azul (Sturm & Frudakis, 2004). Os ultimos
autores sugerem inclusive que o uso da cor do olho como um paradigma para a agdo génica
dominante e recessiva deve ser evitado no ensino de genética para todos os graus de

escolaridade.

O exemplo anterior ilustra que a pigmentagdo humana como um todo pode ser
considerada como um trago complexo que apresenta variagcdes dentro e entre populagdes
(Makova & Norton, 2005). Sabe-se também, desde a época de Charles Darwin, que a

variagdo encontrada na pigmentagdo humana pode ser explicada pela acéo da sele¢éo natural




(Darwin, 1871; Loomis, 1967; Post et al., 1975; Branda & Eaton, 1978; Przeworski et al.,
2000; Mackintosh, 2001; para uma revisdo mais recente, consulte Jablonski & Chaplin, 2010,
2012; Quillen & Shriver, 2011; Jablonski, 2012).

O primeiro estudo que mostrou 0 mapa da distribuicdo da pigmentagdo da pele humana
data de 1953, e foi feito pelo italiano Renato Biasutti. Apesar de ser antigo, 0 mapa de
Biasutti ainda é Util para descrever o padrdo geogréafico geral da pigmentacdo da pele nas
populagcdes humanas, o qual apresenta uma forte correlacdo com a latitude (Biasutti, 1953).
Basicamente, a cor da pele tende a ser mais escura nas areas tropicais e equatoriais, do que
em éareas localizadas mais distantes da linha do equador (Figura 1). Um estudo realizado
posteriormente, utilizando uma estimativa mais precisa de pigmentacdo baseada em
reflectometria, mostrou o mesmo padrdo geografico da pigmentagdo da pele descrito no
estudo de 1953 (Relethford, 1997). Versdes mais atuais do mapa de Biasutti podem ainda ser
vistas em Jablonski & Chaplin (2000), Chaplin (2004) e Parra (2007). O fator subjacente que
explica esta notavel relagdo entre pigmentacdo da pele e latitude parece ser a intensidade da
luz UVR (radiacdo ultravioleta), que é grande na linha do equador e diminui

progressivamente com o aumento da latitude.
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Figura 1. Média de cor da pele encontrada em nativos dos diferentes continentes. Adaptado de Chaplin (2004).

Jablonski & Chaplin (2000) exploraram com detalhes os fatores evolutivos e o padréo
geogréafico da pigmentacdo humana. Estes autores observaram uma forte correlagdo entre a

reflectdncia da pele e os niveis de UVR incidentes nas regides geograficas analisadas. Em




contraste com a pigmentacdo da pele, a variacdo da cor dos cabelos e olhos é muito mais
restrita geograficamente. A maioria das populacdes humanas possui cabelos e olhos escuros.
Cabelos ruivos/avermelhados e loiros sdo mais comumente encontrados em populagdes
européias, embora esses tragos sejam também observados em populacfes nativas da Australia
e Melanésia (Birdsell, 1993). A cor dos olhos azuis, verdes e mel sdo também
predominantemente encontrados na Europa, com mais rara presenga em nativos de outros
continentes (Sturm & Frudakis, 2004). O estudo de Jablonski & Chaplin (2000) foi o
primeiro a medir diretamente a intensidade da UVR em diferentes regides a fim de testar as
hipoteses relacionadas a evolugdo da pigmentagdo da pele humana. Independente do papel
benéfico da sintese aumentada da vitamina D, os efeitos da radiagdo ultravioleta B (UVB)
sobre a pele sdo universalmente prejudiciais. A supressdo da sudorese e a subsequente
interrupcdo da termorregulagdo devido ao dano induzido pela queimadura solar as glandulas
de suor sdo os efeitos imediatos mais sérios da exposicdo excessiva & UVB (Daniels, 1964;

Pandolf et al., 1992). Detalhes destes processos serdo vistos nos paréagrafos seguintes.

A melanina é um polimero natural que atua como um bloqueador solar natural e é
especialmente efetiva em proteger contra os danos dos baixos comprimentos de onda da
radiacdo eletromagnética (~300 nm), os quais sdo 0s maiores prejudiciais para 0 DNA e
proteinas (Rees, 2003). Este biopolimero possui uma grande capacidade para absorver a luz
visivel, a UVR e a radiacéo ionizante, e também de neutralizar espécies reativas de oxigénio
(ROS - reactive oxygen species), criadas quando estes agentes interagem com as células da
pele (Ito, 2003; Rees, 2003). Sabe-se que a UVR danifica 0 DNA e 0s constituintes das
membranas das células, causando uma cascata tdxica de eventos que produzem ROS, o que
desestabiliza as reagdes quimicas normais nas células (Cleaver & Crowley, 2002; Ballaré et
al., 2011). Estes processos séo bastante atenuados por um tipo de melanina conhecida como
eumelanina (pigmento no espectro castanho/preto), especialmente quando esta se encontra
presente proximo a superficie da pele (Nielsen et al., 2006). Em contraste, a feomelanina
(pigmento no espectro vermelho/amarelo), mais comum na pele clara, parece aumentar o
risco de estresse oxidativo nos melandcitos (Jablonski, 2012). Estas diferentes propriedades
da eumelanina e da feomelanina com relagdo ao potencial de oxidacdo e fototoxicidade
ajudam a explicar a alta incidéncia de cancer em individuos com alto conteudo de
feomelanina (Hill & Hill, 2000; Takeuchi et al., 2004; Samokhvalov et al., 2005; Ye et al.,
2006).




O efeito inicial da exposicdo ao UVR é a queimadura solar, que é caracterizada por
eritema (vermelhid&o), edema, e possivelmente dor e formagdo de pequenas bolhas na pele
(Rees, 2004). Queimaduras solares sucessivas podem causar danos nas glandulas de suor,
podendo resultar no risco aumentado de infeccdo nas células da pele danificada. Desta
maneira, em ambientes tropicais, local inicial em que a nossa espécie evoluiu, a pele escura
com altas quantidades de eumelanina absorvendo UVR teria sido vantajosa, enquanto que a
pele clara, mais propensa as queimaduras, sofria com danos nas glandulas de suor, e as
infeccBes resultantes teriam um provavel efeito adverso (Jablonski & Chaplin, 2000; Rees,
2004). Portanto, o conhecimento de que a exposigédo solar excessiva pode levar ao cancer de
pele é sustentado pelo dano da UVR ao DNA, que interfere nos produtos génicos que
normalmente inibiriam o crescimento de células cancerosas (Halliday, 2005; Ullrich, 2005).
Em pessoas com pele escura, ha evidéncias de que a UVR promova a distribuicdo dos
melanossomos tanto nas areas supranucleares dos queratindcitos para protegé-los contra o
dano ao DNA, como também na regido da epiderme superior (mais externa) a fim de proteger
a regido mais profunda da epiderme, a qual possui células-tronco de melandcitos e
queratindcitos (Tadokoro et al., 2005). Isso pode explicar as diferengas no risco de cancer de
pele entre as pessoas (Rees, 2004). Por esta razdo, alguns autores tém indicado que a selegéo
natural favoreceu a pele escura em regides equatoriais e tropicais para proteger a pele contra
o cancer (Robins, 1991). Entretanto, os tipos mais sérios de cancer se desenvolvem apds a
idade reprodutiva; portanto, é improvavel que o cancer de pele teve um papel significativo na
evolucdo da cor da pele (Jablonski & Chaplin, 2000). Contudo, é importante mencionar neste
aspecto, que albinos adolescentes - ou préximos da idade adulta - habitantes de areas com
alta incidéncia de UVR tipicamente desenvolvem lesdes pré-malignas ou cancer de pele,
sendo que, em alguns lugares como Nigéria e Tanzania, menos de 10% dos albinos
sobrevivem além dos 30 anos de idade (Robins, 1991; Yakubu & Mabogunje, 1993; Rees,
2003).

A luz solar ndo prejudica somente a pele humana em si, mas também a producéo de
alguns nutrientes essenciais, como o folato, que é extremamente sensivel a UVR (Off et al.,
2005). Este nutriente é necessario para a sintese e reparo de DNA, e sua deficiéncia pode
resultar em complicacBes durante a gravidez e mdltiplas anormalidades fetais, incluindo
defeitos de tubo neural, espinha bifida e anencefalia (Bower et al., 1989; Lucock, 2000; Off

et al., 2005). Além disso, a fotolise do &cido fdlico pode levar a erros meidticos durante a




producdo do esperma (Mathur et al., 1977). Isto sugere que em &reas geograficas com altos
niveis de UVR, os individuos com pele clara estariam mais propensos a deficiéncia de folato
do que aqueles com a pele escura. Devido & importancia do folato em varios processos
biol6gicos, é provavel que a manutencdo de niveis Otimos deste nutriente esteja sob a
influéncia da selecdo natural. Portanto, a baixa prevaléncia de deficiéncia grave do folato
(Lawrence, 1983; Lamparelli et al., 1988) e defeitos de fechamento de tubo neural (Carter,
1970; Elwood & Elwood, 1980; Wiswell et al., 1990; Buccimazza et al., 1994; Shaw et al.,
1994) observada entre nativos americanos e afro-americanos, mesmo entre individuos com
deficiéncias nutricionais, pode ser atribuida a pele escura dos mesmos, a qual protegeria
contra a fotolise do folato. Jablonski & Chaplin (2000), defendem que a protecdo contra a
fotolise de alguns nutrientes, em especial do folato, seria a razdo principal para que a selecao
natural favorecesse uma pele altamente pigmentada nas pessoas que viviam em ambientes

com niveis elevados de radiacdo UVB.

Embora os efeitos da UVR sobre a pele sdo, em maior parte, prejudiciais, como vimos
nos paragrafos anteriores, existe uma importante excecdo: a radiacdo UVB é essencial para a
sintese de vitamina D. Enquanto algumas fontes de alimento possuem quantidades
substanciais de vitamina D (por exemplo, 6leo de bacalhau), a sua sintese cutanea a partir do
7-deidrocolesterol via exposi¢do solar é a principal fonte desta vitamina (Holick, 2003,
2005). Merece destaque que a vitamina D participa no metabolismo dos 0ssos e sua
deficiéncia resulta em raquitismo em criangas, e osteomielite em adultos. Outras fungdes da
vitamina D incluem imunorregulagdo, bem como regulacdo da diferenciagdo e proliferacdo
celular, regulacéo da absorcéo de célcio pelo intestino, bem como no funcionamento normal
do pancreas, cérebro e coragdo (Holick, 2004; Norman, 2008; Kdostner et al., 2009). Em
condigBes ndo-adequadas de UVR disponivel, sabe-se que a pele com grandes concentracoes
de melanina torna-se ndo adaptativa, pois ndo permite uma suficiente sintese de vitamina D
(Loomis, 1967; Holick et al., 1981; Clemens et al., 1982; Cavalli-Sforza et al., 1994). Além
disso, se a duracdo da exposi¢do & UVR néo for suficiente para sintese de vitamina D, alguns
individuos podem ter alto risco de deficiéncia desta vitamina e suas manifestacfes. Este
fendmeno tem sido demonstrado em migrantes da India para centros urbanos no Reino Unido
(Henderson et al., 1987) e em migrantes da Etidpia para Israel (Fogelman et al., 1995),
indicando que os individuos com pele escura séo altamente suscetiveis & deficiéncia de
vitamina D causada pela mudanga no regime de UVR. Os casos de toxicidade por




hipervitaminose sdo extremamente raros (Pandita et al., 2012), e sabe-se que a exposi¢éo
solar, por si sO, ndo resulta em toxicidade por vitamina D (Holick, 2007). Um dado
interessante é que, para catalizar a sintese de uma quantidade equivalente de vitamina D, as
pessoas que possuem indices de melanina de moderado a elevados requerem de 2 a 6 vezes
maiores quantidades de radiagdo UV do que aqueles individuos que possuem pele mais clara
(Holick et al., 1981; Clemens et al., 1982).

Para finalizar, a idéia de que a selegdo natural poderia ser responsavel pela variacdo da
cor da pele tem uma histéria longa e uma grande quantidade de evidéncias. Deste modo
pode-se sintetizar sugerindo que a distribuicdo da pigmentacdo observada nas populagfes
nativas dos diferentes continentes é resultado da sele¢do natural que teria favorecido a pele
escura para a protecdo contra queimaduras solares e contra a destruicdo do folato em &reas
onde a exposicdo da UVR é alta, e a selecdo para pele mais clara em regides distantes do

equador para maximizar a sintese de vitamina D.

Com relacdo a evolucdo da cor dos cabelos e olhos, as informacfes na literatura
cientifica sdo bem mais escassas. Sabe-se que alguns marcadores moleculares associados ao
desenvolvimento da iris também estéo associados com algumas doengas neuroldgicas como a
Sindrome de Down (Donaldson, 1961), Neurofibromatose tipo 1 (Lee & Stepheson, 2007) e
Sindrome de Gillespie (Ticho et al., 2006; Marien et al., 2008). Este fato indica que o
desenvolvimento da iris e do cérebro podem estar ligados (Sturm & Larsson, 2009). Além
disso, genes expressos na iris estariam também associados com alguns pardmetros
psiquiatricos (Larsson et al., 2007). O conhecimento desta relacdo iris-cérebro foi um
adicional incentivo para estudos sobre os aspectos evolutivos envolvidos com a variacdo da
cor dos olhos em humanos. Merece destaque que o alto grau de esclera branca exposta na
morfologia natural do olho humano, ausente em outros primatas, tem sido proposto como
elemento importante na sinalizag&o corporal envolvida nas interacdes pessoais (Kobayashi &
Kohshima, 2001). Existem ainda sugestdes indicando que as diferengas na pigmentacdo da
iris poderiam influenciar na acuidade visual em ambientes de baixa luminosidade (Sturm &
Larsson, 2009), no tempo de reagdo e na aptiddo para esportes especificos (Rowe & Evans,

1994), bem como com timidez na infancia (Coplan et al., 1998).

Para a cor dos cabelos, ndo encontramos na literatura cientifica um fator evolutivo que

ajude a explicar a variabilidade em populagdes européias e outras populagdes ao redor do




mundo. Existem alguns estudos associando cabelos ruivos com doenga de Parkinson e
sindrome de Tourette (Gao et al., 2009; Sterling-Levis & Williams, 2009), mas sem
mencionar uma explicacdo evolutiva subjacente a esta caracteristica. Como muitos
marcadores genéticos de cor de cabelos sdo também associados com cor dos olhos e pele, é
provavel que a diversificagdo destes ultimos tracos ao redor do globo tenham também

conduzido a diversificacdo da cor dos cabelos.

Na seminal obra-prima “The descent of man”, de Charles Darwin (1871), aparece a
sugestdo de que as diferencas populacionais observadas para varios tracos humanos,
incluindo a pigmentacdo, poderia ser resultado da selecdo sexual. Tal proposi¢cdo tem
ganhado reforco com trabalhos recentes, pois existiriam evidéncias que a pigmentacdo é um
importante critério para a escolha de um companheiro (a), o que levou alguns autores a
postularem que a selecdo sexual teria sido um importante fator na manutencdo da variagéo
ndo somente da cor da pele, mas também da cor dos cabelos e olhos na nossa espécie
(Diamond, 1991; Aoki, 2002; Frost, 2006). Outras hipOteses evolutivas para explicar a
amplitude de variagdo da pigmentacdo humana incluem ainda resisténcia as infeccoes
bacterianas, parasiticas e virais conferidas pela pele escura (Mackintosh, 2001) e resisténcia
aos danos devido a ambientes gelados conferido pela pele clara (Post et al., 1975), bem como
coevolucdo gene-cultura (Khan & Khan, 2010). Além disso, sabe-se que a melanina (em
particular, a eumelanina) também exerce um efeito protetor retirando radicais livres reativos e
outros oxidantes do organismo (Bustamante et al., 1993; Krol & Lieber, 1998). Mais detalhes
sobre estas hipoteses, bem como de outras podem ser vistas em Jablonski & Chaplin (2000;
2010; 2012), Parra (2007), Cerqueira et al. (2011; Apéndice Il - capitulo de livro publicado
por nosso grupo de pesquisa durante o desenvolvimento da presente tese), e em Jablonski
(2012).

Independente dos mecanismos que originaram e mantém a variagdo na pigmentacao
humana, merece destaque o fato da pigmentagéo, em especial a cor da pele, ser considerada a
caracteristica fisica mais visivel das pessoas (Jablonski & Chaplin, 2012). Sendo assim, a cor
da pele tem sido historicamente utilizada para definir grupos de identidade, e deste modo
reforcar argumentos politicos e sdcio-culturais, tanto de segregacdo quanto de incluséo, como
a atual politica de cotas em instituicBes publicas no Brasil (consideragdes sobre esta questéo

podem ser vistas no Apéndice I1I).




1.4 Mecanismos fisiolégicos da pigmentacdo humana

Com relagcdo aos aspectos fisioldgicos, as diferengas na pigmentacdo entre 0s
individuos sdo explicadas pelos seguintes fatores: a quantidade e o tipo de melanina
sintetizada nos melandcitos (razdo eumelanina/feomelanina), bem como a forma e
distribuicdo dos melanossomos (Sturm et al., 1998; Rees, 2004; Parra, 2007). Os melandcitos
sdo células derivadas da crista neural que migram para a epiderme durante o primeiro
trimestre de gestacdo e produzem melanina. A melanina € uma mistura de polimeros com
diferentes propriedades quimicas, enzimaticamente derivada da tirosina por uma série
complexa de passos intermediérios (Ito, 2003), que veremos adiante. A melanina é sintetizada
dentro de estruturas celulares conhecidas como melanossomos (estruturas similares aos
lisossomos) e, quando madura, sdo passadas para queratindcitos adjacentes (Parra, 2007). A
cor da pele visivel é o resultado da melanina nos queratindcitos, mas que séo sintetizadas nos
melandcitos. Estudos genéticos em camundongos tém fornecido informagdes consideraveis
sobre melanogénese, e um nimero grande de importantes produtos génicos que afetam a
alteracdo do balanco de vérios tipos de polimeros — e, portanto, a natureza da melanina — tem
sido identificados (Barsh, 1996; Jackson, 1997; Rees, 2003).

Em humanos, a regulacdo da melanogénese e a distribuicdo da melanina diferem na
pele, cabelos e iris. Na pele, os melandcitos localizados na camada basal da epiderme
transferem os melanossomos para queratindcitos adjacentes através de estruturas dendriticas,
e 0s queratindcitos eventualmente migram para as camadas superiores da epiderme (Rees,
2003) (Figura 2a). Dentro dos queratindcitos, 0s melanossomos sdo tipicamente reunidos ao
redor do ndcleo celular, fornecendo protecdo contra a UVR. A pele clara € enriquecida com a
feomelanina, e os melanossomos tendem a ser menos pigmentados, menores em tamanho e
empacotados em grupos. A pele escura, por sua vez, possui mais eumelanina, e 0s
melanossomos sdo mais pigmentados, maiores, e distribuidos como unidades individuais
(Alaluf et al., 2002).

Nos cabelos, o bulbo capilar € o unico local de producdo da melanina (Figura 2b).
Neste local, melandcitos com grandes quantidades de melanina transferem os melanossomos
para queratindcitos imaturos no entorno, os quais finalmente se diferenciardo e migrardo para

formar o fio de cabelo pigmentado (Slominski et al., 2005). Nos cabelos, a melanogénese




somente ocorre durante o ciclo inicial de crescimento capilar (o periodo da formacéao da haste
do cabelo que dura, em média, de 3 a 5 anos), enquanto na epiderme, o fendbmeno parece ser
continuo (Ortonne & Prota, 1993). Ja foi descrito que individuos com cabelos castanho-
escuros/pretos possuem uma razdo eumelanina/feomelanina elevada, os individuos com
cabelos loiros/castanho-claros apresentam niveis de eumelanina e feomelanina similares, e 0s
individuos com cabelos ruivos/avermelhados possuem os mais altos niveis de feomelanina
(Ortonne & Prota, 1993; Rees, 2003).
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A iris, por sua vez, possui duas camadas de tecido: a camada intima, chamada de
epitélio de pigmento da iris (do inglés IPE, Iris Pigment Epithelium), que ndo contribui para a
variacdo da pigmentacdo normal da cor da iris, pois, apesar de ser altamente pigmentado, 0
conteddo de melanina neste local possui uma distribuicdo similar em individuos com
diferentes cores de iris (exceto albinos, que possuem falta de melanina e os olhos aparentam
ser rosa como um resultado da reflexdo da luz dos vasos sanguineos); e a camada externa,
que é conhecida como o estroma da iris, sendo o contetdo de melanina nesta camada a causa
priméria da variagdo normal da cor da iris (Imesch et al., 1997; Sturm & Frudakis, 2004;
Wielgus & Sarna, 2005; Sturm & Larsson, 2009). A iris castanha possui grandes quantidades
de melanina e elevado nimero de melanossomos, absorvendo uma proporcéo substancial de
luz incidente, particularmente de comprimento de onda curto. Ao contrério, a iris de cor azul
possui pouco contetido de melanina e poucos melanossomos (Figura 2c¢). Como resultado, a
luz com maior comprimento de onda penetra no estroma e € absorvida na camada intima,
enquanto a luz solar com comprimento de onda menor (azul) é refletida pela matriz de
colageno da iris, 0 que nos faz perceber visualmente a cor azul. A cor mel e verde possuem

uma quantidade de melanina intermedidria (Sturm & Frudakis, 2004).

1.5 Mecanismos moleculares da pigmentagéo

Os mecanismos fisiolégicos descritos anteriormente e os correspondentes fatores
genéticos subjacentes a estes ja sdo conhecidos ha pelo menos duas décadas, em especial pelo
estudo de doencas que afetam a pigmentagdo como é o caso do albinismo (King et al., 1994).
Entretanto, é mais recente o entendimento da variagdo normal da pigmentacdo humana
(Makova & Norton, 2005). Pode-se dizer que o principal fator que alavancou o interesse
nesta area foi a descoberta de mutacGes no gene do receptor de melanocortina 1 (MC1R), que
sdo associadas com a variacdo normal da cor da pele (Valverde et al., 1995). Até 2002,
somente o receptor de melanocortina 1 (MC1R) havia sido estudado em detalhes sobre a
variagdo normal da cor da pele e cabelos em humanos (Rees, 2003), enquanto que em
camundongos j& se estimava um numero acima de 125 loci responsaveis pela coloragdo da
pelagem e outros fendtipos (Bennet & Lamoreux, 2003). No endereco eletrbnico a seguir
pode-se ter uma idéia do numero atualizado de loci responsaveis pela coloracdo em

camundongos: http://www.espcr.org/micemut.




O produto do gene MC1R é um receptor de superficie celular nos melandcitos e
funciona principalmente na via de producdo da melanina (Makova & Norton, 2005). Este
produto regula a troca entre a producéo de eumelanina e feomelanina (Barsh, 1996; Sturm et
al., 2001), que, como ja vimos, constituem os dois principais pigmentos da camada basal da
epiderme, do bulbo capilar e da iris (Makova & Norton, 2005; Parra, 2007). O receptor de
melanocortina 1 pertence a uma familia de receptores acoplados a proteina G. Nos
mamiferos, este receptor responde aos horménios alfa-melandcito-estimulante (a-MSH) e
adrenocorticotréfico (ACTH), ambos produtos da pro-opiomelanocortina (POMC). Quando o
MC1R é ativado pelo o-MSH, os niveis de cAMP (do inglés, Ciclic Adenosine
Monophosphate) intracelulares sdo aumentados via ativagdo da adenilil ciclase, levando a
producdo de niveis elevados de tirosinase (produto do gene TYR) e, consequentemente, a

producéo de eumelanina (Makova & Norton, 2005).

De forma contréria, a proteina de sinalizacdo antagonista agouti (produto do gene ASIP,
que foi descrita primeiro em roedores, dai veio o nome) pode se ligar ao produto do MC1R,
bloqueando a ativacdo pelo o-MSH. Quando o produto do gene ASIP bloqueia
completamente essa ativacdo, a feomelanina é produzida no lugar da eumelanina (Kanetsky
et al., 2002). A Figura 3 mostra didaticamente 0 mecanismo descrito anteriormente. E
importante lembrar que este mecanismo ndo é tdo simples como parece. Os granulos de
melanina séo sintetizados usando o amino&cido tirosina como o substrato principal. A tirosina
também é um aminodcido precursor das catecolaminas - dopamina, adrenalina e
noradrenalina (Fernstrom & Fernstrom, 2007); e isto pode ajudar a explicar a relacéo entre
pigmentacdo humana e desenvolvimento cerebral mencionada anteriormente. A tirosinase,
por sua vez, € uma enzima chave na melanogénese e permeia 0s primeiros passos na sintese
de melanina, que envolve a hidroxilagdo da tirosina para dopa e a subsequente oxidagéo para
dopaquinona (Parra, 2007). A dopaquinona, por sua vez, € um composto intermediério que
passa por modificagBes adicionais em duas vias alternativas. Na auséncia do aminoacido
cisteina, a dopaquinona eventualmente origina eumelanina, e, na presenca da cisteina, é

produzida a feomelanina (Ito, 2003).
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Figura 3. Diagrama dos efeitos alternativos da ligagdo do a-MSH ou ASIP ao receptor de melanocortina 1. A

ativacdo pelo a-MSH leva a producdo de eumelanina (castanho/preto), enquanto que a ligacdo do antagonista

ASIP leva a producdo da feomelanina (vermelha/amarela). Fonte: Makova & Norton, 2005.

Adicionalmente ao eixo MC1R-TYR-ASIP visto anteriormente, Yamaguchi & Hearing
(2009) apresentam uma excelente visdo geral de fatores fisiologicos diversos que podem
influenciar na pigmentacdo humana (Figura 4). Além da tirosinase, uma enzima critica
dependente de cobre que, como vimos, é requerida para a sintese de melanina, 0s
componentes enzimaticos dos melanossomos incluem a proteina relacionada a tirosinase 1
(produto do gene TYRP1), e dopacromo tautomerase (produto do gene DCT). Estas trés
enzimas cooperam entre si para sintetizar os dois tipos distintos de melanina (Costin et al.,
2005). Alguns fatores de transcrigdo importantes no processo de sintese de melanina também
sdo dignos de nota. O fator de transcricdo mais critico que regula a fungdo dos melandcitos é
o fator transcricional microftalmia (produto do gene MITF) (Steingrimsson et al., 2004). O
promotor do gene MITF € regulado, por sua vez, por varios outros fatores de transcricéo,
incluindo os produtos dos genes PAX3, SOX9 (Passeron et al., 2007), SOX10, LEF-1/TCF e
CREB (Lin & Fisher, 2007).

Além dos processos ja vistos, o Oxido nitrico, além do seu conhecido papel no

relaxamento da musculatura lisa, também influencia o inicio da melanogénese, o eritema e a




imunossupressdo em resposta a radiacdo UV. Além disso, alguns fatores hormonais que
estimulam a pigmentacdo incluem o estrogeno (o0 que se relaciona com a pigmentacao
induzida pela gravidez), o ACTH, a endorfina, e o ja mencionado a-MSH. Os andrégenos,
por sua vez, possuem efeitos inibitérios nos melandcitos (Takodoro et al., 2003).
Modificagdes na pigmentacdo também sdo clinicamente observadas em resposta a
inflamacdo. Mediadores quimicos inflamatorios derivados do araquidonato, especialmente as
prostaglandinas, os leucotrienos e 0s tromboxanos, sdo responsaveis pela pigmentagdo
induzida pela inflamagao, uma vez que séo estimuladores da atividade do gene TYR (Costin
& Hearing, 2007). E importante salientar que nem todas citocinas inflamatGrias aumentam a
inflamacdo. A IL-6 e 0 TNF-a sdo também conhecidos por suprimir a pigmentacdo da pele, o

que sugere a importéncia de se elucidar a relagdo entre a melanogénese e inflamacéo.
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Figura 4. Fatores que afetam a pigmentacdo da pele dentro dos melandcitos. Este esquema apresenta 0s
componentes envolvidos na estrutura dos melanossomos (esquerda), transporte (centro), enzimas (direita), bem

como os fatores transcricionais relacionados (margem inferior). Fonte: Yamaguchi & Hearing (2009).
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Enfim, compreender o contexto bioldgico da producéo da melanina € uma necessidade
para o0 bom entendimento da rede da pigmentagdo, mas detalhar neste topico a fungéo de cada
um dos genes responsaveis direta ou indiretamente pela sintese, armazenamento, transporte e
outros processos relacionados se tornaria uma tarefa extretamente extenuante. Desta forma,
informacdes detalhadas sobre a localizagdo, mutagBes e funcdo de varios dos genes
envolvidos nestes processos podem ser encontradas em Cerqueira et al. (2011; Apéndice I1),
bem como em Sulem et al. (2007), Yamaguchi & Hearing (2009) e Sturm & Duffy (2012) e

nas referéncias citadas nestes trabalhos.

O que também é importante mencionar aqui é que existem atualmente alguns genes que
sdo considerados chave em Europeus e que sdo responsaveis pela variacdo de cor de olhos e
cabelos, que sdo as duas caracteristicas mais estudadas em pigmentacdo humana. Por
exemplo, trés polimorfismos no MC1R estudados na presente tese (rs1805009, rs1805008,
rs1805007) sdo cléssicos na via da pigmentacdo, sendo comumente associados com cor de
olhos e cabelos (Smith et al., 1998; Sulem et al., 2007, 2008; Latreille et al., 2009), embora
acredita-se que eles também respondam por uma substancial variacdo da cor da pele (Duffy
et al., 2004; Rees, 2004; Makova & Norton, 2005; Sulem et al., 2008). Estes trés SNPs
possuem uma caracteristica muito importante: estdo entre os principais preditores de cor de
cabelos ruivos em populacdes Européias (Duffy et al., 2004). Estes trés polimorfismos séo
conhecidos ha algum tempo como “RHC” (Red hair color) (Box et al., 1997; Sturm et al.,
2001).

Com relacdo a cor dos olhos, existem evidéncias sugerindo que o gene HERC2
influencia a expressdo do OCA2 (Eiberg et al., 2008; Kayser et al., 2008; Sturm et al., 2008;
Branicki et al., 2009; Donnelly et al., 2012; Visser et al., 2012). Uma andlise realizada por
Sturm & Larsson (2009), sobre uma sequéncia de 11 pares de bases altamente conservada
(TGACAJT/C]TTAAT), contendo o polimorfismo rs12913832 localizado centralmente,
sugeriu que este poderia representar um sitio de ligacdo consenso para o fator de transcricéo
tipo-helicase (HTLF) (Sturm et al., 2008). Criticamente, esta seqliéncia consenso é abolida
no alelo rs12913832*C, que confere olho azul. Os autores propuseram um modelo de como
este mecanismo regulatorio atua na determinagdo da cor do olho. Quando ativo, o alelo
rs12913832*T apresenta o reconhecimento para o HTLF, o que promove o desenrolamento
da cromatina, expondo sequéncias regulatérias adicionais para fatores de transcricdo como o

MITF e LEF1, que, por sua vez, levam a expressdo do gene OCA2. A proteina Oca2 entdo




atua na via de maturacdo do melanossomo para produzir uma iris castanha amplamente
pigmentada. O alelo rs12913832*C, por sua vez, leva a uma anulacdo da ligacdo do HTLF,
fazendo com que a cromatina permaneca compactada e indisponivel para transcri¢do do I6cus
OCA2. Como uma consequéncia da perda seletiva da producdo do OCA2 nos melandcitos da
iris, a inabilidade em produzir melanossomos maduros resulta na aparéncia de uma iris azul.
Neste modelo, a falha em ativar a expressdo do gene OCA2 é a explicagdo molecular mais
parcimoniosa existente. De fato, um aumento significante no nivel de mRNA transcrito do
gene OCAZ2 foi observado no alelo rs12913832*T (olho castanho), comparado com o alelo
em homozigose rs12913832*C (olho azul) (Cook et al., 2009), mostrando a consisténcia da
afirmacdo de que o elemento conservado atua dentro de uma regido controladora de l6cus.
Embora os estudos sobre a genética da cor de olhos tém se focado em polimorfismos OCA2-
HERC2 em populacBes Européias, o estudo de lida et al. (2009), compreendendo 523
Japoneses, verificou que esta populagcdo parece ndo possuir o alelo rs12913832*C,

consistente com a auséncia de cor de olho azul nestes individuos.

1.6 Polimorfismos genéticos relacionados com a pigmentacdo e sua relagdo com a

historia demogréafica humana

Os dados genéticos disponiveis para alguns genes candidatos & pigmentacdo (por
exemplo, o MC1R) sdo consistentes com a hipdtese da selecdo natural favorecendo a
pigmentacao escura em areas tropicais. O gene MC1R €, sem duvida, 0 mais exaustivamente
estudado como candidato a pigmentacdo. O papel deste gene na pigmentacdo normal foi
primeiro mostrado por Valverde et al. (1995), que apresentaram uma associagao de variantes
do MC1R com cabelos ruivos e pele clara. O gene MC1R apresenta um interessante padréo de
polimorfismos ao redor do mundo (Makova & Norton, 2005). O quadro geral de
polimorfismos é consistente com a acdo da selecdo purificadora removendo mutacdes no
MC1R que poderiam promover a sintese de feomelanina em individuos da regido da Africa
Sub-saariana, e possivelmente de outras regides com altas incidéncias de UVR. A situacéo €
bastante diferente na Europa, bem como no Leste e Sul da Asia, onde 0 MC1R ¢ altamente
polimdrfico. De fato, os niveis de diversidade nucleotidica observada no gene MC1R nestas
populagdes sdo mais elevados que os valores observados em outros genes autossdmicos

(Makova & Norton, 2005). Mais de 20 variantes n&do-sindnimas tém sido relatadas em




populacdes européias (Sturm et al., 2001). Algumas destas mutagdes (rs2228479 - Val92Met)
promovem uma habilidade reduzida na ligacdo do MC1R com a-MSH, ou em ativar a adenilil
ciclase (rs1805007 - Argl51Cys, rs1805008 - Argl60Trp, e rs1805009 - Asp294His),
explicando a associacdo destas variantes com os fenétipos de pele e cabelos relacionados com
altos niveis de feomelanina (Xu et al., 1996; Frandberg et al., 1998; Schioth et al., 1999).

Segundo Rana et al. (1999), o alto nivel de polimorfismos do MC1R observado em
europeus sustenta, em parte, a hipotese da vitamina D sugerida por Loomis (1967), Cavalli-
Sforza et al. (1994), bem como outros autores, onde alelos diferentes seriam selecionados
para maximizar a sintese de vitamina D, dependendo da exposicdo a UVR que os individuos
em consideracdo estariam submetidos. Entretanto, segundo Harding et al. (2000), a alta
quantidade de polimorfismos no lécus do MC1R em europeus poderia ser devido ao
relaxamento de restricdes funcionais. Eles aplicaram varios testes de neutralidade e néo
encontraram nenhuma evidéncia estatistica de que a diversidade observada no MC1R tenha
sido intensificada pela sele¢do. Portanto, os dados sobre os alelos do MC1R em populagdes
européias sdo consistentes com a remocao das restricdes funcionais ao invés da hipotese de
selecdo em favor das mutacOes de perda de funcdo. O que se sabe é que a regido codificante
do gene MC1R em asiaticos e africanos é menos polimdrfica em comparacdo com europeus
(Harding et al., 2000; Rana et al., 1999; Przeworski et al., 2000).

Outro interessante estudo sobre as frequéncias dos marcadores genéticos de
pigmentacgdo e a histdria da dispersdo do homem no planeta foi recentemente publicada por
Beleza et al. (2012). Este estudo mostrou que ndo s6 o MC1R, como também outros genes
relacionados com pigmentacdo que eles estudaram possuem um padrdo geoespacial de
variacdo genética que sdo correlacionadas com a distribuicdo geografica da cor da pele e
mostram uma forte evidéncia de varredura seletiva em populagbes européias e asiaticas
(Izagirre et al., 2006; McEvoy et al., 2006; Soejima et al., 2006; Voight et al., 2006; Lao et
al., 2007; Myles et al., 2007; Norton et al., 2007; Sabeti et al., 2007; Williamson et al., 2007,
Pickrell et al., 2009). Além disso, o quadro geral formado pelos dados genéticos sugere que a
pigmentacdo da pele tem uma historia evolutiva complexa, com a selecdo natural atuando
sobre diferentes genes, em diferentes momentos, e em distintas populagbes ao longo dos
continentes (McEvoy et al., 2006; Lao et al., 2007; Myles et al., 2007; Norton et al., 2007;
Pickrell et al., 2009).

gl



Alguns genes, como o KITLG, possuem alelos derivados (associados com pigmentagao
clara) que alcancam altas frequéncias tanto em europeus quanto em populagbes do Leste
Asiatico e provavelmente foram selecionados em uma populacdo proto-eurasiana (Lao et al.,
2007; Williamson et al., 2007; Pickrell et al., 2009). Outros genes possuem alelos derivados
com uma distribuicdo principalmente restrita @ Europa (SCL24A5, SLC45A2 e TYRP1) ou ao
leste da Asia (DCT e ATRN), sugerindo que genes diferentes sio responsaveis pela redugo
do contetdo da melanina em europeus ou asiaticos (McEvoy et al., 2006; Lao et al., 2007;
Myles et al., 2007; Norton et al., 2007; Pickrell et al., 2009). O reconhecimento destes
padrdes reforga ainda mais a questdo da convergéncia evolutiva para pigmentagdo humana.
Evidéncias adicionais de adaptacdo convergente sdo fornecidas por estudos em genes como 0
OCA2, no qual diferentes alelos de branqueamento da pele tém sido provavelmente
submetidos a independentes varreduras em europeus e asiaticos (Lao et al. 2007; Edwards et
al. 2010; Donnelly et al., 2012).

1.7 Como definir a pigmentacéo de pele, olhos e cabelos

Ha consenso na literatura cientifica de que € extremamente necessério refinar a
determinagdo do fendtipo da pigmentacdo de uma categoria qualitativa (subjetiva e muito
sujeita a erros) para uma medida mais quantitativa do conteddo da melanina (Makova &
Norton, 2005), pois categorizagGes subjetivas da cor podem inibir a reprodutibilidade dos
experimentos e a comparagdo direta dos resultados com outros estudos. Nos estudos de
pigmentacdo da pele € usual utilizar a classificagdo de Fitzpatrick et al. (1987) como medida
do contetdo de melanina (Valverde et al., 1995; Smith et al., 1998; Healy et al., 2000;
Palmer et al., 2000; Dimisianos et al., 2009; Neitzke-Montinelli et al., 2012). Esta escala
classifica a pele humana em quatro tipos e se baseia na resposta a incidéncia solar que os
individuos possuem. A pele do tipo | é aquela que sempre se queima, mas nunca se bronzeig;
a pele do tipo Il é aquela que se queima, mas também se bronzeia levemente (bronzeamento
suave); no tipo Il é classificado aquele individuo que algumas vezes se queima sob o sol,
mas sempre se bronzeia (bronzeamento moderado); e, por fim, o tipo IV, que nunca se
queima, e sempre fica bronzeado (bronzeamento intenso) (Fitzpatrick et al., 1987). Pode-se
observar que esta escala € bastante subjetiva e, por isso, formas quantitativas e mais objetivas
foram desenvolvidas ao longo dos anos. Alguns avancos tecnoldgicos tém permitido medir

facilmente a melanina na pele ou cabelos usando tecnologias de reflectancia, como, por




exemplo, a reflectometria triestimulos, espectroscopia de banda estreita e espectroscopia de
reflectancia difusa (Shriver & Parra, 2000; Parra, 2007).

No estudo do Shriver & Parra (2000) foram utilizados dois reflectdbmetros de méo
computadorizados: o colorimetro Photovolt ColorWalk (Photovolt, UMM Electronics,
Indianapolis) e o DermaSpectrometer (um reflectdmetro especializado em banda estreita —
narrow-band; Cortex Technology, Hadsund, Denmark) para comparar dois métodos de
determinagdo objetiva para cor de pele e cabelos, ambos instrumentos estéo disponiveis pelo
menos ha 50 anos no mercado e sdo comumente utilizados na dermatologia, antropologia e
biologia. Estes instrumentos determinam a cor medindo a intensidade de luz refletida num
comprimento de onda particular. A diferenga entre ambos os aparelhos é que o Photovolt
ColorWalk emite uma luz branca (fotodiodo) para medir a intensidade da luz refletida. J& o
DermaSpectrometer, no lugar de luz branca e fotodiodos, usa dois LEDs (diodos emissores
de luz), um verde e outro vermelho, iluminando uma superficie, e entdo registrando a
intensidade da luz refletida. O resultado das medidas pode entdo ser expresso por VArios
sistemas padronizados de cor, sendo considerado o mais importante o sistema CIELab
(Commission International d’Eclairage Lab), estabelecido em 1976, no qual qualquer cor
pode ser descrita por trés valores: L*, a luminosidade; a*, a quantidade de verde ou
vermelho; e b*, a quantidade de amarelo ou azul. O resultado da leitura dos aparelhos
também pode ser visto em termos de indices de eritema e melanina (E & M) ou ainda, por
medida de RGB (Red-Green-Blue).

No estudo do Shriver & Parra (2000) foi concluido que ambos os tipos de instrumentos
fornecem uma acurada estimativa do nivel de pigmento na pele e cabelos; entretanto, as
medidas utilizando o DermaSpectrometer podem ser menos afetadas por grande vermelhidao
em certas regibes do corpo devido a vascularizagdo aumentada. Além disso, 0s autores
observaram uma alta correspondéncia entre a medida L* e o IM. No link a seguir é possivel
transformar valores de varios sistemas de medidas de cor entre si através de uma matematica
simples: http://www.easyrgb.com/index.php?X=MATH. Com recentes avangos técnicos na
area da colorimetria e fotometria, novos instrumentos tém sido criados, oferecendo vantagens
substanciais (precisdo, portabilidade e facilidade de uso) sobre instrumentos prévios (Parra,
2007). Um desses instrumentos € o novo DermaSpectrometer Il (Figura 5), que possui um

software interno para registrar valores de diferentes sistemas de cor simultaneamente, o qual




foi utilizado para o presente trabalho com a finalidade de mensurar exclusivamente a cor da

pele.

Figura 5. Fotografias do DermaSpectrometer Il (DSM I1) ColorMeter. Como mostrado nas fotos, este aparelho
oferece uma medida de cor em trés sistemas simultaneamente: a) CIELab; b) E&M (Eritema e Melanina); c)
RGB. Suas configuracBes padrfes foram criadas principalmente para aplicacdes relacionadas com a pele.
Maiores informagoes, vide texto. Fonte: http://www.micglobal.co.uk/derma-spectrometer-i968.html e arquivo
pessoal de fotos.

E importante mencionar aqui que o protocolo de coleta de dados do consorcio
CANDELA envolveu a obtencdo de medidas quantitativas de pigmentacdo da pele através
dos indices de melanina em regides ndo-expostas ao sol (regido inferior do brago com menor
incidéncia solar) como descrita e utilizada por Stokowski et al. (2007) e Shriver & Parra
(2000). Deste modo, as medidas foram obtidas pelo espectrofotometro de reflectancia,
conhecido também como DSM Il ColorMeter (Figura 5). Este instrumento emite luz no
comprimento de onda verde (568nm) e vermelho (655nm) do espectro visivel e o foto-
detector mede a quantidade de luz refletida pela pele. Estas medidas sdo utilizadas para se
estimar o conteldo de melanina da pele, a qual é expressa como E&M (Eritema e Melanina).
Em populagbes humanas o IM varia de cerca de 20 (individuos de pele branca) até proximo

de 100 (individuos com pele escura). Na busca de capturar uma leitura mais apurada da

35



pigmentacdo de pele, estas medidas foram preferencialmente realizadas em ambientes

fechados e bem iluminados.

Com relagdo a cor dos olhos (iris), véarios estudos ja tentaram estabelecer um sistema
universal de classificacdo para esta caracteristica (para uma revisdo mais detalhada, consulte
Mackey et al., 2011). O antrop6logo suico Rudolf Martin (Universidade de Zurich) foi quem
produziu a primeira tentativa de se usar um conjunto padronizado de olhos artificiais para
classificagdo da cor da iris. Em 1903 ele desenvolveu o painel da cor dos olhos, que consistiu
em 16 olhos progressivamente arranjados em tons do castanho escuro (nimero 1) ao azul
claro (numero 16) (Figura 6; Oetteking, 1926). Varios estudos de genética também tém se
baseado em classificagcdes qualitativas (i.e. azul/cinza, verde, mel, castanho claro, castanho
escuro/preto) (Eiberg & Mohr, 1996; Rebbeck et al., 2002; Zhu et al., 2004; Duffy et al.,
2007). Esta classificagcdo pode ser falha em capturar a natureza quantitativa da variagdo da
pigmentacgdo da iris, como mencionado. Além disso, varios fatores podem modificar a cor da
iris, como exemplo: a cor dos olhos pode mudar com diferentes niveis de dilatagdo da pupila;
imagens de fotografias desfocadas tendem a resultar numa cor de olhos mais uniforme
(perdendo a natureza heterogénea da cor da iris); a maquiagem, no caso das mulheres, pode
modificar sensivelmente a impressdo do observador de um olho castanho claro para um
castanho escuro e vice-versa (Mackey et al., 2011). Existem alguns esforgos atualmente no
desenvolvimento de métodos de quantificacdo a cor da iris baseada na analise de fotografias,
tomadas sob condigdes padronizadas. Como exemplo, German et al. (1998) e Niggermann et
al. (2003) relataram a pigmentacdo da iris no espaco de cor RGB; Melgosa et al. (2000)
quantificaram a cor da iris usando o sistema CIELab; o estudo de Fan et al. (2003), por sua
vez, desenvolveu um método que extrai automaticamente a regido da iris na fotografia,
computa a cor da iris, e corrige a cor baseada em um cartdo de calibragdo padréo; e o estudo
de Frudakis et al. (2007) tentou utilizar espectroscopia digital para predizer acuradamente o

contelido de melanina da fris.

Mais recentemente, um trabalho que, segundo Ruiz et al. (2013), se destacou pela
robustez das medidas foi o estudo feito por Liu et al. (2010). Ap6s comparar Varios sistemas
de cor para representar a cor da iris, incluindo o RGB, CIELab, CIEXYZ (este ultimo é
denominado de valor triestimulos, e se baseia numa representacdo gréfica tridimensional,
onde cada eixo refere-se a uma cor priméria — verde, vermelho e azul) e HSV/HSB (Hue —

matiz, Saturation — saturacdo, Value = valor, Brightness - brilho), os autores escolheram




representar a cor da iris por este Gltimo sistema (HSV/HSB). Neste trabalho, foram tomadas
fotografias dos olhos dos voluntarios numa resolucdo de 800x600 pixels, os valores de RGB
na regido da iris de cada imagem foram anotados, e, posteriormente, os valores de RGB
foram transformados para valores HS de acordo com formulas-padrdo. Segundo Liu et al.
(2010), este sistema se ajusta bem na aplicacdo de estudos genéticos porque (1) os valores H
e S da escala sdo independentes da luminosidade (dada pelo valor B), que varia bastante
dependendo do local onde a foto foi tomada (o valor B pode ser excluido na andlise
genética); (2) os valores de H e S podem representar o tipo e a quantidade de pigmento da
iris; e (3) os valores de H e S podem ser diretamente traduzidos para outros sistemas de cores
(para saber mais sobre a matematica envolvida na conversdo das medidas, acesse

http://www.easyrgb.com/index.php?X=MATH).

Figura 6. Painel representando os 16 olhos de Rudolf Martin, classificados do castanho mais escuro (nimero 1)
ao azul mais claro (nimero 16). Cabe salientar que os olhos neste quadro ndo seguem uma ordem definida.
Fonte: Mackey et al. (2011).

Embora os métodos de classificacdo fenotipica da iris por analise quantitativa através
de fotografias digitais tém sido propostos (Melgosa et al. 2000; Niggermann et al. 2003; Liu
et al., 2010), a caracterizacdo fidedigna e a designacdo de fendtipos intermediarios da cor da
iris permanece dificil e ainda relativamente subjetiva (Frudakis et al., 2007; Ruiz et al.,
2013). Um ponto importante a salientar € que a iris humana também possui outras

caracteristicas que ndo sdo mensurados atraves da quantificacdo utilizada para verificar a cor




dos olhos e estes fatores também estdo sob forte influéncia genética (Larsson et al., 2003).
Para agravar ainda mais a situagéo, sabe-se que embora a cor dos olhos seja assumida como
fixa por toda vida adulta, existem mudancas com a idade ou mudangas no estado patologico

do individuo que podem afetar esta caracteristica (Stjernschantz et al., 2002).

Com relacéo a qualificacdo da cor dos cabelos e dos olhos dos voluntérios do presente
trabalho, uma ficha fenotipica do consércio CANDELA foi utilizada (Anexo IX). Esta ficha
foi preenchida pelo investigador no momento da coleta, indicando a cor dos cabelos em uma
das 4 categorias, a saber: ruivo/avermelhado, loiro, loiro escuro/castanho claro, e castanho
escuro/preto; e a cor dos olhos, por sua vez, em uma das 5 categorias, sdo elas: azul/cinza,
verde, mel, castanho claro, e castanho escuro/preto. Os fendtipos de cor dos olhos e cabelos
foram marcados mediante confirmagdo dada por cada um dos voluntarios da pesquisa.
Categorias similares sdo comumente utilizadas na literatura (Sulem et al., 2007; Eiberg et al.,
2008). Um esforco para quantificar a cor dos olhos e cabelos dos voluntarios do CANDELA
a partir das fotos est4d em andamento, baseado em protocolos mais recentes e precisos (Liu et

al., 2010). A descrigdo suscinta da metodologia de quantificacéo esta descrita no Apéndice I.

Como se observa, a classificagdo objetiva da pigmentagdo é extremamente importante
para um estudo genético de associacdo. A falta desta objetividade pode trazer resultados
espurios em pesquisas desta natureza. Por exemplo, no estudo realizado por Bastos et al.
(2009) uma comparagéo entre a auto-classificacdo e a hetero-classificagdo (classificagéo
atribuida por outro) de individuos dentro de categorias de “cor/raca” indicou que pessoas com
mais de 40 anos de idade tiveram uma chance 2,1 vezes maior de se classificarem como
pardos do que como brancos, quando abordados por entrevistadoras negras, em relacdo as
brancas. Os resultados deste estudo indicaram o carater complexo da classificacdo qualitativa,
sugerindo a influéncia de caracteristicas pessoais das entrevistadoras sobre a auto-
classificagdo de “cor/raga” dos entrevistados. Na tentativa de alertar sobre a padronizagéo na
classificagdo de pigmentagdo para os estudos genéticos que estdo sendo realizados, o capitulo
de livro publicado por nds (consultar Cerqueira et al., 2011 — Apéndice Il) discorre sobre o
assunto, trazendo ainda outras informacdes pertinentes na &rea. Na presente tese, durante o
preenchimento das fichas fenotipicas dos voluntarios, houve também o cuidado de fazé-lo
mediante a observagdo de dois pesquisadores membros do consércio CANDELA, para que as
marcacOes fossem feitas de forma mais objetiva, no sentido de minimizar as variagdes

oriundas das impressdes pessoais na andlise. No caso de discordancia entre os dois




observadores, uma terceira opinido foi requerida. Isso foi feito para evitar desvios na hetero-

classificagdo qualitativa de algumas caracteristicas, como cor de cabelos e cor dos olhos.

1.8 Identificagdo humana pelo DNA e aplicagdes forenses dos estudos de pigmentagéo

A ciéncia molecular forense tem sido dominada pelas pesquisas em nivel de DNA nas
ultimas décadas. A razdo para este fato é o grande sucesso do uso de tecnologias relacionadas
na pratica forense, o que tem revolucionado a policia moderna (Bauer, 2007). O principio
bésico destas pesquisas é que, exceto para gémeos monozigéticos, cada ser humano é
geneticamente diferente e Unico. Desta forma, qualquer amostra bioldgica contendo DNA,
quando examinada em detalhes suficientes, revela que foi originada de somente um individuo
especifico (Pena et al, 1995). Alguns exemplos das vantagens oferecidas pela
individualidade genética sdo: identificacdo de vitimas de crimes ou de acidentes de massa ou
catdstrofes naturais, identificacdo de criminosos por vestigios em cenas de crime,
investigacdo de paternidade, bem como estudos em evolugdo humana, dentre outras

aplicagdes.

O repertério de marcadores genéticos utilizados nas rotinas forenses tem crescido
substancialmente e varios avancos nesta area tém trazido progresso para as ciéncias forenses
nas Ultimas trés décadas. O primeiro método genético usado para identificagdo humana
utilizou polimorfismos de comprimento de fragmentos de restricdo (RFLPs, do inglés,
Restriction Fragment Length Polymorphisms) para tipagem de nOmeros variaveis de
repeticdes consecutivas (VNTRs, do inglés, Variable Number of Tandem Repeats), que séo
fragmentos de DNA de 6-100 pares de bases que se repetem um atras do outro por centenas
de vezes (Wyman & White, 1980; Jeffreys et al., 1985; Budowle & Baechtel, 1990; Goodwin
et al., 2011). Pouco tempo depois, 0s VNTRs foram substituidos pela anélise de repeticoes
curtas consecutivas (STRs, do inglés, Short Tandem Repeats) (Edwards et al., 1991; Budowle
et al., 1998; Budowle et al., 2001), que sdo fragmentos de DNA de 1-6 pares de bases que se
repetem in tandem centenas a milhares de vezes, sendo este atualmente utilizado por bancos
de dados criminais e civeis de DNA em todo o mundo (Jobim et al., 2006; Budowle & Van
Daal, 2008; Goodwin et al., 2011). Os STRs possuem algumas vantagens em relacdo aos
VNTRs. Por exemplo, o tamanho menor do fragmento amplificado e a capacidade de

amplificacdo atraves da reagdo em cadeia da polimerase (PCR, do inglés, Polymerase Chain




Reaction), de amostras com relativo nivel de degradagdo (Budowle & Van Daal, 2008;
Goodwin et al., 2011). Para mais detalhes a respeito dos marcadores polimérficos para

identificagdo humana, consultar Jobim et al. (2006) e Goodwin et al. (2011).

Além dos STRs, analises com os polimorfismos de base Gnica comumente bi-alélicos
(SNPs) também estdo sendo utilizadas em testes de identidade genética, seja através da
informacdo sobre linhagens do mtDNA e do cromossomo Y, seja atraves de marcadores
informativos de ancestralidade, ou ainda para a predigdo de fendtipos (Budowle & Van Daal,
2008). Porém uma das principais desvantagens no uso dos SNPs é o seu baixo poder de
discriminacéo nos testes de identidade genética (Goodwin et al., 2011). Para se ter uma idéia,
na tipificacdo com uso de VNTRs, utilizava-se cerca de 6 loci, em média, com um excelente
poder de discriminacéo entre dois individuos quaisquer; na tipificagdo por STRs utiliza-se de
9 a 22 loci; estima-se que, para se obter o mesmo poder de discriminacdo, uma analise com
pelo menos 50-100 SNPs é necesséria (Budowle & Van Daal, 2008; Goodwin et al., 2011).
Entretanto, os SNPs também apresentam algumas vantagens: € necessario um fragmento de
apenas 60-80 pares de bases para amplificacdo por PCR, enquanto que, para analise de STRs,
é necessario um fragmento de cerca de 350 pares de bases (Whitaker et al., 1995; Ballantyne,
1997). Isso é extremamente importante para amostras altamente degradadas provenientes de
desastres em massa e catastrofes naturais. Além disso, a quantidade de DNA necesséria para
amplificar um SNP é da ordem de 100 picogramas; para 0s STRs, € necessario cerca de 0,5-1
nanograma de DNA; e os VNTRs necessitam de 10-25 nanogramas de DNA para
amplificagdo de fragmentos de até 10.000 pares de bases (Giusti & Budowle, 1995).
Excelentes discussdes sobre o poder dos SNPs e a possivel substituicdo dos STRs por eles
podem ser encontrados em Chakraborty et al. (1999), Budowle (2004), Gill et al. (2004),
Pakstis et al. (2010) e Schneider (2012). Além da identificacdo humana, Kayser & Knijff
(2011) tambeém fizeram uma revisdo bastante interessante sobre a utilidade de ferramentas

genéticas em casos criminais.

Outro aspecto que merece destaque no contexto da presente tese € que, atualmente, o
primeiro passo na analise de amostra de DNA encontrada em cena de crime ou local de
desastres naturais é a producdo de um perfil de STRs utilizando kits de amplificacdo
multiplex para essas amostras. Quando o perfil de STRs nédo se pareia com um banco de
dados criminais e civeis, quaisquer informacfes adicionais sdo extremamente valiosas

(Werrett, 2005; Rohlfs et al., 2012), incluindo testes de predi¢do de fendtipos especificos
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(Tully, 2007). Em outras palavras, nos casos em que as investigagdes policiais falham em
identificar os agressores, e principalmente quando os vestigios biol6gicos encontrados em
cenas de crime sdo de fontes desconhecidas aqueles existentes nos bancos de dados policiais,
se espera que, num futuro préximo, haja uma confiabilidade na predigdo de caracteristicas
visiveis externamente (comumente referidas pela sigla EVCs, do inglés, Externally visible
characteristics), com a tecnologia conhecida como Fenotipagem Forense por DNA (do
inglés, FDP — Forensic DNA Phenotyping) ou inteligéncia pelo DNA (Kayser & Schneider,
2009; Kayser & Knijff, 2011).

Como visto anteriormente, a variacdo normal e patoldgica da pigmentagdo humana tem
sido ha muito tempo alvo de estudos médicos (Valverde et al., 1995; Duffy et al., 2004) e
antropolégicos (Jablonski & Chaplin, 2000; Parra et al., 2004) e, por ultimo, objeto de
investigacdo que visa a aplicagdo forense (Sulem et al., 2007; Valenzuela et al., 2010). Sendo
assim, nos ultimos anos inimeros trabalhos tém almejado identificar genes (e seus alelos
variantes) responsaveis por caracteristicas fenotipicas visiveis. Alelos comuns associados
com a diversidade da pigmentacdo normal em humanos foram identificados em varios genes.
Algumas variantes no gene MC1R, como ja salientado em itens anteriores, estdo associadas
com cabelos vermelhos, peles claras, sardas, e cancer de pele (Valverde et al., 1995; Rees,
2004; Makova & Norton, 2005). Outros estudos relacionados com a cor de cabelo e olhos,
por sua vez, tém revelado forte ligacdo da cor azul-castanha a uma regido no cromossomo 15
que inclui o gene OCA2 (codifica a proteina 6culo-cutaneo Il) (Eiberg & Mohr, 1987; Eiberg
& Mohr, 1996; Posthuma et al., 2006), que também j& havia sido ligado previamente com o
albinismo. Esses dois exemplos ilustram uma pequena porgdo do que vem sendo descrito
nesta esfera de interesse, cujos resultados ja estdo sendo utilizados em pequena escala no
nivel forense. Portanto, a habilidade de se predizer caracteristicas fisicas de um individuo

diretamente a partir do material encontrado em uma cena de crime é algo bastante promissor.

Acredita-se que de todas as nossas caracteristicas visiveis externamente (além do sexo),
os tragos de pigmentagédo, particularmente cor dos olhos e cabelos, sejam os mais promissores
para predicdo de fendtipos com uso do DNA (Branicki et al., 2007; Branicki et al., 2009;
Mengel-From et al., 2009; Liu et al., 2009; Mengel-From et al., 2010; Walsh et al., 2011a;
Walsh et al., 2011b; Branicki et al., 2011; Spichenok et al., 2011; Walsh et al., 2012; Ruiz et

al., 2013; Draus-Barini et al., 2013). Em 2001 ocorreu a publicagdo do primeiro exemplo de




um teste de predicdo de fenétipo para uso da inteligéncia policial em investigagdes criminais
(Grimes et al., 2001). O estudo descreve um protocolo de minisequenciamento multiplex para
varredura rapida de amostras de DNA para presenga de 12 variantes do gene MC1R. Numa
outra investigacdo realizada por Frudakis et al. (2003), com 754 SNPs em 851 individuos,
foram identificados 61 SNPs associados com cor da iris. Cerca de metade desses SNPs foram
independentemente associados com cor da iris, enquanto o restante foi associado somente se
considerados como parte de um hapl6tipo ou diplétipo (par dipldide do hapl6tipo). Em 2008
foi lancado o livro “Molecular Photofitting”, que descreve o uso de SNPs para inferéncia de
ancestralidade geografica e predicdo de fendtipo no uso da pericia policial e algumas das
analises realizadas para tal fim (Frudakis, 2008). Outros trabalhos tém sido publicados
investigando valores preditivos de varias combinacbes de alelos de SNPs no gene OCA2,
bem como outros (HERC2, SLC45A2/MATP) para cor de olho azul/castanho (Mengel-From
et al., 2010). Detalhes adicionais sobre uso de marcadores genéticos de pigmentagdo para

aplicacdo forense podem ser encontrados em Gehring (2010) e Souza (2012).

Recentemente, pesquisadores do Instituto Erasmus na Holanda, liderados pelo Prof.
Manfred Kayser, fizeram com que a expectativa de se predizer tragos complexos como a
pigmentagdo dos olhos e cabelos se tornasse mais real apos a publicacdo do estudo de Walsh
et al. (2013). Neste estudo foi desenvolvida e avaliada a sensibilidade de um ensaio multiplex
de 24 polimorfismos (23 SNPs e 1 INDEL) em uma Unica reagdo para predi¢do de cor de
olhos e cabelos, utilizando uma quantidade diminuta de DNA (63 picogramas). Este sistema
foi denominado Hlrisplex, sendo o primeiro sistema de predigéo simultanea de cor dos olhos
e cabelos baseados no DNA. Os artigos precursores deste para a criagdo do conjunto de SNPs
preditores de cor dos olhos (Irisplex — Walsh et al., 2011) e posterior acréscimo de um
conjunto de SNPs para predi¢do também de cor de cabelos (Hlrisplex — Walsh et al., 2013)
foram Liu et al. (2009) e Branicki et al. (2011), respectivamente. Portanto, o ensaio HIrisPlex
utiliza 24 polimorfismos de DNA previamente estabelecidos com um valor preditivo sobre a
cor de olhos e cabelos humanos. Os polimorfismos utilizados neste ensaio sdo: N29insA,
rs11547464, rs885479, rs1805008, rs1805005, rs1805006, rs1805007, rs1805009,
Y1520CH, rs2228479, rs1110400 - todos do gene MCL1R; rs12913832 do gene HERC?2;
rs12203592 do gene IRF4; rs1042602 e rs1393350 do gene TYR; rs4959270 do gene EXOC2;
rs28777 e rs16891982 do gene SLC45A2 (MATP); rs683 do gene TYRPL; rs1800407 do gene
OCA2; rs2402130 e 12896399 do gene SLC24A4; rs12821256 do gene KITLG; e o
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rs2378249 do gene ASIP. Os autores deste artigo disponibilizam uma tabela no Microsoft
Excel, onde é possivel inserir os 24 genotipos de um individuo para estes marcadores, e a
partir dai, é gerado um output indicando qual é a mais provavel caracteristica de pigmentacéo

de olhos e cabelos da amostra desconhecida.

Um fato interessante de ser mencionado sobre a predi¢do de caracteristicas fisicas diz
respeito & discussdo ética que o tema suscita. Uma comissdo de Genética Humana do Reino
Unido elaborou um relatério que levanta questdes éticas sobre o uso da informagéo genética
para predizer as caracteristicas de uma pessoa através da analise de DNA. Algumas destas
consideragbes foram mencionadas por Tully (2007) e Schneider (2012). O principal
argumento em favor da fenotipagem forense pelo DNA é que a pigmentacdo da pele, olhos e
cabelos (por exemplo), por serem caracteristicas visiveis externamente, ndo necessitariam de
confidencialidade, uma vez que sdo fenotipos dbvios vistos por qualquer pessoa (Budowle &
Van Daal, 2008). Além disso, a fenotipagem forense (que inclui principalmente o uso de
SNPs) para desvendar caracteristicas de pigmentacéo, sexo, altura, idade, bem como outras
caracteristicas do individuo, é util como um fator investigativo e também como uma poderosa
ferramenta de inteligéncia (Budowle & Van Daal, 2008; e Kayser & Knijff, 2011). Na
realidade, a discussdo € um pouco mais complexa, pois muitos genes de pigmentacdo sdo
também preditores para suscetibilidade ao cancer de pele e outras patologias. Além disso,
qualquer ligacdo entre DNA e caracteres fenotipicos aos olhos do especialista em direito e
legislacdo, porém leigo em genética, pode acarretar uma preocupacdo imediata quanto a
eugenia e outros problemas histéricos de segregacdo decorrentes do mau uso de dados

biol6gicos, pelo menos em sociedades onde o estado-de-direito ndo é plenamente garantido.

Em contrapartida, € bem mais razodvel imaginar que uma prova técnico-cientifica
(perfil do suspeito oriundo de um teste de fenotipagem a partir do DNA coletado na cena de
um crime, por exemplo) é menos sujeita a erros do que o retrato falado originado pela
descricdo subjetiva de testemunhas (Spinney, 2008; Kayser & Schneider, 2009; Kayser &
Knijff, 2011). Neste aspecto, pode-se antever que menos injusticas serdo cometidas e que
menos recursos publicos serdo despendidos na busca de criminosos quando técnicas de
predicdo de fenotipos visiveis estiverem sendo utilizadas na rotina forense. Algo similar ja
aconteceu nos EUA visto que nos ultimos 38 anos nada menos do que 138 pessoas tiveram

suas penas de morte revertidas apOs terem sua inocéncia comprovada através de provas




geradas com testes de DNA (http://www.innocenceproject.org/;
http://veja.abril.com.br/noticia/internacional/eua-falhas-na-justica-fazem-a-pena-de-morte-

perder-forca).

Para finalizar é importante destacar que muitos obstaculos técnicos estdo sendo
superados para que a predicdo fenotipica para uso forense seja um fato, e que os aspectos
éticos e legais relacionados ao tema devem sempre ser discutidos e avaliados por foruns

especializados e pela sociedade civil.




2. JUSTIFICATIVAS E OBJETIVOS
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2.1 Justificativas

Atualmente estamos diante do enorme desafio de conseguir superar as dificuldades na
utilizacdo dos complexos e crescentes bancos de dados publicos de informagdes genéticas. A
exploragdo destas bases de dados (HAPMAP, NCBI, ENSEMBL, UCSC, CEPH) que
disponibilizam informag®es gratuitas sobre sequéncias e variantes genéticas relacionadas com
caracteristicas normais e patoldgicas humanas pode trazer enormes beneficios para a
comunidade cientifica, desde que corretamente analisadas. Precisamos deste modo, romper
barreiras e montar estratégias e metodologias capazes de responder questdes biologicas
especificas e solucionar desafios do mundo contemporaneo utilizando estes bancos. Parte dos
resultados do presente trabalho se relaciona com a exploragédo destes dados e sua aplicacéo

para atingir os objetivos propostos.

Além disso, a presente tese também buscou obter dados originais visto que a cor da
pele, olhos e cabelos séo bastante diferentes em Africanos, Europeus e Nativo-americanos,
bem como em populagdes originarias a partir de distintas dindmicas de mesticagem que
envolveram individuos pertencentes a estes trés grupos continentais. Evidéncias cientificas
indicam que grupos geogréficos diferentes apresentam distintos conjuntos de variantes em
genes da rota da pigmentagdo, como mencionado anteriormente. Deste modo, uma das
principais justificativas para o desenvolvimento desta tese é o fato de que ainda s&o poucos 0s
estudos que tém como foco populagdes miscigenadas. Diante desta questdo, esta tese
pretende expandir as analises em populacfes de estados brasileiros com diferentes histdricos
de colonizacdo e mesticagem (predominantemente Bahia e Rio Grande do Sul). Em
populacBes como estas, espera-se que variantes-causais de algumas caracteristicas ocorreréo
mais frequentemente em segmentos cromossdmicos herdados a partir de um ou de outro
grupo parental. Além disso, tais variantes podem estar em desequilibrio de ligacdo com
outros alelos funcionais desconhecidos que sdo mais freqlientes ou mesmo exclusivos no
background genético de um determinado grupo populacional, mas ndo em outro. Neste
contexto, a utilizacdo de populagdes miscigenadas pode agregar valor e aumentar o nivel de
acurdcia das informagBes sobre relacdo gendtipo-fenétipo e o quanto estas podem ser

universais ou populagéo-especifica.




Os dados descritos aqui possuem relevancia médica, evolutiva e forense. Médica
porque os estudos de variantes polimorficas que explicam parte da variabilidade genética
normal também podem explicar aspectos patologicos de doencas humanas. Na verdade, sabe-
se que um aspecto importante para o entendimento da genética de doengas complexas é
entender inicialmente como 0s genes e suas variantes estdo relacionados com a varibilidade
normal. Isso se aplica muito bem ao estudo da pigmentacdo humana, uma vez que ja se
conhece que a suscetibilidade a vérias patologias (cancer de pele, por exemplo) estaria

associada a alelos associados com a variabilidade normal.

A segunda importante implicacéo é com relagdo aos aspectos evolutivos. A diversidade
da pigmentacdo humana tem sido associada a pressoes seletivas diversas vivenciadas pelos
humanos modernos apds sua saida da Africa. Hoje, com as publicagdes dos genomas de
hominineos extintos, Homo neanderthalensis e o espécime de Denisova (homininio asiatico
com taxonomia ainda ndo definida; Green et al., 2010; Reich et al., 2010), ¢é possivel explorar
a similaridade destes com relacdo aos humanos modernos no que diz respeito a uma série de
tracos de interesse. Além disso, é possivel também predizer como estes hominineos seriam no

que concerne as suas caracteristicas fisicas.

Finalmente, com relagdo aos aspectos forenses (a terceira e Ultima implicacdo de um
estudo como este), é esperado que se possa melhorar o entendimento dos fatores envolvidos
na relagdo genotipo-fendtipo da pigmentacdo humana em populagbes mestigas, a fim de que
esses dados possam auxiliar na predicdo de caracteristicas visiveis externamente para fins
investigativos policiais, minimizando a possibilidade de falsos acusamentos em processos

criminais.




2.2 Objetivos

1) Averiguar se as variantes encontradas estdo associadas com tracos fenotipicos
relacionados com pigmentacdo de pele, olhos e cabelos na amostra oriunda da nossa
populagdo miscigenada;

2) Estimar as frequéncias génicas nos polimorfismos ADAM17rs1524668,
AFG3L1rs4785763, ASIPrs6058017, HERC2rs1129038, MC1Rrs1805009,
MC1Rrs1805008, MC1Rrs1805007, OCA2rs1800407, OCAZ2rs1800401,
OCAZ2rs1800414, SLC24A5rs1426654, SLCA45A2rs6867641, SLCA5A2rs26722,
SLC45A2rs16891982, TPCN2rs3750965, TPCN2rs3829241, TYRrs1042602 e
TYRrs1126809 em amostras oriundas de dois estados brasileiros (Bahia e Rio grande
do Sul), bem como descrever os possiveis efeitos dos alelos analisados;

3) Utilizar banco de dados publicos para explorar as informag@es pertinentes na area da
genética da pigmentacdo, e tentar estabelecer um método de predi¢do de fenotipos a

partir destas informagoes.

&



3. RESULTADOS

Os resultados serdo apresentados na forma de artigos cientificos j& publicados, em processo

de reviséo ou em fase final de preparacéo para submissao.
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3.1. CAPITULO |

“Predicting Homo pigmentation phenotype through genomic data: from Neanderthal to James
Watson”

(Artigo Publicado na revista American Journal of Human Biology, 24:705-709, 2012)
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Stort Report

AMERICAN JOURNAL OF HUMAN BIOLOGY 24:705-708 (2012)

Predicting Homo Pigmentation Phenotype Through Genomic
Data: From Neanderthal to James Watson

CAIOC. 8. CERQUEIRA, VANESSA R, PAIXAO-CORTES, FRANCIS M. B. ZAMBRA, FRANCISCO M. SALZANO,

TABITA HUNEMEIER, ano MARTA-CATIRA BORTOLINT

Programa de Pos-Graduagdo em Genética e Biologia Molecular and Departamento de Genética, Instituto de Biociéncias,
Universidade Federal do Rio Grande do Sul, Caixa Postal 15053, 91501-970 Porto Alegre, RS, Brazil

Background: Human pigmentation is regulated by several genes acting at different stages of melanin formation.
Functional and association studies have elucidated the role of several of these genes in pigmentation phenotypes.
Forensic and evolutionary studies can benefit from this knowledge.

Objectives:

To evaluate the reliability of the prediction of pigmentation phenotypes using a large database of

genetic markers in individuals with known phenotypes; and from this try to predict the pigmentation phenotype of pre-
historic Homo specimens and of contemporary individuals whose visible phenotypes are not known.

Methods:

We compared predicted and observed phenotypic data through an analysis of 124 single nucleotide poly-

morphisms in 33 genic and seven intergenic regions of 30 subjects, five of them prehistoric, whose complete nuclear
genomes are available in UCSC and PSU UCSC public databases.

Results: For the molecular predicted versus observed phenotypes, the percentage of agreement was as follows:
freckles: 91; skin: 64; hair: 44; eyes: 36; total: 59; while the molecular predicted versus probable (no visible observation
available; inferences based on ethnic population characteristics) it was, respectively, 83, 60, 42, 67, and 63. The differ-
ence between two sets is statistically nonsignificant (P = 0.75).

Conclusion: To our knowledge, this is the first article to examine the effect of a large number of genetics markers
for phenotype prediction. The approach could be useful for forensic applications, as well as for the determination of

possible phenotypes of extinct prehistoric individuals. Am. J. Hum. Biol. 24:705-709, 2012.

BACKGROUND

Extensive studies have identified several genes related
with human pigmentation phenotypes (Baxter et al., 2009;
Branicki et al., 2011; Nan et al., 2009; Norton et al., 2007,
Spichenok et al., 2011; Sulem et al.,, 2008). These genes
include transcription factors, melanogenesis, stabilization,
and transport of enzymes during melanin synthesis, mem-
brane and structural proteins, melanosome maintenance,
expression of different melanin types, and several kinds of
receptors and their ligands (Stinchcombe et al., 2004).
Regardless of the amount of studies already published, we
are still far from understanding the complex relationship
between genotype and human pigmentation.

The recent availability of genotype/phenotype and
whole genome databases enables an increase in the use of
molecular markers (e.g., SNPs) to estimate externally
visible characteristics (Kayser and Schneider, 2009).
Today, the amount of information available can allow
researchers to reconstruct a “molecular photofitting” from
the DNA samples (Bouakaze et al., 2009; Frudakis, 2008;
Walsh et al., 2011a). Pigmentation-related genes can be
useful in several areas beyond forensic sciences. This
approach makes possible estimates of possible phenotypes
from early hominids, as well their diversity, rescuing
human evolutionary history through previously described
phenotype markers (Lalueza-Fox et al., 2007).

Here, we compared predicted and observed pheno-
typic data through an analysis of 124 single nucleotide
polymorphysms in 33 genic and seven intergenic
regions of 11 subjects whose personal complete
genomes are available in public databases, of five hom-
inids (three Homo neanderthalensis, the Denisova and
one paleo-Eskimo specimens) plus 14 additional anony-

©2012 Wiley Periodicals, Inc.

@ 2012 Wiley Periodicals, Ine.

mous individuals from the main geographical areas of
human extant groups whose DNA was also completely
sequenced.

METHODS
Genotype datasets

We selected from the literature 124 single nucleotide
polymorphisms associated with pigmentation located in
33 genes and seven intergenic regions (Supporting Infor-
mation Table 1). Afterward, the UCSC (http:/genome.
ucsc.edw'cgi-bin‘hgGateway - NCBI36/hgl8) and PSU
UCSC (http:/main.genome-browser.bx.psu.edw/cgi-bin/
hgGateway - NCBI36/hg18) databases were accessed and
the genotype data of 11 individuals (1-11; Tables 1 and 2)
who have their complete genome sequence and public pho-
tography available were considered. We also recovered,
for the same SNPs, genotypes of five extinct hominids
plus 14 anonymous individuals (12-30; Tables 1 and 2)
from different ethnic groups of Africa, Asia, Europe, New
Guinea, Melanesia and America (Supporting Information
Tables 2 and 3). For these 19 individuals, we did not have
phenotype information available.

Additional Supporting Information may be found in the online version
of this article.
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General information about the SNPs used (e.g., synony-
mous or nonsynonymous, intron or exon, base variation,
ancestral alelle) was provided by NCBI, entrez SNP
(http://'www.ncbi.nlm.nih.gov/SNP/) and Ensembl (http://
www.ensembl.org/index.html).

Phenotype prediction

We considered 18 phenotypic characteristics (Table 1)
in those 30 individuals with public complete nuclear
genomic information. One way to predict characteristics
of multifactorial inheritance, based on genetic markers, is
to consider additive allele effects. Based on this premise,
we conducted the following analysis to determine which
phenotype is suggested by the number of homozygous
genotypes surveyed in the 124 SNPs. This is a conserva-
tive approach, since only homozygous effects were used
for the prediction, as adopted by Spichenok et al. (2011).
Markers in heterozygosis were excluded from the analysis
because it is unclear the relationship which one allele has
over the other (e.g., dominance, co-dominance, incomplete
dominance). The function of each allele for the characteri-
zation of possible phenotype was investigated in the
articles found in the scientific literature (Supporting
Information Table 4). In the polymorphisms which had a
functional information associated to an allele, we consid-
ered the opposite effect to exist for the other allele of the
SNP in question (for example, in a SNP that changes a G
to a T, if the G allele was associated with “Blue eyes,” we
considered that the T allele would lead to “Not-blue eyes”).

To check for the consistency of the predicted phenotype
information, we compared the real with the predicted phe-
notype for the 11 subjects from whom we had phenotype
information. When anonymous individuals of the different
ethnic groups were considered, we assigned their pheno-
types considering the average phenotypes of their popula-
tions and also compared them with the phenotypes
predicted by molecular markers. The two approaches
were then compared using the ¢ test (a = 0.05).

RESULTS AND DISCUSSION

The number of homozygous SNPs genotypes signifi-
cantly associated with the nine dichotomous characteris-
tics of skin, hair and eye considered range from 13 in
James Watson (CSHL) to 109 for the Denisova hominid
(Table 1). These results were then incorporated to estab-
lish the phenotypes of the 30 subjects.

Table 2 lists the predicted versus observed phenotypes
for 11 and predicted versus probable phenotypes for the
remainder subjects. We verified that, for some characteris-
tics in few situations, there was a difference of only one
homozygote for the assignment of having or not having
the trait in question (# in Table 2). These cases should be
considered with caution, although they are similar to
those which occur when a probability of P = 0.049 is
obtained in a genetic association study.

The percentage of agreement varied in the two kinds of
comparisons. For the observed versus molecular predicted
phenotypes (subjects 1-11) they were (in percentages) as
follows: freckles: 91 (10 agreements/11 comparisons; more
details in Table 2 footnotes); skin: 64; hair: 44; eyes: 36;
total: 59; while the molecular predicted versus probable
(inferences based on ethnic population characteristics;
subjects 16-29) it was, respectively, 83, 60, 42, 67, and 63.

American Journal of Human Biology

The difference between the two sets is small and statisti-
cally nonsignificant (P = 0.75). The level of prediction
obtained from population inferences, therefore, did not
differ from that obtained when the individual phenotype
is known.

Our numbers are similar with some obtained in previ-
ous studies. For instance, Walsh et al. (2011b) found high
concordance for blue eyes, but lower values for intermedi-
ate colors. Our data showed 100% agreement for blue, but
less concordance for brown or green eyes. Intermediate
colors, like green, apparently have a more complex type of
inheritance and it is more difficult to categorize them phe-
notypically. On the other hand, Spichenok et al. (2011),
analyzing just seven SNPs, obtained a very low error rate
for both eye and skin colors. Although they used a differ-
ent methodology from that used here, and also of those
used by Walsh et al. (2011b), the small error rate observed
in this study is intriguing.

The archaic hominid and Paleo-Eskimo phenotypes can-
not be validated because they are extinct, so that only
speculations can be made (subjects 12-15, 30; Tables 1
and 2). Lalueza-Fox et al. (2007) found a MCIR gene vari-
ant (R307G) in two Neanderthals from Italy and Spain,
which could determine pale skin and/or red hair as
observed in modern humans. This variant was not present
in one of the Neanderthals studied here (Vi33.26, the only
one in whom this genomic region was available), and was
also absent in the Denisova specimen. Our results indi-
cated that they could had darker skin and red or brown
hair (Table 2), suggesting a probable variability in these
traits among archaic hominids.

To our knowledge, this is the first article to examine the
additive effect of a large number of genetic markers in
individuals with available complete nuclear genome
sequence, to predict their phenotypes. Our methods and
results showed a reasonable predictive value (hit average
rate of ~60%), although their application still requires
additional studies, since there are several genes whose
role in pigmentation should be better understood. For
instance, epistasis, or markers involved in a pigmentation
feature in one population but not in another, as well as
other confounding factors, may hamper the interpretation
of results.
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Supporting Information Table 1. Characteristics of the SNPs studied in 33 genes and 7 intergenic regions

N° Region Chr. Position SNPs ID Mutation Type Ancestral
Allele
SLC45A2 (MATP) 5pl13.3 chr5:33,999,627-33,999,627 rs26722 Glu272Llys - G>A NS G
SLC45A2 (MATP) 5pl13.3 chr5:34,021,614-34,021,614 rs6867641 CT nearGene-5 C
IRF4 6p25.3 chr6:341,321-341,321 rs12203592 CT Intron c
TPCN2 11g13.2 chr11:68,611,939-68,611,939 rs3829241 Gly734Glu - G>A NS G
TPCN2 11g13.2 chr11:68,596,736-68,596,736 rs3750965 Lys376Arg - A>G NS A
TPCN2 11q13.2 chr11:68,602,975-68,602,975 rs35264875 Met484Leu - A>T NS A
TPCN2 11g13.2 chr11:68,585,505-68,585,505 rs896978 T Intron Cc
TYR 11q14.3 chr11:88,551,344-88,551,344 rs1042602 Serl92Tyr - C>A NS C
TYR 11q14.3 chr11:88,657,609-88,657,609 rs1126809 Argd02GIn - G>A NS G
TYR 11q14.3 chr11:88,650,694-88,650,694 rs1393350 G>A Intron G
SLC24A4 14qg32.12 chr14:91,870,956-91,870,956 rs2402130 G>A nd G
OCA2 15q12 chrl5:25,685,246-25,685,246 rs1498519 C>A Intron C
0CcA2 15g13.1 chr15:25,870,632-25,870,632 rs1800414 His615Arg - A>G NS A
0CA2 15q13.1 chr15:25,903,913-25,903,913 rs1800407 Argd19GIn - G>A NS G
0CA2 15g13.1 chr15:25,933,648-25,933,648 rs1800401 Arg305Trp - C>T NS C
0CA2 15g13.1 chr15:26,017,833-26,017,833 rs7495174 G>A Intron G
0CA2 15g13.1 chr15:26,012,308-26,012,308 rsd778241 A>C Intron A
0CA2 15q13.1 chr15:26,009,415-26,009,415 rs4778138 G>A Intron G
0CA2 15g13.1 chr15:25,830,854-25,830,854 rs1584407 C>A Intron Cc
0CcA2 15g13.1 chr15:25,855,576-25,855,576 rs2703952 A>C Intron A
0CA2 15q13.1 chr15:25,858,633-25,858,633 rs2594935 A>G Intron A
OCA2 15g13.1 chrl5:25,873,448-25,873,448 rs728405 G>T Intron G
O0CA2 15g13.1 chr15:25,890,452-25,890,452 rs1448488 A>G Intron A
0CcA2 15g13.1 chr15:25,894,733-25,894,733 rsd778220 A>G Intron A
OCA2 15q13.1 chr15:25,962,343-25,962,343 rs7170869 G>A Intron G
OCA2 15g13.1 chrl5:25,861,367-25,861,367 rs1545397 A>T Intron A




Supporting Information Table 1. Cont

N° Region Chr, Position SNPs ID Mutation Type Ancestral
Allele
7 HERC2 15g13.1 chr15:26,030,454-26,030,454 rs1129038 G>A 3'UTR G
HERC2 15g13.1 chr15:26,039,213-26,039,213 rs12913832 A>G Intron A
HERC2 15g13.1 chr15:26,203,777-26,203,777 rs1667394 G>A Intron G
HERC2 15g13.1 chr15:26,189,679-26,189,679 rs8039195 C>T Intron ¢
HERC2 15g13.1 chr15:26,039,328-26,039,328 rs7183877 C>A Intron C
HERC2 15g13.1 chr15:26,208,861-26,208,861 rs1635168 T>G Intron T
HERC2 15g13.1 chr15:26,162,483-26,162,483 rs8028689 C>T Intron C
HERC2 15g13.1 chr15:26,199,823-26,199,823 rs16950987 A>G Intron A
HERC2 15g13.1 chr15:26,186,959-26,186,959 rs916977 A>G Intron A
HERC2 15g13.1 chr15:26,037,654-26,037,654 rs7494942 A>G Intron A
HERC2 15g13.1 chr15:26,047,607-26,047,607 rs3935591 A>G Intron A
HERC2 15g13.1 chr15:26,101,581-26,101,581 rs7170852 T>A Intron T
HERC2 15g13.1 chr15:26,126,810-26,126,810 rs2238289 C>T Intron 1
HERC2 15g13.1 chr15:26,167,797-26,167,797 rs2240203 G>A Intron G
HERC2 15g13.1 chr15:26,167,627-26,167,627 rs2240204 C>T Intron 1
HERC2 15g13.1 chr15:26,194,101-26,194,101 rs16950979 A>G Intron A
SLC24A5 (NCKX5) 15g21.1 chr15:46,213,776-46,213,776 rs1426654 AlalllThr- G>A NS G
MCIR 16q24.3 chr16:88,513,618-88,513,618 rs1805007 Argl51Cys - C>T NS C
MCIR 16g24.3 chr16:88,513,645-88,513,645 rs1805008 Argl60Trp - C>T NS c
MCIR 16q24.3 chr16:88,509,859-88,509,859 rs3212346 A>G nearGene-5 A
MCIR 16g24.3 chr16:88,513,655-88,513,655 rs885479 Argl63Gin - G>A NS G
10 DPEP1 16qg24.3 chr16:88,219,799-88,219,799 rs164741 T>C Intron T
11 C16orf55 16q24.3 chr16:88,253,985-88,253,985 rs7188458 G>A Intron G
C16orf55 16q24.3 chr16:88,258,328-88,258,328 rs459920 T>C Intron T




Supporting Information Table 1. Cont

N° Region Chr. Position SNPs ID Mutation Type Ancestral
Allele
12 ZNF276 16q24.3 chrl16:88,322,986-88,322,986 rs7204478 T>C Intron T
ZNF276 16g24.3 chr16:88,317,399-88,317,399 rs6500437 Trpl88Arg - T>C NS T
ZNF276 16g24.3 chr16:88,332,762-88,332,762 rs1800359 C>T 3'UTR C
13 ZNF778 16q24.3 chrl6:87,821,940-87,821,940 rs9921361 GIn553His - G>T NS G
14 PRDM7 16g24.3 chr16:88,657,637-88,657,637 rs2078478 CT nearGene-5 nd
PRDM7 16g24.3 chr16:88,668,978-88,668,978 rs7196459 G>T Intron G
15 ACSF3 16g24.3 chr16:87,733,984-87,733,984 rs12599126 C>T Intron C
16 ANKRD11 16g24.3 chr16:87,913,062-87,913,062 rs2353033 T Intron C
ANKRD11 16g24.3 chrl6:87,871,978-87,871,978 rs1466540 T Intron C
ANKRD11 16g24.3 chr16:87,880,179-87,880,179 rs2353028 G>A Intron G
ANKRD11 16q24.3 chrl6:87,882,779-87,882,779 rs2306633 A>G Intron A
ANKRD11 16q24.3 chrl6:87,901,208-87,901,208 rs3096304 G>A Intron G
ANKRD11 16g24.3 chr16:87,914,309-87,914,309 rs889574 C>T Intron C
ANKRD11 16g24.3 chr16:88,044,113-88,044,113 rs2965946 C>T Intron C
17 SPG7 16q24.3 chrl6:88,131,087-88,131,087 rs382745 T 3'UTR C
18 CPNE7 16g24.3 chr16:88,171,502-88,171,502 rs455527 Phe77Lleu - T>C NS T
CPNE7 16q24.3 chrl6:88,176,081-88,176,081 rs352935 G>A Intron G
CPNE7 16g24.3 chr16:88,183,752-88,183,752 rs464349 T>C Intron T
19 CHMP1A 16q24.3 chrl6:88,240,390-88,240,390 rs460879 T Intron C
20 CDK10 16g24.3 chr16:88,283,404-88,283,404 rs258322 CT Intron C
CDK10 16g24.3 chr16:88,281,756-88,281,756 rs258324 C>A Intron c
CDK10 16g24.3 chrl6:88,279,695-88,279,695 rs3751700 G>A nearGene-5 G
CDK10 16g24.3 chr16:88,289,911-88,289,911 rs1946482 T>C nearGene-3 T
21 SPATAZL 16g24.3 chr16:88,292,050-88,292,050 rs3751695 Phel56Phe - C>T S C
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22 FANCA 16g24.3 chr16:88,363,824-88,363,824 rs7195066 Asp809Gly - A>G NS A
FANCA 16qg24.3 chr16:88,342,308-88,342,308 rs8058895 T=C Intron T
FANCA 16g24.3 chr16:88,342,319-88,342,319 rs2011877 AsC>T Intron A
FANCA 16q24.3 chr16:88,376,981-88,376,981 rs2239359 Ser501Gly - A>G NS A
FANCA 16q24.3 chr16:88,378,534-88,378,534 rs16966142 T Intron C
FANCA 16q24.3 chr16:88,397,262-88,397,262 rs1800286 G>A Intron G
FANCA 16q24.3 chr16:88,403,211-88,403,211 rs11861084 C>A Intron C
23 SPIRE2 16q24.3 chrl16:88,447,526-88,447,526 rs8060934 C>T Intron C
SPIRE2 16g24.3 chr16:88,462,387-88,462,387 rs3803688 T=C Intron T
24 TCF25 16q24.3 chr16:88,499,917-88,499,917 rs2270460 G>T Intron G
25 CENPBD1 16q24.3 chr16:88,565,329-88,565,329 rs4785755 Thrig8lle - C>T NS C
26 DBNDD1 16g24.3 chr16:88,607,035-88,607,035 rs8059973 G>A Intron G
DBNDD1 16g24.3 chr16:88,612,062-88,612,062 rs11648785 CT Intron C
27 GAS8 16q24.3 chr16:88,615,938-88,615,938 rs2241039 T=C nearGene-5 T
GAS8 16q24.3 chr16:88,632,834-88,632,834 rs3785181 G>A Intron G
GAS8 16q24.3 chr16:88,638,451-88,638,451 rs1048149 T 3'UTR E
28 AFG3L1 16g24.3 chr16:88,594,437-88,594,437 rs4785763 A=C Pseudogene A
AFG3L1 16g24.3 chr16:88,571,529-88,571,529 rs4408545 T Pseudogene C
29 DYNLRB1 20q11.22 chr20:32,592,825-32,592,825 rs2281695 T=C nearGene-3 T
30 PIGU 20q11.22 chr20:32,650,141-32,650,141 rs2378199 T=C Intron T
PIGU 20g11.22 chr20:32,681,751-32,681,751 rs2378249 A>G Intron A
31 NCOAs 20g11.22 chr20:32,815,525-32,815,525 rs6060034 (&) Intron C
NCOA6 20g11.22 chr20:32,828,245-32,828,245 rs6060043 T=C Intron T
32 EIF6 20g11.22 chr20:33,331,111-33,331,111 rs619865 G>A Intron G
33 Asip 20g11.22 chr20:32,320,659-32,320,659 rs6058017 G>A 3'UTR G
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1 Intergenic regions 6p25.3 chr6:379,364-379,364 rs9328192 A>G - A
6p25.3 chr6:394,358-394,358 rs9405681 C>T - C
6p25.3 chr6:402,748-402,748 rs4959270 C>A - C
6p25.3 chr6:362,727-362,727 rs9378805 A>C - A
6p25.3 chr6:411,033-411,033 rs1540771 G>A - G
2 Intergenic regions 11g13.2 chr11:68,690,473-68,690,473 rs1011176 G>A - G
11g13.2 chrl1:68,623,490-68,623,490 rs2305498 C>T - C
3 Intergenic regions 12g21.33 chr12:87,852,466-87,852,466 rs12821256 T=C - T
4 Intergenic regions 14g32.12 chr14:91,828,198-91,828,198 rs8016079 G>A - G
14g32.12 chrl4:91,834,272-91,834,272 rs4904864 G>A - G
14g32.12 chrl4:91,850,754-91,850,754 rs4904868 T>C - T
14g32.12 chr14:91,843,416-91,843,416 rs12896399 G>T - G
5 Intergenic regions 15g11.2 nd rs438702 G>A - nd
Intergenic regions 16g24.3 chrl16:87,580,066-87,580,066 rs9932354 C>A - C
16g24.3 chrl6:87,584,526-87,584,526 rs11076747 G>A - G
16g24.3 chrl6:87,855,978-87,855,978 rs4785648 A>G - A
16g24.3 chr16:88,098,136-88,098,136 rs4347628 C>T - C
16g24.3 chrl6:88,268,997-88,268,997 rs12443954 G>A - G
16g24.3 chrl16:88,596,560-88,596,560 rs9936896 C>T - C
16g24.3 chr16:88,640,608-88,640,608 rs4785612 C>A - C
16g24.3 chrl6:88,586,247-88,586,247 rs7201721 A>G - A
16g24.3 chr16:88,578,190-88,578,190 rs4238833 G>T - G
7 Intergenic regions 20q11.22 chr20:32,248,873-32,248,873 rs6119471 G>C - G
20g11.22 chr20:32,202,273-32,202,273 rs1015362 A>G - A
20g11.22 chr20:32,193,105-32,193,105 rs4911414 G>T - G

- =non-applicable; A= Adenine; ACSF3 = acyl-CoA synthetase family member 3; AFG3L1 = ATPase family gene 3 like 1 (Yeast); Ala = alanine; ANKRD11 = ankyrin repeat domain 11; Arg = arginine; ASIP = agouti signaling protein; Asp =
aspartic acid; C= Cytosine; C160rf55 = chromosome 16 open reading frame 55; COK10 = cyclin-dependent kinase 10; CENPBD1 = CENPB DMA-binding domains containing 1; CHMPLA = chromatin modifying protein 14; CPNE7 = copine WII;
Cys = cysteine; DBNDDI = dysbindin {dystrobrevin binding protein 1) domain containing 1; DPEP] = dipeptidase 1; DYNLRB1 = dynein, light chain, readblock-type 1; EIF6 = eukaryotic translation initiation factor 6; FANCA = Fanconi anemia,




complementation group A; G= Guanine; GASS = growth arrest-specific 8; Gln = glhitamine; Glu = glutamic acid; Gly = glycine; HERC2 = hect domain and RLD 2; His = histidine; lle = soleucine; IRF4 = interferon regulatory factor 4; Leu =
leucine; Lys = lysine; MATP = membrane associated transporter protein; MCLR = melanocortin 1 receptor; Met = methionine; NCKX5= Na/Ca/K exchanger 5; NCOAB = nuclear receptor coactivator 6; nd = non-determined; NS = non-
synonymous; 0CA2 = oculocutaneous albinism Il; Phe = phenylalaning; PIGU = phosphatidylinositol glycan anchor biosynthesis, class U; PRDM7 = PR domain containing 7; 5 = synonymous; Ser = serine; SLC24A4 = solute carrier family 24,
member 4; SLC24A5 = solute carrier family 24, member 5; SLCASA2 = solute carrier family 45 member 2; SPATAZL = spermatogenesis associated 2-like; SPGT = spastic paraplegia 7; SPIRE2 = spire homolog 2 [Drosophila); T= Timine; TCF25
= transcription factor 25; Thr = threonine; TPCN2 = two pore segment channel 2; Trp = tryptophan; Tyr = tyrosine [amino acid); TYR = tyrosinase; UTR = untranslated region; ZNF276 = zinc finger protein 276; ZNF778 = zinc finger protein
778,
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Supporting Information Table 2. Genotypes of individuals 1 to 11 searched for pigmentation SNPs in the UCSC and PSU/UCSC databanks

Subjects

Region SNPs ID

1 2 3 4 5 6 7 8 9 10 11
SLCA5A2 (MATP) rs26722 nd nd G/A G/A nd nd nd nd nd nd nd
SLC45A2 (MATP) rsbB67641 nd nd C nd /T C nd nd T nd C
IRF4 rs12203592 o nd nd nd i) i T nd nd nd nd
TPCN2 rs3829241 G/A nd G/A G/A A G/A G/A GfA nd A G/A
TPCN2 rs3750965 G nd nd nd nd A/G AfG AJG nd nd A/G
TPCN2 rs35264875 nd nd nd nd nd nd nd nd AT nd nd
TPCN2 rs896978 nd nd nd CIT nd T C/T nd nd nd c/T
TYR rs1042602 C/A nd nd nd A nd C/A nd nd nd nd
TYR rs1126809 nd G/A nd G/fA nd nd nd nd A nd nd
TYR rs1393350 nd G/A nd G/ nd nd nd nd nd G/A A
SLC24A4 rs2402130 G/A A A G/A A G/A G/A A nd A G/A
OCA2 rs1498519 nd C/A nd nd nd nd nd nd A nd C/A
ocA2 rs1800414 nd nd nd nd nd nd nd nd nd nd nd
ocaz2 rs1800407 nd nd nd nd nd nd nd nd nd nd nd
ocA2 rs1800401 nd nd nd nd nd nd nd nd nd nd nd
ocA2 rs7495174 nd nd nd nd nd G/A G nd nd nd nd
ocAaz rsd778241 AfC C AfC AfC c AfC nd C C C AfC
0CA2 rsd778138 nd nd G/A nd nd G G nd nd G/A G/A
0cA2 rs1584407 nd nd A A A C/A C/A nd nd C/A C/A
ocA2 rs2703952 nd nd nd nd nd nd AfC nd nd nd AfC
OCA2 rs2594935 nd nd nd A nd AfG AfG AJG nd nd A/G
ocA2 rs 728405 nd T nd G/T nd GfT G/T nd nd nd
ocAz rs1448488 AfG A nd AlG A/G nd A A/G
ocaz2 rsd778220 nd A A A ASG A nd AG
ocA2 rs7170863 nd nd Gfa nd G nd nd nd G/A
OCA2 rs1545397 nd nd nd BT nd nd nd AT nd nd nd




Supporting Information Table 2. Cont

Region SNPs ID Subjects

1 2 3 4 [ T 8 9 10 11
HERC2 rs1129038 A A nd nd A nd nd A A A A
HERC2 rs12913832 AfG G nd nd nd nd G G nd
HERC2 rs1667394 A A nd nd nd nd A A G/A
HERC2 rs8039195 T T nd T oT nd T T T T
HERC2 rs7183877 nd nd nd A nd nd nd nd nd nd nd
HERC2 rs1635168 T/G G G G G T/G nd G G G G
HERC2 rsB028689 nd nd nd nd nd o nd nd nd nd
HERC2 rs16950987 nd nd nd nd nd A/G A nd nd nd nd
HERC2 rs916977 G nd nd nd nd G G A/G G
HERC2 rs7494942 AJG nd nd nd G ASG G
HERC2 rs3535591 G nd G AlG nd G G G G
HERCZ rs7170852 A nd nd T/A nd A A
HERC2 rs2238289 nd nd nd C nd oT nd nd nd nd
HERC2 rs2240203 nd nd nd nd nd GfA G nd nd nd nd
HERC2 rs2240204 nd nd nd nd nd oT c/T nd nd nd nd
HERC2 rs16950979 nd nd nd nd nd A/G A/G nd nd nd nd
SLC24A5 (NCKX5) rs1426654 nd nd GfA nd nd G G nd nd nd nd
MCIR rs1805007 nd oT nd nd oT nd nd nd nd nd nd
MCIR rs1805008 nd nd nd nd nd nd nd C/T nd nd nd
MCIR rs3212346 AJG nd nd AJG nd A A AJG nd nd nd
MCIR rs885479 nd nd A nd nd nd nd nd nd nd nd
DPEP1 rs164741 T/C T/C nd C T/C T/C T/C T/C C C c
Cl6orf55 rs7188458 G/A G/A nd G/A G/A G/A A A nd G/A G/A
Cl6orf55 rs459920 nd T/C nd T/C T/C nd nd nd (o T/C T/C
ZNF276 rs7204478 T/C T T nd nd T T T/C nd T/C nd
ZNF276 rs6500437 nd T/C C nd T/C C nd nd T/C nd
ZNF276 rs1800358 nd C C c/T /T C C nd c/T nd
ZNF778 rs9921361 nd nd T T T T G/T T T T T

al
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Region SNPs ID e o

1 2 3 4 5 6 7 8 9 10 11
PRDM7 rs2078478 C/T nd T nd nd nd nd nd nd nd nd
PRDM?7 rs7196459 G/T G G G G G G/T G G G/T
ACSF3 rs12599126 nd /T C/T nd nd c/T nd nd nd nd
ANKRD11 rs2353033 c/r T c/T T c/T nd c/r nd c/r T
ANKRD11 rs1466540 nd c/T nd T T c/T ol ) T nd c/T
ANKRD11 rs2353028 G/A nd A G/A G/A nd nd G/A
ANKRD11 rs2306633 A[G G nd G G AJG AfG G A/G G A/G
ANKRD11 rs3096304 nd nd A nd nd nd A A A G/A
ANKRD11 rs889574 c o /T c/T c c/T /T C
ANKRD11 rs2965946 nd c T T c/T c/T C C
SPG7 rs382745 nd nd c/T nd nd nd oT nd nd nd c/T
CPNE7 rs455527 nd nd nd nd nd nd nd nd nd nd nd
CPNE7 rs352935 nd G/A GfA G/A G/A nd nd nd nd A A
CPNE7 rsd64349 nd T/C C T/C C nd nd C C nd T/C
CHMP1A rs460879 nd o ¥ T cT i T nd nd nd /T
CDK10 rs258322 cr cT nd c cT c/T C c/T
CDK10 rs258324 nd C C C c C
CDK10 rs3751700 G/A nd nd nd nd nd nd nd nd nd nd
CDK10 rs1946482 C nd nd T/C T/C nd nd nd T/C nd nd
SPATAZL rs3751695 C/T nd nd nd nd nd nd nd T nd nd
FANCA rs7195066 AJG AfG A nd nd A A ASG nd nd nd
FANCA rs8058895 nd nd nd nd nd nd nd T/C nd nd nd
FANCA rs2011877 AfC ASCT C nd AjC C C nd nd AJC nd
FANCA rs2239359 A/G nd A/G A/G nd A/G A/G A nd nd A/G
FANCA rs16966142 Cc/T nd /T nd nd nd nd nd nd nd nd
FANCA rs1800286 G/A G/A G/A G G G nd G/A G/A
FANCA rs11861084 c c C/A c/A c nd c/A c/A

.
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Region SNPs ID Subjects
1 2 3 4 5 6 7 8 9 10 11
SPIRE2 rs8060934 nd o nd o o nd aT nd nd T
SPIRE2 rs3803688 T/C nd nd nd T/C nd nd nd nd nd
TCF25 52270460 G/T nd nd nd nd G/T nd nd nd nd nd
CENPBD1 rs4 785755 c/r T G c/T (¥ ) T T c/T
DBNDD1 rsB059973 nd G nd G G G G G nd nd G
DBNDD1 rs11648785 nd T nd nd nd nd nd nd nd nd T
GAS8 rs2241039 T/C T nd nd nd nd nd nd nd T/C
GASS rs3785181 nd nd nd nd nd nd nd nd nd nd
GAS8 rs1048149 o/ o nd nd nd oT c/T oT nd c/T nd
AFG3L1 rs4785763 A/C C A/C C nd AJC A/C A/C A/fC AfC
AFG3L1 rs4408545 nd T nd T c/T nd nd T c/T c/T
DYNLRB1 rs2281695 T/C c T/C c c E C nd c c
PIGU rs2378199 T/C c T/C c C C C C C C
PIGU rs2378249 nd A A/G A A A A A nd A A
NCOAG rs6060034 nd C o C C C C nd C C C
NCOAG rs6060043 T/C T T/C T T T T T T T T
EIF6 rs619865 G/A G G G G G G G G/A G G
ASIP rs6058017 nd nd nd nd nd nd nd nd nd nd nd
Intergenic regions rs9328192 nd nd ASG AlG AfG AlG G AfG nd nd G
rs9405681 nd o/ oT c cfT o/ T T c/T
rs4959270 C/A nd C/A A C/A C/A A C/A nd nd nd
rs9378805 AJC nd aJC nd C AfC nd AfC AJC C
rs1540771 G/A nd G/A A G/A nd G/A G/A nd nd nd
rs1011176 G nd G/A G/A nd G/A G/A G/A nd nd nd
rs2305498 nd nd nd nd nd nd nd nd T nd nd
rs12821256 nd C nd nd nd nd nd nd T/C nd nd

xl
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Region SNPs ID Subjects
1 2 3 4 5 6 7 3 9 10 11
Intergenic regions rs8016079 G/A nd nd nd nd nd nd nd nd nd G/A
rsd904864 nd G/A G G G/A G G/A G/A nd G/A G/A
rs4904868 T/C T/C C T/C T/C T/C C T/C C T/C nd
rs12896399 G/T G/T T G/T G/T G/T G/T G/T G/T nd nd
rsd38702 nd nd nd nd nd nd nd nd nd nd nd
rs9932354 nd nd nd nd nd nd nd A nd nd nd
rs11076747 nd nd nd nd A nd nd A nd nd G/A
rsd785648 AJG G AJG G G G G G G G AG
rs4347628 o nd o nd ) nd nd oT o/ c/T T
512443954 nd nd G nd nd nd G/A G/A nd nd nd
rs9936896 C C/T nd nd nd nd nd cT nd nd nd
rsd785612 /A C/A A A A C/A C/A C/A A /A nd
rs7201721 AfG AJG A A A A A AJG nd A AG
rs4238833 G/T T T i G/T GfT G/T G/T £ G/T G/T
rs6119471 nd nd nd nd nd nd nd nd nd nd nd
rs1015362 nd nd nd nd A/G A/G nd nd nd nd nd
rsd911414 nd G G G G/T G G G G G G

1= James Watson {CSHL); 2= 1. Craig Venter [JCVI); 3= Seong-Jin Kim [SIK, GUMS/KOBIC); 4= Misha Angrist (Personal Genome Project); 5= George Church [Personal Genome Project); 6= Henry Louis Gates Jr. (Personal Genome
Project); 7= Henry Louis Gates Sr. [Personal Genome Project); 8= Rosalynn Gill (Personal Genome Project); 9= Marjolein Kriek (Leiden University Medical Centre); 10= Gregory Lucier (Life Technologies); 11= Stephen Quake
{Stanford); A= Adenine; ACSF3 = acyl-CoA synthetase family member 3; AFG3L1 = ATPase family gene 3 like 1 {Yeast); ANKRD11 = ankyrin repeat domain 11; ASIP = agouti signaling protein; C= Cytasine; CLBorfS5 = chromosome 16
open reading frame 55; COK10 = cyclin-dependent kinase 10; CENPBD1 = CENPE DNA-binding domains containing 1; CHMP1A = chromatin modifying protein 1A; CPNET = copine ViI; DBNDD1 = dysbindin (dystrobrevin binding
protein 1) domain containing 1; DPEPL = dipeptidase 1; DYNLRB1 = dynein, light chain, roadblock-type 1; EIF6 = eukaryotic translation initiation factor 6; FANCA = Fanconi anemia, complementation group &; G= Guanine; GASS =
growth arrest-specific 8; HERC2 = hect domain and RLD 2; IRF4 = interferon regulatory factor 4; MATP = membrane associated transporter protein; MC1R = melanocortin 1 receptor; NCEX5= Na/Ca/K exchanger 5; NCOAB = nuclear
receptor coactivator 6; nd = non-determined; OCA2 = oculocutaneous albinism |I; PIGU = phos phatidylinasitol ghycan anchor biosynthesis, class U; PROM7 = PR domain containing 7; SLC24A4 = solute carrier family 24, member 4;
SLC24A5 = solute carrier family 24, member 5; SLCASAZ = solute carrier family 45 member 2; SPATAZL = spermatogenesis associated 2-like; SPG7 = spastic paraplegia 7; SPIRE2 = spire homaolog 2 (Drosophila); T= Timine; TCF25 =
trarscription factor 25; TPCM2 = two pore segment channel 2; TYR = tyrosinase; ZNF276 = zinc finger protein 276; ZNF778 = zinc finger protein 778,




Supporting Information Table 3. Genotypes of individuals 12 to 30 searched for pigmentation SNPs in the UCSC and PSU/UCSC databanks

Subjects
Region okl 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
SLCA5A2 (MATP) rs26722 nd nd nd nd G G G G G G G G/A G G G nd nd nd nd
SLC45A2 (MATP) re6867641 nd nd C C c/T i T C/G C 5 /T C C C /T & nd
IRF4 512203592 nd C nd C C C/A C € C/A C C C nd nd nd T o
TPCN2 rs3829241 nd nd nd G G/A G G G G G/A G G G nd G G/A A nd G/A
TPEN2 rs3750965 A A A A G A G A A A A G A nd A/G nd nd G nd
TPCN2 rs15264875 A A nd A A A/T/G A A A A A A nd A nd nd nd nd
TPEN2 rs896978 nd nd nd o [oF 2 B o7 § T o7 C c Gt C T nd nd T nd
TYR rs1042602 nd c C C A C e 5 C C c C A nd nd nd nd
TYR rs1126809 nd G G G G G G G G/A G A G G nd nd A nd
TYR rs1393350 nd G G nd G G G G G G G G G G nd nd A nd
SIC24A4 rs2402130 nd G G A A A A G/T G G/A A nd G/A A A A A
ocaz rs1498519 nd C nd % C C C C C C C C C c c nd nd nd nd
ocaz rs1800414 nd A nd A A A A A A A/C A G ASG nd AG  AfG nd nd nd
0cA2 rs1800407 nd nd nd G G G/C G G G G/fC G G nd nd nd nd nd
OCA2 rs1800401 6 C nd C C C C C C c/T C C nd nd nd /T nd
ocaz rs7495174 nd nd nd G A A A A A A G G G nd G G nd G/A
ocaz rsd778241 nd nd nd A C C A A AfC A/C A A AfC nd C nd nd € nd
0CA2 rsd778138 nd G nd nd nd A nd nd G GfA nd G nd Nd G G nd G
OCA2 rs1584407 nd nd nd nd A nd nd C G C/A A s C/A  C/A nd nd
OCA2 rs2703952 nd A A A A AJG A A A A A nd nd nd nd
ocaz 152594935 nd nd nd A G A G AfG A A nd A AG nd AG nd
0CA2 rs728405 nd nd T GT G/T G/T G/T G G nd G/T/A nd T T G
ocAa2 rel448488 A nd nd A AG G A/G AG nd G G G AG nd AJG nd AG
0ocA2 rsd778220 nd A nd nd nd A nd nd A A/G nd A nd nd A A A A nd
ocaz rs7170869 A nd G/A G G G G A G/C nd G/A G G nd G
OCA2 rs1545397 nd nd A T nd A A nd T T T F T nd nd nd

-
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Subjects

Pegien e 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
HERC2 rs1129038 G nd nd G G/A  G/T G G GfT G G CGT @ A nd nd nd A nd
HERC2 rs12913832 A A A A A A A A A A A nd nd G nd
HERC2 rs1667394 nd G nd nd A A nd G A G G nd nd nd G/A nd nd nd
HERC2 rs8039195 nd C nd £ T T CH C 5 cT C C C nd o nd T nd
HERC2 rs7183877 nd C L C C c C C C/A A c /A C/A nd nd nd
HERC2 rs1635168 nd nd T G G T/G G T/G T T/G T/G nd G nd G nd
HERC2 rs&028689 C nd £ T T c/T T aT CcfT nd T cfT G/T nd L nd nd
HERC2 rs16950987 nd A A A nd G nd nd G AfG nd AJG A G nd nd A nd nd
HERC2 rs916977 A nd nd A T/G G A/G A AfG A A G A AJG nd nd
HERC2 rs7494942 nd A nd A G G A A/G/C A/C A G A nd nd nd
HERC2 rs3935591 nd nd nd A G G A/G A A/C AJG A A G G A nd nd G nd
HERC2 rs7170852 T nd T T A T T T T/A T T/G T A T/A nd nd A nd
HERC2 rs2238289 nd nd nd £ T T C T c/T c/T C C C i § Cc /T C/T nd C/T
HERC2 rs2240203 nd nd G G nd A G/A A G/fA GfA G G/A G/AT nd A nd G nd nd
HERC2 rs2240204 T C nd S C C/A c/T C c/T C & c/T C nd c/T nd nd nd
HERC2 rs16950979 nd nd nd A A A AlG A A A A AJG ASG nd A nd nd nd
SLE24A5 (NCKX5) rs1426654 nd nd G G A G G G G G nd G G/A G G G nd G
MCIR rs1805007 nd nd nd c C C C c C C C nd nd nd nd c/T nd
MCIR rs1805008 nd nd nd nd C c/G C c/G c C C C G nd nd nd nd nd nd
MCIR rs3212346 A nd nd A G G nd G G G A AJG nd G nd A/G  AJG nd nd
MCIR rs&85479 nd nd nd G G G G G G G G G/A  G/A nd nd G/A nd nd A
DPEP1 re164741 T T nd C c T/G nd T/C T/C T C T T/C nd T/C nd nd nd nd
Cl6orf55 rs7188458 nd G nd G G G/A G/fA A G G A G A G G nd G/A  G/A nd
C16orf55 rsd59920 nd nd il C T T T T/C C C T T nd T/C/G nd nd nd nd
ZNF276 rs7204478 nd c C T T T/G T AfC nd T T T T T/C nd

ZNF276 rs6500437 nd T T T c C C T/C nd C nd C {: T/C nd

ZNF276 rs1800359 nd C C c/T C C C C nd C/G C C nd C C

-
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e i 12 13 14 15 16 17 18 15 20 21 22 23 24 25 26 27 28 29 30
ZNE778 rs9921361 nd nd nd G T G G/T G/T T G/T G/T T T T G/T T nd
PRDM7 rs2078478 T nd nd T C C C C T C/T C/T C T T nd nd
PRDM?7Z rs7196459 nd nd G G G G G G G G G G G G G G

ACSE3 rs12599126 nd C nd c /T C c/T c c/T 1] C T nd c/T nd c/T nd c/T
ANKRD11 rs2353033 T nd nd T c/T C C C C c/T G /T c/T C T nd T ot nd
ANKRD11 rs1466540 C C C c T C C C T T c/a C C G/fT nd /T nd T Cc/T
ANKRD11 rs2353028 nd nd nd G A G/A G G G nd G nd nd nd nd nd A G/A
ANKRD11 rs2306633 nd nd A A G A A A AfC AfG A A G AJG  AJG nd G AJG
ANKRD11 rs3096304 A nd A B A B A G/A [} A G G/A G C G/A  G/A nd A A

ANKRD11 rs889574 C nd nd G C C c/T c/T /T c/T nd C C nd T nd /T € c/T
ANKRD11 rs2965946 nd nd nd T C C C/T/A C C GT c C C T C £ c nd
SPG7 rs382745 nd nd nd (a1 IR o § C ca T C [ c C T nd c/T C cfrt ot nd
CPNE7 rs455527 nd nd T T T T C T T T T T/C T/C c A/JC nd nd nd T/C
CPNE7 rs352935 G G nd G G/A nd G G G G G G G G G nd G/A  G/A nd
CPNE7 rsd64349 nd nd nd T T/C A nd C G C C T/C T/C nd T/C C T/C T/C C

CHMPI1A rsd60879 T T nd T T C nd C T C C C/T C (o7 B T nd nd nd
CDK10 rs258322 nd T T T C /T C C C T nd /T T C t T o7 o Cff
CDK10 rs258324 nd G C C/A C/A C C C/A nd C C A nd C/A C € C/a
CDK10 rs3751700 G nd nd G G G/A  GfA G G G/C G G/A G A G/A  G/A nd nd GfA
CDK10 rs1946482 T T nd T T TIC T/C T T T T T/C T nd c T/C nd nd TG
SPATAZ2L rs3751695 nd nd C C C T T /T € nd /T C nd nd T nd nd c/T
FANCA rs7195066 G A nd A AG A A A A/G AfG G A A G A A A/G A

FANCA rs8058895 T nd nd T T/A T T T T T T T nd T nd nd nd nd
FANCA rs2011877 nd nd nd A AJC C C AfC ASC C C nd A/C  AJC nd ¢ C

FANCA rs2239359 A A A A nd A/G nd A G A A A/G AG nd A/G A A nd AJG
FANCA rs16966142 C nd nd C C c/T nd T Cc/G c/T G /T C T G C/T nd nd c/T
FANCA rs1800286 nd nd nd G A G G G G G nd G G nd G/A G G G G

.
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Acglon s 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
FANCA rs11861084 nd nd nd A nd C C 2 C C c C/A C C
SPIRE2 rs8060934 nd nd nd C C/T c/T T T c/T C/T nd nd T C/T C/T
SPIRE2 rs3803688 T T T nd T T/C T/C nd C T T/C C C T/C T/C T/C nd nd
TCF25 rs2270460 nd T nd T G G G nd G G nd G G nd G nd G/T nd nd
CENPBD1 rsd 785755 nd & nd E T T T oT c/T C C/T C/A T AT cT nd T T
DBNDD1 rs8059973 nd G nd G G A G A G GfA A G G A G/A nd G GfA
DBNDD1 rs11648785 G T C C C/T C C C C C/T c/T c/T c/T Cc/T nd nd C/T nd
GASE rs2241039 nd C Cc nd T T T T/C T T T/C T/C T/A T/C T T nd
GASS rs3785181 G nd G G G G/A nd A G G G G G G/A G/A  G/A nd nd
GAS8 rs1048149 nd nd nd L C c C T oT oT nd C nd c nd nd nd nd
AEG3L1 rs4785763 nd nd nd A C nd nd C A/C C G AJC A nd A/C  AfC  AJC AJC
AFG3L1 rs4408545 nd C nd nd T c/T C C C C/T nd c/T C c/T nd nd nd nd
DYNLRB1 rs2281695 C nd nd C A/CG C C C A/C C C nd nd c C T/C
PIGU rs2378199 nd C T C C C C c C C C T/C (1 C T/C
PIGU rs2378249 nd A nd AJG A A A A AfC A A A A A A/G
NCOAG rs6060034 nd nd nd nd C C C C c nd C C nd Cc/T G c/T C /T
NCOAG rs6060043 nd nd T T T/C T/G T T T/G T/G T T T nd T/C T T/C T T/C
EIF6 rs619865 G G nd G/A G G nd G G G G G G G G G G G
ASIP rs6058017 nd nd nd G GfA A A A A A nd A G nd nd nd G/A nd nd
Intergenic regions rs9328192 nd nd A A A/G  A/G G ASG AfG A G A A nd A nd nd G nd
rs9405681 T T T C/G c/T C c/T c C/T/G C /T C/G nd C c C C C
rs4959270 C nd A C/A G/A A C/A c A C C C A Cc C/A nd A nd
rs9378805 nd nd A A AJC C C nd A A A AJC nd A nd nd o A/C
rs1540771 A A A G G/A A G/A/C  G/C G G G nd A G G/A nd A G/A
rs1011176 nd nd G G/A A A nd G/A A G G/A G/A A A nd nd €] G/A
rs2305498 nd nd nd C C G/T C C/T c/T C/T C C G/T C//G C C/T nd nd nd
rs12821256 nd nd nd T ] T il nd T T T T T T il nd nd C nd

2
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Reges s 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Intergenic regions rs8016079 nd G nd G G G G/A G G G G/A G G G nd nd nd nd
rs4904864 G nd G G G/A  nd G/A G nd G/A G A nd G nd nd nd
rs4904868 nd nd nd T/C T/C C T/C T T/C nd nd T/C nd
rs12896399 nd nd G G G/T T G G G T nd nd G/T nd
rs438702 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd
rs9932154 nd nd nd A C /A CAfG  CfG (% nd C C ¢ c/a nd nd C/a nd
re11076747 G G G G nd G G G G G G G/A nd nd G/A nd
rsd785648 nd nd A A G AJG G A G AlG AJG A nd AG nd G G
rsd347628 nd nd C C /T C C/T /T /T T C Cc/T T C/T /T C nd
rs12443954 G nd G G A A nd A G/A/C A A G A G/A G G/A nd G/A
r<9936896 nd C C C T T T T (1 C/T ¢fr C T C/T nd nd /T
red 785612 nd nd nd C A A A nd C/A C/A nd nd A C/A nd
rs7201721 nd nd A A A A A A AfG A A A A A
rsd4238833 nd G nd G T T T T G/T G/T G G/T G T T G/T GfT GfT T
rs6119471 nd nd nd G C C C C G/C C AfC C nd £ C nd nd nd nd
rs1015362 nd nd nd A G G nd G A AfG A AfG G G A nd A/G nd AfG
rsd911414 nd nd nd G G G nd G G G/T G G/T/A G G GT G GfT G nd

12= Neanderthal (Vi33.16); 13= Neanderthal (Vi33.25); 14= Neanderthal (Vi33.26); 15= Denisova; 16= Sardinian (HGDPOOGES); 17= Papuan (HGDPOO542); 18= Papuan (HGDPDOS51); 19= Melanesian (HGDPOD491); 20=San (HGDPO1029); 21=
Yoruba (HGDPOO927); 22= Mbuti Pygmy (HGDPOO456); 23= Han (HGDPOO77E); 24= Cambodian (HGDPOOT11); 25= Native American (HGDPODSS8); 26= Mongolian (HGDPOL1224); 27= Han Chinese Individual (YanHuang Project); 28= Anonymous
korean Individual, AK1 (Genomic Medicine Institute); 29= Anonymous Irish Male; 30= Extinct Paleo-Eskimo (Saggag Genome Project); A= Adenine; ACSF3 = acyl-CoA synthetase family member 3; AFG3L1 = ATPase family gene 3 lke 1 (Yeast);
ANKRD11 = ankyrin repeat domain 11; ASIP = agouti signaling protein; C= Cytosine; C160rf55 = chromosome 16 open reading frame 55; COX10 = cyclin-dependent kinase 10; CENPBDI = CENPB DNA-binding domains containing 1; CHMPIA =
chramatin modifying protein LA; CPNE7 = copine Vil; DBNDDI = dysbindin (dystrobrevin binding protein 1) domain containing 1; DPEPI = dipeptidase 1; DYNLRB1 = dynein, light chain, roadblock-type 1; EIF6 = eukaryotic translation initiation
factor 6; FANCA = Fanconi anemia, complementation group A; G= Guanine; GASS = growth arrest-specific 8; HERCZ = hect domain and RLD 2; iRF4 = interferon regulatory factor 4; MATP = membrane associated transporter protein; MCIR =
melanocortin 1 receptor; NCKX5= Na/Ca/K exchanger 5; NCOAG = nuclear rece ptor coactivator &; nd = non-determined; OCA2 = oculocutaneous albinism Il PIGU = phosphatidylinositol glycan anchor biosynthesis, class U; PROM7 = PR domain
containing 7; SLC24A4 = solute carrier family 24, member 4; SLC24A5 = solute carrier family 24, member 5; SLC45A2 = solute carrier family 45 member 2; SPATAZL = spermatogenesis associated 2-like; SPG7 = spastic paraplegia 7; SPIREZ =
spire homalog 2 {Drosophila); T= Timine; TOF25 = transcription factor 25; TPCNZ = two pore segment channel 2; TYR = tyrosinase; ZNF276 = zinc finger protein 276; ZNF778 = zinc finger protein 778.

n)



Supporting Information Table 4. Possible phenotypes of carriers of the indicated SNPs

Region SNPs ID Mutation Possible Phenotypes References
G= fairer skin; lighter brown hair; not-brown eyes/ A= darker skin; darker brown hair;

SLC45A2 (MATP) rs26722 Glu272Lys - G=A brown eyes [1]

SLC45A2 (MATP) rsb867641 C>T C= fairer skin/ T=darker skin [2]

IRF4 rs12203592 C>T T=green or blue eyes; fairer skin/ C=brown or black eyes; darker skin [3, 4,5, 6]

TPCN2 rs3829241 Gly734GIu - G=A A= blond or red hair; fairer skin/ G= not-blond or not-red hair; darker skin [71

TPCN2 rs3750965 Lys376Arg - A>G A = blond or red hair/ G= brown hair [71

TPCNZ rs35264875 Metd84leu - A>T A= brown hair: not-blond hair; darker skin/ T= not-brown hair; blond hair; fairer skin [7

TPCN2 rs896978 C>T T=brown hair/ C= not-brown hair [7

TYR rs1042602 Ser192Tyr - C>A C= darker skin; freckles: brown hair/ A= fairer skin; not-freckles; not-brown hair [7, 8]

TYR rs1126809 Argd02GIn - G=A G= not-blue eyes; brown hair/ A=blue eyes; not-brown hair [N

TYR rs1393350 G=A G= green or brown or black eyes/ A= blue eyes [4, 6,7 9]

SLC24A4 rs2402130 G=A G=green eyes; brown hair/ A= not-green eyes; not-brown hair [A

ocAaz rs1498519 C>A C= brown eyes/ A=not-brown eyes [N

ocAaz rs1800414 His615Arg - A>G A= darker skin/ G= fairer skin [10]

ocaz rs1800407 Argd19GIn - G>A G=not-green or brown or black eyes/ A= blue eyes [6, 11]

ocaz rs1800401 Arg305Trp - C>T C= blue eyes/ T= not-blue eyes [11]
A = blue eyes; lighter brown or blond hair; fairer skin/ G= green or brown eyes; darker

ocaz rs7495174 G>A brown or black hair; darker skin [3, 4,7, 12,13, 14]
C= blue eyes; lighter brown or blond hair; fairer skin/ A= not-blue eyes; darker brown

ocAaz rsd778241 A>C or black hair; darker skin [4, 7,12, 13, 14, 15]
G= green or brown eyes; darker brown hair/ A= blue eyes; fairer skin; lighter brown

ocaz rs4778138 G=A hair [4,7,12, 13, 14]

ocaz2 rs1584407 C=A C= blue eyes/ A= not-blue eyes [71

ocAaz rs2703952 A>C C= green or brown eyes/ A= not-green or not-brown eyes [7

ocaz rs2594935 A>G G= blue eyes/ A= not-blue eyes [7

ocaz rs728405 G>T T=blue eyes/ G= not-blue eyes [7

ocaz rs1448488 A>G G= green or brown eyes/ A= not-green or not-brown eyes [71

ocaz rsd4778220 A>G G= green or brown eyes/ A= not-green or not-brown eyes [7]

ocaz rs7170869 G=A G= green or brown eyes/ A= not-green or not brown eyes [7]

N
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ocAz2 rs1545397 A>T T=fairer skin; not-brown eyes/ A= darker skin; brown eyes [5]
HERC2 rs1129038 G>A A= blue eyes/ G=brown eyes [12, 15]

G= fairer skin; blue or not-brown eyes; lighter brown hair/ A= not-blue or brown eyes,
HERC2 rs12913832 A>G darker skin; darker brown hair [4,5,6,12, 15, 16, 17]
HERC2 rs1667394 G>A A= blue eyes; blond hair/ G= green or brown eyes; brown hair [4,9,12]
HERC2 rs8039195 =T T=blue eyes; blond hair/ C= not-blue eyes; not-blond hair [4, 7]
HERC2 rs7183877 C>A C= blue eyes; blond hair/ A= not-blue eyes; not-blond hair [4, 7]
HERC2 rs1635168 T>G T=green or brown eyes/ G= not-green or not-brown eyes [4, 7]
HERC2 rs8028689 T T=blue eyes/ C= not-blue eyes [4, 7]
HERC2 rs16950987 A>G G= blue eyes/ A= not-blue eyes 4, 7]
HERC2 rs916977 A>G G= blue eyes/ A= brown eyes [12,13, 15]
HERC2 rs7494942 A>G G=blue eyes/ A= brown eyes [12]
HERC2 rs3935591 A>G G= blue eyes/ A= brown eyes [15]
HERC2 rs7170852 T>A A= blue eyes/ T=brown eyes [15]
HERC2 rs2238289 C>T T=blue eyes/ C=brown eyes [15]
HERC2 rs2240203 G=A A= blue eyes/ G= brown eyes [15]
HERC2 rs2240204 C>T T=green or brown eyes/ C= not-green or not-brown eyes [71
HERC2 rs16950979 A>G G=green or brown eyes/ A= not-green or not-brown eyes [71
SLC24A5 (NCKX5) rs1426654 Alall1Thr - G>A G=maore melanin/ A=lesser melanin [5, 18]
MCIR rs1805007 Argl51Cys - C=T T=blond ar red hair; freckles/ C= not-blond or not-red hair; not-freckles [7, 9]
MCIR rs1805008 Argle0Trp - C>T T=blond or red hair; freckles/ C= not-blond or not-red hair; not-freckles [7, 9]
MCIR rs3212346 A>G G=red hair/ A= not-red hair [71
MCIR rs885479 Argle3Gin - G>A G=red hair; darker skin; not-brown eyes/ A= fairer skin; brown eyes; not-red hair [5, 7, 19]
DPEP1 rs164741 T>C T=red hair; freckles/ C= not-red hair; not-freckles [3,4,7]
Cl6orf55 rs7188458 G=A G=not-red hair; not-freckles/ A= red hair; freckles [3,4,7]
Cl6orf55 rs459920 T>C T=red hair; freckles/ C= not-red hair; not-freckles [71
ZNF276 rs7204478 T>C T=red hair; freckles/ C= not-red hair; not-freckles [3,4,7]
ZNF276 rsb500437 Trpl88Arg - T>C T=not-red hair/ C= red hair [7]
ZNF276 rs1800359 C>T T=not-red hair; not-freckles/ C= red hair; freckles [71

N
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ZNF778 rs9921361 GIn553His - G>T T=red hair/ G= not-red hair [N
PRDM7 rs2078478 C=T T= not-red hair/ C= red hair [
PRDM7 rs7196459 G>T T=red hair; freckles/ G= not-red hair; not-freckles [4, 7]
ACSF3 rs12599126 C>T T=red hair/ C= not-red hair [n
ANKRD11 rs2353033 C>T T= not-freckles; not-red hair/ C= freckles; red hair [, 7]
ANKRD11 rs1466540 C>T T=red hair/ C= not-red hair [M
ANKRD11 rs2353028 G>A G=not-red hair/ A= red hair [71
ANKRD11 rs2306633 A>G G=red hair/ A= not-red hair [N
ANKRD11 rs3096304 G>A G= not-red hair/ A= red hair [N
ANKRD11 rs889574 C>T T=freckles/ C= not-freckles [7
ANKRD11 152965946 T T=freckles/ C= not-freckles [7]
SPG7 rs382745 C>T T=red hair; freckles/ C= not-red hair; not-freckles [71
CPNE7 rs455527 Phe77Leu - T>C C= not-red hair/ T= red hair [N
CPNE7 rs352935 G>A G= freckles; red hair/ A= not-freckles; not-red hair M
CPNE7 rs464349 T=C T= not-freckles; not-red hair/ C= freckles; red hair 7N
CHMP1A rs460879 C>T T= not-freckles; not-red hair/ C= freckles; red hair [N
CDK10 rs258322 C=T T=red hair; freckles/ C= not-red hair; not-freckles [3,4,7]
CDK10 rs258324 C=A C= red hair/ A= not-red hair [71
CDK10 rs3751700 G>A G=red hair/ A= not-red hair M
CDK10 rs1946482 T>C T=red hair/ C= not-red hair [71
SPATAZL rs3751695 Phel56Phe - C>T T=red hair; freckles/ C= not-red hair; not-freckles [N
FANCA rs7195066 AspB0SGly - A>G A= not-red hair; not-freckles/ G= red hair; freckles 4, 7]
FANCA rs8058895 T=C T= not-red hair; not-freckles/ C= red hair; freckles A
FANCA rs2011877 ASCsT C= red hair [N
FANCA rs2239359 Ser501Gly - A>G A= freckles/ G= not-freckles [7
FANCA rs16966142 C>T T=not-red hair/ C= red hair [71
FANCA rs1800286 G>A G=red hair; freckles/ A= not-red hair; not-freckles [N
FANCA rs11861084 C>A C= red hair; freckles/ A= not-red hair; not-freckles [7

=
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SPIREZ2 rs8060934 C>T T=red hair; freckles/ C= not-red hair; not-freckles [71
SPIREZ2 rs3803688 T>C T=red hair/ C= not-red hair [71
TCF25 rs2270460 G>T T= not-red hair/ G= red hair [71
CENPBD1 rsd 785755 Thri68lle - C>T C= red hair: freckles/ T= not-red hair; not-freckles [71
DBNDD1 rs8059973 G=A G= red hair/ A= not-red hair [71
DBNDD1 rs11648785 C>T T= not-red hair; not-freckles/ C= red hair; freckles [71
GASS rs2241039 T>C T= not-red hair; not-freckles/ C= red hair; freckles [3,4,7]
GASS rs3785181 G=A G= red hair/ A= not-red hair [71
GASS rs1048149 C>T T=red hair: freckles/ C= not-red hair; not-freckles [71
AFG3L1 rsd785763 AsC A= blond or red hair; freckles/ C= not-blond or not-red hair; not-freckles 3, 7]
AFG3L1 rsd4408545 C>T T= not-red hair; not-freckles/ C= red hair; freckles [3, 4, 7]
DYNLRB1 rs2281695 T>C T= freckles/ C= not-freckles [71
PIGU rs2378199 T>C T= freckles/ C= not-freckles [71
PIGU rs2378249 AxG G= freckles/ A= not-freckles [71
NCOAB rsb060034 C>T T= freckles/ C= not-freckles [71
NCOAB rs6060043 T>C T= not-freckles/ C= freckles [7
EIF6 rsb19865 G>A G= not-freckles/ A= freckles [7]
ASIP rs6058017 G>A G= more melanin; not-freckles/ A= lesser melanin; freckles [7, 20, 21]
Intergenic regions rs9328192 A>G G= freckles/ A= not-freckles [71
rs9405681 C>T T= not-freckles/ C= freckles [71
rs4959270 C>A C= not-freckles/ A= freckles [7]
rs9378805 A>C C= freckles/ A= not-freckles [7
rs1540771 G=A A= brown hair; freckles/ G= not-brown hair; not-freckles [4, 7, 9]
rs1011176 G=A A= blond hair/ G= brown hair [7]
rs2305498 C>T T= blond hair/ C= not-blond hair [71
rs12821256 T>C C= blend hair/ T= brown hair [4, 7]
rs8016079 G=A G= blue eyes/ A= not-blue eyes [7]
rs4904864 G=A G= blond hair; blue eyes/ A= not-blond hair; not-blue eyes [7

&
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Intergenic regions rs4904868 T>C T=brown hair; not-blue eyes/ C= not-brown hair; blue eyes [71
rs12896393  G>T T=blue eyes; blond hair/ G= brown or black eyes; not-blond hair [4,86,7,13]
rs438702 G>A A= blue eyes/ G=not-blue eyes 7N
rs9932354 Ch C= not-red hair/ A= red hair ]
rs11076747 G=A G= not-red hair/ 4= red hair [71
154785648 AsG G=red hair/ A= not-red hair [71
154347628 C=T T= not-red hair/ C=red hair [71
rs12443954  G=A G= not-red hair/ A= red hair [7
rs9936896 CT T= not-red hair; not-freckles/ C= red hair; freckles [71
rsd785612 C=A C= red hair; freckles/ A= not-red hair; not-freckles [7]
rs7201721 AsG G= red hair/ A= not-red hair 7N
rs4238833 G>T T= not-red hair; not-freckles/ G= red hair: freckles [3,4,7]
156119471 G>C G=brown eyes; darker skin/ C= not-brown eyes; fairer skin [5]
rs1015362 AsG G=freckles; red or blond hair/ A= not-freckles; not-red or not-blond hair [7]
rs4911414 G=T T=freckles; red or blond hair/ G= not-freckles; not-red or not-blond hair [7

A= Adenine; ACSF3 = acyl-CoA synthetase family member 3; AFG3LI = ATPase family gene 3 like 1 [Yeast); Ala = alanine; ANKRD11 = ankyrin repeat domain 11; Arg = arginine; ASIP =
agouti signaling protein; Asp = aspartic acid; C= Cytosine; C160rf55 = chromosome 16 open reading frame 55; CDK10 = cyclin-dependent kinase 10; CENPBD1 = CENPB DNA-binding

domains containing 1; CHMP1A = chromatin modifying protein 1A; CPNE7 = copine VII; Cys = cysteine; DBNDD1 = dysbindin (dystrobrevin binding protein 1) domain containing 1; DPEPI =

dipeptidase 1; DYNLRB1 = dynein, light chain, roadblock-type 1; EIF6 = eukaryotic translation initiation factor 6; FANCA = Fanceni anemia, complementation group A; G= Guanine; GASS =
growth arrest-specific 8; Gln = glutamine; Glu = glutamine acid; Gly = glycine; HERCZ = hect domain and RLD 2; His = histidine; lle = isoleucine; IRF4 = interferon regulatory factor 4; Leu =
leucine; Lys = lysine; MATP = membrane associated transporter protein; MCIR = melanocortin 1 receptor; Met = methionine; NCKX5= Na/Ca/K exchanger 5; NCOA6 = nuclear receptor
coactivator 6; nd = non-determined; NS = non-synonymous; OCAZ = oculacutaneous albinism II; Phe = phenylalanine; PIGU = phosphatidylinositol glycan anchor biosynt hesis, class U;
PRDM?7 = PR domain containing 7; S = synonymous; Ser = serine; 5LC24A4 = solute carrier family 24, member 4; SLC24A5 = solute carrier family 24, member 5; SLC45A2 = solute carrier
family 45 member 2; SPATAZL = spermatogenesis associated 2-like; SPG7 = spastic paraplegia 7; SPIREZ = spire homolog 2 (Drosophila); T= Timine; TCF25 = transcription factor 25; Thr =
threonine; TPCN2 = two pore segment channel 2; Trp = tryptophan; Tyr = tyrosine (amino acid); TYR = tyrosinase; UTR = untranslated region; ZNF276 = zinc finger protein 276, ZNF778 =

zinc finger protein 778.
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ABSTRACT

The understanding of the complex genotype-phenotype architecture of human
pigmentation has clear implications for the evolutionary history of humans, as well as
for medical and forensic practices. Although dozens of genes have previously been
associated with human skin color, knowledge about this trait remains incomplete. In
particular, studies focusing on populations outside the European-North American axis
are rare, and, until now, admixed populations are seldom considered. The present
study was designed to help fill this gap. Our objective was to verify possible
associations of 18 single nucleotide polymorphisms (SNPs), located within 9 genes,
and one pseudogene with the Melanin Index (MI) in two admixed Brazilian
populations (Gaucho, N = 354; Baiano, N = 149) with different histories of
geographic and ethnic colonization. Some of these polymorphisms have never been
studied in the context of normal variation in human skin color. Of the total sample, 8
markers were found to be associated with skin color (4 in Gaucho, 6 in Baiano), but
only 3 (HERC2rs1129038, SLC24A5rs1426654, and SLC45A2rs16891982) showed a
statistical significance in both samples. Therefore, only these 3 SNPs should be
preliminarily considered to have forensic significance because they consistently
showed the association independently of the population considered. These results also
demonstrate the importance of considering possible population differences in

selecting an appropriate set of SNPs as phenotype predictors in forensic practice.

Key words: Admixed populations, Forensic DNA phenotyping, Human skin color
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1. Introduction

In humans and other animals, pigmentation results from melanin synthesis,
which occurs in melanocytes stored in vesicles known as melanosomes. Melanocytes
are found in the epidermis, hair bulb, and iris, and are directly responsible for the
pigmentation of these organs and structures [1, 2]. The color spectrum observed in the
human eyes, hair, and skin is related to the type and quantity of melanin produced, the
pattern of packaging, size, and number of melanosomes, as well as to the pH of the
melanosomal environment [3, 4]. There are 2 main melanin types: eumelanin and
pheomelanin, which are responsible for the black/brown color and the yellow/red
spectrum, respectively.

The human pigmentation pathway is regulated by a network controlled by
many genes, as well as by environmental, mechanical, and epigenetic factors. For
instance, Quillen et al. [5] identified 76 skin pigmentation candidate genes from the
Online Mendelian Inheritance in Man (OMIM) database using the following key-
words: “‘color’” and *‘pigmentation’’. The gene set identified included both classical
and non-classical genes. The pigmentation candidate genes identified to date act over
different stages of the above-mentioned processes [6]. Additional information about
the function, localization, number of exons, and other relevant data related to these
and others genes can be found in Cerqueira et al. [7, 8].

A considerable number of genetic studies involving normal and pathological
variation in human pigmentation have emerged recently [5, 8-19]. Some of these
investigations showed that it is possible to predict human color phenotypes from
genotype data with different levels of accuracy, thus highlighting the importance of
these types of studies for forensic practices [8, 16]. Furthermore, it was suggested that
some variants associated to pigmentation also confer susceptibility or resistance to
skin cancer [12, 20, 21], as the presence of several skin tones are attributed to
adaptation to diverse environments after dispersal of the anatomically modern Homo
sapiens from Africa to other continents [9, 13-15, 22-25].

An additional aspect that emerged from these studies is the diversity of the
pigmentation genotype-phenotype architecture across human populations. For
example, Quillen et al. [5] showed that in addition to the classical genes SLC24A5
and SLC45A2, others, such as OPRM1 and EGFR, have also contributed to

differences in pigmentation between Native Americans and Europeans. Moreover,




Norton et al. [6] suggested that polymorphisms in SLC24A5, SLC45A2, and TYR had
a predominant role in the evolution of lighter skin color in Europeans, but not in East
Asians, indicating recent convergent evolution of lighter pigmentation phenotypes,
and the possible role of natural selection in this process. Quillen and Shriver [15]
evaluated skin color architecture at the population level and summarised this situation
as follows: (a) despite gene flow among human populations, differences in allele
frequencies at pigmentation genes are nonetheless observed, and (b) signatures of
natural selection in some of these genes are observed among human populations,
whereas in other genes, the signal is population-exclusive.

As noted above, several studies have indicated different genetic backgrounds
of pigmentation genes in different populations. Therefore, caution should be
exercised when extrapolating results from one population to another. The gene pool
of contemporary admixed Brazilian populations is characterised by different levels of
contributions from their continental ancestral groups, Native American, European,
and African, and striking differences have been reported among them [26, 27].
Nonetheless, few studies have examined polymorphisms in pigmentation candidate
genes in these Brazilian populations to date [28]. Thus, the main objective of the
present work was to evaluate the possible association of 18 single nucleotide
polymorphisms (SNPs), located in 9 pigmentation candidate genes and one
pseudogene, with the Melanin Index (MI) in 2 Brazilian populations with different

admixture levels.

2. Materials and methods

2.1. Recruitment of study samples

This study recruited 503 Brazilian volunteers of the Consortium for the
Analysis of the Diversity and Evolution of Latin America (CANDELA,
http://www.ucl.ac.uk/silva/candela). They were recruited in Porto Alegre, the capital
of the southernmost state of Brazil, Rio Grande do Sul (RS), and in Jequié, Bahia
state (BA), whose effective Portuguese colonization date is much earlier than that of
RS.

The states indicated above have distinct colonial histories; RS is characterised

by more substantial European colonization (a significant number of non-Portuguese




European immigrants arrived in RS in the 19™ century), whereas African heritage is
more visible in BA with respect to both phenotypic and cultural aspects. Apart from
these widely recognised characteristics, other historical, demographic, and genetic
particularities can distinguish these populations [26, 27, 29-33, and references
therein].

The traditional Gaucho culture has roots in the South American Pampa region,
whose geographical areas cover parts of RS, Argentina, and Uruguay. However, in
modern Brazil, the word Gaucho (Gaucho in Portuguese) is used to refer to anyone
born in RS, and not only to those born in the Pampean region of this state. In the
present study, we employ this term to refer to any volunteer from RS, whereas the
term Baiano is used to identify individuals from BA.

This project was approved by the Research Ethics Committees of the
Universidade Federal do Rio Grande do Sul, Hospital de Clinicas de Porto Alegre,
and the Universidade Estadual do Sudoeste da Bahia (Resolutions 18208/2010,
100565/2011, and 212/2010, respectively). All subjects signed an informed consent
form approved by the above-mentioned ethics committees, according to the Helsinki

Declaration.
2.2. Ml measurements

The CANDELA protocol involved the acquisition of data on physical
appearance, including a quantitative measure of skin color using the Derma
spectrometer (DSM Il ColorMeter, CyberDerm Inc., USA), which provides the Ml,
where in humans, values ranging from 20 to 100 reflect fairer to darker skin tones. Ml
was measured on the proximal medial portion of both arms to generate a single
average value. This location was chosen because it captures the constitutive skin
pigmentation (the basal quantity of melanin), with potentially little effect of sun

exposure [5, 34].
2.3. Genetic analysis
DNA was extracted from total blood samples using the salting out method

[35] or with the QIAamp® 96 DNA blood Kit (Qiagen), and genotyping procedures

were performed with Tagman™ (KBioscience: www.kbioscience.co.uk). Eighteen
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SNPs were investigated: rs1524668 (ADAML17), rs4785763 (AFG3L1, a pseudogene),
rs6058017 (ASIP), rs1129038 (HERC2), rs1805009, rs1805008, and rs1805007
(MC1R), rs1800407, rs1800401, and rs1800414 (OCA2), rs1426654 (SLC24A5, also
identified as NCKX5), rs6867641, rs26722, and rs16891982 (SLC45A2, also
identified as MATP), rs3750965 and rs3829241 (TPCN2), and rs1042602 and
rs1126809 (located at the TYR gene). These polymorphisms were chosen because
previous studies have linked them either directly or indirectly with the human

pigmentation pathway (Table S1).

2.4. Statistical analyses

Allele frequencies were estimated by gene counting. Agreement of genotype
frequencies with Hardy-Weinberg equilibrium (HWE) was performed using the
“Utility programs for analysis of genetic linkage” [36]. Three groups were
considered: (a) total sample, (b) Gaucho sample only, and (c) Baiano sample only.
Allele and genotype frequency differences were compared between Gaucho and
Baiano samples with the Pearson y* or Fisher’s exact tests using the PEPI program,
version 4.0 [37], or SPSS, version 17.0. The latter software was also used to conduct
the analysis of variance (ANOVA) or the non-parametric Kruskal-Wallis test for
comparing MI values across genotypes. The independent samples Student’s t-test, or
the non-parametric U value of the Wilcoxon-Mann-Whitney test, was used to
compare MI and age means between Gaucho and Baiano samples. The Kolmogorov-
Smirnov and Levene’s tests were used to verify the normality of quantitative
measures (MI and age). A p value of < 0.01 was considered statistically significant
(SPSS, version 17.0).

The SPSS software was also used to perform regression analysis. Associations
between common SNPs and MI were evaluated using a simple linear regression
model, minimizing the sum of square differences between the observed (dependent)
and predicted variables. Genotypes were re-coded as dummy variables based on the
following criteria: (1,0), (0,1), and (0,0) for AA, Aa, and aa, respectively. Note that
the inclusion of dummy variables in a linear regression model is equivalent to
estimating the restrictive and non-restrictive models of linear regression using the
usual least squares method. To avoid perfect multiple collinearity we used k-1

dummy variables. The R-value, or Pearson’s correlation statistic, was obtained from
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the ordinary least squares linear model. Coefficients of determination (R%) were also
calculated, whereas the F statistics tested the likelihood ratio of the explained
variance based on the model of the residual sum of squares.

The STRUCTURE software [38] was used to verify if the markers studied
have a power of differentiate between African and European gene pools, assuming
that the Brazilian population is mainly composed by the intermixture of these two
geographic human groups, besides Native Americans. Unfortunately, satisfying
information for polymorphisms studied here is not available for Native Americans, so
this group was not compared. According to Pritchard et al. [38], STRUCTURE
implements a model-based clustering method for inferring population structure using
genotype data consisting of unlinked markers. It assigns individuals to populations,
identifying migrants and admixed individuals. Genotypes of téwo reference ancestral
groups (European and African) were available at The Human Genome Diversity
Project (HGDP, http://hagsc.org/hgdp/files.html). STRUCTURE was run with
100,000 length of burnin period and 10,000 MCMC reps after burning, with k=2,
k=3, and k=4.

3. Results

3.1 Management of quantitative data and gene frequency analyses

Age and MI absolute numbers did not present a Gaussian distribution; the
numbers were therefore adjusted to normalise the data using 1/MI and 1/age
transformations. The average age for the total sample (N = 503) was 25.19 (range 18-
87) years, with 169 (33.6%) males and 334 (66.4%) females. The Gaucho average
age was 26.19 (range 18-87) years, and the average Baiano age was 23.08 (18-62)
years, which differed significantly (p < 0.01). The mean MI of the sample as a whole
was 32.92 (range 22.04-76.40), while Gaucho and Baiano showed average Ml values
of 31.53 (22.04-76.40) and 36.75 (23.72-65.01), respectively. These results
demonstrated that the Baiano group presents a darker skin color (p < 0.01) compared
with the Gaucho group.

Within the Gaucho population, genotype frequencies were in accordance with
those expected by HWE, except for SLC24A5rs1426654 (* = 11.346, p < 0.01),

which showed a lower number of heterozygotes than expected. For the Baiano
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population, only the genotype frequencies of the SNP SLC45A2rs16891982 were not
in HWE (® = 6.911, p < 0.01), which was also due to a lower number of
heterozygotes than expected. Allele and genotype frequencies were statistically
different between the 2 populations for ASIPrs6058017, HERC2rs1129038,
OCAZ2rs1800401, SLC24A5rs1426654, and SLC45A2rs16891982, whereas the SNPs
MC1Rrs1805007, TPCN2rs3829241, TYRrs1042602, and TYRrs1126809 only
differed in allele frequencies (Table S2).

3.2 Association between MI and genotypes

Three independent analyses were performed to evaluate the association
between MI and genotype: considering the total sample (N = 503), the Gaucho
sample only (N = 354), and the Baiano sample only (N = 149). Levene’s test was
applied to verify the variance homogeneity of the transformed data, along with
ANOVA. For those showing heterogeneity, we performed the non-parametric
Kruskal-Wallis test using untransformed MI values. In the total sample (Table 1), 8
polymorphisms showed a statistically significant association with Ml
(ASIPrs6058017, HERC2rs1129038, OCA2rs1800407, OCA2rs1800401,
SLC24A5rs1426654, SLC45A2rs16891982, TYRrs1042602, and TYRrs1126809), at a
99% probability level. In the stratified analysis (Table 1), 4 SNPs (HERC2rs1129038,
MC1Rrs1805009, SLC24A5rs1426654, and SLC45A2rs16891982) were significantly
associated with MI in the Gaucho sample, and 6 SNPs (HERC2rs1129038,
OCAZ2rs1800407, SLC24A5rs1426654, SLCA45A2rs16891982, TYRrs1042602, and
TYRrs1126809) were associated with M1 in the Baiano sample.

Therefore, 3 SNPs (HERC2rs1129038, SLC24A5rs1426654, and
SLC45A2rs16891982) showed a significant association in all 3 analyses, with the
heterozygous genotypes showing an intermediate MI value (Table 2, Figure 1).
SLC24A5rs1426654 presented the highest MI differences between genotypes
(Gaucho: GG = 46.49, GA = 34.29, AA = 30.80; Baiano: GG = 46.74, GA = 38.37,
AA = 34.38, Table 2). The SNPs SLC45A2rs16891982 and SLC24A5rs1426654 were
previously associated with skin color in European and/or Asian populations [6, 17,
18, 39, 40], and our results indicate a probable additive effect of alleles in these
groups with distinct admixture histories. This effect was also observed by Stokowski

et al. [41]. On the other hand, HERC2rs1129038 was previously associated only with
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eye and hair color [42, 43]. This polymorphism is in high linkage disequilibrium with
HERC2rs12913832 [43, 44], which, in turn, is associated with eye, hair, and skin
color [40, 43]. Our study shows, for the first time, that HERC2rs1129038 also likely
plays a role in skin color, at least in some populations, such as those investigated
here. Population-specific associations were also found. For example, the
TYRrs1042602/TYRrs1126809 and MC1Rrs1805009 polymorphisms showed
associations with skin color only in the Baiano or Gaucho groups, respectively (Table
1).

Interestingly, some studies have suggested that the C allele of
SLC45A2rs16891982 was associated with darker skin and/or brown eyes, whereas in
other studies, this allele was associated with lighter skin and/or blue eyes (Table S1).
This discrepancy may be due to the fact that C/G differences are easily prone to
reading mistakes. Regardless, our data indicated that the C allele (Phe) was related to
higher MI values, thus corroborating the propositions of Norton et al. [6], Spichenok
et al. [17], and Walsh et al., [18]. With respect to other markers, the alleles associated
with darker skin pigmentation were ASIPrs6058017 G, HERC2rs1129038 G,
MC1Rrs1805009 G (Asp), OCA2rs1800407 G (Arg), OCA2rs1800401 T (Trp),
SLC24A5rs1426654 G (Ala), TYRrs1042602 C (Ser), and TYRrs1126809 G (Arg)
(Table S3).

The results of the regression analysis accorded with most of the results
obtained using ANOVA or the Kruskal-Wallis test. This analysis showed that the
SLC24A5rs1426654 and SLC45A2rs16891982 SNPs together explained 57%, 55%,
and 64% of the total variation in Ml values found in the Gaucho, Baiano and Total
samples, respectively. The individual effects of all SNPs tested are shown in Table
S4.

We also performed analysis to verify if 12 of the markers studied here are
good ancestry predictors (ADAM17rs1524668, AFG3L1rs4785763, MC1Rrs1805007,
OCAZ2rs1800407,  OCAZ2rs1800414,  SLC24A5rs1426654,  SLCA5A2rs26722,
SLC45A2rs16891982, TPCN2rs3750965, TPCN2rs3829241, TYRrs1042602, and
TYRrs1126809) using the STRUCTURE software [38]. They were chosen because
only for them there are data available for at least two putative Brazilian major
parental stocks (European; n = 174 and African; n = 176). We performed the analysis
with k = 4, k = 3, and k = 2. The best result, considering the mean value of likelihood
(In) provided by STRUCTURE using these 12 polymorphisms was with k =2 (In = -
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7077.2). A clear African and non-African differentiation was observed with the SNP
set (Figure 2).

4. Discussion

Knowledge about the connection between genetic variations and complex
traits has improved markedly in the last few years. Nevertheless, current knowledge
for genetic predictors of skin color remains limited [45], particularly with respect to
populations outside of the European-North American axis. Our intention was to help
fill this gap by demonstrating the effect of pigmentation genetic variants in 2 admixed
Brazilian populations.

Our results showed that 3 polymorphisms (HERC2rs1129038,
SLC24A5rs1426654, and SLC45A2rs16891982) seem to behave relatively
consistently as skin color predictors, while the others seem to be population-specific,
indicating that these SNPs should be avoided for general inferences in forensic DNA
phenotyping. Note that differences in pigmentation are due to the amount and type of
melanin synthesised in melanocytes, and to the shape and distribution of the
melanosomes [3]. Complex gene and protein networks are related to these processes,
and therefore, it is likely that their architectures differ, at least in part, across diverse
human populations. Our findings have important forensic implications, since some
authors have suggested that eye and hair color predictions can be developed
independently of the biogeographic ancestry of the population investigated [17, 18,
46, 47]. Results of the present study indicated that for skin color, this assumption
appears to be only partially true.

Despite the fact that we observed an intermediate effect of heterozygote
genotypes in the majority of the significant SNPs, it is noteworthy that heterozygotes
for some polymorphisms had MI means similar to those of one of the homozygotes.
The description of specific effect of each genotype is extremely important to the
knowledge of polymorphism effect. For instance, OCA2rs1800401 (total sample —
data not shown), SLC45A2rs16891982, and HERC2rs1129038 (Table 2), suggest a
completely dominant relationship between alleles, which was as also observed by
Cook et al. [40] in a study of the expression of 2 of these genes across different
genotype profiles.
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Twelve markers studied here were able to differentiate Africans from non-
Africans (Figure 1). We also observed that the admixture profile was similar between
Gaucho and Europeans (Figure 1), and the Baiano sample had a slightly higher
admixture level, compared with Gaucho group. This data corroborates demographic
history reported for these populations. As early mentioned, our analysis also
demonstrated that the Baiano group presents a darker skin color (p < 0.01) compared
with the Gaucho group. The small differences between both sample could explain the
different association of some markers studied here (for example: MC1Rrs1805009,
OCA2rs1800407, and TYRrs1042602; please see Table 1).

The present study is the first to investigate the relationship of the
ADAM17rs1524668, AFG3L1rs4785763, HERC2rs1129038, OCA2rs1800407, and
TPCN2rs3750965 polymorphisms with normal skin color variation. All of the other
polymorphisms have already been associated with skin color in some populations
around the world (Table S1), but had not been investigated in Brazilian samples until

now.

5. Conclusion

Our results revealed that although 8 genetic markers were associated with skin
color, important differences between the 2 admixed populations were found.
Therefore, our association study demonstrates that genotype-phenotype relationships
found in one population cannot be uncritically extrapolated to other populations with

respect to skin color.
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Figure 1. Genotypes for three polymorphisms (rs16891982, rs1129038, and rs1426654) in the total sample showing heterozygous genotypes with intermediate Ml
values (confidence interval of 95%).
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Figure 2. Analysis with the STRUCTURE software, with k = 2 using 12 of the 18 polymorphisms analyzed in this study. The black vertical lines split the groups
analyzed.




Table 1. Association of genotypes with Melanin Index (M) in the 2 groups studied.

Total sample (N =503) Gaucho (N = 354) Baiano (N = 149)
Gene SNP Genotype x Ml Genotype x Ml Genotype x Ml
For X* p For X* p For X* p
ADAM17 rs1524668 0.0092 0.991 0.9072 0.405 0.578% 0.562
AFG3L1 rs4785763 0.5472 0.579 0.464% 0.629 0.193° 0.911
ASIP rs6058017 12.475° <0.01 0.743° 0.696 1.1942 0.306
HERC2 rs1129038 40.901° <0.01 5.374% <0.01 5.108% <0.01
MC1R rs1805009 5.2522 0.022 7.488% <0.01 0.014° 0.911
MC1R rs1805008 0.0242 0.878 0.014% 0.905 N/AS N/AS
MC1R rs1805007 3.473% 0.063 0.952% 0.330 0.079% 0.779
OCA2 rs1800407 8.589% <0.01 3.423% 0.065 8.632% <0.01
OCA2 rs1800401 4.626% 0.01 1.5092 0.220 2.026% 0.136
OCA2 rs1800414 0.0712 0.790 0.495% 0.482 0.185% 0.667
SLC24A5 rs1426654 95.188" <0.01 51.9022 <0.01 16.5622 <0.01
SLC45A2 rs6867641 1.3772 0.255 1.994 0.369 9.760% 0.089
SLC45A2 rs26722 1.0882 0.338 2.818% 0.061 0.1222 0.885
SLC45A2 rs16891982 158.876"° <0.01 73.769° <0.01 38.285% <0.01
TPCN2 rs3750965 1.330° 0.265 0.8442 0.431 0.026% 0.975
TPCN2 rs3829241 2.078% 0.126 2.676% 0.070 0.142% 0.868
TYR rs1042602 15.346° <0.01 3.079° 0.214 7.2242 <0.01
TYR rs1126809 9.335° <0.01 3.5542 0.030 5.028% <0.01

dANOVA with MI transformed to 1/MI to fit a symmetrical distribution. bNonparametric Kruskal-Wallis test was used when variances were not

homogenous even after transformation, as verified by Levene’s test. °N/A: MC1Rrs1805008 had a small sample number (N = 24) in the Baiano subgroup,
being monomorphic for the CC genotype. For this reason, it was not possible to run the analysis for this SNP.
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Table 2. MI values by genotype in 3 statistically significant polymorphisms.

Total sample Gaucho Baiano
HERC2rs1129038
Average ranking (N) MI (N) MI (N)
GG 205.86% (157) 32.38" (65) 38.23 (92)
GA 152.15% (141) 31.06" (95) 34.27° (46)
AA 110.89% (44) 29.89" (41) 34.05° (3)
SLC24A5rs1426654
Average ranking (N) MI (N) MI (N)
GG 429.26% (23) 46.49" (9) 46.74° (14)
GA 332.22% (104) 34.29° (51) 38.37° (53)
AA 212.87° (368) 30.80" (290) 34.38" (78)
SLC45A2rs16891982
Average ranking (N)  Average ranking (N) MI (N)
CC 377.14% (66) 269.40% (24) 40.89" (42)
CG 301.13% (164) 220.13% (110) 39.40° (54)
GG 169.66° (254) 137.46% (211) 31.18" (43)

K ruskal-Wallis test results, the values are the mean rank; bMI values based on transformed 1/MI.




Table S1. Characteristics of the SNPs studied in this work?®.

Number of
Gene SNP ID  Localization exons Mutation Probable allele function Studied populations Reference (s)
ADA|\/|17b rs1524668 2p25.1 19 -968C>A -5'UTR - Admixed Brazilian populations Present study
AFG3L1  rs4785763 16924.3 pseudogene A>C A = red hair, frecl;rlsfs;{d% s: not-red hair, o Europeans [1]
ASIP 1s6058017 20011.22 4 8818G>A - 3UTR G = more melanlr), no freckles/ A= less African-Americans from Washlngton, [1,2, 3, 4]
melanin, freckles Europeans, East Asians
HERC2  rs1129038 15913.1 93 G>A -3UTR A = blue eyes/ G = not-blue eyes Europeans [5, 6]
MC1R rs1805009 16924.3 1 Asp294His - G>C G = not-red hair, ?;S?erirrfkm/ C= red hair, Europeans, Caucasians [7,8,9]
T = blonde or red hair, freckles, skin
rs1805008 Argl60Trp - C>T  sensitivity to sun, fairer skin/ C = not-blonde Europeans, Caucasians [1,8, 9, 10]
or not-red hair, no freckles
T = blonde or red hair, freckles, skin
rs1805007 Argl51Cys - C>T  sensitivity to sun, fairer skin/ C = not-blonde Europeans, Caucasians [1,8,9, 10]
or not-red hair, no freckles
OCA2 rs1800407 15913.1 24 Argd19GIn - G>A G = not-green or brown or black eyes/ A = Caucasians of Pennsylvania, Europeans [11, 12]
green or blue eyes
i C = blue eyes, lighter pigmentation/ T = . .
rs1800401 Arg305Trp - C>T brown/black eyes and darker pigmentation Caucasians of Pennsylvania [11]
rs1800414 His615Arg - A>G A =darker skin/ G = fairer skin East Asian ancestry living in Canada [13]
SLC24A5 i _ . _ . Europeans, Mixed populations, African—
(NCKX5) rs1426654 15921.1 9 AlalllThr - G>A G = more melanin/ A = less melanin Americans, Asians [4, 14, 15]
SLC45A2 . e . _ . Caucasians, Asians, African Americans,
(MATP) rs6867641 5p13.3 7 -1169C>T - 5'UTR C = fairer skin/ T = darker skin Australian Aborigines, Spanish Basques [16]
G = fairer skin, lighter brown hair, not-brown Caucasians, Asians, African-Americans,
526722 Gluz72Lys - G>A eyes/ A = darker skin, hair, and eye color Australian Aborigines [17]
C = darker skin, brown or black eyes/ G=  Caucasians, Asians, African-Americans,
rs16891982 Phe374Leu - C>G blue eyes, lighter or medium skin, darker Australian Aborigines, Europeans, [4, 12, 14, 15, 17]
skin, hair, and eye color Mixed populations
TPCN2 rs3750965 11913.2 25 Lys376Arg - A>G A = blonde hair / G = brown hair Europeans [1]
153829241 Gly734Glu - G>A A= blond hair, skin sensitivity to sun/ G= Europeans 1]

brown hair, darker skin
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C = skin sensitivity to sun, freckles, brown

TYR rs1042602 11g14.3 5 Serl92Tyr - C>A hair/ A = no freckles, blonde hair

Europeans [1, 10]

G= not-blue eyes, brown hair/ A=blue eyes,

rs1126809 Arg402Gin - G>A blonde hair, skin sensitivity to sun

Europeans [1]

 Key of abbreviations: A = Adenine, ADAM17 = a disintegrin and metallopeptidase domain 17, AFG3L1 = ATPase family gene 3-like 1 (pseudogene), Ala = alanine, ASIP = agouti signalling
protein, Arg = arginine, Asp = aspartic acid, C = Cytosine, G = Guanine, GIn = glutamine, Glu = glutamic acid, Gly = glycine, HERC2 = HECT and RLD domain containing E3 ubiquitin protein
ligase 2, His = histidine, Leu = leucine, Lys = lysine, MATP = membrane associated transporter protein, MC1R = melanocortin 1 receptor, NCKX5= Na/Ca/K exchanger 5, OCA2 =
oculocutaneous albinism I, Phe = phenylalanine, Ser = serine, SLC24A5 = solute carrier family 24, member 5, SLC45A2 = solute carrier family 45 member 2, T= Thymine, Thr = threonine,
TPCN2 = two pore segment channel 2, Trp = tryptophan, TYR = tyrosinase (gene), Tyr = tyrosine (amino acid), UTR = untranslated region.

®ADAM17 was mentioned by Norton et al. [4] as an ‘a priori pigmentation candidate gene’, with a positive selection signal in East-Asians. We selected the ADAM17rs1524668 SNP because the
derived allele is in high frequency in Amerindians (HGDP-CEPH, http://www.cephb.fr/en/hgdp/diversity.php/).
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Table S2. Genotype and allele frequencies for 18 SNPs in the Gaucho (N = 354) and Baiano (N = 149) samples.

rs1042602 rs1126809 rs6867641 1s26722 rs16891982 rs1800407
1=Cl2=A 1=G/2 =A 1=C2=T 1=Cl2=T 1=CR=G 1=G2=A
Genotypes/alleles Gaucho Baiano Gaucho Baiano Gaucho Baiano Gaucho Baiano Gaucho Baiano? Gaucho Baiano
11 0.371 0.483 0.667 0.752 0.484 0.000 0.826 0.815 0.069 0.302 0.881 0.875
12 0.457 0.392 0.287 0.234 0.410 0.750 0.171 0.178 0.319 0.388 0.119 0.125
22 0.172 0.125 0.046 0.014 0.106 0.250 0.003 0.007 0.612 0.310 0.000 0.000
1 0.599 0.678 0.815 0.869 0.689 0.375 0.912 0.904 0.229 0.496 0.941 0.938
2 0.401 0.322 0.185 0.131 0.311 0.625 0.088 0.096 0.771 0.504 0.059 0.062
rs1800401 rs1800414 rs1129038 rs6058017 rs3750965 rs3829241
1=CR=T 1=AR22=G 1=G2=A 1=G2=A 1=AR2=G 1=G2=A
Genotypes/alleles Gaucho Baiano Gaucho Baiano Gaucho Baiano Gaucho Baiano Gaucho Baiano Gaucho Baiano
11 0.883 0.799 0.994 0.993 0.323 0.653 0.012 0.095 0.437 0.514 0.487 0.587
12 0.117 0.188 0.006 0.070 0.473 0.326 0.226 0.361 0.449 0.363 0.399 0.371
22 0.000 0.013 0.000 0.000 0.204 0.021 0.762 0.544 0.114 0.123 0.114 0.042
1 0.942 0.893 0.997 0.997 0.560 0.816 0.125 0.276 0.662 0.695 0.686 0.773
2 0.058 0.107 0.003 0.003 0.440 0.184 0.875 0.724 0.338 0.305 0.314 0.227
rs1426654 rs1524668 rs1805009 rs1805008 rs1805007 rs4785763
1=G/2=A 1=G2=T 1=G/2=C 1=C2=T 1=CR=T 1=A2=C
Genotypes/alleles Gaucho? Baiano Gaucho Baiano Gaucho Baiano Gaucho Baiano Gaucho Baiano Gaucho Baiano
11 0.026 0.096 0.405 0.432 0.971 0.986 0.914 1.000 0.951 0.993 0.045 0.056
12 0.146 0.366 0.462 0.480 0.029 0.014 0.086 0.000 0.049 0.007 0.368 0.347
22 0.828 0.538 0.133 0.088 0.000 0.000 0.000 0.000 0.000 0.000 0.587 0.597
1 0.099 0.279 0.636 0.672 0.986 0.993 0.957 1.000 0.973 0.997 0.228 0.229
2 0.901 0.721 0.364 0.328 0.014 0.007 0.043 0.000 0.027 0.003 0.772 0.771

The rs values deviating from Hardy-Weinberg Equilibrium, indicated in each subgroup;

Allele and genotype frequencies with statistically significant differences (p < 0.01) between Gaucho and Baiano samples are in bold.
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Table S3. Summary of the associations found in this study.

Genes Polymorphisms Total sample Gaucho Baiano
ADAM17 rs1524668 G>T N/A N/A N/A
AFG3L1 rs4785763 A>C N/A N/A N/A
ASIP rs6058017 G>A GG =1 MI/ AA= | MI N/A N/A
HERC2 rs1129038 G>A GG =1 MI/ AA = | MI GG=tTMI/AA=|MI GG=1MI/AA=|MI
MC1R rs1805009 G>C N/A GG =1MI N/A
MC1R rs1805008 C>T N/A N/A N/A
MC1R rs1805007 C>T N/A N/A N/A
OCA2 rs1800407 G>A GG =1 MI* N/A GG =1 MP
OCA2 rs1800401 C>T TT=1MI/CC= | MI N/A N/A
OCA2 rs1800414 A>G N/A N/A N/A
SLC24A5 rs1426654 G>A GG =1 MI/ AA = | MI GG=T1MI/AA=|MI GG=1MI/AA=|MI
SLC45A2 rs6867641 C>T N/A N/A N/A
SLC45A2 rs26722 G>A N/A N/A N/A
SLC45A2 rs16891982 C>G CC=1MI/GG = | MI CC=tMI/GG=|MI CC=1MI/GG=|MI
TPCN2 rs3750965 A>G N/A N/A N/A
TPCN2 rs3829241 G>A N/A N/A N/A
TYR rs1042602 C>A CC=1MI/ AA= | MI N/A CC=1MI/AA= | MI
TYR rs1126809 G>A GG =1 MI/ AA= | MI N/A GG =1 MI/ AA = | MI

N/A = No Association.

®We did not find the other homozygote in this sample.
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Table S4. Regression analysis between SNPs and M1 for the total sample, Gaucho subgroup, and Baiano subgroup.

Total Sample

SNP R R-squared Corrected F p-value (model)?
rs1524668 0.015505 0.00024039 0.00383195 0.05903044 0.942685
rs4785763 0.071004 0.00504161 0.00087861 121.105.068 0.298796
rs6058017 0.22425953 0.05029234 0.04633522 12.709.343 0.000004
rs1129038 0.348074 0.1211553 0.11597037 233.668.388 0.000000
rs1805009 0.054139 0.00293102 0.00090446 144.630.208 0.229701
rs1805008 0.019741 0.0003897 0.00566854 0.06432586 0.800101
rs1805007 0.07885 0.00621732 0.00421373 310.308.599 0.07876
rs1800407 0.107682 0.01159552 0.00956176 57.015.344 0.017331
rs1800401 0.156441 0.02447383 0.02048395 613.397.347 0.002338
rs1800414 0.00151266 0.0000022881 -0.0020261 0.00112806 0.97322
rs1426654 0.58586759 0.34324083 0.34057108 128.566.525 0.000000
rs6867641 0.14798556 0.02189973 0.00982441 181.359.507 0.166362

rs26722 0.02887526 0.00083378 0.00325279 0.20402953 0.815508

rs16891982 0.54340697 0.29529113 0.29236095 100.775.683 0.000000

rs3750965 0.08411019 0.00707452 0.00298841 173.135.771 0.178134

rs3829241 0.09502396 0.00902955 0.00490909 219.139.502 0.112875

rs1042602 0.20153652 0.04061697 0.03677944 105.841.378 0.000031

rs1126809 0.17752206 0.03151408 0.02753673 792.337.681 0.000411
Gaucho

SNP R R-squared Corrected F p-value (model)?
rs1524668 0.06053178 0.0036641 -0.00214544 0.63070339 0.532833
rs4785763 0.06390313 0.00408361 -0.00187996 0.68475912 0.504918
rs6058017 0.202474304 0.04099584 0.03523606 711.760.003 0.000940
rs1129038 0.21974732 0.04828889 0.03867564 502.316.253 0.007447
rs1805009 0.11429611 0.0130636 0.01020292 456.659.849 0.033304
rs1805008 0.01868701 0.0003492 -0.00585981 0.05624155 0.81284
rs1805007 0.04735991 0.00224296 -0.00062416 0.782305 0.377048
rs1800407 0.09386853 0.0088113 0.00591309 304.025.319 0.082122
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rs1800401 0.07396395 0.00547067 0.00255416 187.575.852 0.171718
rs1800414 0.024972122 0.00062361 -0.00225644 0.21652661 0.641991
rs1426654 0.585899952 0.34327875 0.33949362 906.912.395 0.000000
rs6867641 0.148378244 0.0220161 0.00963656 177.842.619 0.172268
rs26722 0.096792774 0.00936884 0.00359257 162.195.205 0.199024
rs16891982 0.476287386 0.22684967 0.22232833 501.730.298 0.000000
rs3750965 0.077957342 0.00607735 0.00023074 103.946.622 0.354764
rs3829241 0.135555829 0.01837538 0.01256695 316.357.154 0.043529
rs1042602 0.157303218 0.0247443 0.01918729 445.280.666 0.012311
rs1126809 0.118407897 0.01402043 0.00825447 243.158.541 0.089416
SNP R R-squared Corrected F p-value (model)?

rs1524668 0.08497432 0.00722064 -0.00647287 0.52730351 0.591322
rs4785763 0.10137915 0.01027773 -0.00376088 0.73210441 0.482715
rs6058017 0.144564188 0.0208988 0.00730018 153.683.187 0.218568
rs1129038 0.26214544 0.06872023 0.05522342 509.159.144 0.007354
rs1805009 0.11046328 0.01220214 0.00538974 179.116.571 0.182879
rs1805008 0.04735991 0.00224296 -0.00062416 0.782305 0.377048
rs1805007 0.03497655 0.00122336 -0.00561758 0.17882921 0.673004
rs1800407 0.16978261 0.02882613 0.02198688 421.480.765 0.041908
rs1800401 0.18106973 0.03278625 0.01953674 247.452.656 0.087728
rs1800414 0.044882538 0.00201444 -0.00491601 0.29066521 0.590627
rs1426654 0.508462386 0.258534 0.24809082 247.562.448 0.000000
rs6867641 0.921161704 0.84853888 0.77280833 112.047.093 0.078838
rs26722 0.07573842 0.00573631 -0.00816948 0.41251234 0.66277
rs16891982 0.538916029 0.29043049 0.27999564 27.832.753 0.000000
rs3750965 0.046660936 0.00217724 -0.01177832 0.15601255 0.855694
rs3829241 0.028203932 0.00079546 -0.01347889 0.05572665 0.945819
rs1042602 0.270925657 0.07340071 0.06070757 578.270.673 0.003829
rs1126809 0.246370821 0.06069858 0.04746898 458.808.981 0.011726

3Significance at p < 0.01 are indicated in bold.
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ABSTRACT

The first impressions about eye color indicated to be dealing with a Mendelian
inheritance. This misconception was soon demystified by other studies. Currently, we
know that traits like eye and hair color is influenced by many genes. Today, a handful
of studies have been done trying to clarify the genetic patterns of human pigmentation.
Unfortunately, these studies have been done predominantly in Europeans and/or Asians
populations, not covering the long range spectrum of human normal variation.
Admixed populations, like Brazilians, may therefore also be useful in the identification
of specific genes involved in phenotypic variation (normal or pathological) of
pigmentation. Here, we study the association between 18 SNPs with eye and hair color
in an admixed population to help to clarify the genotype-phenotype relationship of
these features, with the goal of bringing information that may be used in a wider
reality, such as forensic genetics. We report also the linkage disequilibrium between
some these markers. In an attempt to produce reliable data, we focus on performing
high accuracy and high level of detail in color phenotype description. Our data
indicated 3 markers (HERC2rs1129038, SLC24A5rs1426654, and
SLC45A2rs16891982) highly associated with eye and hair color. These associations
observed were very consistent between qualitative and quantitative measures of eye
and hair phenotypes. Besides that, we observed a quantitative profile of RGB values
between two phenotypic categories of eye color, corroborating literature data indicating
a more predictability to forensic practice in those phenotypes. Despite the efforts of the
scientific community in quantifying phenotypes, the use of qualitative features can
bring less confusion in defining cutoff points of phenotypes for use in forensic DNA

phenotyping.

Key-words: Brazillians, genetic patterns, human pigmentation, phenotypic categories,

qualitative and quantitative measures.

112



1. Introduction

Since Davenport' and Hurst® published the first impressions about eye color
inheritance, a handful of studies have been done trying to clarify the genetic patterns of
iris color. The misconception of a Mendelian inheritance of eye color was soon
demystified by other two studies.®** Currently, we know that traits like eye and hair
color is influenced by many genes.>® Unfortunately, the majority of the pigmentation
genetic studies in humans have been done in European and/or Asian populations.”*,
not covering the long range spectrum of human normal variation. Furthermore, we
know that these associations in a population cannot be easily transposed to another
because of different patterns of linkage disequilibrium (LD), highlighting the
importance of studies in specific populations.

The skin, eye and hair color are different between African, European and Native
Americans, three of the parental groups that contributed to the formation of the Latin
American population.'? Despite of the major variability of eye and hair color to be
geographically restricted in Europeans,*® admixed population show some heterogeneity
in these traits, due mainly to European inheritance. Brazilian populations, with their

stories of relatively recent and different patterns of admixture?***°

may therefore also
be useful in the identification of specific genes involved in phenotypic variation
(normal or pathological) of pigmentation. In this context, an initial analysis of
individual polymorphisms involved in phenotypic traits within a population can
certainly help to clarify the genotype-phenotype relationship of this features so that,
subsequently, the data can also be used and possibly validated in macro populations,
with the goal of bringing information that may be used in a wider reality.

It is believed that all of our externally visible characteristics (besides sex),
including eye and hair color, are currently the most promising for DNA prediction.*’
The normal variation of human pigmentation was first investigated by medical

18,19 20,21

scientists™ ", anthropologists and, more recently, by researchers of forensic

genetics to predicting physical features by DNA??, applying as an investigative tool.
In this way, in recent years, numerous studies have identified genes responsible for

such visible phenotypic characteristics®*?’

, making real the promise to predict physical
characteristics of an individual by DNA, initiating what was called Forensic DNA

Phenotyping (FDP) or Intelligence by DNA.?%, Recently, Walsh et al.® conducted an
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important study for FDP technology, showing the ability to predict eye and hair color
using 24 pigmentation genetics markers (HIrisplex system) in Europeans.

Here, we investigate the association of 18 SNPs (ADAM17rs1524668,
AFG3L1rs4785763, ASIPrs6058017, HERC2rs1129038, MC1Rrs1805007,
MC1Rrs1805008, MC1Rrs18050009, OCAZ2rs1800401, OCA2rs1800407,
OCAZ2rs1800414, SLC24A2rs1426654, SLCA5A2rs6867641, SLCA45A2rs26722,
SLC45A2rs16891982, TPCN2rs3750965, TPCN2rs3829241, TYRrs1042602, and
TYRrs1126809), including 6 SNPs used in Hlrisplex system, with eye and hair color in
an admixed Brazilian sample, comparing the consistence of the association among
quantitative and qualitative measures, and also we report the LD between the markers

analyzed.

2. Material and Methods

2.1 Recruitment of subjects of this study

All 563 Brazilian subjects of this work are also volunteers of the Consortium for
the Analysis of the Diversity and Evolution of Latin America (CANDELA,
http://www.ucl.ac.uk/silva/candela). This project involves academic researchers
studying biological diversity of Latin Americans considering also their social contexts.
More information about the sample used here can be found in Cerqueira et al.?
Additional characteristics of the sample can be view in Supplementary Table 1. All
subjects signed an informed consent approved by Ethic Committees of Universidade
Federal do Rio Grande do Sul (UFRGS), Hospital de Clinicas de Porto Alegre (HCPA)
and Universidade Estadual do Sudoeste da Bahia (UESB) (Resolutions 18208/2010,

100565/2011, and 212/2010, respectively).

2.2 Qualitative and quantitative measures of eye and hair color

During the sample collection of this project was filled a qualitative questionnaire
about eyes and hair color of volunteers. This qualification was made and checking by at
least, two CANDELA researchers (CCSC, VR and TH), avoiding personal impressions
in the analysis. In case of disagreement between the two observers, a third opinion was

required. This can to prevent biases in hetero-classification of some qualitative
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characteristics, as observed by Bastos et al.** In summary, the eye color of the subjects
were categorized into one of five categories, they are: Blue/grey, Green, Honey, Light
Brown, and Dark Brown/Black; the hair color, in turn, were qualify into one of four
categories, as follow: Red/reddish, Blond, Dark blond/Light Brown, and Dark
Brown/Black. Similar classifications are commonly found in the literature.'* 3%

An effort to quantify the eyes and hair color of subjects from the photos was also

performed based on the protocol by Liu et al.**

The photos of the volunteers were used
to measure the RGB value in the region of the eyes and hair using the software
AxioVision 4.8.2. The RGB values (from 0 to 255) were then transformed into Hue and
Saturation values (from 0 to 1; HSV/HSB system), using standards formulas. In the
following link it is possible to transform values of various systems of color
measurements to each other through simple math, as well as to view the formulas used
for these conversions: http://www.easyrgb.com/index.php?X=MATH. Genetic analyzes

were performed using RGB and HS measures.
2.3. Genotyping and statistical analyses

The subjects were genotyped by TagMan® for the 18 SNPs previously associated
with human pigmentation in Europeans and/or Asians. Detailed information about
these markers can be found in Cerqueira et al.”® In the present work was utilized the

same sample of Cerqueira et al.”

, that is, subjects from Rio Grande do Sul and Bahia
states, plus 60 volunteers from the others Brazilian regions. To verify association
between SNPs and phenotypes, we used the Fisher’s exact test or ANOVA (for
qualitative and quantitative data, respectively), and also Kruskal-Wallis in substitution
to ANOVA, when necessary, using the SPSS, version 17.0. For all analysis a p value
<0.001 was considered significant. The MLocus software® was used to verify LD

between markers localized in the same or close genes.
3. Results
3.1 Association analysis with qualitative data

All genotypic and allele frequencies of markers analyzed are describe in
Supplementary Table 2. Two SNPs (SLC24A5rs1426654 and SLC45A2rs16891982) are




not in Hard-Weinberg Equilibrium, explained by smaller heterozygous number than
expected. In qualitative association analysis of the 18 markers with the phenotype of
eye and hair color, we observed that 3/18 markers were highly associated with the eye
color phenotype (HERC2rs1129038, SLC24A5rs1426654, and SLC45A2rs16891982),
and we also verified that these same markers were significantly associated with hair
color in our sample. The summary of these results are in Table 01 (more detailed

information can be viewed on Supplementary Table 3 and 4).

3.2 Association analysis with quantitative data

In quantitative association analysis, we observed that the HERC2rs1129038,
SLC24A5rs1426654, and SLC45A2rs16891982 also shown highly associated with both
eye and hair color (p<0.001). This association was significant with R, G and B values,
as well as with Hue measure (eye color) and Saturation measure (hair color) (Table 1).
Due to quantity analyses done, we consider significance with p<0.001. As the p values
was similar with the right and left eyes analyses, all p values showed in Table 1 to eye
color are relative to right eye. In Supplementary Table 5 we present mean values to
Red, Green, Blue, Hue, and Saturation measures in each phenotypic group of eye and
hair color. It is possible to observe that the mean are very similar between right and left
eye. It is also indicate a high consistence in measures.

It was also possible to observe some borderline associations in Table 1. The
MC1Rrs1805009, and OCAZ2rs1800401 showed significant association only with
Saturation measure in hair color. The Saturation reflects the ratio of the amount of
color compared to medium gray color. How much less gray in the composition of pure
color, the more saturated it is. Therefore, it is a measure subject to interference from the
natural light of the environment or the flash of the camera. This may explain the
association isolated from the two markers mentioned above. And it may also explain
the inconsistence of association with the Hue and Saturation in eye and hair color of the
three markers more consistent in our analysis (HERC2rs1129038, SLC24A5rs1426654,
and SLC45A2rs16891982). As observed in Supplementary Table 5, H and S measures
vary from 0 to 1. To reduce RBG mean (from 0 to 255) for H/S could have lost a
handful of information in analysis, which can also explain the inconsistent associations.
Besides that, the Red and Blond hair is based in only 4 and 27 subjects, respectively,

which may to limit our findings.
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3.3 Linkage disequilibrium analysis

In the analysis of linkage disequilibrium (LD) for polymorphisms in the same
gene and between markers of OCA2 and HERC2 genes, considering pairwise analysis
made by MLocus software, we observed significant LD between following SNPs:
SLCA5A2rs26722-SLC45A2rs16891982,  SLC45A2rs16891982-SLC45A2rs6867641,
TPCN2rs3750965-TPCN2rs3829241, and TYRrs1126809-TYRrs1042602 (Table 2).
The LD for these polymorphisms remained significant after separate analysis of the two
major subgroups of the sample, namely: only individuals of Rio Grande do Sul state
(sample with predominantly European ancestry), and excluding individuals from Rio
Grande do Sul (sample with higher levels of Amerindian and African genetic

admixture) (data not shown).

3.4 Graphical analysis of RGB values between eye and hair phenotypes

We produce a 3D graphic in R software to verify if it is possible visually to
distinguish the RGB values in individuals that have different phenotype for eye and
hair color (Figure 1). Interestingly, a clear quantitative profile of RGB values was made
between subjects with Blue/grey and Dark brown/Black eyes (Figure 1a). There was
fairly overlap of quantitative values from RGB to other phenotypic classes for eye
color (for instance, Green, Honey, and Light brown eyes). This information
corroborates the genetic data in the scientific literature, which indicate a more
feasibility in to predict Blue or Dark brown/Black eye color. To hair color, we do not
observe a clear quantitative differentiation between RGB values (Figure 1b). It is

important to note that our data present only 4 subjects with Red/reddish hair color.

4. Discussion

The main implication of our study is the establishment of some genetic markers
as eye and hair color predictors to FDP technology in an admixed population. Our
analysis presented 3 SNPs (HERC2rs1129038, SLC24A5rs1426654, and
SLC45A2rs16891982) significantly associated with eye and hair color in all analysis

done. The association between quantitative analysis was quite similar to qualitative
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analysis, indicating that phenotypes well categorized are also reliable to present
markers associated with physical features. Furthermore, we observe a quantitative
profile of RGB values between two eye phenotypic categories. This corroborates
literature data indicating a more predictability to forensic practice in the extreme
phenotypes considering eye color.

The exclusion criteria to the quantitative analyses of eye and hair color were:
individuals using contact lens or suspected to use, observed only in the photograph
analyzed; and high level of whitening hair by age or artificially changing pigmentation
phenotypes (hair dying). Despite of our rigorous methodology in recruiting volunteers
for eye and hair color analysis, it is important to note that there is the possibility that we
have included some of those subjects in the quantitative analysis, since only by photo,
we were unable to distinguish whether the hair color was considered natural or artificial
to some volunteers. We believe that this observation does not invalidate our results,
since we believe that there were few cases contemplated in the above observation.
Anyway, the most consistent markers in our qualitative and quantitative analyses were
HERC2rs1129038, SLC24A5rs1426654, and SLC45A2rs16891982. We note that these
three SNPs also presented significantly associated with skin color in our previous
data.?

All polymorphisms studied here were chosen based on functional data and
association studies found in the literature?®, mainly for Europeans and/or Asians
populations. It is possible that some differences may exist between different admixed
and non-admixed populations, with respect to the association of pigmentation markers
analyzed, as noted in previous studies.’®® This indicates that some adjustments must be
made on the set of SNPs for specific population groups, reducing possible noise in

prediction analysis. Walsh et al.?

shown a multiplex assay of 24 polymorphisms
denominate Hlrisplex for simultaneously to predict eye and hair color. This study is the
first prediction system simultaneous of eye and hair color by DNA, opening a new era
of forensic genetics. In our data, 6 markers studied by Walsh et al.” were also analyzed
here: MC1Rrs1805007, MC1Rrs1805008, MC1Rrs1805009, OCA2rs1800407,
SLC45A2rs16891982, and TYRrs1042602. Of these markers, only one
(SLC45A2rs16891982) was significantly associated in our sample. This data again
emphasizes the fact that genotype-phenotype relationships found in one population
cannot be uncritically extrapolated to other populations, as suggested by Cerqueira et

al.”® Further analysis must be conduced to reinforce the associations found here, mainly
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in admixed groups, and also to check other good markers associated in admixed
populations.

Another important genetic marker for eye and hair color verified in our study is
HERC2rs1129038, which is in high linkage disequilibrium with the Hlrisplex’s SNP
HERC2rs12913832 (ref. 36). Ruiz et al.*” have suggested that both SNPs may have a
relevant and independent effect in pigmentation pathway, indicating that both can be
used in the same prediction set. The third relevant SNP studied here is
SLC24A5rs1426654. This polymorphism is a novel finding and also seems very
promising for FDP in admixed samples. Recently, Liu et al.*®* mentioned that
SLC24A5rs1426654 unlikely contribute to eye and hair human color variation, since the
Thr111 allele of this SNP is largely fixed in Europeans, whereas the ancestral Alal1ll
allele had a high frequency (93 to 100%) in African.® Liu et al.*® suggested further
investigation of this DNA variant including admixed individuals. Our data showed this
SNP highly associated with eye, hair, and also with skin color.® As we said, the
SLC24A5rs1426654 is shown as excellent candidate to be applied to the FDP in
admixed sample. In present study, the Alalll frequency was 15%. Besides of the small
number of subjects with Red/reddish and Blond hair color, compared with other
phenotypes, as well as the small number of subjects with Blue/grey and Green eye
color, the significance of this three significant markers in our analysis was quite high.

1.*° was the first Brazilian

To the best of our knowledge, Neitzke-Montinelli et a
study analyzing normal variation polymorphisms associated with human pigmentation.
These authors analyzed two SNPs in the MC1R gene (rs3212345 and rs3212346), and
found an association with skin and hair pigmentation, as well as tanning ability. An
interesting fact in our work is the lack of association of classical markers with eyes (i.e.
OCAZ2 gene markers) and hair (i.e. MC1R gene markers) color in the sample admixed
studied here. The three common MC1R SNPs studied (rs1805007, rs1805008, and
rs1805009) are classics in the pigmentation pathway, at least considering European

populations, being commonly associated with red hair pigmentation'® % 2 4 %2

although it is believed that they also account for substantial variation in skin color.'* %*
%34 The combination of the alleles in these SNPs results in a range of hair color
shades.”> “ Our work not showed such association. The small quantity of red hair
subjects in our sample could explain this issue. With relation OCA2 gene SNPs
(OCA2rs1800401, OCA2rs1800407 and OCA2rs1800414), our data also indicated none

relationship between these markers and eye color in Brazilians. An alternative
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explanation is that the MC1R and OCA2 polymorphisms studied are almost fixed in our
admixed samples (please, consult Supplementary Table 2). Further studies must be
done to verify in more details the MC1R and OCA2 effects in admixed samples.
According Liu et al.®, future studies should concentrate on high accuracy and
high level of detail in color phenotype description. Here, we consider this
recommendation. Despite the efforts of scientific community in quantify phenotypes to
the better phenotypic prediction, we observed that the use of qualitative data shown the
same results, compared with quantitative data. It is known that categorized information
inevitably oversimplifies continuous traits.*® However, the quantitative data introduce a
continuous spectrum that is difficult to define what the cutoff points needed to define
the phenotypes in question. Qualitative data, when well defined, could avoid these
concerns. We believe that it should be better discussed in the scientific community.
Finally, one advantage of studying the LD between genetic markers for forensic
application is to have available some SNPs at hand for analysis with incomplete
profiles in usual sets, in which it was not possible to genotype some markers®’, as in
mass disasters. We present some LD between SNPs that may be useful for this purpose.
Unfortunately, some these LD markers are not associated with eye or hair phenotypes

in present study.
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Table 1. Summary of p values of all analyses with 18 markers and eye/ hair color in our sample.

SNPs Eye color
Qualitative analyses Quantitative analyses _
Red Green Blue Hue Saturation
ADAM17rs1524668 0.814 0.565 0.198 0.108 0.067* 0.259
AFG3L1rs4785763 0.153 0.455 0.133 0.125* 0.335* 0.126*
ASIPrs6058017 0.514 0.471 0.112* 0.171* 0.001* 0.331
HERC2rs1129038 <0.001 <0.001* <0.001* <0.001* <0.001* <0.001
MC1Rrs1805007 0.225 0.858 0.865 0.898 0.828 0.268
MC1Rrs1805008 0.459 0.188 0.593 0.834 0.801 0.569
MC1Rrs1805009 0.457 0.478 0.361 0.367 0.988 0.390
OCAZ2rs1800401 0.938 0.142 0.151 0.275 0.195 0.875
OCA2rs1800407 0.536 0.062 0.282 0.649 0.293* 0.075
OCAZ2rs1800414 0.876 0.171 0.183 0.364 0.321 0.512*
SLC24A5rs1426654 <0.001 <0.001* <0.001* <0.001* <0.001* 0.129
SLC45A2rs16891982 <0.001 <0.001 <0.001* <0.001* <0.001* 0.148*
SLC45A2rs26722 0.322 0.396* 0.356* 0.448%* 0.163* 0.439
SLC45A2rs6867641 0.696 0.142 0.192 0.195 0.573* 0.981
TPCN2rs3750965 0.499 0.948 0.853 0.784 0.904 0.553
TPCN2rs3829241 0.276 0.130 0.093* 0.560* 0.004* 0.971
TYRrs1042602 0.200 0.004 0.052 0.434 0.487 0.134
TYRrs1126809 0.002 0.075 0.005 0.008* 0.001~* 0.204
SNPs Hair color
Qualitative analyses Quantitative analyses _
Red Green Blue Hue Saturation

ADAM17rs1524668 0.437 0.365 0.285 0.157 0.598* 0.929
AFG3L1rs4785763 0.156 0.048 0.050 0.135 0.835 0.524*
ASIPrs6058017 0.577 0.049 0.078 0.220 0.277* 0.018
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HERC2rs1129038 <0.001 <0.001* <0.001* <0.001*
MC1Rrs1805007 0.018 0.022* 0.021* 0.016*
MC1Rrs1805008 0.133 0.819 0.561 0.279
MC1Rrs1805009 0.037 0.006* 0.016* 0.127
OCAZ2rs1800401 0.346 0.002* 0.023 0.076
OCAZ2rs1800407 0.240 0.199 0.201 0.230
OCAZ2rs1800414 0.471 0.803 0.894 0.437
SLC24A5rs1426654 <0.001 <0.001* <0.001* <0.001*
SLC45A2rs16891982 <0.001 <0.001* <0.001* <0.001*
SLC45A2rs26722 0.009 0.032 0.004* 0.005*
SLC45A2rs6867641 0.882 0.984 0.971 0.467
TPCN2rs3750965 0.177 0.607 0.557 0.576
TPCN2rs3829241 0.042 0.218 0.366 0.900
TYRrs1042602 0.006 0.026 0.034 0.096
TYRrs1126809 0.002 0.049* 0.100* 0.106*

0.006*
0.847
0.700

0.229*

0.431*
0.712
0.474

0.543*

0.098*
0.960
0.111
0.869

0.616*

0.760*
0.312*

<0.001*
0.024*
0.289
<0.001
<0.001*
0.116
0.228
<0.001*
<0.001*
0.058
0.693
0.491
0.003
0.006
0.026

* Non-parametric Kruskal-Wallis test. All the others quantitative analyses were done with ANOVA.
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Table 2. Linkage disequilibrium analysis between some polymorphisms studied in this work.

MCI1R p D' R?
rs1805008-rs1805007 0.359 1.000 0.001
rs1805008-rs1805009 0.471 1.000 0.000
rs1805007-rs1805009 0.249 0.044 0.001

OCA2 p D' R?
rs1800407-rs1800401 0.016 1.000 0.005
rs1800407-rs1800414 0.605 1.000 0.000
rs1800401-rs1800414 0.572 1.000 0.000

OCA2-HERC? p D' R’
rs1800401-rs1129038 0.011 0.376 0.006
rs1800407-rs1129038 0.079 0.283 0.003
rs1800414-rs1129038 0.146 1.000 0.002

SLC45A2 p D' R?
rs26722-rs16891982 <0.001 0.981 0.217
rs26722-rs6867641 0.705 0.026 0.000
rs16891982-rs6867641 0.002 0.103 0.009

TPCN2 p D' R’
rs3750965-rs3829241 <0.001 0.985 0.193

TYR p D' R?
rs1126809-rs1042602 <0.001 0.740 0.067
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Figure 01. Tridimensional graphic of RGB values, separated by qualitative phenotypic classes of eye and hair color.

a) Graphic RGB in R software to eye color groups.
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Legend: Blue= blue/grey eyes; Green= green eyes; Yellow= honey eyes; Orange=light brown eyes; Red= dark brown/black eyes.




b) Graphic RGB in R software to hair color groups.
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Supplementary Table 1. General characteristics of the studied sample.

Mean (Minimum-Maximum)
Age 27.74 (18-85)
N (%)

Gender

Male 195 (34.6%)

Female 368 (65.4%)
Eye color

Blue/Grey 35 (6.2%)

Green 77 (13.7%)

Honey 35 (6.2%)

Light brown 99 (17.6%)

Dark brown/Black 317 (56.3%)
Hair color

Red/reddish 4 (0.7%)

Blond 34 (6%)

Dark blond/Light Brown 177 (31.4%)

Dark brown/Black 348 (61.8%)
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Supplementary Table 2. Genotype and allele frequencies for 18 SNPs in our sample.

rs1524668 rs4785763 rs6058017 rs1129038 rs1805007 rs1805008
1=G/2=T 1=A/2=C 1=G/2=A 1=G/2=A 1=C/2=T 1=C/2=T
Genotypes/Alleles
11 0.405 0.050 0.034 0.451 0.962 0.925
12 0.469 0.353 0.268 0.411 0.038 0.075
22 0.126 0.597 0.698 0.138 0.000 0.000
1 0.64 0.23 0.17 0.66 0.98 0.96
2 0.36 0.77 0.83 0.34 0.02 0.04
rs1805009 rs1800401 rs1800407 rs1800414 rs1426654 rs16891982
1=G/2=C 1=C/2=T 1=G/2=A 1=A2=G 1=G/2=A 1=C/2=G
Genotypes/Alleles
11 0.976 0.860 0.876 0.993 0.045 0.137
12 0.024 0.134 0.124 0.007 0.205 0.345
22 0.000 0.006 0.000 0.000 0.750 0.518
1 0.99 0.93 0.94 0.99 0.15 0.31
2 0.01 0.07 0.06 0.01 0.85 0.69
rs26722 rs6867641 rs3750965 rs3829241 rs1042602 rs1126809
1=C/2=T 1=C/2=T 1=A2=G 1=G/2=A 1=C/2=A 1=G/2=A
Genotypes/Alleles
11 0.823 0.457 0.468 0.511 0.411 0.696
12 0.173 0.440 0.419 0.389 0.434 0.265
22 0.004 0.103 0.113 0.100 0.155 0.039
1 0.91 0.68 0.68 0.71 0.63 0.83
2 0.09 0.32 0.32 0.29 0.37 0.17
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Supplementary Table 3. Detailed association analysis between qualitative eye color and genotypes.

Gene SNPs Genlc\)ltype Eye color i 0
) Blue/Grey Green Honey Light brown  Darker brown/Black
ADAM17 rs1524668 GG (223) 17 (48.6%) 36 (48%) 15 (44.1%) 37 (38.5%) 118 (38.1%)
GT (258) 15(42.9%) 29(38.7%) 16 (47.1%) 47 (49%) 151 (48.7%)
TT (69) 3 (8.6%) 10 (13.3%) 3 (8.8%) 12 (12.5%) 41 (13.2%)
35 (100%) 75 (100%) 34 (100%) 96 (100%) 310 (100%) 4.505 0.814
AFG3L1  rs4785763 AA (27) 2 (5.9%) 6 (8.6%) 1 (2.9%) 3 (3.1%) 15 (5%)
AC (190) 16 (47.1%) 32 (45.7%) 12 (35.3%) 30 (30.9%) 100 (33%)
CC (321) 16 (47.1%) 32(45.7%) 21 (61.8%) 64 (66%) 188 (62%)
34 (100%) 70 (100%) 34 (100%) 97 (100%) 303 (100%) 11.313 0.153
ASIP rs6058017 GG (18) 0 (0%) 0 (0%) 1 (3%) 3 (3.2%) 14 (4.6%)
GA (144) 7(20.6%) 17 (23.3%) 8 (24.2%) 29 (30.5%) 83 (27.4%)
AA (376) 27 (79.4%) 56 (76.7%) 24 (72.7%) 63 (66.3%) 206 (68%)
34 (100%) 73 (100%) 33 (100%) 95 (100%) 303 (100%) 6.827 0.514
HERC2 rs1129038 GG (173) 0 (0%) 1 (2.1%) 2 (9.5%) 21 (30.4%) 149 (66.2%)
GA (158) 4 (19%) 19 (39.6%) 14 (66.7%) 46 (66.7%) 75 (33.3%)
AA (53) 17 (81%) 28 (58.3%) 5 (23.8%) 2 (2.9%) 1 (0.4%)
21 (100%) 48 (100%) 21 (100%) 69 (100%) 225 (100%) 228.419  <0.001
MC1R rs1805007 CC (535) 34 (97.1%) 71(93.4%) 32(91.4%) 97 (98%) 301 (96.8%)
CT (21 1 (2.9%) 5 (6.6%) 3 (8.6%) 2 (2%) 10 (3.2%)
T (0) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
35 (100%) 76 (100%) 35 (100%) 99 (100%) 311 (100%) 4.983 0.225
MC1R rs1805008 CC (172) 13(86.7%) 28 (87.5%) 12 (92.3%) 32 (97%) 87 (93.5%)
CT (14) 2(13.3%) 4 (12.5%) 1 (7.7%) 1 (3%) 6 (6.5%)
T (0) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
15 (100%) 32 (100%) 13 (100%) 33 (100%) 93 (100%) 3.387 0.459
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MC1R rs1805009 GG (538) 32(97%) 73 (96.1%)  32(97%) 95 (96.9%) 306 (98.4%)
GC (13) 1 (3%) 3 (3.9%) 1 (3%) 3 (3.1%) 5 (1.6%)
CC (0) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
33 (100%) 76 (100%) 33 (100%) 98 (100%) 311 (100%) 3180  0.457
OCA2 rs1800401 CC (473) 32 (91.4%) 65(87.8%) 31 (91.2%) 84 (85.7%) 261 (84.5%)
CT (74) 3(86%) 9(122%)  3(8.8%) 14 (14.3%) 45 (14.6%)
T (3) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 3 (1%)
35 (100%) 74 (100%) 34 (100%) 98 (100%) 309 (100%) 3074  0.938
OCA2 rs1800407 GG (478) 32(91.4%) 60 (83.3%) 32 (94.1%) 84 (85.7%) 270 (87.9%)
GA (68) 3(8.6%) 12(16.7%) 2(5.9%) 14 (14.3%) 37 (12.1%)
AA (0) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
35 (100%) 72 (100%) 34 (100%) 98 (100%) 307 (100%) 3068  0.536
OCA2 rs1800414 AA (549) 35(100%) 76 (100%) 34 (100%) 99 (100%) 305 (98.7%)
AG (4) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 4 (1.3%)
GG (0) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
35 (100%) 76 (100%) 34 (100%) 99 (100%) 309 (100%) 1642  0.876
SLC24A5 rs1426654 GG (25) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 25 (8%)
GA (114) 2(.7%)  5(6.6%)  4(11.8%) 11 (11.1%) 92 (29.6%)
AA (416) 33(94.3%) 71(93.4%) 30(88.2%) 88 (88.9%) 194 (62.4%)
35 (100%) 76 (100%) 34 (100%) 99 (100%) 311 (100%) 63720  <0.001
SLCA5A2 516891982 CC (74) 0 (0%) 3 (4.1%) 1 (3%) 9 (9.2%) 61 (20.3%)
CG (187) 3(8.6%) 21(28.4%) 11(33.3%) 25 (25.5%) 127 (42.2%)
GG (280) 32 (91.4%) 50 (67.6%) 21 (63.6%) 64 (65.3%) 113 (37.5%)
35 (100%) 74 (100%) 33 (100%) 98 (100%) 301 (100%) 70.856  <0.001
SLCA5A2 1526722  CC (453) 32 (91.4%) 62 (84.9%) 26 (765%) 86 (86.9%) 247 (79.9%)
CT (95) 3(8.6%) 11(151%) 8(235%) 12 (12.1%) 61 (19.7%)
T (2) 0 (0%) 0 (0%) 0 (0%) 1 (1%) 1 (0.3%)
35 (100%) 73 (100%) 34 (100%) 99 (100%) 309 (100%) 8905  0.322
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SLC45A2

rs6867641

CcC
CT
TT

(84)
(81)
(19)

9 (64.3%)
3 (21.4%)
2 (14.3%)
14 (100%)

13 (39.4%)
16 (48.5%)
4 (12.1%)
33 (100%)

5 (41.7%)
7 (58.3%)
0 (0%)
12 (100%)

14 (42.4%)
15 (45.5%)
4 (12.1%)
33 (100%)

43 (46.7%)
40 (43.5%)
9 (9.8%)
92 (100%)

5.543

0.696

TPCN2

rs3750965

AG
GG

(256)
(229)
(62)

16 (45.7%)
12 (34.3%)
7 (20%)
35 (100%)

33 (44.6%)
34 (45.9%)
7 (9.5%)
74 (100%)

14 (41.2%)
17 (50%)
3 (8.8%)

34 (100%)

39 (40.2%)
46 (47.4%)
12 (12.4%)
97 (100%)

154 (50.2%)
120 (39.1%)
33 (10.7%)
307 (100%)

7.268

0.499

TPCN2

rs3829241

GG
GA

(276)
(210)
(54)

18 (51.4%)
12 (34.3%)
5 (14.3%)
35 (100%)

30 (41.1%)
37 (50.7%)
6 (8.2%)
73 (100%)

14 (43.8%)
13 (40.6%)
5 (15.6%)
32 (100%)

49 (50%)
36 (36.7%)
13 (13.3%)
98 (100%)

165 (54.6%)
112 (37.1%)
25 (8.3%)
302 (100%)

9.810

0.276

TYR

rs1042602

CcC
CA

(221)
(233)
(83)

12 (35.3%)
17 (50%)
5 (14.7%)
34 (100%)

26 (36.1%)
36 (50%)
10 (13.9%)
72 (100%)

13 (40.6%)
12 (37.5%)
7 (21.9%)
32 (100%)

31 (32%)
45 (46.4%)
21 (21.6%)
97 (100%)

139 (46%)
123 (40.7%)
40 (13.2%)
302 (100%)

10.833

0.200

TYR

rs1126809

GG
GA

(380)
(145)
(21)

17 (51.5%)
12 (36.4%)
4 (12.1%)
33 (100%)

46 (62.2%)
25 (33.8%)
3 (4.1%)
74 (100%)

19 (57.6%)
11 (33.3%)
3 (9.1%)
33 (100%)

60 (63.8%)
30 (31.9%)
4 (4.3%)
94 (100%)

238 (76.3%)
67 (21.5%)
7 (2.2%)
312 (100%)

22.552

0.002

* Fisher’s Exact test.
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Supplementary Table 4. Detailed association analysis between qualitative hair color and genotypes.

G Genotype Hair color o
ene SNPs - - x p
(N) Red/Reddish Blond Dark blond/ Light brown  Dark brown/ Black
ADAM17 rs1524668 GG (223) 2 (50%) 18 (52.9%) 62 (36%) 141 (41.5%)
GT (258) 2 (50%) 13 (38.2%) 91 (52.9%) 152 (44.7%)
TT (69) 0 (0%) 3 (8.8%) 19 (11%) 47 (13.8%)
4 (100%) 34 (100%) 172 (100%) 340 (100%) 5599  0.437
AFG3L1 rs4785763 AA (27) 0 (0%) 4 (11.8%) 7 (4.1%) 16 (4.8%)
AC (190) 2 (50%) 15 (44.1%) 67 (39.4%) 106 (32.1%)
CC (321) 2 (50%) 15 (44.1%) 96 (56.5%) 208 (63%)
4 (100%) 34 (100%) 170 (100%) 330 (100%) 8.812  0.156
ASIP rs6058017 GG (18) 0 (0%) 0 (0%) 5 (2.9%) 13 (3.9%)
GA (144) 0 (0%) 6 (18.2%) 44 (25.7%) 94 (28.5%)
AA (376) 4 (100%) 27 (81.8%) 122 (71.3%) 223 (67.6%)
4 (100%) 33 (100%) 171 (100%) 330 (100%) 4461 0577
HERC2 rs1129038 GG (173) 0 (0%) 0 (0%) 29 (25.7%) 144 (58.1%)
GA (158) 2 (100%) 5 (23.8%) 60 (53.1%) 91 (36.7%)
AA (53) 0 (0%) 16 (76.2%) 24 (21.2%) 13 (5.2%)
2 (100%) 21 (100%) 113 (100%) 248 (100%) 93.498 <0.001
MC1R rs1805007 CC (535) 3 (75%) 31 (91.2%) 166 (94.9%) 335 (97.7%)
CT (21) 1 (25%) 3 (8.8%) 9 (5.1%) 8 (2.3%)
TT (0) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
4 (100%) 34 (100%) 175 (100%) 343 (100%) 9.643 0.018
MC1R rs1805008 CC (172) 2 (100%) 11 (78.6%) 60 (90.9%) 99 (95.2%)
CT (14 0 (0%) 3 (21.4%) 6 (9.1%) 5 (4.8%)
TT (0) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
2 (100%) 14 (100%) 66 (100%) 104 (100%) 5358  0.133
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MCIR rs1805009 GG (538) 3(75%) 31 (93.9%) 168 (97.7%) 336 (98.2%)
GC (13) 1 (25%) 2 (6.1%) 4 (2.3%) 6 (1.8%)
ccC (0) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
4(100%) 33 (100%) 172 (100%) 342 (100%) 8.125  0.037
OCA2 rs1800401 CC (473) 4(100%) 33 (97.1%) 150 (86.2%) 286 (84.6%)
CT (74) 0 (0%) 1 (2.9%) 24 (13.8%) 49 (14.5%)
TT (3) 0 (0%) 0 (0%) 0 (0%) 3 (0.9%)
4(100%) 34 (100%) 174 (100%) 338 (100%) 7338  0.346
OCA2 rs1800407 GG (478) 4(100%) 30 (90.9%) 144 (83.2%) 300 (89.3%)
GA (68) 0 (0%) 3 (9.1%) 29 (16.8%) 36 (10.7%)
AA (0) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
4(100%) 33 (100%) 173 (100%) 336 (100%) 4002 0.240
OCA2 rs1800414 AA (549) 4(100%) 34 (100%) 177 (100%) 334 (99%)
AG (4) 0 (0%) 0 (0%) 0 (0%) 4 (1%)
GG (0) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
4(100%) 34 (100%) 177 (100%) 338 (100%) 3651 0471
SLC24A5  rs1426654 GG (25) 0 (0%) 0 (0%) 1 (0.6%) 24 (7%)
GA (114) 1(333%)  1(2.9%) 17 (9.7%) 95 (27.8%)
AA (416) 2 (66.7%) 33 (97.1%) 158 (89.8%) 223 (65.2%)
3(100%) 34 (100%) 176 (100%) 342 (100%) 52423 <0.001
SLC45A2  rs16891982 CC (74) 0 (0%) 0 (0%) 7 (4.1%) 67 (20.2%)
CG (187) 2(50%) 4 (11.8%) 32 (18.7%) 149 (44.9%)
GG (280) 2 (50%) 30 (88.2%) 132 (77.2%) 116 (34.9%)
4(100%) 34 (100%) 171 (100%) 332 (100%) 107.088  <0.001
SLCA5A2  rs26722  CC (453) 3(75%) 32 (94.1%) 154 (88.5%) 264 (78.1%)
CT (95) 1 (25%) 2 (5.9%) 19 (10.9%) 73 (21.6%)
T (2) 0 (0%) 0 (0%) 1 (0.6%) 1 (0.3%)
4(100%) 34 (100%) 174 (100%) 338 (100%) 16.762  0.009
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SLC45A2  rs6867641 CC (84) 1(50%) 6 (46.2%) 30 (45.5%) 47 (45.6%)
CT (81) 1(50%) 7 (53.8%) 27 (40.9%) 46 (44.7%)
TT (19) 0 (0%) 0 (0%) 9 (13.6%) 10 (9.7%)
2 (100%) 13 (100%) 66 (100%) 103 (100%) 2.730  0.882
TPCN2 1s3750965 AA (256) 1(33.3%) 16 (47.1%) 71 (42%) 168 (49.3%)
AG (229) 1(33.3%) 17 (50%) 80 (47.3%) 131 (38.4%)
GG (62) 1(333%)  1(2.9%) 18 (10.7%) 42 (12.3%)
3(100%) 34 (100%) 169 (100%) 341 (100%) 8311  0.177
TPCN2 1s3829241 GG (276) 4(100%) 12 (35.3%) 80 (47.1%) 180 (54.2%)
GA (210) 0(0%) 20 (58.8%) 67 (39.4%) 123 (37%)
AA (54) 0 (0%) 2 (5.9%) 23 (13.5%) 29 (8.7%)
4(100%) 34 (100%) 170 (100%) 332 (100%) 12.060  0.042
TYR 11042602 CC (221) 1(25%) 10 (29.4%) 52 (31%) 158 (47.7%)
CA (233) 2 (50%) 19 (55.9%) 83 (49.4%) 129 (39%)
AA (83) 1(25%) 5 (14.7%) 33 (19.6%) 44 (13.3%)
4(100%) 34 (100%) 168 (100%) 331 (100%) 16.977  0.006
TYR rs1126809 GG (380) 3(75%) 15 (45.5%) 112 (65.9%) 250 (73.7%)
GA (145) 0(0%) 15 (45.5%) 49 (28.8%) 81 (23.9%)
AA (21) 1 (25%) 3(9.1%) 9 (5.3%) 8 (2.4%)
4(100%) 33 (100%) 170 (100%) 339 (100%) 10323 0.002

* Fisher’s Exact test.
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Supplementary Table 5. Mean Red, Green, Blue, Hue, and Saturation values in each phenotypic group of eye and hair color.

Eye color (Right eye/ Left eye)

Red Mean Green Mean Blue Mean Hue Saturation
Blue (n=34) 84.19/ 84.98 87.42/ 88.63 90.53/91.97 0.502/0.486 0.099/ 0.108
Green (n=77) 88.21/ 88.26 83.47/83.03 74.61/74.34 0.212/0.189 0.176/0.177
Honey (n=35) 83.80/ 83.26 65.66/ 66.39 49.08/50.16 0.081/0.085 0.416/0.398
Light brown (n=98) 77.72/ 7750 55.07/ 54.67 40.79/ 40.20 0.063/ 0.063 0.458/ 0.459
Dark brown (n=316) 56.45/ 58.83 38.32/ 39.86 31.85/32.74 0.034/0.063 0.399/0.408

Hair color

Red Mean Green Mean Blue Mean Hue Saturation
Red (n=4) 83.61 62.46 46.68 0.041 0.384
Blond (n=27) 84.41 66.98 51.17 0.076 0.361
Light brown (n=159) 60.24 49.92 42.10 0.066 0.253
Dark brown (n=326) 39.34 35.26 33.83 0.138 0.138
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4. DISCUSSAO
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Ap6s a publicacéo dos rascunhos dos genomas do Neandertal (Green et al., 2010) e de
um espécime encontrado na caverna de Denisova, Russia (Reich et al., 2010), foram
desvendandos pela primeira vez detalhes genéticos e moleculares de hominineos ndo-sapiens.
Porém, antes destas publicacBes, alguns pesquisadores tentaram inferir a aparéncia destes
hominineos extintos. Um dos estudos dignos de mencéo é o de Lalueza-Fox et al. (2007). Os
autores sequenciaram um fragmento do gene MCI1R de dois espécimes de Neandertais e
encontraram uma variante possivelmente funcional que estaria associada a perda de fungdo do
MC1R conferindo, possivelmente, uma pele clara e cabelos ruivos/avermelhados nos
individuos que a possuem, pois se sabe que cabelos vermelhos é o fen6tipo nulo do MC1R
(Beaumont et al., 2008). Posteriormente, Bouakaze et al. (2009), numa andlise igualmente
interessante, genotiparam em um Unico ensaio multiplex 10 SNPs em 6 genes candidatos para
pigmentacdo com a finalidade de produzir informagdes sobre tracos de pigmentagdo de 25
restos humanos arqueoldgicos provenientes da Sibéria, datados da Idade do Bronze e do Ferro
(entre 5.000 e 1.000 anos antes do presente). Mais recentemente Draus-Barini et al. (2013)
tentaram predizer tracos de pigmentacdo de 26 fragmentos 6sseos humanos antigos, utilizando
o sistema Hirisplex, desenvolvido por Walsh et al. (2013) para estimar cor de olhos e cabelos a

partir da andlise de DNA.

Numa perspectiva similar, a publicagdo do nosso grupo (Cerqueira et al., 2012 —
Capitulo I dos resultados desta tese) buscou estimar a aparéncia fisica de trés Neandertais, do
homem de Denisova e de um Paleo-esquimd, além de predizer a aparéncia fisica de alguns
individuos andnimos e ndo-andnimos da atualidade que possuem 0s seus respectivos genomas
disponiveis. Nosso trabalho mostrou, dentre outras coisas, que os Neandertais podiam ter
variados niveis de pigmentacdo, potencialmente na mesma escala observada nos humanos
modernos. Uma repercussdo bastante positiva na midia nacional (Entrevista FAPESP -
Apéndice 1V) e internacional (Entrevista SCIENCENow — Apéndice V) ocorreu apds esta
publicacdo, pois nosso trabalho foi o primeiro a utilizar um conjunto grande de marcadores
(124 SNPs) e também o primeiro a estimar a aparéncia fisica do homem de Denisova. Com
este artigo foi possivel também aferir a confiabilidade na predicdo de pigmentacdo através da
analise de marcadores genéticos previamente selecionados, aspecto extremamente importante

nas aplicacOes forenses de tais metodologias.

140



Posteriormente & publicacdo do artigo mencionado, um estudo publicado na prestigiosa
revista internacional Science (Meyer et al., 2012) corroborou nossas inferéncias sobre a
pigmentacdo do hominideo de Denisova, indicando que o mesmo era portador de alelos que,
nos humanos da atualidade, estdo associados com pele escura, cabelos e olhos castanhos. Além
de corroborar nossas inferéncias, Meyer e colegas também disponibilizaram no material
suplementar de seu artigo, entre outras informag@es, uma tabela complementando gendtipos
faltantes no nosso estudo, deixando mais completa as informacdes genotipicas dos marcadores
de pigmentacdo para o homem de Denisova. Para mais detalhes do atual estado da arte sobre
genomas de hominineos arcaicos, principalmente dados sobre o Denisova e Neanderthal,

consulte a excelente revisao feita por Disotell (2012).

Sabemos que a abordagem utilizando o efeito aditivo, feita por nos (Cerqueira et al.,
2012) é um tanto simplista, levando em consideracdo a complexidade envolvida nos
mecanismos fisioldgicos da pigmentacdo mencionados na Introdugdo desta tese, uma vez que
consideramos apenas 0s gendtipos homozigotos para 0s marcadores analisados, o que limitou
nosso poder de predi¢do. Entretanto, é possivel trabalhar somente com as informagdes que
temos disponiveis no momento, e outros trabalhos também utilizaram abordagens similares
para uma infinidade de outras analises (Consultar Liu et al., 2010; Pdspiech et al., 2011,
Beleza et al., 2012). Esperamos que futuros trabalhos possam esclarecer o efeito dos
heterozigotos no fenotipo da pigmentacdo para que estes possam ser testados também na
predicdo de pigmentacdo usando uma metodologia similar aquela proposta por nés. Uma
perspectiva que temos é aprimorar as analises estatisticas apresentadas (Cerqueira et al., 2012)
a fim de testar o poder de predigdo com outros marcadores, utilizando abordagens e dados
mais completos que estdo sendo desenvolvidas pelo consércio CANDELA. E possivel antever
que poderemos considerar o efeito dos heterozigotos no fendtipo de pigmentacéo e estimar o
possivel efeito de epistasia/interacfes génicas nas analises computacionais. Com isto ser
possivel selecionar um conjunto de marcadores especificos em populagdes miscigenadas para

uso forense.

Os 18 SNPs envolvidos com pigmentagéo selecionados para o presente trabalho foram
escolhidos baseados em dados funcionais e estudos de associagdo encontrados na literatura
cientifica, conforme descrito na Introdugéo e nos artigos mencionados nos resultados desta

tese. Um fato interessante nas andlises realizadas com os 18 marcadores, € que alguns
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marcadores classicos (marcadores dos genes MC1R e OCA2 aqui estudados, por exemplo)
envolvidos com cor dos olhos e cabelos em Europeus, ndo foram consistentemente associados
com estes fendtipos na nossa analise, mesmo que boa parte dos voluntarios da nossa amostra
possua ancestralidade predominantemente Européia (individuos do estado do Rio Grande do
Sul). Para as andlises da cor dos olhos e cabelos realizados no artigo descrito no Capitulo Ill
desta tese, ndo realizamos analise estratificada para Galchos vs. Baianos como fizemos para o
artigo descrito no Capitulo Il, pois os olhos e cabelos foram inicialmente qualificados e
algumas das categorias fenotipicas para estes fenotipos possuem pouco tamanho amostral para

realizar tal estratificacdo, conforme é possivel observar nas tabelas dos artigos mencionados.

Em Cerqueira et al. (2013; Capitulo Il dos resultados desta tese) foi observado que
alguns polimorfismos apresentaram associacdes diferentes entre Galchos e Baianos, com
relacdo a cor da pele, o que pode estar relacionado aos diferentes perfis demogréficos e
histdria de mesticagem destas populagdes. Estes dados sdo importantes sob varios aspectos: do
ponto de vista de aplicagdo forense, para predizer caracteristicas fisicas de pigmentacdo em
uma amostra, € necessario primeiro entender quais as variantes que diferem entre populagdes
ou subpopulagdes, e entdo escolher aquelas que apresentam associa¢fes consistentes para uso
pratico, deixando aqueles marcadores com associagdes populagdo-especifica somente para uso
restrito em alguns grupos geogréficos. De acordo com Valenzuela et al. (2010), Spichenok et
al. (2011) e Walsh et al. (2011, 2013), os ensaios para predi¢do de aparéncia fisica podem ser
desenvolvidos, independente da ancestralidade geogréafica da populacdo analisada. Nossos
achados indicam que tal premissa deve ser considerada com restricbes. Dos 18 marcadores,
somente 3 se apresentaram consistentemente associados com cor da pele (rs1129038 - gene
HERC?2, rs1426654 - gene SLC24A5, e rs16891982 - gene SLC45A2) entre os dois grupos
amostrais, enquanto outros marcadores se apresentaram associados somente em um ou outro
grupo amostral. E conhecido também o fendmeno da convergéncia evolutiva, ou seja, a
possibilidade de um mesmo fendtipo em populagdes distintas ter sido causado por diferentes
mecanismos genéticos, devido a pressdes seletivas similares (consultar Norton et al., 2007; e

Beleza et al., 2012; para maiores detalhes).

A partir do modelo da dindmica de historia demogréfica relatado no estudo de Beleza et
al. (2012) é possivel observar que as nossas indagacdes sdo plenamente plausiveis, no que diz

respeito & recomendacédo de evitar extrapolar para varias populagdes resultados de associa¢do
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de genes vs. fendtipos de pigmentacdo. Os dados levantados para 0s 18 marcadores classicos
estudados na presente tese s&o muito importantes para mostrar esta questdo em amostras

miscigenadas.

Dos 18 SNPs estudados aqui, encontramos associacdo altamente significante para
somente 3 marcadores em todas as trés caracteristicas de pigmentacdo investigadas (cor da
pele, olhos e cabelos), que sdo: rs1129038 (gene HERC?2), rs1426654 (gene SLC24A5) e
rs16891982 (gene SLC45A2). Conforme também descrito nos nossos resultados, estes SNPs
que estdo consistentemente associados em mais de uma populagdo nas nossas analises
poderiam ser mantidos como polimorfismos preliminares realmente Gteis para FDP,
independentemente da ancestralidade geogréafica da amostra analisada. Estudos adicionais em
outras populacdes miscigenadas e ndo miscigenadas devem ser realizados para confirmar a
consisténcia nestas associacdes. Uma importante recomendagdo do estudo do Ruiz et al.
(2013) é a inclusdo do SNP rs1129038 do gene HERC2 no Hilrisplex. Como dito, este SNP faz
parte do conjunto de marcadores utilizados nesta tese e, a despeito do forte desequilibrio de
ligacdo entre este e 0 rs12913832 (Amos et al., 2011) (j4 utilizado no Hlrisplex), o estudo de
Ruiz et al. (2013) indicou a incluséo daquele por melhorar a preditabilidade para a cor do olho,

o0 qual apresentou um efeito adicional ao rs12913832, depois de uma andlise ajustada.

Em Cerqueira et al. (2013 — Capitulo 111 desta tese), também foi descrito o LD de alguns
marcadores estudados. Este tipo de descricdo € atil para o fim de desenvolvimento de
polimorfismos “reservas” com o mesmo poder de predicdo e acurdcia, no caso de alguns dos
SNPs de um conjunto multiplex estabelecido ndo funcionar na genotipagem devido ao alto
nivel de degradacdo do DNA da amostra, por exemplo. Isto é Gtil em casos de desastres em
massa e catastrofes naturais, onde € relativamente comum algumas amplificacbes ndo
funcionarem. Portanto, uma vantagem de se ter SNPs reduntantes ou “SNPs extras” ao alcance
da méo para analises de predicéo é a habilidade de lidar com perfis incompletos, nos quais ndo

foi possivel genotipar alguns marcadores (Ruiz et al., 2013).

Finalmente, esperamos que os achados da presente tese sirvam como ponto de partida
para o desenvolvimento de conjunto de SNPs Uteis para fenotipagem forense pelo DNA em
populacBes miscigenadas. Esperamos também que nossos dados estimulem a discussdo sobre o
cuidado em algumas extrapolacBes sugeridas na literatura cientifica. Um esforco para

estimular tal discussdo e também para enriquecer a literatura com dados de populagde
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miscigenadas estd sendo feito nos resumos apresentados em congressos no contexto da
presente tese (Apéndice VI), bem como com as publicagdes que estdo sendo preparadas com
todos os paises participantes do consércio CANDELA (Apéndice VII). Concordamos com a
sugestdo de Kayser & Schneider (2009) de que o uso de marcadores geograficos devem ser
encorajados para auxiliar a analise de predicdo de caracteristicas fisicas, no sentido de definir
qual a provavel populacdo que o individuo analisado pertence, e entdo escolher o conjunto de
marcadores de predicdo mais adequado em cada caso. Portanto, confirmar a possivel origem
genética geogréfica da amostra preliminarmente ao uso de possiveis ensaios de predi¢do de
grupos populacionais especificos pode assegurar uma melhor confiabilidade nas estimativas da

Fenotipagem Forense por DNA.
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6.1. ANEXO I

(Aprovacéo do projeto de pesquisa pela Universidade Federal do Rio Grande do Sul - UFRGS)
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, BRORE ~
UFRGS PRORETORIADE PESQUISA ZOR D,

“u

UNIVERSIDADE FEDERAL  Comité De Etica Em Pesquisa Da Ufrgs
DO RIO GRANDE DO SUL

CARTA DE APROVAGAO

Comité De Etica Em Pesquisa Da Ufrgs analisou o projeto:

Nimero: 18208
Titulo: FENOTIPO, ANCESTRALIDADE GENOMICA E DINAMICA DE MESTICAGEM

Pesquisadores:

Equipe UFRGS:

MARIA CATIRA BORTOLINI DA SILVA - coordenador desde 01/07/2010
FRANCISCO MAURO SALZANO - pesquisador desde 01/07/2010
Tabita Hunemeier - pesquisador desde 01/07/2010

Caio Cesar Silva de Cerqueira - pesquisador desde 01/07/2010

E_quipe Externa:

Andres Ruiz Linares - coordenador desde 01/07/2010
Jorge Gomez Valdes - pesquisador desde 01/07/2010
Victor Acuna Alonzo - pesquisador desde 01/07/2010

Comité De Etica Em Pesquisa Da Ufrgs aprovou o mesmo, em reunido realizada em
03/09/2010 - Sala de Reunides do Gabinete do Reitor (Ex Saldo Vermelho) - Prédio Reitoria, 6°
andar, por estar adequado ética e metodologicamente e de acordo com a Resolugdo 196/96 e
complementares do Conselho Nacional de Saiide.

Porto Alegre, Sequnda-Feira, 13 de Setembro de 2010

J TUR BOGO CHIES
Coordenador da comisséo de ética
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6.2. ANEXO Il

(Aprovagéo do projeto de pesquisa pelo Hospital de Clinicas de Porto Algre - HCPA)
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HCPA - HOSPITAL DE CLINICAS DE PORTO ALEGRE
GRUPO DE PESQUISA E POS-GRADUAGAO

COMISSAO CIENTIFICA E COMISSAO DE PESQUISA E ETICA EM SAUDE

A Comissdo Cientifica e a Comisséo de Pesquisa e Etica em Salde, que é reconhecida pela Comisséo
Nacional de Etica em Pesquisa (CONEP)/MS como Comité de Etica em Pesquisa do HCPA e pelo Office For
Human Research Protections (OHRP)/USDHHS, coma Institutional Review Board (IRB00000921)
analisaram o projeto:

Projeto: 100565 Verséo do Projeto:  11/01/2011 Verséo do TCLE: 11/01/2011

Pesquisadores:

LAVINIA SCHULER

DANAE LONGO

TABITA HUNEMEIER

CAIO CESAR SILVA DE CERQUEIRA
MARIA CATIRA BORTOLINI

Titulo:  Fendtipo, ancestralidade genética e dindmica de miscigenagéo no Brasil

- Este projeto foi Aprovado em seus aspectos éticos e metodolégicos, inclusive quanto ao seu Termo de
Consentimento Livre e Esclarecido, de acordo com as Diretrizes e Normas Internacionais e Nacionais,
especialmente as Resolugbes 196/96 e complementares do Conselho Nacional de Satide. Os membros do
CEP/HCPA nao participaram co processo de avaliagdo dos projetos onde constam como pesquisadores.
Toda e qualquer alteragdo do Projeto, assim como os eventos adversos graves, deverdo ser comunicados
imediatamente ao CEP/HCPA. Somente poderao ser utilizados os Termos de Consentimento onde conste a
aprovagéo do GPPG/HCPA.

- De acordo com a regulamentagdo da Resclugéo 340/2004 do CNS/MS o CEP/HCPA foi credenciado,
através da Carta Circular N° 037 CONEP/CNS/MS de 11 de agosto de 2004, para dar aprovagao final para
este projeto.

2
B _~"Porto Alegre, 18 de janeiro de 2011.
o pd

- o
# ~ 2

Prof ngtiausen
Coordenddord GPPG e CEP/HCPA
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6.3. ANEXO IlIlI

(Aprovacéo do projeto de pesquisa pela Universidade Estadual do Sudoeste da Bahia - UESB)
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Universidade Estadual do Sudoeste da Bahia — UESB
Autorizada pelo Decreto Estadual n® 7344 de 27.05.98

Comité de Etica em Pesquisa — CEP / UESB

Jequié, 22 de dezembro de 2010
Of. CEP/UESB 440/2010

Ilma. Sra.
Profa. Dra. Maria Catira Bortolini
Universidade Federal do Rio Grande do Sul - UFRGS

Comunieamos a V. S2 que o Projeto de Pesquisa abaixo especificado, foi analisado e
considerado APROVADO pelo Comité de Etica em Pesquisa — CEP/UESB, estando

os pesquisadores liberados para o inicio da coleta de dados.

Protocolo n°: 212/2010

CAAE: 0048.1.454.000-10

Projeto: Fenétipo, ancestralidade genética e dinamica de
mesticagem no Brasil
Pesquisadores: Profa. Dra. Maria Catira Bortolini (coordenadora)
Caio Cesar Silva de Cerqueira, Profa. Tabita Hiinemeier,
Profa. Ana Angélica Leal Barbosa, Prof. Dr. Francisco

Mauro Salzano (colaboradores)

Em atendimento & Resolucio 196/96, devera ser encaminhado ao CEP o relatorio

final da pésquisa (ver modelo no CEP), para acompanhamento pelo Comiteé.

Atenciosamente,

)

ot

{ of. Ivohe Goncalves Nery
Vice-Presidente do CEP/UESB

Av. José Moreira Sobrinho, $/N - Jequiezinho - Jequié-BA - Telefone: (73)3528-9727
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6.4. ANEXO IV

(Questionario Individual aplicado aos voluntérios do Projeto CANDELA)
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PROJETO CANDELA

QUESTIONARIO INDIVIDUAL

Este questionario busca obter informacdes basicas sobre vocé, sobre suas impressdes em relacdo a
si mesmo e sobre suas opinides em relagdo a certos aspectos desta pesquisa. Uma palavra utilizada
com fregiiéncia neste questionario € “ancestralidade”. Utilizamos esta palavra em geral quando
estamos falando sobre seus antepassados, os quais podem ser conhecidos ou desconhecidos. Em
particular, neste questionario, ancestralidade significa a porcentagem de seus antepassados que
eram de origem indigena, européia (branca) ou africana (negra). Se vocé ndo entender alguma
outra palavra ou pergunta do questiondrio, por favor, sinta-se a vontade em perguntar aos
pesquisadores responsaveis. Pedimos que, por favor, responda da maneira mais sincera possivel. E
ndo se preocupe que suas respostas sdo CONFIDENCIAIS.

Pesquisador Responsavel:

Codigo: ZBR
Data: / /
1. IDADE:
2. SEXO:( )Feminino ( ) Masculino

3. ESCOLARIDADE (por favor, marque qual seu tltimo grau concluido):

) POS-GRADUACAO

) NIVEL SUPERIOR

) FORMACAO TECNICA - curso técnico

) ENSINO MEDIO — até antigo 32 ano cientifico
) ENSINO FUNDAMENTAL - até antiga 82 série
) NUNCA ESTUDOU

—— e — — —

4. Possui ou vive em casa propria?
( )Sim
( ) Nao

5. Renda mensal aproximada (em salarios minimos):
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6. Para cada um dos seguintes itens ou servigos, marque a quantidade que vocé tem possui,
se ndo possui marque zero (0):

. TV a cores
. Radio
. Banheiro

. Automovel

. Aspirador de poé
. Lavadora de roupa
. Videocassete/DVD
. Refrigerador
6.10. Freezer
6.11. Computador
6.12. Lavadora de louca
6.13. Motocicleta
6.14. Bicicleta

6.1
6.2
6.3
6.4
6.5. Empregada Doméstica
6.6
6.7
6.8
69

)
)
)
)
)
)
)
)
)
)
)
)
)
)

7. OCUPAGAO (por favor, marque no quadro abaixo dentre as 5 categorias a que mais se encaixa no
seu trabalho atual ou, caso esteja desempregado, qual foi seu tltimo trabalho):

Prestador de Auténomo Empregado Servidor Outro
Servicos Publico
() Auxiliar de () Trabalhador | ( )Industrial ( ) Governo () Estudante
Servicos Gerais auténomo ( ) Empregado com ( ) Professor () Aposentado
( ) Técnico ( ) Agricultor qualificagdo ( )Policialou | ( )Estagiario
( ) Responsavel | ( )Empresario ( ) Gerenciamento Militar
Técnico

8. Local de nascimento (cidade, estado e Pais):

9. Local de nascimento (cidade, estado, pais) dos seus antepassados:

Local Lingua
(se diferente do portugués ou
outra além do portugués)

Mae

Pai

Avo materna
Avb materno
Avo paterna

Avo paterno




10. Alguma vez vocé se perguntou quem poderiam ser seus antepassados mais antigos?
( )Sim
( )Nao

11. Vocé tem curiosidade sobre sua ancestralidade?
( )Sim
( )Nao

12. Vocé sabe algo sobre estudos genéticos e ancestralidade?
( )Sim
( ) Néo

13. Vocé ja ouviu falar em exames genéticos para conhecer sua ancestralidade?
( )Sim
( )Nao

14. Se vocé sabe algo sobre estudos genéticos, como adquiriu esta informagdo? (marque todas as
alternativas nas quais vocé adquiriu informacdes)

) Radio, televisao

) Jornais, revistas, livros

) Palestras, atividades académicas/escolares

) Internet

) Outra:

— e o —

15. Vocé acha que os estudos de genética e ancestralidade podem ser uteis ou importantes?

( )Sim

( ) Nao

( ) Talvez
() N&o sei

16. Vocé acha que os estudos de ancestralidade e genética podem ter riscos?

( )Sim

( ) Nao

( ) Talvez
() N3o sei

17. Vocé ja se perguntou sobre a origem dos seus antepassados?
( )Sim
( )Nao

18. Vocé sabe se algum dos seus antepassados era:

Sabe Nao sabe
Indigena? ( ) ()
Negro? G ) (.
Europeu? ( ) )
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19. Se fosse possivel, gostaria de saber sua ancestralidade?

( )Sim

( )Nao

( )Talvez
() Néo sei

20. Vocé acha que existe racismo no Brasil?

( )Sim
() Nao

21. Vocé acha que este estudo pode ajudar a aumentar ou diminuir o racismo?

( )Aumentar
() Diminuir
() Né&o sabe

22. Se vocé acha importante fazer um exame genético para conhecer a sua ancestralidade, por favor,
marque EM CADA LINHA a alternativa que vocé esta mais de acordo.

Concordo Concordo Tanto Discordo Discordo
totalmente | parcialmente faz parcialmente | totalmente
Para saber sobre seus 1 2 3 4 5
antepassados
Para saber sobre sua saude 1 2 3 4 5
pessoal e familiar
Para saber sobre sua 1 2 3 4 5
“nacionalidade”
Para ajudar a entender o ul 2 3 4 5
passado
Para influenciar no futuro il 2 3 4 5
Para saber sua identidade 1 2 3 4 5
Para saber mais sobre suas 4 2 3 4 5
raizes
Por curiosidade 1 2 3 4 5

Outro (Por favor, descreva com suas palavras):
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23. Quais sdo os seus sentimentos em relacdo a sua ancestralidade? Por favor, marque EM CADA

LINHA a alternativa que vocé esta mais de acordo.

Concordo Concordo Tanto Discordo Discordo

totalmente parcialmente faz parcialmente totalmente
Orgulho 1 2 3 4 5
Felicidade 1 2 3 4 5
Vergonha I 2 3 4 5
Indiferenca 1 2 3 4 5
Tristeza 1 2 3 4 5
Curiosidade i 2 3 4 5
Outro (Por favor, descreva com suas palavras):

24. Voceé se considera:
) Negro

) Mulato

) Indigena

) Moreno

) Mestico

) Branco

) Pardo

) Europeu

) Outro:

e o — — — — —

25. Vocé acha que existe alguma relagdo entre sua aparéncia e ancestralidade?
( )Sim

( )Nao

() Talvez

() N&o sei

26. O que vocé acha que afeta sua aparéncia fisica? (Em cada linha, marque EM CADA LINHA a
alternativa que vocé esta mais de acordo)

Nada Afeta Afeta bastante
pouco
Lugar de nascimento 0 1 2
A “raga” dos seus antepassados 0 1 2
Seu estilo de vida 0 1 2
Sua alimentacdo 0 1 2
Seu trabalho 0 1 2
Sua salde 0 1 2
Quanto dinheiro vocé possui 0 1 2
Seu comportamento 0 1 2
Suas crengas 0 1 2




27.

Qual vocé acha que é sua ancestralidade? Ou seja, a porcentagem aproximada dos seus

antepassados que foram de origem indigena, negra/africana ou européia.

Marque com um X a categoria de porcentagem que vocé considera ter para cada ancestralidade. Se

achar que ndo possui uma determinada ancestralidade, marque a categoria 0-20%.

Indigena Negra/Africana Européia
0-20% 0—-20% 0-20%
(nula ou muito (nula ou muito (nula ou muito
baixa) baixa) baixa)

20 —40% 20 - 40% 20 —40%
(baixa) (baixa) (baixa)

40 — 60% 40 - 60% 40 — 60%
(média) (média) (média)

60 — 80% 60 — 80% 60 —80%
(alta) (alta) (alta)

80 — 100% 80 — 100% 80— 100%
(muito alta ou {muito alta ou {muito alta ou
total) total) total)

Se vocé acha que possui outros tipos de ancestralidade, por favor, nos diga quais:

MUITO OBRIGADO PELA PARTICIPACAO!
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6.5. ANEXO V

(Ficha de informagdes confidenciais aplicada aos voluntérios do Projeto CANDELA)
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CANDELA

Consorcio para Andlise da Diversidade e Evoluc@io da América Latina

FICHA DE INFORMACAO CONFIDENCIAL

DATA: / /

CODIGO DO VOLUNTARIO: ZBR

Nome completo:

Data de nascimento (dd/mm/aaaa): / /

Local de nascimento:

(cidade, estado e pais)

Endereco:
Telefone: ( )
Celular: ( )

E-mail:
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6.6. ANEXO VI

(Questionario complementar aplicado aos voluntarios do Projeto CANDELA)
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1A. NOME COMPLETO e NACIONALIDADE dos parentes (caso saibam):

Nome do Pai:

NACIONALIDADE:

Nome da Mae;

NACIONALIDADE:

Nome do Avo Paterno:

NACIONALIDADE:

Nome da Avo Paterna:

NACIONALIDADE:

Nome do Avo Materno:;

NACIONALIDADE:

Nome da Avo Materna:

NACIONALIDADE:

2A. Voce tem conhecimento sobre a ocorréncia de doencas genéticas em seus parentes?
Em caso afirmativo. qual doenca seria? Ha registro de algum caso de cancer em
parentes de primeiro e segundo graus? Qual tipo?




6.7. ANEXO VII

(Termo de consentimento livre e esclarecido assinado pelos voluntarios do Projeto CANDELA
na UFRGS/HCPA)
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TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO
Resolug&o n® 196, de 10 de Outubro de 1996, sendo o Conselho Nacional de Saude.

O presente termo em atendimento a Resolugdo 196/96, destina-se a esclarecer ao
participantes aspectos relevantes da pesquisa intitulada “Fenétipo, ancestralidade
gendomica e dindmica de miscigenacdo no Brasil” sob responsabilidade dos
pesquisadores Caio Cesar Silva de Cerqueira, T4bita Hiinemeier e Dénae Longo, do
Programa de P6s-Graduagdo em Genética e Biologia Molecular em nivel de Doutorado e
Pds-Doutorado, respectivamente, bem como Lavinia Schiiler-Faccini e Maria Cétira
Bortolini, docentes do Servico de Genética Médica (LSF) e do Departamento de
Genética (LSF e MCB), ambas da Universidade Federal do Rio Grande do Sul .

Gostariamos de convida-lo a participar do estudo “Fendtipo, ancestralidade
gendmica e dinamica de mestigagem no Brasil” que busca correlacionar caracteristicas
fenotipicas, tais como cor da pele, olhos, cabelo e morfologia do cranio com dados
genéticos, bem como com informagdes pessoais e de terceiros sobre pertencimento a
grupos sociais. Temos como meta avaliar os varios fatores que podem influenciar a
diversidade fenotipica normal dentro de nossa espécie e como essa é percebida em nossa
sociedade. Para isso serd coletado material biolégico (20ml de sangue através de pungéo
venosa com seringas descartaveis) para posterior extragdo de DNA (acido
desoxirribonucléico). O DNA ser4 obtido com a utilizagdo de um Kit comercial QlAamp DNA
Mini Kit (pequeno tubo). Agulhas descartaveis serdo utilizadas e a coleta sera realizada por
técnico capacitado em ambiente apropriado. Tal procedimento pode causar algum
desconforto no local da picada. O DNA serd extraido no Laboratério de Evolugio Molecular
e Genética de Populagdes Humanas do Departamento de Genética da UFRGS, onde
também ficara estocado por cinco anos conforme previsto pela RESOLUGAO No 347, DE
13 DE JANEIRO DE 2005 do CONSELHO NACIONAL DE SAUDE.

O material sera analisado através de métodos laboratoriais especificos para
caracterizar os genes relacionados com as caracteristicas morfolégicas de interesse.
Dados adicionais serdo coletados a partir de:

(1) Fotografias faciais, medidas antropométricas (a saber: peso, altura, indice cefalico,
largura mandibular), medida constitutiva da pigmentac¢@o da pele (aferida através de um
aparetho chamado espectrofotdmetro), dos cabelos e olhos. As fotos serdo utilizadas
para obtengac de parametros craniofaciais. Também poderemos utilizar sua foto
anonimamente para que outros voluntdrios manifestem impressdes que dizem respeito &
sua ancestralidade, grupo étnico ou grupo de cor. As fotos ndo serdo disponibilizadas em
web sites, nem em publicacdes cientificas e outras de qualquer natureza.

(2) Questionarios e entrevistas estruturadas para documentar o status socio-econdmico,
auto-percepgao da ancestralidade e a percepgao do investigador, assim como informagdo




sobre a visao dos participantes sobre a natureza da "raga" e sobre a pesquisa
propriamente dita.

Finalmente a andlise de dados incluira: (1) estimativa de ancestralidade individual:
(1) avaliagdo da associagdo de ancestralidade genética com as medidas fenétipicas e
com as variaveis sociolégicas coletadas; (lll) avaliagdo do efeito da pesquisa (incluindo a
estimativa da ancestralidade genética), sobre os conceitos pré-existentes dos individuos.

Todo material coletado sera armazenado no Laboratério de Genética e Biologia
Molecular do Departamento de Genética da Universidade Federal do Rio Grande do Sul,
sem descricdo de nome, e com um numero de c6digo com chave de conhecimento
exclusivo dos pesquisadores. Caso haja interesse futuro na utilizagdo dos dados obtidos
para outras linhas de investigagdo, os pacientes somente serdo incluidos apds a
assinatura de um novo termo de consentimento.

Pelo presente consentimento informado declaro que fui esclarecido, de forma clara
e detalhada:

- da garantia de receber resposta a qualquer pergunta ou esclarecimento a qualquer
duvida a cerca dos procedimentos, riscos ou beneficios e outros assuntos relacionados
com a pesquisa;

- da seguranga de que ndo serei identificado e que se mantera o carater confidencial das
informagdes relacionadas com a minha privacidade:

- da liberdade de retirar meu consentimento informado, a qualquer momento, e deixar de
participar do estudo.

» Consentimento para participagdo: Eu estou de acordo com a participagdo no estudo
descrito acima. Eu fui devidamente esclarecido quanto os objetivos da pesquisa, aos
procedimentos acs quais serei submetido e os possiveis riscos envolvidos na minha
participagdo. Os pesquisadores me garantiram disponibilizar qualquer esclarecimento
adicional que eu venha solicitar durante o curso da pesquisa e o direito de desistir da
participacdo em qualquer momento, sem que a minha desisténcia implique em
qualquer prejuizo @ minha pessoa ou a minha familia, sendo garantido anonimato e o
sigilo dos dados referentes a minha identificagdo, bem como de que a minha
participagéo neste estudo ndo me trard nenhum beneficio econdmico.
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Eu, , aceito livremente
participar do estudo intitulado “Fenctipo, ancestralidade gendmica e dinamica de
miscigenac@o no Brasil” desenvolvido pelos pesquisadores Caio Cesar Silva de
Cerqueira, Tébita Hinemeier e Danae Longo, sob a responsabilidade das
Professoras Maria Cétira Bortolini e Lavinia Schuler Faccini da Universidade
Federal do Rio Grande do Sul (UFRGS).

Assinatura do Participante Data: / /

Assinatura da pessoa ou responsavel legal Data: / /

COMPROMISSO DO PESQUISADOR

Eu discuti as questdes acima apresentadas com cada participante do estudo. E minha
opinido que cada individuo entenda os riscos, beneficios e obriga¢des relacionadas a esta

pesquisa.

Assinatura do Pesquisador

Data: / /

Nome do Pesquisador

Para maiores informagdes, pode entrar em contato com:

Maria Catira Bortolini. Departamento de Genética, Universidade Federal do Rio Grande do
Sul, Campus do Vale, Av. Bento Gongalves, no. 9500, prédio 43323, sala 126. Fone: (51)
3308 9844

Lavinia Schuler Faccini. Fone (51) 3308-9826

Caio Cesar Silva de Cerqueira. Fone: (51) 3308 6746

Tabita Hinemeier. Fone: (51) 3308 6746

Dénae Longo. Fone: (51) 3308-8819

Comité de Etica da Universidade Federal do Rio Grande do Sul. Fone: (51) 3308 3738.

Comité de Etica do Hospital de Clinicas de Porto Alegre: Telefone para contato: 3359 7640.




6.8. ANEXO VIlII

(Termo de consentimento livre e esclarecido assinado pelos voluntarios do Projeto CANDELA
na UESB/ Jequié-BA)
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UNIVERSIDADE ESTADUAL DO SUDOESTE DA BAHIA

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO
Resolucéo n® 196, de 10 de Outubro de 1996, sendo o Conselho Nacional de Salde.

O presente termo em atendimento & Resolucéo 196/96, destina-se a esclarecer ao participante da
pesquisa intitulada “Fendtipo, ancestralidade gendémica e dinamica de mesticagem no Brasil”
sob responsabilidade dos pesquisadores “Caio Cesar Silva de Cerqueira”, do curso de Pos-
Graduac&o em Genética e Biologia Molecular em nivel de Doutorado e “Maria Catira Bortolini”,
Docente do Departamento de Genética, ambos da Universidade Federal do Rio Grande do Sul, os
seguintes aspectos:

A presente pesquisa que tem como titulo “Fendtipo, ancestralidade genémica e dinamica de
mesticagem no Brasil” busca correlacionar caracteristicas fisicas, tais como cor da pele, olhos, cabelo e
morfologia do cranio com dados genéticos, bem como com informac8es pessoais e de terceiros sobre
pertencimento a grupos sociais. Temos como meta avaliar os varios fatores que podem influenciar a
diversidade fisica normal dentro de nossa espécie e como essa é percebida em nossa sociedade. Para
isso sera coletado material bioldgico (saliva) para posterior extracéo de DNA. A coleta de saliva sera em
pequena quantidade (800 microlitros) apds escovacdo. Para voluntarios que se dispde também serd
coletado 20ml de sangue através de puncdo venosa. O DNA sera obtido com a utilizacdo de um Kit
comercial QlAamp DNA Mini Kit (pequeno tubo). Agulhas descartaveis serdo utilizadas e a coleta sera
realizada por técnico capacitado em ambiente apropriado. Tal procedimento pode causar algum
desconforto no local da picada. O DNA sera extraido no Laboratdrio de Evolucdo Molecular e Genética
de Populagbes Humanas do Departamento de Genética da UFRGS, onde também ficard estocado por
cinco anos conforme previsto pela RESOLUCAO No 347, DE 13 DE JANEIRO DE 2005 do
CONSELHO NACIONAL DE SAUDE.

O material sera analisado através de métodos laboratoriais especificos para caracterizar os
genes relacionados com as caracteristicas morfolégicas de interesse. Dados adicionais serdo
coletados a partir de:

(1) Fotografias faciais, medidas antropométricas (i.e. peso, altura, indice cefélico, largura mandibular),
medida constitutiva da pigmentacdo da pele (aferida através de um aparelho chamado
espectrofotdmetro), dos cabelos e olhos. As fotos serdo utilizadas somente para obtencdo de
parametros craniofaciais e néo seréo disponibilizadas em web sites, nem em publicacées cientificas e
outras de qualquer natureza.

(2) Questionarios e entrevistas estruturadas para documentar o status sdcio-econdmico, auto-
percepcdo sobre a regido de origem dos ancestrais e a percepcdo do investigador, assim como
informacéo sobre a visdo dos participantes sobre a natureza da "raca" e sobre a pesquisa
propriamente dita.

Finalmente a analise de dados incluira: (i) estimativa com dados do DNA dos componentes
africano, europeu e indigena de cada individuo; (ii) A estimativa genética do componente africano,
europeu e indigena de cada individuo serd comparado com as medidas fendtipicas e com as
variaveis socioldgicas coletadas; (iii) avaliacdo do efeito da pesquisa (incluindo a estimativa dos
componentes africanos, europeu e indigena), sobre os conceitos pré-existentes dos individuos.

Todo material coletado serda armazenado no Laboratério de Genética e Biologia Molecular
do Departamento de Genética da Universidade Federal do Rio Grande do Sul, sem descricdo de
nome, & com um numero de cédigo com chave de conhecimento exclusivo dos pesquisadores. Caso
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haja interesse futuro na utilizac&o dos dados obtidos para outras linhas de investigacéo, os pacientes
somente serdo incluidos apds a assinatura de um novo termo de consentimento.

Pelo presente consentimento informado declaro que fui esclarecido, de forma clara e
detalhada:

- da garantia de receber resposta a qualquer pergunta ou esclarecimento a qualquer duvida a cerca
dos procedimentos, riscos ou beneficios e outros assuntos relacionados com a pesquisa;

- da seguranca de que n&o serei identificado e que se mantera o carater confidencial das informac&es
relacionadas com a minha privacidade;

- da liberdade de retirar meu consentimento informado, a qualquer momento, e deixar de participar do
estudo.

e Consentimento para participacdo: Eu estou de acordo com a participacéo no estudo descrito
acima. Eu fui devidamente esclarecido quanto os objetivos da pesquisa, aos procedimentos aos
quais serei submetido e os possiveis riscos envolvidos na minha participacdo. Os pesquisadores
me garantiram disponibilizar qualquer esclarecimento adicional que eu venha solicitar durante o
curso da pesquisa e o direito de desistir da participacdo em qualquer momento, sem que a minha
desisténcia implique em qualquer prejuizo a minha pessoa ou a minha familia, sendo garantido
anonimato e o sigilo dos dados referentes a minha identificacdo, bem como de que a minha
participacdo neste estudo n&o me trara nenhum beneficio econémico.

Eu, , aceito livremente participar do
estudo intitulado “Fendtipo, ancestralidade genémica e dindmica de mesticagem no Brasil”
desenvolvido pelos(as) académicos(as) Caio Cesar Silva de Cerqueira e Tabita Hiinemeier, sob
a responsabilidade do(a) Professor(a) Maria Catira Bortolini da Universidade Federal do Rio
Grande do Sul (UFRGS).

Nome do Participante

Nome da pessoa ou responsavel legal

Polegar direito

COMPROMISSO DO PESQUISADOR

Eu discuti as questdes acima apresentadas com cada participante do estudo. E minha opinido que
cada individuo entenda os riscos, beneficios e obrigacGes relacionadas a esta pesquisa.

Jequié, Data: / /

Assinatura do Pesquisador
Para maiores informacdes, pode entrar em contato com:

Maria Catira Bortolini. Fone: (51) 3308 9844

Caio Cesar Silva de Cerqueira. Fone: (51) 3308 6746

Tabita Hiinemeier. Fone: (51) 3308 6746

Comité de Etica da Universidade Federal do Rio Grande do Sul. Fone: (51) 3308 3738.
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6.9. ANEXO IX

(Ficha fenotipica aplicada aos voluntarios do Projeto CANDELA)
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CANDELA

PHENOTYPIC DATA SHEET

P oL whee 35 2 . [ 9 B8
ID:
15! 2nd 3rd
Weight (kg)
Stature (height) (cm)
Hip circumference (cm)
Waist circumference (cm)
Chelion-chelion breadth (mm)
Nasion-gnation height (mm)
Head size (mm)
Melanin index (skin reflectance) / Inner surface of the upper arm
Right: Left:
Eye colour Balding
blue/grey ( ) no hair loss ( )
green ( ) frontal baldness ( )
honey ( ) (+) mild vertex baldness ( )
light brown ( ) (+) moderate vertex baldness ( )
dark brown/black ( ) (+) severe vertex baldness ( )
Natural hair colour Greying
red/reddish ( ) no greying ( )
blond ( ) predominant no-greying ( )
dark blond/light brown ( ) ~50% greying ( )
brown/black ( ) predominant greying ( )
totally withe hair ( )
Hair morphology Handedness
straight ( ) right ( )
wavy ( ) left ( )
curly ( )
afro ( )
Craniofacial malformation (Y) (N)
Craniofacial trauma (Y) (N)
Hormonal treatment (Y) (N)
Surgery or orthodontic (Y) (N)
Other

Additional information:

Name of the anthropometrist:
Date:

Ficha fenctipo CANDELA. Junio 2011
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7. APENDICES
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7.1. APENDICE |

(Metodologia de coleta de amostra empregada nesta tese)
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O recrutamento dos voluntérios para o desenvolvimento do Projeto CANDELA-Brasil
se iniciou em outubro do ano de 2010 e findou-se em dezembro de 2012. Neste periodo
também foram realizadas as coletas nos outros quatro paises participantes (Peru, Chile,
Coldmbia e México). Cada pais teve o objetivo de coletar 1.500 voluntarios para a pesquisa,
totalizando 7.500. As 563 amostras utilizadas para o desenvolvimento desta tese fazem parte
do projeto supramencionado.

O protocolo de coletas é 0 mesmo para cada pais participante e envolveu tomada de
medidas antropométricas (peso; altura; indice de melanina; circunferéncias do quadril, cintura
e cabeca; largura e comprimento da cabega; largura da boca; distancia do nasion-gnation;
medida do indice de melanina; qualificacdo da cor dos olhos e cabelos; morfologia dos
cabelos; quantidade aproximada de grisalho; quantidade aproximada de calvicie; bem como
outras informagdes indicadas no Anexo 1X), tomada de fotos e preenchimento de outros
questionarios do Projeto CANDELA (Anexos IV a VIII). As fotografias foram tomadas da
cabeca dos voluntarios em 5 &ngulos por trés vezes: lateral direita (90°), lateral esquerda (90°),
frontal (0°), fronto-lateral direita (45°) e fronto-lateral esquerda (45°). No Brasil, os
pesquisadores integrantes do consércio CANDELA envolvidos nas coletas foram a Dra. Tébita
Hiinemeier, Dra. Virginia Ramallo, e o Doutorando Caio Cesar Silva de Cerqueira.

Com relacéo as caracteristicas de pigmentacéo, conforme especificado no Anexo 1X, a
cor dos olhos e cabelos dos voluntarios foram qualificadas em 5 e 4 categorias,
respectivamente. Para a cor dos olhos, as categorias foram: Azul/Cinza, Verde, Mel, Castanho
Claro, Castanho Escuro/Preto. Para a cor dos cabelos, as categorias foram: Ruivo, Loiro, Loiro
Escuro/Castanho Claro, Castanho Escuro/Preto. A cor da pele dos voluntérios, por sua vez, foi
quantificada com o aparelho mostrado na Figura 4 (DSMII ColorMeter) do corpo desta tese,
utilizando o sistema E & M (Eritema e Melanina). O indice de Melanina (IM) foi medido
abaixo dos bracos direito e esquerdo. Este indice varia de 20 (cor de pele mais clara) a 100
(cor de pele mais escura). Para as analises, foi utilizada uma média aritmética destes valores
para cada voluntério. Mais detalhes deste procedimento, consultar a ‘Introdugdo’ desta tese.

Exclusivamente no Brasil, foram feitas também as quantificagcbes da cor dos olhos e
cabelos das amostras, especificamente para os voluntérios analisados nesta tese. Esta
quantificacdo  utilizou o software AxioVision LE 4.8.2 (Disponivel em:
http://applications.zeiss.com//C1257A26004B6E67/allBySubject/C57CIDEA76A98584C125

7A2600643CFC). Para esta quantificagdo, foram utilizadas as fotografias dos voluntérios,

198



tomadas no momento das coletas. No software AxioVision LE 4.8.2 era aberta a fotografia do
voluntario (preferencialmente a fotografia frontal para medida da cor dos olhos; ou lateral
esquerda ou direita para a cor dos cabelos), aproximando-se 0 maximo possivel para a medida
(conforme Figura 7.1a). Em seguida, era realizada um marco na figura (marcado em vermelho
na Figura 7.1a) e era pedido ao software os valores de RGB (Red-Green-Blue) da regido
delimitada pelo circulo vermelho (Figura 7.1b). Para a medida da cor dos olhos, foram
utilizadas regides mais periféricas da iris, a fim de evitar as manchas oculares observadas em
alguns individuos. Com relagdo a cor dos cabelos, utilizou-se regides mais proximas ao couro
cabeludo, a fim de evitar regibes dos cabelos mais desgastadas pelo sol ou regides
possivelmente tingidas. No caso da quantificacdo dos cabelos, alguns voluntarios foram
excluidos para medida, pois possuiam cabelos bastante grisalhos ou traziam bastantes duvidas
quanto ao tingimento total dos cabelos. Este procedimento de quantificacdo foi feito para o
olho esquerdo e direito de cada um dos 563 voluntarios do CANDELA-Brasil, bem como para

os cabelos. Mais informacdes sobre estes procedimentos, favor consultar texto.

a) File Edit View Acquisition Functions A jon M Eval Applications  Tools  Window  Help
;E;!Eﬂ|m|e.rx'aa?sutw~ @E
OpenImage Browser SaveAs | Preview | ROl Copy ROl | Cut Copy Paste | Live Snap Scalebar Text | Navigator | Workarea | Gallery
Workarea X || imagesjpg* | DataTable * |
@ Cameras
122 Scalings
-0 HOR

-4 Multidimensional Acquisition
/A Image Processing
@& Evaluate

Scaling |
Available scalings

Name XScaling  Y-Scaling
o Pixel 1,00Pixel 1,00 Pixel

e
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b) & AxioVision LEGH.

7 File Edit View Acquisiion Functions Annotation Measure Evaluate Applications Tools  Window Help

= " = f3 : : # G @ | B u al | m| &
Openlmage Browser SaveAs | Preview | ROI Copy ROI | Cut' Copy Paste | Live Snap Scalebar Text | Navigator | Workarea | Gallery
Workarea X || imagesjpg* DataTable * |
[ Cameras L Tool |Feature | Unit Value
123 Scalings 11 Outline Area Pixel2 37,00
i § Cutline Boundwidth Pixel 8,00
= HDR
i o 5 v i1 Outline Boundheight Pixel 5,00
i Multidimensional Acquisition |2 Qutine Eeil 2 54
= f_1J Image Processing 11 Outline Densitometricmeanred Grey 88,49
-l Evaluate {1 Cutline Densitometricmeangreen Grey 29,27
¢ blus Ei=1 0.er
11 Outline Densitometricstandarddeviationred Grey 5,12
11 Cutline Densitometricstandarddeviationgreen Grey 3,19
Scaling | 1 QOutline Densitometricstandarddeviationblue Grey 4,84
Available scalings
MName X-Scaling ¥-5caling
o Fixel 1,00 Fixel 1,00 Pixel
4 I ] »

Figura do Apéndice 7.1. Etapas na medida quantitativa da cor dos olhos. a) imagem dos olhos de uma foto
extraida do google como exemplo. Note o pequeno circulo vermelho delimitando a regido medida. b) Output dos
valores de RGB mensurados a partir do circulo vermelho. Os valores de Red, Green e Blue estdo salientados

dentro do retangulo. Para a cor dos cabelos, etapas similares foram seguidas. Para mais informagdes favor
consultar texto.
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7.2. APENDICE II

(Capitulo “Human pigmentation genes: forensic perspectives, general aspects and evolution”,

do livro “Forensic Science”, publicado pela Editora Nova Science Publishers, 2011)
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In: Forensic Science ISBN 978-1-61324-999-4
Editors: N. Yacine and R. Fellag. pp. © 2011 Nova Science Publishers. Inc.

Chapter 3

HUMAN PIGMENTATION GENES: FORENSIC
PERSPECTIVES, GENERAL ASPECTS AND EVOLUTION

Caio Cesar Silva de Cerqueira®, Carlos Eduardo Guerra

. . i . .. . L *
Amorim’, Francisco Mauro Salzano’, Maria Cdtira Bortolini*
*Genetics Department. Biosciences Institute, Federal University of Rio Grande do
Sul. Porto Alegre. RS, Brazil

ABSTRACT

Despite the growing number of registered DNA forensic profiles, the rate of profile
hits is far below the expected. When a given profile is not found with the standard kits.
any available information is important. Ancestry Informative Markers (AIM) have been
employed for the identification of the person’s ethnicity. However, this is not an adequate
approach in certain cases. as. for instance. individuals living in ethnically admixed
populations. in which the physical appearance is not necessarily associated with ethnicity.
Hence, the use of ATMs in such populations has few or no advantage. The interest in the
search for alleles directly linked to physical characteristics is therefore rapidly increasing.
resulting in the commercialization of kits for the identification of skin. hair and eye
pigmentation phenotypes based on genetic variation of candidate genes such as 4SIP,
HERC2, MCIR, OCA2, and TYR. This genetic variation may affect different stages of the
pigmentation process, including melanogenesis. the stabilization and transport of
enzymes during melanin synthesis. melanosome production and maintenance. and the
balance between the synthesis of different types of melanin. In this chapter we examine
the most important genes associated to human hair. skin and eye pigmentation. discussing
the evolutionary background for the observed variation and their fimctional relevance for
the physiological mechanisms involved with pigmentation. highlighting the forensic
application of this knowledge. We will also discuss better ways of collecting
pigmentation phenotypic data in human populations for forensic and general studies. It is
expected that in the near future we may be able to predict with high reliability the
externally visible human characteristics based on DNA analyses.
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15053, 91501-970 Porto Alegre, RS, Brazil Email: maria bortolini@ufrgs br; Telephone: +55 (51) 3308-9844.
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1. INTRODUCTION

1.1. General Considerations

With the advent of forensic genetics and attempts to include information of phenotypic
characteristics of possible suspects in police databases, it is desirable to generate data about
these traits and additionally to explore and integrate the information generated by the
scientific community (see recent discussion in Enserink. 2011). However. it is necessary to
uncover the relationship of each gene in particular with its phenotype. something nontrivial
due to the enormous complexity of the genotype — phenotype comnections. Specific
morphological characteristics of plants, animals or humans are products of processes that
mvolve the spatial and temporal expression of several genes that interact during development,
despite the existence of variants in genes of major effect. which may lead to great
morphological changes (Major gene effect hypothesis: Nei. 2007). The indicated major gene
effect hypothesis suggests that morphological eveolution can occur by the action of a small
number of mutations of large effect on structural and/ or regulatory genes. Thus, when
dealing with human pigmentation. it is expected that several genes may be involved in this
trait. as well as environmental and epigenetic factors.

Many hypotheses predict how we can find pigmentation variation over human
populations. For many authors. skin color is one of the most illustrative examples of the
action of natural selection. This factor would be responsible for the elimination of genetic
variants associated with light skin in areas with high levels of ultraviolet radiation. as a form
of protection to sun damage (i.e. burns. malignant melanoma. basal and squamous cell
carcinoma) (Blum, 1961: Kollias et al.. 1991). The photoprotective properties of a highly
melanized skin and the recent African origin of modern humans suggest that the ancestral
phenotype would be dark skin (Jablonski & Chaplin. 2000: Rogers et al.. 2004). Thus, the
appearance of white skin would have occurred after the departure of modern humans from
Africa. and two possibilities exist for its increase in frequency: (a) relaxation of functional
constraints, and drift of the derived alleles (Brace. 1963): or (b) in regions of low UV
radiation. positive selection favoring the fixation of mutations that resulted in a clear skin as a
way to maximize cutaneous vitamin D synthesis (Rana et al., 1999: Jablonski & Chaplin.
2000).

2. PIGMENTATION AND GENETIC VARIATION

2.1. Mechanisms of Development

Human hair. eve. and skin pigmentation are the most visible examples of the human
phenotypic diversity (Sulem et al.. 2007). Since Darwin’s first studies. it was believed that
human pigmentation variation could be a consequence of natural selection (Darwin. 1871).
Skin color is associated to latitude, with people having increasingly fairer skin as far as they
live away from the equator (Relethtford. 1997). On the other hand. the most diverse eye and
hair pigmentation is found in the European and Euro-derived populations. The others present
mainly brown eyes and dark hair. In contrast to skin color. the adaptive significance of a loss
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of eye pigmentation is less evident. The high degree of exposure to light of the white region
of the eyeball around the iris is unique to humans and has been proposed as a factor to
enhance signals stare, for example (Kobayashi & Kohshima. 2001).

Omne suggestion that seems to have little support is that the iris pigmentation could
influence visual acuity in low-light environments. Although albinism is an exception. with
obvious eye problems due to loss in the ability of melanin synthesis. there are reports of the
effects of eye color on reaction time and involvement in specific sports (Rowe & Evans,
1994). associations with shyness in childhood (Coplan et al.. 1998). links with hearing loss
(Da Costa et al.. 2008). and sexual selection (Frost, 2006). The latter may have been a
cofactor for the loss of pigmentation in humans. Haplotype analyses suggest that the blue eye
color has originated about 10.000 years ago. independently of albinism. as a founder mutation
shared by several European populations (Eiberg et al.. 2008). There are also reports that the
ability to recover from the seasonal affective disorder (SAD). a major depressive illness. is
linked to blue eyes (Goel et al., 2002: Terman & Terman, 1999). Extrapolating these results,
perhaps individuals with blue eyes might have been able to better adapt to darkness in
Neolithic Europe gloomy winter’s day better than those with brown eyes.

The organic pigment melanin is synthesized and stored inside melanosomes in the
melanocytes — dendritic cells located between dermis and epidermis in skin, in the hair bulb
and in the iris (Hida et al.. 2009). During ontogenesis primary melanocytes — the melanoblats
— migrate from the neural crest to the skin. to hair follicles and to eyes. and are directly
responsible for the pigmentation of such regions (Sturm et al.. 2001). The variation in human
pigmentation is associated to melanin type, number. size, and density of melanosomes, and
also their pH. There are two main types of melanin: feomelanin (red — yellow) and eumelanin
(black — brown). which are synthesized according to the chemical and hormonal environment
present inside the melanosomes (Barsh. 2006). Tanning. for instance. is associated to
eumelanin production, which is synthesized in response to ultraviolet radiation (Nan et al.,
2009a). to protect the skin from damage. The melanosome’s pH works as a regulatory factor
for melanin synthesis (Cheli et al.. 2009: Lamason et al.. 2005).

The number of melanocytes does not appear to differ between different eye colors
(Imesch et al.. 1997). However. it has been reported that the total number of melanocytes in
the iris may be lower in Asians as compared to Africans and Europeans. due to the smaller
area of the iris or low density of melanocytes in that group (Albert et al.. 2003). Unlike skin
and hair, where melanin is continuously produced and secreted, in the iris melanosomes are
retained and accumulated in the melanocytes cytoplasm within the iris stroma. Melanin type
has also been studied chemically between eye colors. and blue iris is associated with minimal
pigment content. while the eumelanic and pheomelanic forms were detected in other eye
colors (Prota et al., 1998; Wielgus & Sarna, 2005). Thus. change in packaging, the quality
and quantity of melanin pigment is what causes the observed spectrum of the eyes. hair and
skin hues.

The pigmentation candidate genes that were identified up to the present act during many
different stages of the process. including melanogenesis, stabilization and transport of
enzymes during melanin synthesis. melanosome production and maintenance. and balance
between the synthesis of different melanin types (Norton et al.. 2007). The basic mechanisms
of human pigmentation regulation involve a series of processes. Melanocites respond to the
peptide alfa-MSH hormones (alfa-melanocite stimulant hormone) and to ACTH
(adenocorticotropic hormone) through a protenin-G-coupled receptor (Mclr) to drive melanin

204



4 C. C. S. de Cerqueira. C. E. G. Amorim, F. M. Salzano et al.

production. which is derived from the enzymatic oxidation of tyrosine (Sturm et al.. 2001).
Alfa-MSH binds to the product of the MCIR gene, increasing the intracellular cyclic
adenosine monophosphate (cAMP. Busca & Ballotti. 2000) and activating the
microphthalmia transcription factor (Mitf, Goding. 2000). It activates many enzymes in the
melanosomes. the first being tyrosinase (Tyr: Marks & Seabra. 2001). which acts on tyrosine
to produce dopaquinone: the latter links to cysteine molecules. if they are available in the
cellular environment. After these interactions, the product of this reaction (cysteinylDOPA) is
then oxidated to produce feomelanin (Ito, 2003). The MITF gene product also stimulates the
tyrosine-related protein (7yrpl) and the dopachrome tautomerasis (Dcf: Marks & Seabra.
2001). Without cysteine. the dopainones found at the melanocites are transformed in other
compound to produce eumelanin through the action of Tyrp! and Dcr (Ito. 2003). The
Pmell7, Matp, Oca2. and Nckx5 proteins are all required for optimal melanin synthesis.
Pmell7 forms the fibrilar matrix where eumelanin is formed (reviewed by Theos et al.. 2005).
The SLC4542, OCA2, and SLC2445 gene products are involved in inter-membrane
transportation (Lee et al.. 1995: Newton et al.. 2001. Lamason et al.. 2003). driving
eumelanin production and eumelanosome maturation. The ASIP gene product binds to the
MCIR gene product, blocking its association to alfa-MSH and modifying melanin production.
Many genome-wide association studies (GWAS) indicated the importance of the above-
mentioned genes through the identification of single-nucleotide polymorphisms (SNPs) and
other types of genetic variation (Pho & Leachman, 2010).

A study of SLC2445. SLC4542 and TYR polymorphisms found highly significant
associations between their variation and skin reflectance measurements, an indirect measure
of melanin content (Stokowski et al.. 2007). The additive association found in these three
genes accounts for a large fraction of the natural variation in skin pigmentation found in
South Asian populations. This was the first study analyzing polymorphisms across the
genome to find possible genetic determinants of natural variation in pigmentation within a
human population. Norton et al. (2007). on the other hand. showed evidence that at least two
other genes (ASIP and OCA2) work in shaping light and dark pigmentation around the globe,
and also identified several other candidate loci that have a significant effect on regional
pigmentation phenotypes worldwide. The data of Norton et al. (2007) are important because
they showed independent genetic effects for light skin in Europeans and East Asians. which
probably arose after their divergence. Details of the aforementioned genes. and other possibly
involved in pigmentation. as well as some of their variants. will be discussed in greater detail
in the following items.

2.1. MCIR

One of the most important systems regulating human pigmentation is the melanocortin 1
receptor (MCIR). G-protein coupled (Sturm. 2009). The genetic mechanisms of normal
variation in skin color were only better understood after the discovery of mutations in this
gene. encoding the Mclr receptor (Makova & Norton., 2005. Valverde et al.. 1995). The
MCIR gene is located on chromosome 16q24.3 (Gantz et al.. 1994). has 5 exons in humans,
and its product is a cell surface receptor of melanocytes. working towards the production of
melanin. It also participates in the regulation of eumelanin and pheomelanin production. The
gene produces a 317 aminoacids protein (Sturm, 2009) and is polymorphic (Box et al., 1997;
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Rana et al., 1999). Many of its variants are related to red hair and fair skin, increased risk for
skin cancer and poor tanning ability, and it shows interactions with the OCA2 gene (King et
al.. 2003).

Nine common MCIR alleles have been analyzed through the expression of the variant
protein in studies in vitro (Beaumont et al.. 2007). The Argl51Cys and Argl60Trp
polymorphisms (rs1805007, rs1805008) produce changes in the cellular localization of the
receptor encoded by the MCIR gene (Schioth et al.. 1999: Beaumont et al.. 2005). Another
polymorphism. Asp294His (rs1805009). interferes with the coupling ability of the G protein
in the cell membrane surface (Schioth et al., 1999; Duffy et al., 2004). In a GWAS study
conducted by Nan et al. (2009a). a highly significant association between some SNPs outside
the MCIR gene on chromosome 16 and the hair color phenotype. disappear after adjustment
for functional variants (Argl51Cys. Argl60Trp. Asp294His) of the MCIR gene.

22.0CA2

The OCA2 gene has 24 exons and is located on chromosome 15q11.2-15q12 (Sturm &
Frudakis, 2004), produces a protein with 838 aminoacids (Sturm, 2009) and its function 1s not
well established (Rebbeck et al.. 2002): it was suggested to be a channel (antiporter) of
Na'/H™ (Ancans et al.. 2001: Puri et al.. 2000) or a glutamate transporter (Lamoreux et al..
1995). Both functions indicate that OCA?2 is involved in supplying substrates for tyrosinase in
melanin biosynthesis (Ancans ef al, 2001). Alternatively. OCA2 may be involved in the
mtracellular pathway of tyrosinase during melanosome maturation (Toyofuku et al.. 2002).
Duffy et al. (2007) proposed that variations within the regulatory 5' control region are
responsible for 90% of the variation in eve color pigmentation. Puri et al. (2000) also
suggested that the OCA2 gene product. a membrane melanosomal protein. can serve as an
anion transporter, thereby helping to regulate the melanosomal pH.

Recent studies have revealed that the interaction between OCA2 and HERC? may be
responsible for determining the blue eye color in humans. In an association study with OCA2
and HERC?2, Branicki et al. (2009) verified possible interaction effects with other genes
(MCIR. ASIP, and SLC4542) also associated with variation in eye, hair and skin color in
some populations. They concluded that the rs1800407 (Arg419Gln) polymorphism in the
OCA2 gene is associated with eye color and that there are significant interactions between
MCIR and HERC?2 in determining skin and hair color in their Polish sample. Sturm (2009),
on the other hand. found that variants in OCA2 increase by 2.4 times the amount of melanin
i melanocytes culture. In another study on a sample of individuals of Asian ancestry,
Edwards et al. (2010) vwerified that the non-synonymous polymorphism His615Arg
(1s1800414) of the OCA2 gene is associated with skin pigmentation. Individuals with the G
derived allele, which codes for the aminoacid arginine. showed less melanin index than those
with the ancestral allele A. which encodes the aminoacid histidine. The methodology and
analysis performed by Edwards et al. (2010) are consistent with other findings. also indicating
that the evolution of light skin occurred at least in part independently in Euwropeans and
Asians.
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2.3. SLC4542 (MATP)

The Membrane Associated Transporter Protein (MATP). known as SLC4542 (solute
carrier family 45. member 2). has 7 exons and is located on chromosome 5p. The matp
protein has 530 aminoacids (Sturm. 2009) and is considered a regulator of tyrosinase activity
in human melanocytes (Smith et al.. 2004). In the GWAS conducted by Nan et al. (2009a).
they suggested that the rs16891982 in the SLC4542 gene is the most likely causal variant or
is in strong linkage disequilibrium with the causal variant related to tanning ability.

Polymorphisms in the gene encoding the Mafp protein proved to be related to variation in
normal and abnormal skin color in Europeans. Lucotte et al. (2010) showed that the frequency
of the Phe374Leu (rs16891982) polymorphism in Western Europe and North Afiica may
reflect the level of ultraviolet radiation received and the associated variation in skin color of
mndividuals in these regions. This same polymorphism would also be associated with
protection against the development of malignant melanoma (Guedj et al.. 2008, Fernandez et
al.. 2008). Yuasa et al. (2006). in turn, suggested that the 374Phe allele may be an important
causative factor in hypopigmentation in Caucasian populations. Cook et al. (2009) also
analyzed the same polymorphism and found that the 374Leu allele was associated with high
levels of tyrosinase and the homozygotes for it had lower levels of Matp transcripts in the
European sample analyzed. Sturm (2009) observed that the these 100 homozygotes showed
2.6 times the amount of melanin in cultured melanocytes. as compared to the 374Phe
homozygotes. The heterozygous genotype possessed an intermediate melanin index.
suggesting an additive effect. Finally. in the genome-wide study conducted by Sabeti et al.
(2007) it was found that the SLC43542 gene is probably under positive selection in Europeans.
since the 374Phe allele is nearly fixed in this population. but absent in Asian and African
samples.

24.TYR

Melanin synthesis also occurs with the participation of tyrosinase-related proteins (Huang
et al.. 2008). Tyrosinase has a critical role in cellular melanogenesis and therefore has been a
target for skin pigmentation studies. including pharmacological tests involved in the care and
esthetic maintenance of this pigmentation (An et al., 2009). The ITR gene. coding for
tyrosinase. has five exons, is located on chromosome 11q. and produces a molecule of 529
aminoacids (Sturm, 2009).

TYR is one of the classic genes related to oculocutaneous albinism (Hutton & Spritz,
2008), and Meyler & Guldberg (2009) suggested that its product has a major effect on the
hair and skin pigmentation. Bishop et al. (2009). on the other hand. related them to sun-
sensitive skin. freckles. and a specific melanoma. An et al. (2009) used TYR small interfering
RINA to test the effect of silencing this gene in some cell types. TTR silencing resulted in the
suppression of melanin synthesis and decreased the viability of cells exposed to ultraviolet
radiation.

In the GWAS conducted by Nan et al. (2009a). several SNPs were found significantly
associated with tanning ability in a USA population of European ancestry. among them SNPs
in the TYR gene. One of them (rs1393350) was the only which remained significant after
adjusting for the analysis conducted. The SNP is also in strong linkage disequilibrium with
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151126809 (Arg402Gln). a common and widely studied tyrosinase polymorphism. Tyrosinase
is critical for melanosomal maturation, leading also to eumelanosome formation (Jimbow et
al.. 2000).

Fukai et al. (1995) and Morell et al.. (1997) reported that one allele of the Arg402GIn
polymorphism was correlated with reduced iris and retina pigmentation. due to low tyrosinase
activity. In another study Nan et al. (2009b) also showed that this same allele was
significantly related to tanning ability and skin color. Sturm (2009), in turn. showed that
polvmorphisms in other genes (SLC4542. SLC24A45 and OCA?2) also cause variations in the
tyrosinase activity. For example. in the SLC24A45, Alall1Thr polymorphism 111Ala/111Ala
homozygotes showed 1.7x increased tyrosinase activity, compared to 111The/111Thr
homozygotes. SLC4542 (Leu374Phe) and OCA2 (rs12913832 T C) polymorphisms were
also correlated with tyrosinase activity. Homozygotes for SLC4542 374Leu and OCA2 TT
independently presented a higher tyrosinase activity (2.8x and 2.1x. respectively). compared
to 374PhePhe (SLCY542) and CC (OCA2) genotypes.

2.5. ASIP

The gene encoding the agouti signaling protein (4SIP) has 3 exons and is located on
chromosome 20q. Its product, together with other ligands, regulates the exchange between the
synthesis of eumelanin and pheomelanin in melanocytes (Hida et al.. 2009). It is known that
ASIP regulates the pigmentation in mice. but its functional role in other animals and huwmans
has not been well elucidated (Norris & Whan. 2008). The ASIP gene encodes a molecule with
132 aminoacids (Sturm. 2009). which coordinates melanocytes in the hair follicle to produce
vellow or black pigment. The unregulated expression of agouti in mice carrying the dominant
(vellow) allele i1s associated with pleiotropic effects including increased yellow fur
pigmentation, obesity, diabetes and increased susceptibility to tumors (Perry et al., 1995).

Anno et al. (2008) attempted to identify alleles at mwultiple loci associated with
differences in skin color in peoples of various origins using SNP genotyping and linkage
disequilibrium. They analyzed 20 SNPs of several (4SIP. TYR. OCA2. MCIR. and others)
genes i Canadians and Japanese and found significant differences between the two groups.
Although the Asip protein was presented as a competitive antagonist of the MCIR gene
product. the possibility of having other independent activity could not be ruled out. according
to Hunt & Thody (19935). These authors showed that the rodent agouti protein causes
suppression of melanin production in cultured melanoma cells. Moreover. this same protein
decreased melanogenesis in human epidermal melanocytes in culture. Recent studies also
suggest that the ASIP gene product regulates the expression of the SLC2445 gene (Nadeau et
al., 2008).

Bonilla et al. (2005) showed that the 8818A allele acts as a strong antagonist to alpha-
MSH. binding to Mclr and then blocking the signaling mediated by cAMP in the melanocyte.
The production of pheomelanin is thus favored. leading to the maturation of feomelanosomes
and lighter coloring.
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2.6. SLC24A45 (NCKXS5)

One of the genes of the family of solute carriers (SLC2445) encodes the Nckx5 protein
with 500 aminoacids. has 9 exons and is located on chromosome 15q (Sturm. 2009). Giardina
et al.. (2008) showed that the G (rs1426654 - Thrl11Ala) allele together with two other
intragenic markers (rs2555364 and rs16960620) vary in frequency among populations with
different skin pigmentation.

Ginger et al. (2008) were the first to demonstrate that expression of the SLC24A45 gene
product is required for the production of melanin in differentiating human epidermal
melanoblasts. It is believed that the SLC2445 gene encodes a calcium/sodium potassium
dependent transporter present in the melanosomal membrane. and calcium may be required
for the activation of a gene to produce Pmell7. required to form mature eumelanosome
involved in eye color variation (Frudakis et al.. 2003): melanosome pH regulation may also
be a function of the SLC24AS5 protein (Lamason et al. 2005). The role of pH in
melanogenesis has been studied in detail. and there is evidence that pH changes affect
tyrosinase maturation and its catalytic activity (Smith et al.. 2004: Watabe et al.. 2004).

SLC24A45. which is orthologous to the golden gene in zebrafish, has been widely cited in
studies of human pigmentation. For example. in a study by Dimisianos et al. (2009) in Greece
the 151426654 (Thrlll1Ala) SNP was analyzed and the results were correlated with
pigmentation traits and with MCIR genotypes. It was shown that the 111Thr allele was more
prevalent among Greeks of darker skin, although this study shows a bias, since the majority
of subjects (99%) were homozygous for this allele. TTYR. SLC4542 and SLC24A45
polymorphisms were studied in South Asian populations and their alleles may account for
differences in skin reflectance (darker or lighter skin) through a simple additive model
(Sturm. 2009). On the other hand. SLC4542/MATP. SLC24A5/NCKX5 and OCA2/P SNPs
have been associated with natural variation of pigmentation traits in several hwman
populations (Cook et al.. 2009).

In a genome-scan for the detection and characterization of positive selection in human
populations Sabeti et al. (2007) verified that SLC2445 and SLC45A42 are subjected to this type
of selection, while EDAR and EDAR2R were involved in the development of the hair follicle.
It was also found that the SLC2445 gene ThrlllAla polymorphism showed the strongest
signal of positive selection. Its ancestral allele (111Ala) predominates in Amerindians.
Africans and East Asians. Conversely. 111Thr is almost fixed in Europeans and is also
correlated with skin lighter pigmentation in admixed populations (Lamason et al.. 2005). In a
functional study conducted by Sturm (2009) it was found that the AlaAla genotype increases
2.2 times the amount of melanin in cultured melanocytes. compared to ThrThr. Heterozygous
subjects possessed an intermediate level of melanin. suggesting an additive effect.

2.7.ADAMI17

The gene encoding the Adaml7 protein (ADAMI7 - a disintegrin and metalloprotease)
has 19 exons and is located on chromosome 2p. Its product encodes 824 aminoacids and it is
part of the Adam family of proteolytic enzymes. acting in the cleavage of other enzymes
(Corrias et al.. 2010: Yamamoto et al.. 2010). It is also called T.4CE (Tumor necrosis factor-
Alpha Converting Enzyme), and codifies a metalloprotease associated with the cell membrane
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that is expressed in endothelial cells (Weskamp et al.. 2010). adipocytes (Junyent et al.. 2010)
and is the primary enzyme responsible for catalyzing the release of membrane proteins
anchored in the cell surface of Metazoan organisms (Caescu et al.. 2009).

These metalloproteinases can rapidly modulate signaling events in the cell surface
through proteolytic release of soluble forms of pro-ligands for cell receptors. and many
regulatory pathways are affected by the Adami7 activity: the detailed mechanisms of its
activity. however, are not well understood (Willems et al.. 2010). Adam7 has pleiotropic
effects and is therefore also associated with various diseases such as those leading to
neurodegeneration. cancer and inflammation (Hoettecke et al.. 2010. Long et al.. 2010).
Norton et al. (2007) have detected significant evidence of natural selection in ADAMI7 and
ATRN. They found evidence of positive selection in these genes in Asians comparable to the
MATP and SLC24A45 signals found in Europeans.

2.8. HERC2

HERC? is located upstream of OCA2 (Eiberg et al.. 2008). In three independent GWAS
analyses the 15q13.1 region. which covers 38cM in the genome and includes genes OCA42 and
HERC?2. was found to be the predominant region involved in human iris color (Kayser et al..
2008). Estimates indicated that 74% of the variance in human eye color could be explained by
this region. The HERC2 gene contains 93 exons. and the detailed function of its product is
still unknown, but the gene encodes domains of conserved functional proteins involved in
spermatogenesis, ubiquitin-mediated proteolysis and intracellular transport (Ji et al., 2000).
Interactions between OCA2 and HERC? through epistatic effects were observed (Kayser et
al.. 2008).

The melanin pigment within the iris is responsible for the human eye color (Sturm &
Larsson. 2009). Fine mapping of this region identified a single base variation (rs12913832 -
T/C) in HERC?2 intron 86. which explains much of the association with blue-brown eye color.
Eiberg et al. (2008) had already identified two SNPs (rs12913832 and rs1129038) within the
15q13.1 region that were strongly associated with blue and brown eye colors. Kayser et al.
(2008) also claimed that no other region on genes showed so consistent evidence of
association with iris color. They also suggested that the testing of OCA2-HERC?2 markers
could be used in forensic applications to predict eve color phenotypes of unknown persons of
European origin. Partial OCA2-HERC2 deletions are known in the Prader-Willi and
Angelman syndromes, which are associated with oculocutaneous albinism or reduced
pigmentation (Spritz et al.. 1997).

So far the most consistent reports concerning eye color have been the association of three
SNPs of OCA2 intron 1 and two HERC?2 (rs129113832 and rs1129038) SNPs (Iida et al..
2009). Humbert (2008) suggested that blue eye color could be due to the change of an
element located in HERC?2 suppressing QCA2 expression.

2.9. TPCN2

The TPCN2 (Two-Pore Channel segment 2) gene has 25 exons and is located on
chromosome 11q. Its encoded protein has 752 aminoacids (Sturm. 2009). This protein
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mfluences calcium transport. similarly to those of the SLC24A44 (Sulem et al.. 2007) and
SLC24A45 (Lamason et al. 2005) genes. Sulem et al. (2008) found that two coding
polyvmorphisms (1535264875 - Met484Leu and 153829241 - Gly734Glu) could explain the
difference between blond and brown hair individuals in Iceland.

2.10. Other Pigmentation Genes

The loci involved in pigmentation are related to a variety of physiological processes.
mcluding DNA damage responses. immunity and hypo/hyperpigmentation (Stinchcombe et
al.. 2004). melanocyte migration. melanogenesis control. hormone responses (MSH-like and
sex hormones or vitamin D), or prostaglandin synthesis. The latter may mediate changes in
post-inflammatory pigmentation by modulating melanocyte dendricity and melanin synthesis
(Scott et al.. 2004). These loci include ADAMTS20, AP3DI1, AP3M2. AR, ASMT, ATRN,
BLOCIS3, BRCAI. CHSI (LYST). CNO. CYP24A1. CYP27B1. DC6, DCT, DDC., EDA.
EDN3. EDNRB. ERCC2. ESRI, ESR2. GGTI. GPRI143. HPSI1. HPS2 (AP3BI). HPS3, HPSS.
HPS6. HPS7 (DINBPI). IKBKG. IRF4. KIT. KITLG. MAGMAS. MAMALI. MDM?2,
MGRNI. MITF, MLANA. MLPH, MTNRIA, MINRIB. MUTED. MYOS5A. MYO7A4, OSTMI.
PAR2, PAX3, PERI. PGR, PKCh, PLDN, POMC, PTGERI, PTGER2. PTGER3. PTGFR,
PTGIR, RAB274, RABGGTA. RAD50, RXRA. SILV (PM17), SOX10. TBX2, TH. TPS53.
TP53BPI1. TYRPI, TYRP2 (DCT), VDR, VDRIP, VPS18. VPS33A4. YARS, and ZNFNIAI,
besides those already mentioned above.

Many of these genes show no robust evidence for positive selection (Izagirre et al.. 2006
Myles et al., 2007; Norton et al., 2007). differently from those previously mentioned. But this
is expected due to the complex nature of the phenotypes considered.

3. FORENSIC APPLICATION AND PERSPECTIVES

The 1initial attempt to apply human DNA analysis to forensic investigations was based in
DNA “fingerprints”, individual-specific genetic profiles defined by a set of hypervariable
markers’ genotypes (Jeffreys et al., 1985). These “fingerprints” could be analyzed with
southern-blot hybridization and used for human identification and parenthood testing. Since
then. however, the repertoire of genetic markers used in forensic routine has grown
substantially and several advances in imolecular biology had brought much progress to the
forensic sciences.

Omne of such advances is the possibility to infer the person’s ethnicity and/or physical
appearance by using genetic markers. Ancestry Informative Markers (AIMs). genetic loci
showing alleles with large frequency differences between continental populations (Shriver et
al.. 2003). have been employed for this purpose. These markers enhance the power of an
already effective system of DNA analysis based on microsatellite wvariation for the
identification of unmatched samples in. for instance. cases such as mass-disasters due to
terrorist attacks. It is believed that these markers could also provide information about the
general appearance of a person (Budowle and Van Daal. 2008). But although they could
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provide some lead in certain populations. AIMs may not be completely associated to human
physical appearance in admixed populations (Parra et al.. 2003).

In cases where police investigations fail to identify the attackers. and especially when the
biological evidence found at crime scenes do not match those existing in the DNA police
database. it is expected the development in the near future of predictions of externally visible
features (Externally Visible Characteristics - EVCs) based on DNA (Kayser & Schneider,
2009). Physical features that are explained by a small number of loci and few alleles. easy to
detect using standard methods of linkage analysis and genetic association. are the most
promising.

Usually the first step in analyzing a crime-scene sample is to produce a profile of short
tandem repeats (STRs) using multiplex amplification kits. When this profile do not match
those of a police database. any additional information is extremely valuable (Werrett, 2005).
including tests for predicting specific phenotypes (Tully. 2007). SNPs on the Y chromosome
(Y-SNPs) are usually investigated for their potential to predict the geographic origin of a
given male suspect. Unfortunately, due to the presence of admixed individuals. it is
occasionally difficult to predict the geographic ancestry of an individual using Y-SNPs only.
In a study conducted by Sims & Ballantyne (2008). using the SLC2445 gene variants in
combination with Y-SNPs and other lineage markers. the authors were able to blindly
differentiate Africans. Ewropeans and Asians. The eye color prediction could also be of great
value in certain crime investigations. Mengel-From et al.. (2010). for instance. developed
predictive values for various SNP combinations in HERC?2, OCA2, and SLC4542 (MATP)
genes for blue/brown eye color.

Grimes et al.. (2001) described a multiplex minisequencing protocol to quick scan DNA
samples for the presence of 12 variants of the MCIR gene. In another study Frudakis et al.
(2003) tested 754 SNPs in 851 individuals, and identified 61 SNPs associated with iris color.
Nearly half of these SNPs were independently associated with this characteristic. while the
remainder was associated only if considered as part of a haplotype or diplotype. Some
companies already provide multiplex PCR-based tests for predicting iris color. and based on
the literature. it is estimated that the inferences are correct in 92% of the cases.

With regard to ethical issues. the forensic scientific community recommends to avoid
typing markers that are predictive of disease susceptibility, to protect the privacy of the
persons involved (Tully, 2007).

4. EVOLUTIONARY BACKGROUND

The genetic basis underlying the normal variation in skin. hair and eye pigmentation has
been the subject of intense research to verify the presence of any adaptive component. A
combination of approaches has been used. including comparative genomics of candidate
genes. identification of regions of the human genome under positive selection. allele-specific
association studies, and genome-wide scans (Sturm, 2009).

Although the combination of fair skin and intense sun exposure results in a significant
individual health risk. it is unclear whether this risk has evolutionary significance at the
population level. Therefore, several adaptive hypotheses have been proposed to explain the
evolution of human skin pigmentation. such as photo-protection against sun-induced cancer,
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sexual selection. vitamin D synthesis or photo-protection from photo-unstable compounds. It
is expected that if skin pigmentation is adaptive. we could detect signs of the action of
positive selection in some of the genes involved (Izagirre et al.. 2006).

Several regions of the human genome have recently been identified as subjected to the
action of positive selection. The combination of new methods. including large SNP banks at
the population level. as well as new and robust analytic methodologies show clear evidence
for selection acting on several pigmentation genes in different populations (Voight et al..
2006; Norton et al., 2007; Sabeti et al, 2007; Williamson et al., 2007: Johansson &
Gyllensten, 2008). These studies also showed that the process probably occurred many times
in multiple geographic locations around the globe, in ancient and recent human populations.

Jablonski & Chaplin (2000) and Chaplin (2004), for example, have confirmed a strong
positive correlation between skin pigmentation and intensity of ultraviolet radiation.
However. although there is strong evidence that the variation in pigmentation have been
influenced by natural selection, little is known about how selection has affected the genetic
architecture of pigmentation loci in different populations. even when these populations have
experienced similar levels of ultraviolet radiation in their evolutionary trajectory. The dark
skin that characterizes many African populations south of the Sahara and Melanesians may be
due to shared ancestral variants or new genetic adaptations. Similarly. the light skin of
Europeans and East Asians may have a common genetic origin or can be the result of
independent adaptations to environments of low ultraviolet radiation.

Norton et al. (2007) described the allele frequencies of polymorphisms in the ASIP
(A8818G), 0OCA2 (A355G), TTYR (Ser192Tyr), MATP (Phe374Leu). and SLC2445
(Thr111Ala) in various populations. They wanted to verify the presence of positive selection
for these polymorphisms in Africans. Asians. Europeans and a small group of Native
Americans. An evolutionary model for the independent selection of variants of pigmentation
genes in East Asian. European and West African populations was proposed. leading to the
conclusion of convergent evolution in the case of lighter colored skin (McEvoy et al.. 2006:
Norton et al.. 2007). In Europeans and Asians. signs of positive selection were confirmed for
SLC24A45 (Lamason et al., 2005; Norton et al., 2007) and SLC4542 (Soejima et al., 2006;
Norton et al.. 2007) gene variants. which result in lighter skin. Norton et al. (2007) also
concluded that light pigmentation in Europeans is due. at least in part. to the effects of sexual
selection and/or positive directional selection. and not simply by relaxation of functional
constraints. as previously suggested.

Izagirre et al.. (2006) and Myles et al.. (2007) used public data banks (HapMap and
Pelergen). with African. African-American, European and East Asian genotypic information
and performed an Fy analysis. Under a neutral model, F is determined by the demographic
history (basically gene tflow and drift) of the groups considered and would affect all loci in a
similar way. In contrast. under the action of selection. specific loci would show different
patterns. Balancing or purifying selection tend to reduce Fy values while positive selection
would lead to increased values when compared to those of other genomic regions. The two
studies identified signs of selection in SLC2445 and SLC4542 (MATP) in European and East
Asian individuals. In contrast, no signs of selection were found for MCIR.
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5. IMPROVING PIGMENTATION PHENOTYPIC DATA
FOR FORENSIC AND GENERAL STUDIES

In studies that seek to relate genotype-phenotype in pigmentation characteristics, it is
recommended that these characteristics should be examined as objectively as possible.
avoiding qualitative ratings for skin pigmentation such as 'black’. 'dark brown'. 'light brown'
or ‘white', since classification criteria may be diverse in different countries and ethnicities.

It is suggested that frontal photographs should be made of the study participants. to make
a data log archive of eyes and face pigmentation. Photographs of the back of the head can also
be made to obtain data from hair color. Quantitative measureiments of pigmentation through
the contents of melanin in exposed/non-exposed regions. as described by Stokowski et al.
(2007). are recommended. These measures could be made by reflectance spectrophotometry.
for instance. DermaSpectrometer. Cortex Technology. Hadsund. Denmark. This instrument
emits light at the green (568nm) and red (655nm) regions of the visible spectrum and the
photo-detector measures the amount of light reflected by the skin. These measures are used to
estimate the melanin content of skin. which is expressed as a Melanin Index (M). In human
populations M ranges from about 20 (people with lighter skin) to near 100 (individuals with
darker skin). For more accurate readings, these measures should be carried out preferably
mdoors and in a well-lighted room. More information about the DermaSpectrometer can be
found in Shriver & Parra (2000).

A traditional method for hair classification involves its observation under a microscope
considering such characteristics as color. length. diameter. pigment granules and other
morphological traits (Saferstein, 2001: Bednarek, 2004; SWGMAT. 2005). Reflectance
spectrophotometry is also used to determine hair color. which is more consistent than digital
image analysis (Vaughn et al.. 2008, 2009b). The CIE L*a*b* apparatus is used both for
digital image analysis by microscopy. or for measuring macroscopic color (Vaughn et al..
2009a). The CIE L*a*b* model was developed by the Commission Internationale de
I'Eclairage and measures the color in three axes, that correspond to the trichromatic human
perception and reflects the degree of change in color that humans can perceive (Ford &
Roberts. 1998). In this system. the brightness or intensity of a color is measured in the L* axis
on a scale from 0 (black) to 100 (white). Color. in turn. is measured first along the a* axis.
varying from -100 (green) to +100 (red): and then in the »* axis. varying from -100 (blue) to
+100 (vellow). The L*a*b* unit is regarded as the minimum difference that the human eye
can observe (TASI 2004).

Iris color categorization has been carried out using a variety of descriptive terms for self-
assessment, as well as the use of a trained observer to describe. or qualitatively classify it
using photographic standards (Seddon et al.. 1990; Franssen et al.. 2008). None of these
methods is completely reliable and thus automated photographic methods have been
developed to improve the accuracy in classification (Takamoto et al.. 2001: Niggemann et al..
2003). A method which vses a digital camera and a computer software to analyze the light
reflected from the iris was described in detail. with the sum of a range of color and brightness
values used to derive an expression called the Iris Melanin Index (IMI). suitable for
categorizing a population survey, but possibly still missing details of the iris pattern
(Frudakis. 2008).
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The most important point to emphasize is that objective, not subjective classifications
should be used. Qualitative subdivision of continuous traits also oversimplify their nature
(Liu et al., 2010). If indeed it is not possible to quantitatively measure hair and eye colors.
care must be taken that the classification is made in accordance with previous studies. with
the help of color standards. The most comumon hair characterizations involve 'black’. 'brown'
(without subdivisions, to avoid a subjective qualification), 'red’. 'blond' or 'white'; while eye
pigmentation may be characterized as 'black'. 'brown'. 'blue'. 'green ' or ‘grey’: whenever
possible, the presence of brown spots around the pupil or any other eye brown spot should
also be recorded (Eiberg et al.. 2008).
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7.3. APENDICE I11

(Coluna “Consideracdes sobre genética da pigmentacdo humana e a politica de cotas raciais”

no Portal Educagdo — disponivel em http://www.portaleducacao.com.br/direito/artigos/20931)
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CONSIDERAGOES SOBRE GENETICA DA PIGMENTAGAO HUMANA
E APOLITICA DE COTAS RACIAIS

02/m/2012 2312:00

Recentermente tem se discutido em alguns velculos de
comunicacdo sobre a criacdo de cotas raciais para o servico
publico. Para o ingresso em muitas universidades brasileiras esta
politica jd se faz presente. Entretanto, gostaria de aproveitar este
espaco para fazer algumnas consideracBes a respeito do tema.
Para comegar, digo que o fato de ser "branco” ou “negre’, a
principio, ndo possui qualquer correlacdo com a capacidade de
ser aprovado num vestibular ou num concurse publico. Todos
possuem a mesma capacidade. Entretanto, o fato de ser pobre ou
nao fazuma grande diferenca.

Mas cotas raciais, qual o ponto de corte ou critérios utilizad os? A
auto-declaracdo? O sistema de auto-declaracdo é muito falho para
a implementacdo desta politica, por motivos dbvios. Talvez, num
futuro préximo, seja possivel estimar a cor dapeledeum
individuo somente através da andlise do DNA. Mas ébom
lermnbrar que uma estimativa ndo é uma certeza. Além disso, 0s
fatores genéticos que conferem a cor da pele est3o sujeitos a
grandeinfluéncia ambiental. Por exermplo, existem pessoas que
sdo mais faceisde bronzear do que cutras, tendo o mesmo tom
depele. Isto sedeve & ancestralidade individual e também,
possivelmente, a diferencas sutis ern outros fatores que influenciam o tom de pele, como a proporcdo de
gordura epitelial, distribuicZo dos vasos sanguineos na pele, ete. Além disso, umn possivel teste de DNA
para cor de pele somente seria interessante para definir os extremos do espectro dos tons de pele; branco
ounegro. O espectro da cor de pele & muito grande! A cor “merena’, por exemnplo, apresenta tonalidades
diversas. Interpretar asinformacdes genéticas para distinguir entre estes tons ainda parece uma atividade
impossivel. Ainda ndo sabemos como criar um critério paraisso.

Sabe-se também da correlacdo existente entre a cor da pele e a ancestralidade. Com o estudo do DNA, é
possivel verificar a poreentagem aproximada de ancestralidade individual existente no material genético
decada pessoa Entretanto, também neste contexto das acdes afirmativas, cormo definir quem se
beneficiaria com estes resultados? Penso que a maioria absoluta de brasileiros (provavelmente todos, se
pesquisarmos o suficiente) pode ter alguma proporcdo de material genético Africano no seu DNA. Isto se
considerarmos o fato de que os ancestrais dos humanos modernos vieram da }'SJrica, berco da humanidade.
Isto é histdria e ja é sabido pela evolucdo humana. Além disso, e populacdes resultantes da mistura
demogréfica entre Asidticos, Europeus, Africanos e Natives americanos, como a populacdo Brasileira o &,
definir a ancestralidade individual para afinalidade das acdes afirmativas pode ser bastante problemaético.
Por exernplo, comparando-se o DNA entre duas pessoas “morenas” escolhidas aleatoriamente, sendo uma
delascomtom de pele visivelmente mais claro, é plenamente possivel encontrar maior ancestralidade
genética Africana nesta do que naquela comtomde pele mais escuro. Diante deste fato, nos resta a ddvida:
Como ndo errar na implementac3o das cotas raciais? O que queremos realmente discutir? Critério racial ou
Critério socioecondmico? Para responder estas questdes, é necessario ver exatamente o foco do problema,
a fim evitar o agravamento da quest3o.

Naperspectiva da educacdo brasileira, o que éalarmante € o fato de ainda existir grande divergéncia
educacional no ensino do pais. O que se observa s3o muitas universidades publicas com qualidade de um
lado, em comparacdo com um ensino publico basico (ou fundamental) e secundério (oumédio) ainda
bastante deficientes. Desta forma, muitos estudantes que vieram do ensino basico e secundario das
escolas publicas parecem ndo cumprir o nivel de conhecimento exigido para o ingresso no nivel superior
dequalidade e acabam se deparando com uma dificuldade enorme para passar (quando conseguem) num
vestibular de universidade (plblica ou particular) de exceléncia, e acabam, muitas vezes, ndo cursando o
ensing superior que gostaria, devido 3 sua base educacional limitada. Em outra dimensdo est3o os
estudantes que tiveramum ensino basico e secunddrio de exceléncia, e que, muitas vezes, conseguern a
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maioria das vagas nas melhores universidades e/ou concursos existentes.

MNesta perspectiva, podemos observar que a solucdo do problema é a melhoria do ensine bésico e
secundédric no pals. Para isto, o Poder pdblico deve implementar com urgéncia politicas de investimento na
educacdo brasileira, por exemplo: incrementar os saldrios dos professores, melhorar ainfraestrutura das
escolas e universidades, fiscalizar com afinco o ensino publico e privado no pals, criar escolas e professores
“intinerantes’, que possam aleancar alunosda zona rural e da populac3o abaixo da linha de pobreza, bem
coma injetar mais recursos no nivel superior para sua expansdo e continuo desenvolvimento. Estas opcdes
sdo mais trabalhosas. Mas, semisso, o Estado Federativo sé tem a perder com a criacdo somentede
medidas paliativas.

Mas, j& que a polltica é criar cotas ao invés de melhorar a educagdo no pals, que seja discutida a criacdo de
cotasexclusivamente para estudantes provenientes de escolas publicas, se for o caso, sejam eles brancos
ounegros. Embora, na atual realidade social do Brasil, 70% dos pobres sdo negros, também existem
brancos pobres. N3o podemos nos esquecer disto! A lei de cotas raciais acaba excluinde o homem branco
e pobre também como sujeito passivo da exclusdo educacional existente no pals. Isso € inadmissivel e
grave, edeveria ser discutido largamente na sociedade antes da sua implantacdo. A polftica de resguardar
osdireitos de uma classe ndo pode dar margern e/ou esquecimento aos direitos do outro grupo. Pelo
menos, ndo deveria. OsEstados Unidos, um dos primeiros paises a adotar a politica de cotas, estdo
reavaliando sua politica de ingresso nas universidades poblicas baseada em cotas raciais. L, alguns
estados jd estdo modificando suas politicas em direcdo as cotas socicecondmicas! Este critério parece ser
mais sensato.

Aigualdade dos povose o respeito 3 mulher, ao negro, ao homossexual, enfim, o respeito ao ser humano
como um todo deve ser divulgado edisseminado, a fim de que n3o se repita eventos histdricos frutos de
mentalidades retrégradas e de politicas negativas. Entretanto, na divulgac3o e disseminac3o desse
respeito a grupos especificos, termos que tomar o cuidado de n3o criar ainda mais politicas excludentes e
discriminatdrias, afim de que realmente todos possarn ter educac3o, salide, lazer, qualidade de vida e
igualdade de condicdes para congquistar umnivel de vida digno.

Leituras Adicionais;
http.// www.jornaldaciencia.org.br/Detalhejsplid=84659

http://www.jornaldaciencia.org.br/Detalhe.jsplid=84660
Autor: Caio Cesar Silva de Cerqueira
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7.4. APENDICE IV

(Entrevista “A cor da pele escrita no DNA”, concedida ao reporter Salvador Nogueira da
Revista Pesquisa FAPESP, Marco de 2012. Disponivel em
http://revistapesquisa.fapesp.br/2012/03/29/a-cor-da-pele-escrita-no-dna/).

227



A cor da pele escrita no DNA

Testes permitem descobrir caracteristicas raciais sem a presenca das pessoas

SALVADOR NOGUEIRA | Edigdo 183 - Margo de 2012

E um estudo que contesta o que se cOSTUMA  © NELSON PROVAZI
ouvir nas aulas de genética no ensino
meédio: “Caracteristicas como cor da pele
dependem de relagoes complexas entre
muitos genes, o que praticamente
inviabiliza identificar a aparéncia (fenotipo)
de um individuo a partir de sua constituiciao
genética (gendtipo)”. Embora a primeira

premissa esteja correta, pesquisadores
brasileiros mostram que € possivel sim

determinar a pigmentacio da pele com base ‘ I
nos genes, Por ora, com modestos 60% de K

acerto.

/u

Esse resultado, obtido pelo grupo da
geneticista Maria Catira Bortolini, da
Universidade Federal do Rio Grande do Sul
(UFRGS), nao teria sido possivel se ndao

estivéssemos no inicio da era da genémica

personalizada, em que se tornou viavel economicamente sequenciar o conjunto
completo de genes de individuos e deixa-los disponiveis em banco de dados na
internet. Com essa disponibilidade, a equipe brasileira nao precisou sequenciar o
DINA de ninguém e fez o trabalho com dados gendmicos encontrados em bases
publicas mundo afora.

A equipe da UFRGS usou no total informacgoes de 30 genomas individuais. Alguns
eram de pessoas conhecidas, como os geneticistas norte--americanos Craig Venter e
James Watson, o que permitiu confrontar os dados genéticos com as caracteristicas
fenotipicas (aparéncia). OQutros eram de individuos andnimos, cujos fendtipos os
pesquisadores estimaram a partir das caracteristicas fisicas das etnias a que as
pessoas pertenciam. No estudo também foram analisados os genomas de um
paleoesquimé e de quatro hominideos arcaicos: trés neandertais; e um hominideo de
Denisova — na realidade, uma mulher que viveu na Sibéria 40 mil anos atras e que
pode pertencer a uma espécie desconhecida do género Homo.

Para garimpar os dados iiteis a pesquisa nessa imensa sopa de letrinhas — cada
genoma & formado por dois conjuntos de 23 eromossomos com um total de 3 bilhdes
de pares de bases nitrogenadas A, T, C e G —, os pesquisadores usaram uma
metodologia desenvolvida pelo geneticista Caio Cesar Silva de Cergueira, primeiro
autor do estudo, aceito para publicagao no American Journal of Human Biology.
“Esse trabalho é um desdobramento de meu projeto de doutorado que diz respeito a
genes de coloragao em populagdes humanas”, conta Cerqueira, que € orientado por
Catira.

E nao se deve subestimar o tamanho da tarefa. “Uma das maiores dificuldades foi
encontrar um modo de analisar tamanha quantidade de dados ao mesmo tempo”, diz
Cerqueira. “Segundo nosso conhecimento, nao existe ainda aparato estatistico que
faca isso de maneira simplificada.”

Por essa razdo, a primeira missio da equipe foi reduzir a analise aos trechos de DINA




que pudessem dar maior confiabilidade as estimativas. O grupo trabalhou
basicamente com as diferencas genéticas conhecidas como polimorfismos de
nucleotideo tinico — single nucleotide polymorphisms ou SINP. Os SNPs representam
diferencas genéticas em que apenas uma letra da sequéncia toi trocada. “Tivemos que
filtrar os dados para trabalhar s6 com os mais palpaveis e concretos”, explica
Cerqueira.

Selecio de dados

O ponto de partida foi identificar 346 SINPs distribuidos em 67 genes, pedacos de
zenes desativados (pseundogenes) e regides intergénicas (nem todos os segmentos de
DNA constituem genes, alguns s0 ocupam espaco na sequéncia. com funcao ainda
nao esclarecida). Todos esses SNPs estavam em regides do genoma associadas a
pigmentacio de cabelos, olhos e pele. O passo seguinte foi ver quais desses SINPs ja
tinham seu efeito genético descrito na literatura. Dos 346, sobraram 124.

Ainda assim, havia um problema: o genoma se compde de duas copias de cada gene,
uma do pai e outra da mae. Quando as versdes do gene sido diferentes entre si,
predizer o efeito que a combinagdo tera no organismo € bem complicado. Por isso, os
pesquisadores se concentraram nos SNPs eujos alelos (versoes diferentes
encontradas simultaneamente no organismo) estivessem presentes nas duas copias
do mesmo trecho de cada genoma. “Perdemos uma boa quantidade de informacdes
fazendo isso, mas optamos por essa abordagem mais conservadora”, conta Cerqueira.

Uma coisa € certa. A metodologia usada € excelente para determinar se o individuo
tem ou nao sardas, acumulo de pigmento comum em loiros e ruivos. A taxa de acertos
na previsao para os 11 genomas cujo fenétipo era bem conhecido (a identidade do
proprietario era sabida) foi de impressionantes g1%.

© NELSON PROVAZT Contudo, conforme as sutilezas
aumentaram., o nivel de acerto
diminuiu. O método previu
corretamente em 64% dos casos o tom
de pele, dividido em duas categorias:
claro e escuro. A taxa de predicao foi de
44% para a cor do cabelo (preto,
castanho, ruivo e loiro), 36% para a cor
dos olhos (preto, castanho, verde e
azul). Quando todas as caracteristicas
foram levadas em consideracao, a
média de acerto ficou em 50%.

Os pesquisadores também calibraram o nivel de acerto incluindo 10 genomas de
individuos cuja etnia permitia estimar o provavel fendtipo. Com uma base de 30
Zenomas, os indices de acerto mudaram um pouco. Diminuiram ligeiramente para
sardas (83%), pele (60%) e cabelos (42%). Mas aumentaram para os olhos (67%),
elevando a média final para 63%.

A primeira impressio que o estudo deixa é de que nao da mais para classificar como
impossivel prever tragos fisicos com base na analise do DINA. E a segunda € que
ainda falta avancar bastante para que o nivel de precisio melhore a ponto de o teste
se tornar util.

Trata-se de uma tecnologia que pode revolucionar, por exemplo, a ciéncia forense.
Imagine se, a partir de nma amostra de DIWA encontrada numa cena de crime, a
policia pudesse criar um retrato detalhado de um suspeito. Ainda estamos longe
desse estagio tecnolbégico, mas, para Catira, ja terminou a fase do “e se pudéssemos?”
e estamos chegando a etapa do “como faremos?”.




“0O grande desafio é entender como funciona a interagio entre os varios genes e seus
alelos, bem como de seus produtos, as proteinas”, afirma Catira. “Em outras palavras,
o quanto o efeito de um alelo que se encontra em determinado ponto da rota é
alterado pela presenca de outra variante em outro gene da rede de pigmentacao. Os
estudos dessas conexdes estio 6 comecando a surgir e ndo fazemos ideia de como
tudo esta conectado, resultando em determinado fenétipo”, diz a pesquisadora da
UFRGS.

Como complicacao adicional, ainda é preciso levar em conta os efeitos epigenéticos —

a influéncia de fatores ambientais sobre os padroes de expressao de certos genes sem
alterar o DINA em si. “Os desafios permanecem grandes”, comenta Catira. “Mas, como
o conhecimento cientifico cresce exponencialmente, tenho esperanca de que avancos

importantes ocorram nos proximos anos.”

Retratos da evolucio

Enquanto a tecnologia nao chega ao ponto de ajudar no trabalho policial, os
pesquisadores ja comegam a usa-la para tentar compreender melhor como se deu a
evolucio do género Homo. Afinal de contas, estudos como esse ajudam a verificar o
quanto a diferenca de pigmentacio entre os grupos humanos é resultado de pressio
exercida pela selecido natural on consiste em variagoes surgidas ao acaso, neutras do
ponto de vista evolutivo.

Em trabalho anterior, ligado a outra caracteristica, o grupo de Catira havia mostrado
que um gene associado a configuracao dos membros em seres humanos se mantém
exatamente igual em mais de uma centena de amostras de DINA, vindas de pessoas
de diversas partes do globo. Esse gene acumulon 16 alteracoes desde que os seres
humanos e os chimpanzés se separaram na arvore evolutiva e permaneceu idéntico
nos neandertais — Homo neanderthalensis, espécie aparentada do Homo sapiens,
com quem conviveu até cerca de 30 mil anos atras, antes de desaparecer. A conclusdo
€ gque esse gene é extremamente importante e por isso foi conservado igual por tanto
tempo, dada a pressao evolutiva que existe sobre ele.

Agora os pesquisadores também podem © NELSCR PROVAZI
fazer analises semelhantes com relacao a
pigmentacao da pele, dos olhos e dos

cabelos e ver que papel evolutivo os genes
relacionados a essas caracteristicas podem

ter tido. Antes mesmo de qualquer analise

do DNA, muitos pesquisadores ja pensavam
que deve ter havido grande pressio

evolutiva para que os humanos vivendo sob :
o intenso sol africano tivessem mais

melanina na pele — e mais protecao contra

a radiacdo solar nociva —. enquanto quem
vivia no norte da Europa dificilmente
precisasse de grandes quantidades desse
pigmento para escapar dos danos causados
pela exposigcao ao sol. Estudos como o do
grupo de Catira ajudam a compreender o

que moldou essa e outras adaptacgoes.

Um dos resultados surpreendentes do novo estudo foi mostrar gue entre os
nean-dertais possivelmente ja havia diferencas na cor da pele e dos cabelos. A
analise das variantes genéticas dos neandertais — foram sobrepostos trechos do
genoma de trés fémeas para obter um genoma completo — sugere que uma era ruiva e
duas tinham cabelo castanho e pele mais escura. Todas tinham olhos castanhos.

Esse resultado contrasta com o de um trabalho anterior, conduzido por Carles
Lalueza-Fox, da Universidade Pompen Fabra, em Barcelona. Em um estudo




publicado em 2007 na Science, o grupo espanhol mostrou que o material genético de
dois neandertais — um encontrado na Espanha e outro na Italia — apresentavam
alteragoes genéticas similares as que determinam pele clara e cabelos ruivos em seres
humanos. “Temos conhecimento de poucos genomas ou de porgoes do genoma desses
hominideos e, mesmo assim, essa variagac aparece”, diz Catira.

Se estiver correta, a analise da equipe da UFRGS indica que entre os neandertais a
pigmentagaoc poderia variar de modo semelhante ac que ocorre com os seres
humanos. “Isso seria bem razoavel e indicaria que essa caracteristica pode ser tipica
do género Homo e nao da espécie humana”, comenta Catira. Ela propria, porém.
adverte que é preciso ter cautela na interpretagao dos dados. “Nao podemos descartar
problemas metodologicos, como contaminacgao com DNA humano e troca de bases
post-mortem, no sequenciamento de genomas de espécies extintas”, completa.

Essa observagao toca num ponto importante: ha limitagdes na analise do material
genético de fasseis. Por exemplo, talvez jamais seja possivel investigar o DNA dos
primeiros seres humanos que colonizaram o que hoje € o Brasil e que teriam vindo da
Asia pelo estreito de Bering entre 20 mil e 12 mil anos atras. “O problema é que o
clima daqui ndo permite preservar DNA da mesma forma que no frio da Europa”,
explica Fabricio Rodrigues dos Santos, bidlogo da Universidade Federal de Minas
Gerais. “Se por muita sorte encontrarem algum esqueleto preservado em algum lugar
muito especial na América do Sul com mais de & mil anos e houver DNA, pode ser
possivel sim prever alguns fenotipos.”

E quanto a Luzia — o féssil humano encontrado nos anos 1970 pela arquedloga
francesa Annette Laming-Emperaire em Lagea Santa, Minas Gerais — que hoje
detém o recorde de mais antigo da América, com estimados 11.400 a 16.400 anos de
idade? “No caso de Luzia, diria que € impossivel, pois tentaram varias vezes,
enviaram aos Estados Unidos e 4 Europa, mas nunca conseguiram gerar nenhuma
sequéncia de DNA”, diz Santos. Por mais que a genética tenha o poder de iluminar o
passado humano, algumas lacunas inevitavelmente permanecerao. Pelo menos até a
proxima grande revolucio cientifica.

Artigo cientifico

CERQUEIRA, C.C.5. et al. Predicting Homo pigmentation phenotype through
genomic data: From Neanderthal to James Watson. American Journal of
Human Biology. No prelo.
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7.5. APENDICE V

(Entrevista “Were Some Neandertals Brown-Eyed Girls?”, concedida a repdrter Traci Watson
da Revista ScienceNOW, Marco de 2012. Disponivel em

http://news.sciencemag.org/sciencenow/2012/03/were-some-neandertals-brown-eyed.html).
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Were Some Neandertals Brown-Eyed Girls?

by Traci Watson on 19 March 2012, 3:20 PM | 0 Comments

Ermail  Pnnt | 8 More [ PREVIOUS ARTICLE | [ MEXT ARTICLE |

In museums around the world, reproductions of Neandertals sport striking
blue or green eyes, pale skin, and gingery hair. Now new DNA analysis
suggests that two of the most closely studied Neandertals—a pair of
females from Croatia—were actually brown-eyed girls, with brunette
tresses and tawny skin to match. The results could help shed new light on
the evolution of the family that includes both modern humans and
Meandertals, who died out some 30,000 years ago.

ENLARGE IMAGE

The study has provoked deep skepticism among several outside
researchers, however, who criticize numerous aspects of its
methodology. The results also run contrary to other genetic evidence and
1o a long-held hypothesis that Neandertals, who lived mostly in northern
latitudes, must've had light skin to get enough vitamin D.

But even scientists who have doubts about the new research say it still

provides food for thought. "Neandertals occupied a wide geographical True visage? Not al Neandertals sported
; : ; ; i this look, accerding to new research.

range,” says John Hawks of the University of Wisconsin, Madison, who T "

was not involved in the study and who is also studying the physical traits me; Resggfcehersi ?fnc RIS

of ancient humans, so "it's likely that they were variable in pigmentation.
... We are really at the first step.”

The new study, to be published in the American Journal of Human Biology later this spring, looks at the genomes
of three female Neandertals from Croatia. Their DNA was the basis of the first effort to compile a complefe
Meandertal genetic sequence, which was published in 2010.

The researchers focused their attention on 40 well-studied stretches of genetic material that help determine
pigmentation in living people. A particular form of the gene known as TPCN2, for example, bestows brown hair in
modern humans; any other form means hair that's another color.

One complication is that traits such as hair color are controlled by multiple genes. To determine the cumulative
impact of muttiple genes on one trait, the authors assumed they could simply add together the impact of individual
genes. The female Neandertal known as Vi33.26, for example, had seven genes for brown eyes, one for
"not-brown" eyes, three for blue eyes, and four for "not-blue eyes." By the researchers' reckoning, that means a
six-gene balance in favor of brown and a negative balance for blue, so Vi33.26's eyes were probably brown.
According to this method, all three Neandertals had a dark complexion and brown eyes, and although one was
red-haired, two sported brown locks.

Live Chat: The Genes We Eat Thursday 3 p.m. EDT

Study author Tabita Hinemeier of Brazil's Universidade Federal do Rio Grande do Sul says she's not surprised by
the results. "There was a large population of Neandertals in Europe,” she says. "It"s impossible that an entire
population has red hair or blue eyes ™
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She and her colleagues validated their technique, in part by applying to it the genomes of 11 modern humans
whose photos and DNA are publicly available. Nearly 60% of the formula's predictions matched the subjects' actual
physical appearance, the authors say. The team considers that accuracy rate satisfactory, given the complexity of
the genetics behind skin color and other physical traits.

But experts caution against giving those museum exhibits a makeover just yet. The problem with the additive
technique is that different genes have different levels of impact, says Carles Lalueza-Fox of Spain's Institute of
Evolutionary Biology in Barcelona. In 2007, he authored a paper showing that two Neandertals, one from Italy and
one from Spain, carried a genetic variation likely to bestow pale skin and red hair. He argues that some
pigmentation genes have such a powerful effect that they override the combined contributions of many weaker
genes—a phenomenon that would render the new study's simple gene addition inaccurate. The lighter skin color
seen in Europeans, for instance, is due almost entirely to a single gene, he says. "We know that there are some
genes that have a very strong effect" on physical appearance, he says.

Ancther problem, Hawks says, is that the study focuses on the effects of genetic variations found in modern
humans. But Neandertals' hair and skin tones were almost certainly influenced by genetic variations unigue to
Neandertals, who were a species different from modern humans. So the study doesn't, and can't, consider many
of the factors that would've influenced how Neandertals looked.

Hunemeier responds that her team looked for new genetic variations unigue to Neandertals and other ancient
humans and came up empty-handed. She also says that other recent work confirms that it's possible to compute
the impact of large numbers of genes using simple anthmetic.

Although Hanemeier and her critics differ on the methods her team used, they agree that the stereotypical view of
Meandertals is too narrow. Lalueza-Fox says Meandertals probably had brown eyes and a variety of hair colors,
and Hawks thinks Neandertals living in places such as Israel may have had darker skin than their European
counterparts.

The uncertainty may not last much langer. Hinemeier and her critics alike think the growing trove of information
about the DNA of ancient humans will soon reveal Neandertals' trug colors. New genetic infformation is being
generated on "hundreds of individual paleopopulations,” Hinemeier says. "In 5 years we will have an ocean of
information to study ™

Follow ScienceNOW on Facebook and Twitter

Posted in  Anatory, Morphology. Biomechanics | Genetics
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7.6. APENDICE VI

(Trabalhos apresentados em congressos relacionados com a presente Tese)
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Influéncia do gene TPCN2 no fenétipo da pigmentacéo da pele e cabelos em amostra do Rio
Grande do Sul.

Santos, Franciele Lausch dos*: Cerqueira, Caio Cesar Silva de®; Ramallo, Virgl'niaz; Hinemeier,
Tabita®; Bortolini, Maria Catira®.

'Bolsista BIC/ UFRGS no Laboratério de Evolucio Humana e Molecular e estudante de Graduacéo em
Ciéncias Bioldgicas da Universidade Federal do Rio Grande do Sul.
’pgs-Graduandos no Programa de Pés-Graduagdo em Genética e Biologia Molecular da Universidade
Federal do Rio Grande do Sul.
$Orientadora no Programa de P6s-Graduag&o em Genética e Biologia Molecular da Universidade
Federal do Rio Grande Sul.

Palavras-chave: Associacdo, Gendtipos, Pigmentacdo Humana.

Agéncias Financiadoras: CAPES, CNPq, FAPERGS.

Identificar as variantes genéticas relacionadas com pigmentacdo humana tem sido o objeto de interesse
em estudos evolutivos, médicos e forenses. A pigmentacdo de cabelos, pele e olhos apresenta um
amplo espectro de variacdo fenotipica em algumas populacdes e esses fendtipos sdo explicados
principalmente pela variagdo na producdo do pigmento organico melanina. Esse pigmento € sintetizado
nas células denominadas melandcitos, dentro de organelas denominadas melanossomos. Ha dois tipos
de melanina: eumelanina (espectro marrom-preto) e feomelanina (espectro amarelo-vermelho), que séo
sintetizadas de acordo com o ambiente quimico e hormonal presente nos melanossomos. Diferentes
genes tém sido associados a variacdo fenotipica da pigmentacdo em algumas populagdes, incluindo o
gene TPCN2 (Two Pore segment Channel 2). Este gene possui 25 éxons, esta localizado no
cromossomo 11q, e codifica uma proteina com 752 aminoacidos. A funcdo desta proteina é
principalmente influenciar no transporte de calcio e controlar os niveis de pH intracelular, o que, por
sua vez, interfere na producdo e balanco eumelanina/feomelanina. O objetivo do presente estudo €
avaliar a influéncia de dois polimorfismos (rs3750965 — K376R e rs3829241 — G734E) no gene
TPCN2 sobre a pigmentacdo da pele e dos cabelos em uma amostra do Rio Grande do Sul. Neste
trabalho foram genoctipados 234 voluntarios provenientes do projeto CANDELA (Consoércio para
Andlise da Diversidade e Evolucdo Latino-Americana). Estes voluntarios foram qualificados para cor
de cabelo em 4 categorias: Ruivo, Loiro, Loiro escuro/Castanho claro ou Castanho escuro/Preto. Com
relacdo a cor de pele, foi realizada uma medida indireta da quantidade de melanina na pele destes
individuos através de um espectrofotdmetro de reflectancia. Este aparelho mensura o indice de
Melanina (IM), que vai de 20 (pele clara) a 100 (pele escura) para pele humana. Este projeto foi
aprovado no Comité de Etica em Pesquisa do HCPA e da UFRGS. As frequéncias alélicas e
genotipicas foram estimadas por contagem, assim como a verificacdo do Equilibrio de Hardy-Weinberg
(EHW) e as andlises estatisticas foram realizadas pelo software SPSS 17.0. Para o calculo de
desequilibrio de ligagdo, foi utilizado o programa MLocus. As frequéncias alélicas de ambos os
polimorfismos analisados estavam de acordo com o esperado para EHW. Na analise de associacdo dos
gendtipos com cor de cabelos, nenhum dos polimorfismos analisados apresentou associagdo
significativa (rs3829241 — X2:10,855, p=0,059; rs3750965 — X2:7,346, p=0,259), embora observamos
que no polimorfismo rs3829241, a associacdo esteve proxima da significancia. Da mesma maneira, na
analise dos genotipos com cor de pele, nenhum dos polimorfismos se mostrou significante (rs3750965
— F=2,393, p=0,094; rs3829241 - F=1,207, p=0,301). Embora tenha sido observado que ambos 0s
polimorfismos estdo ligados (D' = 0,972 e r’=0,241, p<0,001) na analise do MLocus, ndo realizamos
analises adicionais, uma vez que nenhum dos polimorfismos foram associados isoladamente com as
caracteristicas. Os resultados do presente trabalho mostram auséncia de associagdo dos polimorfismos
rs3750965 e rs3829241 no gene TPCN2 nos fenotipos de cor de pele e cor de cabelos em uma amostra
da populacéo do Rio Grande do Sul.

Saldo de Iniciacdo Cientifica UFRGS - 2012
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Anélise de associacéo de trés polimorfismos no gene MC1R com cor de cabelo em uma amostra
de galchos.

Krause, Carla Daiana Demkio Volasko'; Cerqueira, Caio Cesar Silva de’; Ramallo, Virgl'niaz;
Hiinemeier, Tabita%; Bortolini, Maria Céatira®.

'Bolsista voluntaria de Iniciagdo Cientifica no Laboratério de Evolucdo Humana e Molecular e
estudante de Graduacdo em Ciéncias Bioldgicas da Universidade Federal do Rio Grande do Sul.
?pgs-Graduandos no Programa de Pés-Graduagdo em Genética e Biologia Molecular da Universidade
Federal do Rio Grande do Sul.
$Orientadora no Programa de P6s-Graduag&o em Genética e Biologia Molecular da Universidade
Federal do Rio Grande Sul.

Palavras-chave: Genética Forense, Genotipo, Fenotipo.
Agéncias Financiadoras: CAPES, CNPq, FAPERGS.

A predicdo de caracteristicas externas visiveis com a utilizacdo de marcadores moleculares tem sido
muito estudada pelos pesquisadores e promete se tornar uma ferramenta valiosa para 0 uso na genética
forense. Assim, pode-se tentar predizer o fenotipo de um suspeito a partir de amostras de DNA
encontradas na cena do crime. Para que isso seja possivel, é necessario buscar marcadores associados
com o fendtipo em populagdes especificas através de estudos de associacdo genética. Existem alguns
estudos relatando a associacdo de SNPs (single nucleotide polymorphisms) de varios genes a cor da
pele, dos cabelos e dos olhos em populagbes européias e asiaticas, mas pouquissimos estudos em
populagdes com ancestralidade miscigenada, como a populagéo brasileira. Um desses genes é 0 MC1R,
o0 qual codifica uma proteina transmembrana denominada receptor de melanocortina 1, expressa na
superficie dos melandcitos. Esse gene possui apenas 1 éxon, mas desempenha um papel importante na
pigmentacdo normal da pele e dos cabelos, controlando qual o tipo de melanina que é produzida por
essas células. O MC1R é um gene muito polimdrfico, apresentando mais de 70 variantes em individuos
de ascendéncia européia. Algumas dessas variantes (rs1805007 - R151C, rs1805008 - R160W e
rs1805009 - D294E) estdo associadas a cabelo ruivo, pele clara e/ou presenga de sardas. O objetivo do
presente estudo é verificar a existéncia de associacdo das variantes supracitadas no MC1R com a cor
dos cabelos em uma amostra de gadchos. As amostras foram coletadas de acordo com protocolo do
projeto CANDELA (Consorcio para Andlise da Diversidade e Evolugdo Latino-Americana). Os
voluntarios da pesquisa assinaram o Termo de Consentimento Livre e Esclarecido antes da coleta de
material bioldgico, como requisito para participacdo no estudo. Foram genotipadas 235 amostras
provenientes de voluntarios do estado do Rio Grande do Sul. Os individuos foram classificados
gualitativamente em 4 categorias de cor de cabelos (Ruivo, Loiro, Loiro escuro/Castanho claro ou
Castanho escuro/Preto), conforme literatura corrente. As frequéncias alélicas e genotipicas foram
estimadas por contagem, bem como o Equilibrio de Hardy-Weinberg (EHW). As analises de qui-
quadrado foram feitas no programa SPSS, versdo 17.0. Foi também realizada analise de Desequilibrio
de ligagdo para os trés polimorfismos utilizando o programa Mlocus. As frequéncias genotipicas dos
trés polimorfismos estudados no presente trabalho estavam de acordo com o esperado para o EHW. Na
analise de associago, o polimorfismo rs1805009 foi associado com cor de cabelo (3°=8,998; p=0,032).
Os outros dois polimorfismos ndo estdo associados com cor de cabelo na presente amostra (rs1805007
- X2:3,666, p=0,278; rs1805008 — XZ: 5,427, p=0,128). Na analise de desequilibrio de ligagdo, nenhum
dos trés polimorfismos no gene MC1R se apresentou ligados (rs1805007/rs1805008 - p=0,471;
rs1805007/rs1805009 - p=0,677; rs1805008/rs1805009 - p=0,628). Desta forma, o presente estudo
indicou associacdo do marcador genético rs1805009 com cor de cabelo na populacdo galcha, e
auséncia de associagdo dos marcadores rs1805007 e rs1805008 com esta caracteristica.

Saldo de Iniciacdo Cientifica UFRGS - 2012
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E possivel predizer fen6tipo de cor de pele em uma populacio miscigenada

atraves da analise de gendtipos?

Krause, Carla Daiana Demkio Volasko'; Cerqueira, Caio Cesar Silva de’: Ramallo, Virginiaz;
Salzano, Francisco, M*; Hiinemeier, Tabital; Bortolini, Maria Catira®.

! Laboratério de Evolugdo Humana e Molecular do Departamento de Genética e do Programa de Pés-Graduagao
em Genética e Biologia Molecular -UFRGS.

E-mail: c_aioc@yahoo.com.br
Palavras-chave: Associacao, Genética Forense, Genotipo-Fendtipo.
Agéncias Financiadoras: CAPES, CNPq, FAPERGS.

Vérios estudos sobre a relacdo gendtipo-fendtipo dos marcadores genéticos para pigmentacéo
humana tém sido realizados especificamente em populacbes Européias e Asiaticas, com a
finalidade de tentar predizer fendtipo de pigmentacdo através das andlises de DNA para
possivel aplicagdo em Genética Forense. Entretanto, pouco se sabe a respeito da relacdo destes
marcadores genéticos em populagdes com diferentes niveis de miscigenagdo, tal como a
populacéo Brasileira. O objetivo do presente trabalho é estudar a associagdo de 5 SNPs em
dois genes OCA2 e TYR (rs1800407, rs1800401 e rs1800414; rs1126809 e 1042602,
respectivamente), buscando estabelecer a relacdo dos alelos destes com a cor de pele de 559
voluntarios do projeto CANDELA (Consorcio para Andlise da Diversidade e Evolucdo
Latino-Americana) provenientes de diferentes regides do pais, predominantemente dos estados
do Rio Grande do Sul e Bahia. O indice de melanina (IM), medida indireta da cor da pele
estimada através de um espectrofotdmetro de reflectancia, varia de 20 (pele mais clara) a 100
(pele mais escura), em humanos. Este projeto foi aprovado no Comité de Etica em Pesquisa do
Hospital de Clinicas de Porto Alegre (HCPA) e da UFRGS. As frequéncias alélicas e
genotipicas foram estimadas por contagem, assim como a verificagdo do Equilibrio de Hardy-
Weinberg (EHW) e as anilises estatisticas foram realizadas pelo software SPSS 17.0. As
frequéncias genotipicas dos 5 polimorfismos pesquisados estavam de acordo com o esperado
para 0 EHW. Na anélise de associacdo, fizemos trés andlises separadas, para fins
comparativos, que correspondem a perfis amostrais com diferentes niveis de historia
demogréfica: anlise da amostra total (n=559), analise da amostra proveniente da populacéo
do Rio Grande do Sul — RS (n=347), que s&o predominantemente de ascendéncia européia, e
analise da amostra da populacdo das outras regides do pais (n=212), predominantemente de
individuos da Bahia - BA. Quando utilizamos os 559 individuos numa mesma analise, 4
polimorfismos foram estatisticamente significativos, exceto o rs1800414 - OCA2 (F=0,017;
p=0,895). Quando analisamos somente os individuos provenientes do RS, somente o
polimorfismo rs1042602 (TYR) foi estatisticamente significativo (F=4,517; p=0,012). Quando
analisamos os individuos das outras regides do pais, predominantemente individuos do estado
da Bahia, somente os polimorfismo rs1042602 — TYR, rs1126809 — TYR e rs1800407 — OCA2
foram estatisticamente significantes (F=8,512, p<0,001; F=5,765, p=0,004; F=6,712, p=0,010,
respectivamente). E notavel que nas analises realizadas, observamos para maioria dos SNPs
com associacdo significante, que os genotipos heterozigotos possuiram um IM intermediério,
sugerindo um efeito aditivo dos marcadores. Este fato também é observado por outros estudos
na literatura, analisando amostras de populacGes nativas. Analises adicionais serdo realizadas
para elucidar o motivo dessas diferentes associagdes nos trés grupos amostrais, visto que
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diferentes fatores de confundimento, tal como estruturacdo populacional, podem estar
associados aos resultados aqui relatados.

XVIII Encontro de Geneticistas - 2012
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Anilise de marcadores genéticos e prediciao de caracteristicas
fisicas: o caso do Homo neanderthalensis e do espécime de
Denisova

Cerqueira, CCSY; Paixao-Cortes, V'; Hiinemeier, T'; Salzano, FM!; Bortolini, MC'.

! Instituto de Biociéncias/ Departamento de Genética. Programa de Pés-Graduagio em Genética ¢ Biologia Molecular —
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Palavras-chave: Marcadores moleculares, Neandertal, Pigmentagio, Retrato Molecular, SNPs.

Variagio na pigmentagio da pele, cabelos e olhos figuram entre os exemplos mais visiveis da diversidade fenotipica humana.
Recentemente, a genética forense deu um passo a mais no uso da tecnologia do DNA - pesquisadores tém estudado
marcadores moleculares para tentar predizer o fenétipo de possiveis suspeitos. Em outras palavras, procura-se realizar um
retrato molecular do individuo a partir da amostras de DNA encontrado em cenas de crime. Na literatura, encontramos
virios estudos cientificos associando cor de pele, cabelos ¢ olhos a variagoes de base tinica (SNPs) em genes candidatos. A
partir destes estudos, ¢ tendo em vista as publicagoes em 2010 e 2011 das seqiiéncias preliminares dos genomas completos do
Homo neanderthalensis (Neandertal) ¢ de outro, um espécime de hominideo sem classificagio taxonémica clara, encontrado
na Caverna de Denisona (Rilssia), tentamos ir mais longf. Portanto, o objctivo do presente estudo ¢ estabelecer o pruvév-:]
fenétipo da cor da pele ¢ cabelo dos hominideos cujo genoma foi publicado recentemente. Para isso, analisamos 20 SNPs
localizados em 10 genes que atuam em diferentes estagios do processo de produgio de pigmentos, incluindo melanogénese, a
estabilizagio ¢ transporte de enzimas durante a sintese de melanina, bem como no balango entre a sintese de diferentes tipos
de melanina. Os marcadores selecionados foram: MATP/SLC45A2 (1516891982, rs26722, rs6867641), TYR (rs1042602,
rs1126809), ASIP (1s6058017), SLC24A5/ NCKX5 (rs1426654), ADAM17 (rs1524668), OCA2 (rs1800414, rs1800407,
rs1800401), EDAR (rs3827760), HERC2 (rs1129038), MCI1R (rs1805007, rs1805008, rs1805009, rs4785763), TPCN2
(153829241, 53750965, 1s35264875). Estes marcadores foram entao procurados nas seqiiéncias destes hominideos nos
UCSC Genome Browser Gateway (http://genome.ucsc.edu/cgi-bin/hgGateway e http://genome.ucsc.edu/Neandertal/).
Para 19 marcadores, o alelo ancestral (também presente no genoma do chimpanzé; Pan troglodytes - UCSC Genome Browser
on Chimp Oct. 2010 - CGSC 2.1.3/panTro3 - Assembly) foi encontrado em ambos hominideos. Curiosamente, no SNP
151805009 (Asp294His - G>C) do gene MCIR, no genoma do Neandertal, um alelo diferente estd presente (A). Porém, a
troca de aminodcido continua a mesma (Asp294His). Este SNP foi associado anteriormente a pele clara e cabelos ruivos em
populagdes curopéias. Nosso estudo com estes 20 marcadores identifica pelo menos dois possiveis fendtipos diferentes para
o Neandertal ¢ para 0 homem de Denisova. O Neandertal scria possivelmente ruivo com pele clara, enquanto o homem
de Denisova teria cabelos castanhos ou pretos. Com a utilizagio de mais marcadores poderd ser possivel fazer um retrato

molecular ¢ fenotipico mais preciso dos membros extintos do género Homo.

Institni¢oes financiadoras: CNPq, CAPES, FAPERGS.

Genetic markers for skin color forensic DNA phenotyping in the Brazilian admixed

population
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The human pigmentation pathway can be explained by a complex network controlled by many
genes, as well as by environmental, mechanical, and epigenetic factors; thus, to understand it
is a challenging task. Although dozens of genes have previously been associated with human
skin color, our knowledge about this trait is still incomplete. Particularly limited is the number
of studies with populations off the Europe-North American axis, and seldom until now
admixed populations were considered. The present study was planned to help fill this gap. The
objective was to verify the possible association of 18 SNPs located within ten
genes/pseudogene regions (ADAM17rs1524668, AFG3L1rs4785763, ASIPrs6058017,
HERC2rs1129038, MC1Rrs1805007, MC1Rrs1805008, MC1Rrs1805009, OCA2rs1800401,
OCAZ2rs1800407, OCAZ2rs1800414, SLC24A5rs1426654, SLC45A2rs6867641,
SLC45A2rs26722, SLC45A2rs16891982, TPCN2rs3750965, TPCN2rs3829241,
TYRrs1042602, and TYRrs1126809), with the M1 (Melanin Index) in two admixed Brazilian
populations (Gaucho, n=354; Baiano, n=149) with different histories of geographic and ethnic
colonization. Some of these polymorphisms have never been studied in the context of human
skin color normal variation. DNA extractions were done using the salting out method from
total blood, while genotyping procedures were performed by Tagman™. MI measurements
were taken on the proximal medial portion of both arms to generate a single average value
(range in humans from 20, associated to the fairest skin, to 100, to darkest skin). The SPSS
software, version 17.0, was used to calculate ANOVA or the non-parametric Kruskal-Wallis
test, comparing MI versus genotypes. We identified 4 markers associated with M1 in the
Gaucho sample (HERC2rs1129038, MC1Rrs1805009, SLC24A5rs1426654, and
SLC45A2rs16891982), and 6 in the Baiano (HERC2rs1129038, OCA2rs1800407,
SLC24A5rs1426654, SLC45A2rs16891982, TYRrs1042602, and TYRrs1126809), but only 3
were significantly associated in the two samples (HERC2rs1129038, SLC24A5rs1426654,
SLC45A2rs16891982). Therefore, only these 3 should be preliminarily chosen as being of
forensic significance, since they consistently show the association independently of the
population considered. Furthermore, to consider possible population differences is also
important to choose an appropriate set of SNPs as phenotype predictors in forensic practice.

Financial Support: CAPES, CNPg, FAPERGS, The Leverhulme Trust, and The Biotechnology
and Biological Sciences Research Council.
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ABSTRACT
We report a characterization of the genetic ancestry (African, European and Native
American), phenotypic diversity and self-perception of ancestry in 6,938 Latin
American individuals recruited in Brazil, Chile, Colombia, México and Peru.
Phenotypes examined include pigmentation (of hair, eyes and skin), hair type (curliness)
and greyness, male pattern baldness, and a range of anthropometric and facial features.
We observe extensive variation in ancestry between individuals and geographic regions.
We find significant etfects of ancestry (P< 10-3) on most phenotypes examined,
consistent with the geographic structure of these traits in Africa, America and Europe.
Significant association was detected for two of the markers typed: rs260690 (in the
Ectodysplasin A Receptor, EDAR gene) is associated with hair type (P-value 2 10"6) and
rs717225 (in the Rho guanine nucleotide exchange factor 1, ARHGEF gene) with skin
pigmentation (P- value 1.58 10"'%). We observe a significant correlation between self-
perception and genetic estimates of ancestry and find evidence for significant effects of
pigmentation and social factors in biasing self-perceived relative to genetically estimated

ancestry.
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The history of the countries in the region collectively known as “Latin America™ has
involved the coming together of individuals with diverse geographic origins of which the
demographically most prominent encounter has been that occurring between the American
natives and people arriving mostly from the Iberian peninsula and West (Sub-Saharan) Africa
starting in 1492(1-3). In the past several years there has been an increasingly detailed genetic
characterization of the resulting history of genetic admixture in Latin America(4-9). Amongst
the most prominent conclusions from these studies is the observation of an extensive
variation in genetic ancestry between Latin American individuals and regions, and that
admixture involved predominantly immigrant men and native women. These findings
generally agree with information on pre-Columbian native population density across the
Americas and the historical patterns of overseas immigration to specific geographic regions
of the continent(2). The sex-bias in admixture is also consistent with documentary evidence
showing that it was mostly men that migrated to the New World during the colonial period,
particularly in the first century of settlement, when admixture was likely to have been most
extensive(l, 10).

Studies relating the genetic diversity of Latin Americans to phenotypic variation have
so far been scant(11-13). Such genotype-phenotype correlation analyses are of considerable
biological importance as they would contribute to elucidating the genetic basis of variation in
human physical appearance, particularly of traits differing in frequency between the major
populations involved in Latin American admixture. The identification of genes influencing
these traits is of wide-ranging relevance. Firstly, human physical attributes are used
extensively in evolutionary analyses, ranging from human origins (i.e. “*humans” are defined
as “anatomically modern”) to studies on potential environmental adaptations, with the
implicit assumption that such attributes reflect a specific genetic make-up. However, the

poorly defined genetic basis of these traits limits many of the inferences made in such
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analyses. Secondly, identifying genes for variation in human physical appearance is of
biomedical relevance as such genes would constitute candidates potentially involved in
pathological variation in those traits. It has also been shown that certain physical features are
associated with a variable disease risk, but a biological explanation for these associations is
often unclear. For instance, pigmentation has been associated with risk of Parkinson’s
disease(14) and skin cancer(15), male pattern baldness with heart disease(16) and prostate
cancer(17), and facial features with general health history(18, 19). Thirdly, identification of
genetic variants influencing human physical features promises to be useful in the prediction
of an individual’s appearance from genetic data, an application of considerable relevance in
torensics(20), although one which is not without challenges and problematic social
implications. Similarly, characterizing the genetic basis of variation in human physical
appearance, particularly that occurring between individuals with different continental origins,
has cultural ramifications outside of forensics and biomedicine. Variation in physical
appearance has long been used in attempts to define *human races” and historically many of
these traits have been highly charged socially(21). Evaluating factors influencing individual
perception of variation in these traits, their association with popular notions of ancestry and
identity and how these are informed or transformed by the genetic ancestry information, is
thus of considerable relevance to the social sciences and for society at large(22-24).

Here we examine the correlation between genetically estimated
African/European/Native American ancestry, variation in individual physical appearance and
self-perception of ancestry in 6,938 individuals ascertained in Brazil, Chile, Colombia,
Mexico and Pera. We also evaluated the possibility of a direct effect of the genetic markers
used for ancestry estimation in variation in physical appearance and found novel associations

of skin pigmentation with 4RHGEF and of macroscopic hair type with EDAR.
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MATERIALS AND METHODS

Study subjects

Recruitment took place mainly in five cities: Mexico City (México), Medellin (Colombia),
Lima (Pertt), Arica (Chile) and Porto Alegre (State of Rio Grande do Sul, Brazil). With the
exception of Chile, most subjects recruited in these cities were students and staff from the
Universities participating in this research. In Chile about 2/3 of the subjects recruited were
professional soldiers from a battalion in Arica. In Brazil some samples were also collected in
smaller towns of Rio Grande do Sul, as well as in towns of the states of Bahia and Rondonia .
Adult subjects of both sexes were invited to participate mainly through public lectures and
media presentations. We obtained ethics approval from: Escuela Nacional de Antropologia e
Historia (México), Universidad de Antioquia (Colombia), Universidad Peruana Cayetano
Heredia (Pert), Universidad de Tarapaca (Chile), Universidad Federal do Rio Grande do Sul
(Brazil) and University College London (UK). Each participant provided written informed
consent. Blood samples were collected by a certified phlebotomist and DNA extracted
following standard laboratory procedures.

Phenotypic data

A physical examination of each volunteer was carried out by the local research team using
the same protocol and instruments at all recruitment sites. We recorded: height, weight, head,
hip and waist circumference, cheilion-cheilion width and sellion-gnation height. All
measurements were obtained in duplicate and the mean of the two measurements retained for
further analyses. Using visual inspection we recorded eye colour into five categories (1-
blue/grey, 2-honey, 3-green, 4-light brown, 5-dark brown/black), and natural hair colour into
four categories (1-red/reddish, 2-blond, 3-dark blond/light brown or 4-brown/black)(25).
Balding in males was recorded using a modified Hamilton scale(26-29) as: 0) no hair loss, 1)

frontal baldness only, 2) frontal hair loss with mild vertex baldness, 3) frontal hair loss with
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moderate vertex baldness, and 4) frontal hair loss with severe vertex baldness. Similarly,
greying was recorded along a five point scale: 0) for no greying, 1) for predominant non-
greying, 2) for ~50% greying, 3) for predominant greying and 5) for totally white hair(29,
30). Macroscopic hair type was categorized by visual inspection as straight, wavy, curly or
frizzy (31). A quantitative measure of constitutive skin pigmentation (the Melanin Index, MI)
was obtained using the DermaSpectrometer DSMII reflectometer (Cortex Technology,
Hadsund, Denmark)(32, 33). Measurements were obtained on both inner arms and the mean
of the two readings used in the analyses.

Five digital photographs of the face: left side (-90°), left angle (-45°), frontal (0°),
right angle (45°), right side (90°) were taken from ~1.5 meters at eye level using a Nikon D90
camera fitted with a Nikkor 50mm fixed focal length lens. The photographs were annotated
manually with 36 anatomical landmarks and 3D landmark coordinates extracted using the

software Photomodeler (http://www.photomodeler.com/ Eos Systems Inc, Vancouver,

Canada) (Supplementary Figure S1). Landmark configurations were superimposed by
Generalized Procrustes Analysis(34) and the nuisance effects of BMI, sex, and age removed
by multiple regression of the shape coordinates. Principal Components (PCs) of the residual
landmark coordinates were obtained using the software MorpholJ(34). To ease visualization
of the 3D shape changes associated with principal components, we generated a file with
spatial information for the i-th PC score produced by Morphol and obtained deformation

surfaces via thin a plate spline algorithm using the Landmark software (35).

Socioeconomic position and self-perception of ancestry
A structured questionnaire was applied to each volunteer so as to obtain information
on socioeconomic position (SEP) and on self-perception of ancestry. We obtained two

indicators of SEP. The first is maximum educational attainment (EA), categorized as:
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none/primary (1), technical (2), secondary (3), university (4) and post-graduate (5). The
second is a wealth index (WI) obtained from a list of items taken as indicators of standard of
living. These items were: home ownership, number of bathrooms at the place of residence,
ownership of cars, bicycles, fridge/freezer/dishwasher, TVs, radios, CD/DVD players,
vacuum cleaner, washing machine and availability of domestic service. We used polychoric
principal component analysis to examine the variability of the sample and retained the first
principal component as a WL

Volunteers were asked for their self-perception of African, European, and Native
American ancestry. This was understood as a rough estimation of the proportion of their
ancestors that could have a particular continental origin. We proposed a five point scale,
expressed as 20% per cent brackets (and in words): 1) 0-20% (none or very low), 2) 20-40%
(low), 3) 40-60% (moderate), 4) 60-80% (high) and 5) 80-100% (very high or total).
Allowance was provided for recording ancestries outside Africa, Europe and America. The
questionnaire also recorded information on: the place of birth of the volunteer and (when
known) of their ancestors (up to grandparents), various racial/ethnicity categories (such as
those used colloquially and by the census in each country), as well as on individual’s attitudes
towards human genetics research, ancestry studies and racial discrimination. Analyses of the

data from the full socioeconomic questionnaire will be published separately.

Genetic admixture estimation

In order to select 30 markers highly informative for estimating
African/European/Native American ancestry, we started from the list of 5,000 markers,
highly informative for world-wide continental ancestry estimation, identified by Paschou et al
(2010)(36) using the approach of Rosenberg et al. (2003)(37) based on the worldwide CEPH-

HGDP cell panel genotyped with Illumina’s 610 chip (including data for about 600,000




SNPs(38). The full list of these 5,000 markers is at:

http://www .cs.rpi.edu/~drinep/ HGDPAIMS/WORLD_5000 INFAIMs.txt. Of these, allele
genotype data is available in Native Americans for 3,848 markers(39), of which 2,392
markers have been placed on subsequent Illumina chip products. This subset of markers was
retained for selection of those to be typed here in order to facilitate subsequent data
comparison and integration. We ranked the 2,392 markers based on allele frequency
differences in European-Native American or European-African samples. Amongst markers
with the highest inter-continental allele-frequency difterences we selected those with lowest
heterozygosity in Native Americans (so as to reduce the effect of variable allele frequencies
between Native Americans on ancestry estimation). Of the final set of 30 markers retained,
13 are monomorphic in 408 Native Americans (from 47 populations Mexico Southwards),
the rest have minor allele frequencies ranging from 0.01 to 0.15 (median 0.06) in that group
of populations. This set of 30 markers produces individual ancestry estimates in a sample of
Colombians recently included in a genome-wide association study that used [llumina’s 610
chip(40) with correlations of ~0.7 compared with estimates obtained from the chip data, and
identical mean population estimates. The list of markers typed is provided in Supplementary
Table S1. Genotyping was carried out by KBiosciences (Hoddesdon, Herts, UK;

http://www .kbioscience.co.uk/). Proportions of African, European and Native American

ancestry (and their standard errors) were estimated using the ADMIXTURE software(41),
using supervised runs (unsupervised runs produced very similar estimates) and standard
errors obtained by bootstrap using the program default parameters. Data from a total of 876
individuals sampled in putative parental populations were used in ancestry estimation. These
were selected from HAPMAP, the CEPH-HDGP cell panel(38) and from published Native
American data(39) as follows: 169 Africans (from 5 populations from Sub-Saharan West

Affrica), 299 Europeans (from 7 West and South European populations) and 408 Native
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Americans (from 47 populations from Mexico Southwards). The full list of the putative

parental population samples (and their sizes) is provided in Supplementary Table S2.

Geographic analyses

Information on birthplaces for volunteers, their parents and grandparents was
consolidated into a unique list of locations (for all countries except Peru, due to a large
number of missing data in that country). These placenames were organized into three fields:
city/municipality, region/state and country. Data consistency was checked by comparing field
names, e.g. name of a state into the list of city/states for each country. The list of placenames
was converted via the Google Maps Geocoding API
(https://developers.google.com/maps/documentation/geocoding/) into geographic
coordinates. Query results were checked for consistency to verify that the geocoding process
has identified all places properly. The GeodesiX software (http://www.calvert.ch/geodesix/)
was used for the geocoding query. The final birthplaces datafile containing coordinates was
represented into a searchable map using Google Fusion Tables

(http://www.google.com/drive/apps.html#fusiontables).

Geographic maps displaying individual admixture estimates were obtained using the
software ArcGis 9.3 (http://www.esri.com/software/arcgis). The cartographic database was
geo-referenced to the SIRGAS geodesic system (Geocentric Reference System for the
Americas http://www.ibge.gov.br/home/geociencias/geodesia/sirgasing/index.html) using a
Universal Transverse Mercator projection. Krirging interpolation was used to adjust for
uneven sampling across geographic regions. Corel-DRAW X3 (Corel Corporation, Ottawa,

Canada) was used to edit the map images.

Statistical analyses
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Linear or logistic regression was used to examine the effect of genetic ancestry or marker
genotypes, and selected covariates on phenotypic variation. Analyses were performed using

the R package (www.r-project.org)(42).

RESULTS
Genetic ancestry
Documentary information indicates that the geographic origin of the individuals

contributing to the current gene pool of Latin America varied greatly. It is also well

established that there is genetic substructure in the regions where these individuals originated.

Here we use the terms “*African(s)”’, **European(s)’” and “Native American(s)” to refer
broadly to different geographic origins without assuming a biological homogeneity, or strict
distinctiveness, of these regions. Our main aim here is to obtain ancestry estimates
consistently across samples as an heuristic allowing us to examine patterns of variation in
ancestry and their correlation with variation in phenotype and self-perception. We did not
attempt to perform a refined examination of the recent geographic origin for the ancestors of
individuals. Since our focus is not on fine-grained individual ancestry but on the correlation
of broad continental ancestry with other variables we estimated it with a relatively small
number of (highly informative) markers in a large number of individuals. We also do not
attempt to draw a comprehensive picture of the admixture landscape of Latin America (the
individuals studied here are not meant to be representative, in a statistical sense, of the
countries where the samples were collected). In what follows we use the country names
simply as labels indicating where recruitment took place.

The sample collected in Brazil has a highly predominant European ancestry (median
87%) and relatively low Native American and African ancestries (both medians <10%)

(Table 1). The samples collected in Chile, Mexico and Peru have highest median Native

10
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American ancestry (46%, 58% and 66% respectively) and lowest median African ancestry
(1%, 3% and 1% respectively). The sample collected in Colombia is the most diverse in
showing a predominantly European ancestry (median 62%) but substantial Native American
admixture (median 28%) and the highest African component (median 7%). There is
considerable heterogeneity across ascertainment sites in the distribution of individual
ancestry estimates (Figure 1). The Mexican sample is characterized by the widest spread of
individual ancestry along the Native American-European axis. By contrast the Chilean
sample, shows a greater concentration around the median. The Brazilian, and particularly the
Colombian samples, show a greater spread of ancestry along the African axis, with some
individuals having a high (>70%) estimated African ancestry. Although most individuals
studied here were born near the main ascertainment sites, there is some geographic spread of
their birthplaces. When examining the geographic distribution of individual ancestry
estimates within each country we observe considerable regional variation but with some
broad trends being apparent (Figure 2). In Brazil (Figure 2A) European ancestry is highest in
the south, African ancestry in the North East and Native American ancestry in the west. In
Chile (Figure 2B) highest European ancestry is seen around the main urban areas of the north
and centre of the country with Native ancestry predominating elsewhere and a north to south
gradient of decreasing African ancestry. In Colombia (Figure 2C), African ancestry is highest
in the coastal regions (particularly on the Pacific), Native ancestry being highest in the South
West and in the East of the country, European ancestry being highest in central areas. In
Mexico (Figure 2D) Native American ancestry is particularly high in the south, the north
showing the highest proportion of European Ancestry (Figure 2b). Other than geographic
variation, individual genetic ancestry also shows significant variation with SEP, European

ancestry increasing with both higher educational attainment and wealth. This trend is

11
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significant in the global sample (r= 0.32 P-value <2.2 10™'® and r=0.06 P-value = 3.05 10"
for EA and W1 respectively) and at each of the sampling sites (Supplementary Note S1).
Phenotypic diversity and genetic ancestry

Table 2 and Figure 3 summarize the distribution of quantitative and categorical
phenotypes (respectively) across samples. As is the case for the ancestry estimates, we find a
significant heterogeneity for most of the phenotypes examined. For traits differing in
frequency between continental populations, we usually observe a variation in frequency
across samples consistent with the ancestry estimates (Tablel). For instance, the (highly
predominantly European) Brazilian sample shows lighter pigmentation (of skin, hair and
eyes) and greater height than the samples from the other countries, which show higher Native
American ancestry. When comparing eye color groups we observe an increase in European
ancestry for the sequence of eye colors: black, brown, green, honey and blue (Figure 4).
Amongst hair color groups (Figure 4) there is an increase in European ancestry from black to
brown to blond, the red hair group showing a European ancestry between the black and
brown hair color groups. Similarly, there is an increase in European ancestry for the groups
with straight, wavy and curly hair, with the frizzy hair group showing the lowest European
ancestry (Figure 4). Relative to the overall sample the frizzy hair group has markedly higher
African ancestry (median of 0.42 v. 0.04).

Regression of phenotypic variation on genetic ancestry demonstrates a significant
effect (P-value < 10-3, using a Bonferroni multiple testing correction) for most of the traits
examined (Table 3 and Figure 5). Accounting for sex, sampling site, age, and SEP, higher
European ancestry is associated with increased height, lower body mass index (BMI) and
central obesity (ICO), lighter pigmentation (or hair, skin and eyes), greater hair curliness and
male pattern baldness (with hair greying approaching significance). Similarly, higher African

ancestry is associated with increased height, greater skin pigmentation and greater hair
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curliness type. The proportion of phenotypic variance explained by ancestry is highest for
skin pigmentation (19%) and is also substantial for hair shape (10%) and color of ¢yes and
hair (4% and 5 %, respectively) but considerably smaller for the other phenotypes. We also
observe highly significant effects of EA (P-value 3.87 10"') and age (P-value <2 107'°) on
height with height increasing for younger individuals at a rate ~1 em for every 10 years age
difference (Supplementary Note S2). Accounting for height and BMI (as well as for the
previous covariates) ancestry also has significant effects on facial variation both in terms of
size and shape. Higher European ancestry is associated with an overall smaller face size (as
estimated by centroid size). We also examined the effect of ancestry on all pair-wise inter-
landmark distances (427, after averaging the 203 distances between symmetric landmarks on
both sides of the face), which combine shape and size information. Of these, a total of 133
and 2 show significant effects of European and Africa ancestry, respectively (P-values < 10-
6. assuming a conservative Bonferroni multiple testing correction; Supplementary Table S3).
The most significant effects of European ancestry (P<-10) mainly involve distances between
landmarks placed on the lips and nose. Face shape variation, independent of size, was

assessed via Principal Component Analysis of procrustes coordinates. Significant effects of

European ancestry were detected for PCs 1 and 3-5, while African ancestry impacts on PCs 1,

2 and 4 (Table 3, Supplementary Note S3 and Supplementary Figure S2). These 5 PCs

account for ~55% of the variation in face shape captured by the 36 landmarks placed on the

facial photographs, with ancestry explaining up to 5% of the variance in PC scores (for PC4).

Examination of the correlation between inter-landmark distances and facial PCs (results not
shown), indicates that the highest correlation of distances between landmarks of the lips and
nose is seen with PC4, consistent with this PC showing the largest proportion of variance
explained by ancestry (Table 3). Regression of individual shape scores (providing a single

value for shape change) obtained from landmark coordinates as proposed by Drake and
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Klingenberg(43), agree with a significant effect of ancestry on overall face shape (Table 3
and Figure 3).

Since the markers used for ancestry estimation have allele frequencies that are highly
differentiated between Africans, Europeans and Native Americans, they constitute candidate
variants potentially impacting on traits with variable frequencies between these populations.
We therefore tested for association between the 30 markers typed and the phenotypes
showing ancestry effects (with genome-wide ancestry, age, sampling site, SEP and sex as
covariates). Marker rs260690, located in the first intron of the EDAR gene, was found to
have a highly significant effect on hair type (p= 10""®). Examination of HapMap data for
Mexican Americans (MEX) indicates high linkage disequilibrium (D‘=0. 98) between this
SNP and rs3827760 an A to G variant coding for a p.Val370Ala substitution in EDAR. The
derived G allele at rs3827760 has a high frequency in CHB+JPT (0.95) but is rare in
CEU+TSI (frequency 0.05) and this allele has recently been associated with increased cross-
sectional hair thickness in East Asians as well as in mouse models(44-46). Marker rs356652,
8 Mb from marker rs260690, also shows significant association with hair type (P-value =
1.94 10™7). These two marker are in moderate linkage disequilibrium (D’=0.52 in the full
sample) and accounting for rs260690 in the regression model markedly attenuates the
evidence for association of hair type with rs356652 (P-value 0.004), confirming that this
signal of association stems from LD with variants in the EDAR gene. We also found a highly
significant association (P-value = 1.58 10"'?) between marker rs717225, located in the third
intron of the ARHGEF1 gene, and skin pigmentation. In the HAPMAP dataset, the ancestral
C allele at rs717225 is found at a frequency of 90% in YRI and 0.01 in CEU and is absent
from available Native American data (Supplementary Table S1).

Genetic ancestry and self-perception
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We observe a moderate, highly significant, correlation of self-perception of
continental ancestry with the genetic estimates (ranked into five bands at 20% increments):
America: r= 0.48 P <2.2 10, Europe: r=0.48 P <2.2 10°®, Africa: r=0.32 P <2.2 10°®.
However, there is a trend at increasing Native American and African ancestry for self-
perception to exceed the genetic estimates (Figure 6). Correspondingly, at decreasing
European ancestry there is a trend for the genetic estimates to exceed self-perception (Figure
6). Regression analysis of the difference between individual self-perceived and genetically
estimated ancestry (Table 4) indicates a significant effect of skin pigmentation on this
difference: individuals with lower skin pigmentation tend to overestimate their European
ancestry while individuals with higher pigmentation overestimate their Native American and
African ancestries. Similarly, lighter eye color is associated with a significant overestimation
of European ancestry and underestimation of Native American ancestry (but not African
ancestry). Overall, men overestimate their European ancestry and underestimate their African
ancestry, relative to women. There is also a significant variation between countries in that
individuals from the Chilean, Colombian, and Mexican samples tend to overestimate their
Native American ancestry and underestimate their European and African ancestries relative

to the Brazilian sample.

DISCUSSION

The paleo-anthropological record shows that the physical appearance of humans has
undergone considerable changes throughout evolution, presumably reflecting the interplay of
various environmental and genetic factors. Previous studies have also shown that current
human phenotypic diversity shows some clinal geographically structure, usually to a similar
degree as seen with “neutral”™ genetic markers. For instance, it has been estimated that about

90% of both craniofacial variation and genetic diversity is present within continents and only
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about 10% of this variation is accounted for by differentiation between continents(47). For
certain phenotypes however (such as skin pigmentation), there often is greater differentiation
between than within populations and this pattern has been interpreted as consistent with the
action of selection on these phenotypes. In the case of skin pigmentation possibly due to
variable levels of sunlight exposure, which could have a range of physiological effects
potentially affecting survival(48, 49). Consistent with this scenario, recent genome-wide
analyses aimed at detecting selection at the molecular level have often implicated genes
involved in pigment synthesis(12, 50, 51).

Recently admixed populations, such as Latin Americans, offer an opportunity to
characterize the genetic basis of traits showing geographic structure between the populations
that contributed to admixture in the region; in this case, mostly Native Americans and
individuals arriving from Africa and Europe. The analyses performed here illustrate the great
diversity of Latin Americans, with an extensive variation in genetic ancestry and physical
appearance. Although not designed to be statistically representative of the populations
sampled, the geographic distribution of the ancestry estimates obtained here are consistent
with the demographic history of the regions examined. The relatively low global estimates of
African ancestry are consistent with the sampling sites not being located in areas of major
historical African immigration. The relatively high Native American ancestry seen in the
Peruvian, Mexican and Chilean samples, is consistent with the high pre-Columbian Native
population density in Meso-America and the Andes, while the Colombian and Brazilian
samples come from regions with comparatively lower pre-Columbian Native population
densities(2, 3). In addition, the Brazilian sample is predominantly from a region (Rio Grande
do Sul) that has received a large influx of European immigrants in the last two centuries(2, 3,
52). Although the sampling sites examined are not located in areas of major African

immigration, the samples from Colombia and Brazil show the largest estimates of African
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ancestry, consistent with the greater African immigration to those two countries, relative to
Pert, México and Chile and these concentrate particularly in the coastal regions of Colombia
and the Brazilian North East(2, 53-55). Within each country the geographic distribution of
individual ancestry estimates is also consistent with regional demographic history. In Mexico
most of the current Native population concentrates to the South of the country, European
immigration having concentrated mostly in the centre and North of the country. In Colombia
Native populations occupy predominantly peripheral areas, the central, highland areas having
received most European immigration, while Africans predominantly settled in coastal areas
and major inland river valleys(55, 56). In Brazil, most African settlement occurred in the
North East, the South having received a major European population influx in the last two
centuries, while most Native populations currently concentrate to the West(2, 3, 52).

The pattern of variation we observe between phenotypes and estimated genetic
ancestry is generally consistent with available information regarding the variation in
frequency of these phenotypes in Natives from America, Europe and Africa, and the
generally complex genetic basis of these traits. Europeans usually have lighter skin
pigmentation than Native Americans or Africans and also show frequent variation in eye and
hair color, which is rare elsewhere. A number of genes influencing these traits have been
recently identified in European(25, 57-60). Consistent with this geographic pattern, increased
European ancestry is associated with lighter skin, hair and eye pigmentation and higher
African ancestry with greater skin pigmentation (Table 3 and Figure3). An unexpected
pattern was found for red hair. This trait is essentially absent in Native Americans and sub-
Saharan Africans, and found at non-negligible frequencies in Europeans where it is
associated with very low skin pigmentation, poor tanning response and high sun sensitivity.
However, the Latin American individuals with red hair examined here were found to have

lower European ancestry than individuals with blond or brown hair (Figure 3), showing
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ancestry values closer to the population median. This observation could relate to red hair
being determined by variants at relatively few genes (most prominently the melanocortin 1
receptor MC1R)(61), thus making this trait a particularly unreliable indicator of individual
genome-wide ancestry. Of the SNPs examined here, rs717225, located in the third intron of
ARHGEFI showed a strong association with skin pigmentation. The C allele of rs717225 is
seen at high frequency in Africans and at very low frequency in Europeans and has not been
reported in Native Americans (Supplementary Table S1) and this allele is associated with
increased pigmentation in the Latin American sample examined here. Rho GTPases play a
key role in cellular processes mediated by G-protein coupled receptors and recent genome-
wide RNA-mediated interference experiments have implicated ARHGEF! in
melanogenesis(62). These experiments have shown a direct impact of this gene on the
expression of tyrosinase and of MITF (the Microphthalmia-associated transcription factor, a
master regulator of melanocyte development)(62). MCIR is a G-protein coupled receptor
whose association with red hair (as mentioned above) is well established(58) but this is the
first time that variants in 4ARHGEF 1 arc associated with human pigmentation variation.
Macroscopic hair type (curliness v. straightness) is a highly heritable trait showing
considerable variation between human populations(57, 63). The hair of East Asians and
Native Americans has been described as commonly coarse in texture, with individual fibres
that are straight, thick and circular in cross-section(64). We found a strong effect of ancestry
on hair type, with straight hair frequency increasing in individuals with greater Native
American ancestry. This observation was further refined by the finding of a highly significant
association of hair type with marker rs260290 in EDAR. A recent study found evidence of
association in Asians of the p.370Ala substitution in EDAR (rs3827760>G) with hair cross-
sectional thickness(44, 45). No genotype data is currently available for marker rs3827760 in

Native Americans. However, there is strong LD across the £DAR region and an imputation
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analysis of available high-density chip data for Native Americans(39) indicates that these
populations are essentially fixed for the derived rs3827760 G allele (results not shown).
Position 370 in EDAR is located in an intracellular domain required for the interaction with
the EDAR-binding death domain adapter protein EDARADD in a pathway involved in
formation of the hair placode(65) and experimental evidence suggests that the p.370Ala
variant has higher activity than the ancestral p.370Val variant(46). This variant is seen at high
frequency in East Asians but is absent from Europeans and Africans. The population
differentiation and haplotypic structure of the EDAR region has been interpreted as evidence
of recent strong selection on this gene(50, 66, 67). The absence of the p.370Ala variant in
Europeans indicates that hair straightness has evolved more than once in human populations
and consistent with this, variants in the trichohyalin gene have recently been shown to be
associated with hair type in Europeans(68). The nature of the selection pressure however
remains unclear although it has long been argued that hair type could represent an adaptation
to variable levels of heat and UV radiation or that it could have been influenced by sexual
selection(57). Further studies should clarify the role of EDAR variants in the development of
the hair follicle and developmentally related structures such as sweat glands and teeth,
helping to shed light on the selective forces that might have shaped diversity at this gene.
Hair greying and androgenetic/senescent alopecia are amongst the most obvious
manifestations of aging in humans, yet their molecular basis is poorly understood. Both
processes result from a weathering of the hair shaft and the aging of the hair follicle, leading
to a decrease in melanocyte function and in hair production. Experimental evidence indicates
that stem cell death and oxidative stress play a key role in this process(69, 70) and recent
studies emphasize the importance of Notch2 signalling in the maintenance of melanocyte
stem cells and hair pigmentation(71). Changes in the hair follicle associated with hair greying

and loss, therefore represent a model system in which to study “intrinsic” aging (72) and
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where to test anti-aging therapies. Various lines of evidence testify to the importance of
genetic factors in hair loss and greying, the most extreme being Mendelian disorders
associated with hair loss or premature aging(29, 73-76). A twin study estimated the
heritability of androgenetic alopecia amongst Europeans at about 79%(29) and genome-wide
studies in Europeans have now identified several loci associated with this trait(77, 78). It has
been estimated that androgenetic alopecia affects ~45% of Caucasian men by the age of 49
and 70% by 79. Similarly, by 50 years of age, about 50% of Europeans have ~50% grey
hair(75, 76, 79). Although no similar studies have been carried out in Amerindians, classical
physical anthropology studies indicate that hair greying and androgenetic alopecia are rarer,
less severe and of later onset in Amerinds than in Caucasians(80, 81). In the sample
examined here we do find that greater European ancestry correlates with significantly higher
rates of male balding and also see an increase of European ancestry with greater hair greying
but only approaching statistical significance. It will be interesting to follow-up these results
as elucidating the genetic basis of these traits could help increase our understanding of the
aging of the hair follicle and the health risks associated by male pattern baldness.

The effect of genetic ancestry on height and related anthropometric phenotypes (BMI,
ICO) is consistent with the polygenic basis of these traits documented by recent genome-wide
association studies in Europeans and the existence of trait loci with allele frequencies varying
between continental populations(82-84). Our results indicate that about 1% of the variation in
height in the Latin American individuals examined results from genetic ancestry variation.
Height is also under strong environmental influence(18) and, in line with this, we detect a
significant effect of SEP in our sample. That the two SEP indicators examined here
underestimates the amount of environmental variation is suggested by the significant effect of
date of birth on height, with individuals born more recently tending to be taller than older

individuals. The increase in height for individuals born more recently (~0.1 cm/year)
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estimated here is similar to that estimated from large longitudinal surveys in Latin America
(~1 cm per decade in the last century), an observation that has been interpreted as resulting
from the historical improvement in living standards across the region(18, 85, 86).

Vertebrate craniofacial morphology shows great variation within species and
diversification between species, where changes in craniofacial features closely match
adaptive radiations to particular ecological niches. However, the genetic basis of this
variation is poorly understood. In humans, twin and family studies have estimated a
heritability of 60-90% for a range of facial traits(87) and anthropological studics have
documented a geographic structure for facial features, which is of a similar degree to that
seen with neutral genetic data(47, 88, 89). The characterization of single gene mutations in
experimental organisms and in patients with dysmorphologies, has identified common
signalling cascades during vertebrate craniofacial development(87, 90-92). Work in
experimental organisms has often focused in cases where there is a main direction of shape
change, for instance in the offspring of populations with some differentiated anatomical
structures(93-100). A somewhat related situation applies here. We observe that ancestry
impacts broadly on facial features described previously as varying between Africans,
Europeans and Native Americans(101-103): mainly width and height of the face, facial
flatness, position of the glabella and frontotemporal points and the relative size and position
of lips (a fuller description of the main aspects of face shape variation associated with each
PC is presented in the Supplementary Note $3 and Supplementary Figure S2). Two recent
genome-wide association studies of face shape variation in Europeans have identified a few
loci associated with aspects of face shape variation(104, 105) and both studies indicate that
variants in the PAX3 gene influence human face shape. These analyses are consistent with
the view that facial phenotypes are influenced by a large number of genetic variants of

relatively small effect size (1006, 107). The ancestry effect that we detect for face shape and
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size but not for cranium size agrees with the notion of a greater developmental and
evolutionary constraint on neurocranium than on facial variation, as suggested by several
morphological analyses (108-113). These observations are in line with proposals that facial
features of anatomically modern humans include environmental adaptations related to
regionally differing selection pressures associated with the late Pleistocene dispersal of our
species (114-117).

The correlation of individual ancestry with the various phenotypes discussed above
and the specific effect of variants in EDAR and ARHGEF ] in hair type and skin
pigmentation, illustrate the informativeness of Latin Americans for characterizing the genetic
basis of traits geographically structured across the continents contributing to admixture in the
region. Latin America also offers a special opportunity to examine the relationship between
biological diversity and certain social variables. Our analyses emphasize the continuing
correlation of education and wealth with genetic ancestry in the region(118, 119). Although
admixture in Latin America has taken place since the beginning of the European colonial
expansion (some 25 generations ago), this has occurred within the context of strong
socioeconomic stratification, with European immigrants and their descendants usually having
a higher socioeconomic position than people with greater Native and African ancestry(1, 120,
121). As an indicator of associated environmental variation and wellbeing (i.e. stress,
nutrition, healthcare, medical history) SEP is thus an important confounder that needs to be
taken into account when evaluating ancestry effects on phenotype, including disease, in these
populations, as we see here for height and have reported previously in relation to type 2
diabetes(118, 119). The effect of age on height detected (consistent with historical
surveys(18, 85, 86) suggests that the two indicators of SEP used here are likely to capture
only part of the environmental variation affecting this trait and it will be important to develop

more specific indicators of environmental variation for each phenotype that capture relevant
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factors. Our data also underline the major role played by physical appearance in self-
perception of ancestry. As individual genealogical information on ancestry is usually limited
to 2-3 generations and since admixture in Latin America can go back over 20 generations it is
likely that physical appearance will often influence self-perception of ancestry. Based on the
geographic structure of genetic and phenotypic diversity it is to be expected that self-
perception and genetic ancestry correlate, as we observe. However, since certain visible traits
show a higher level of geographie structure than the genome average, perception of ancestry
based on these traits is biased relative to genetically estimated ancestry. This is illustrated for
instance, by the different effect that we see for skin pigmentation and African self-perception
or for eye/hair color and European self-perception (Table 4). Our findings are thus consistent
with the notion that self-perception is “skin deep™ in that it is heavily influenced by certain
visible attributes and biased relative to genetic ancestry. We also find evidence that this bias
is influenced by social factors possibly related to a variable perception regarding the extent of
geographic structure of visible phenotypes, as suggested by the significant differences that we
[ind between countries and sexes. These observations are in line with social phenomena such
as the so-called “one drop rule” in the US, according to which an individual with some
African ancestry is identified as African, thus constituting an extreme form of perception
bias.

As the product of biological evolution our species shows complex patterns of
phenotypic and genetic variation, including some geographic structure. However, perception
of the geographic distribution of human genetic and phenotypic diversity impinges upon the
sensitive subjects of race and racism. Both of these notions are social constructs associated
with grossly inaccurate interpretations of human biological variation. It is our belief that a

fuller understanding of this variation, and of its social correlates, will help undermine the
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social prejudices upon which racism is based. We trust that this study makes a contribution in

that direction.
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Table 1. Sample size, proportion of women, age (median) and estimated genetic ancestry

proportion (median) for the sample of each country and in the total sample.

N
Women
Age
America
Africa
Europe

Brazil
1,600
0.67
25
0.09
0.09
0.81

Chile Colombia

1,561
0.34
24
0.48
0.04
0.48

30

1,671
0.56
23
0.29
0.11
0.61

Mexico
1,652
0.60
25
0.56
0.05
0.39

Peru
454
0.61
20
0.64
0.04
0.32

Total
6,938
0.55
24
0.37
0.07
0.56
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Table 2. Median of anthropometric features and skin pigmentation in females and

males (F/M) of the samples studied

Brazil Chile Colombia Mexico Peru Total
Weight (kg) 60/76 61/76 56/70 60/74 56/71 59/74
Height (cm) 162/175 159/172  160/173  158/172  158/171 160/172
BMI [kg/cmz) 23/25 25/26 22/23 24/25 23/24 23/25

Hip circum. (cm) 98/100 100/102  94/95 95/97 96/99 97/99
Waist circum. (cm)  75/87 77/90 77/81 81/87 80/88 78/87

ICO 0.46/0.50 0.48/0.52 0.48/0.47 0.51/0.51 0.51/0.52 0.49/0.51
Head circum. (cm)  55/57 56/57 54/56 55/57 55/57 55/57
M 32/32 36/35 34/33 36/35 37/37 34/35

Note: BMI = Body Mass Index; ICO = Index of Central Obesity; MI = Melanin Index
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Table 3. Regression of phenotypes on genetic estimates of European and African

ancestry.
European ancestry African ancestry
Trait Coef. P-value Coef. P-value R? Diff. R?
Balding 0.16 1.99e-04 0.17 0.04 0.19 0.00
Greying 0.10 8.82E-03 0.09 0.19 0.53 0.00
Hair shape 0.49 5.29E-15 2.43 2.00E-16 0.13 0.10
Hair color -0.58 2.00E-16 -0.03 0.67 0.11 0.05
Eye color -1.11 2.00E-16 0.25 0.14 0.10 0.04
MI -9.18 2.00E-16 12.88 2.00E-16 0.25 0.19
Weight 0.15 0.88 4.58 0.02 0.33 0.01
Height 6.77 2.00E-16 8.03 5.05E-16 0.54 0.01
BMI -1.92 5.43E-09 -0.61 0.32 0.18 0.01
Waist circum. -4.22  2.05E-06 -3.20 0.05 0.27 0.01
Hip circum. -0.20 0.78 2.56 0.06 0.12 0.01
ICO -0.05 2.00e-16 -0.04 9.63E-06 0.23 0.02
Head circum. -0.26 0.28 0.45 0.33 0.26 0.01
CS -12.98 7.74E-05 2.94 0.62 0.48 0.00
PC1(19%) 0.02 1.42E-11 0.04 1.24E-12 0.15 0.02
PC2(12%) -0.01 1.00E-03 -0.02 7.80E-06 0.02 0.00
PC3(10%) -0.01 8.85e-13 0.00 0.84 0.21 0.03
PC4(7%) 0.01 2.34e-08 -0.02 6.14E-08 0.18 0.05
PC5(7%) 0.01 3.16E-05 0.00 0.60 0.05 0.00

European shape score 0.02 2.00E-16 0.01 7.06E-04 0.34 0.26

Note: Being proportions, European, African and American ancestries sum up to 1 and since
in this sample African ancestry is very low (median of 7%), we use Native American ancestry
as a baseline. All regressions account for age, sex, sampling site and SEP (EA and WI).
Regressions for facial traits also account for BMI and height. P-Values < 10 are shown in
bold italic. % Ancestry refers to variation explained by incorporating European and African
ancestry in the model (with values greater than 1% highlighted in bold). BMI = Body Mass
Index; ICO = Index of Central Obesity; MI = Melanin Index; PC = Principal Component (%
in parenthesis refers to phenotypic variance explained by that PC); Diff. R” refers to the
difference in R? for the full regression model and a model without European and African

ancestry as explanatory variables.
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Table 4. Regression of the difference between individual self-perception and genetic

ancestry bands.

A AMERICA & EUROPE A AFRICA

Coef. P-value Coef. P-value Coef. P-value
Age 0.00 0.93 0.00 0.87 0.00 0.16
Sex(M) -0.05 0.13 0.26 4.25E-15 -0.12 1.87E-07
Chile 0.18 0.01 -0.61 2.00E-16 -0.27 4.16E-09
Colombia 0.57 2.00E-16 -0.88 2.00E-16 -0.09 0.03
Mexico 047 1.29E-11 -0.51 3.55E-14 -0.26 7.52E-08
Peru -0.03 0.78 -0.80 2.27E-11 -0.35 2.43E-05
European anc. 0.62 2.00E-16 -0.75 2.00E-16 -0.02 0.15
Africa anc. 0.46 2.00E-16 0.06 0.22 -0.60 2.00E-16
EA 0.04 0.04 0.05 0.01 -0.02 0.18
Ml 0.02 1.68E-07 -0.05 2.00E-16 0.03 2.00E-16
Hair color 0.10 4.84E-03 -0.17 2.86E-06 0.05 0.05
Eye color 0.08 2.52E-06 -0.11 4.55E-10 0.01 0.27
Hair shape -0.06 0.01 0.01 0.66 0.15 2.00E-16

NOTE: A refers to self-perception (bands 1 to 5) minus continental ancestry (grouped into 1
to 5 bands at 20 intervals) estimated from the genetic data. MI= Melanin index, EA =
Educational Attainment. Sex and Sampling site (here with country names) were incorporated
in the analyses as factors while the other variables were treated as quantitative.
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Figure 1. Frequency distribution of individual ancestry values in each country.
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Figure 2. Geographic distribution of individual ancestry values in each
country.

Fig 2A

BRAZIL

American ancestry

African ancestry European ancestry

0,001-06%
06-15%
15-28%

0,001-285% Y
2853-492%
492-643%
64,3-752%
752-831%
83,1-889%
88.0-931%
931-96.1%
96,1-983%
9%83-999%

0,001-04%
04-10%
10-21%
28-48%
48-76%
76-11.7%
1M7-178%
178-267%
26,7-38.7%
30,7 -586%

2,1-39%
39-69%
69-118%
18-198%
19.8-331%
33,1-550%
550-911%

277



Fig 2B
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Fig 2C
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Fig 2D
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Figure 3. Distribution
of eye color, hair color
and hair type in each
country.
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Figure 4. Box plots relating hair shape, hair color and eye color

categories to European ancestry in the total sample.
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Figure 5. Scatter plots relating (A) skin pigmentation
(melanin index MlI) (B) height and (C) Shape score, and
European ancestry in the total study sample.
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Figure 6. Box plots relating individual genetic ancestry estimates to the bands
of self-perceived African, Native American and European ancestry.
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Supplementary Notes

Supplementary Note S1: Indicators of socioeconomic position (SEP).
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Construction of Wealth Index:

Number of Observations by Country -- the first column third column
‘N (analysis)’ reports the effective number of observations used for
the construction of country-specific wealth indexes. We dropped
observations (individuals) for which more than 7 of the assets used
in the construction of the indexes were missing.

N >7 assets N
(original) missing (analysis)
Brazil 1,600 121 1479
Chile 1,561 34 1527
Colombia 1,678 42 1636
Mexico 1,682 20 1662
Peru 454 43 411

The index was standardised. The distribution of this
standardised index by country is shown in the figure below.




Wealth Index 1

Colombia

Chile

Brazil

eamps Ajsuapy

=

Peru

Mexico

eamps Apsuapy

Boxplot comparing the wealth index for different education

categories.

Education
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Supplementary Note S2: Regression of phenotypes on
ancestry and covariates.

Weight (Kg)
Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 51.66008 1.22776 42,077 < 2e-1¢6 ***
AGE 0.25780 0.01727 14.927 < 2e-16 ***
SEXM 14.18079 0.34885 40.650 < 2e-16 ***
COUNTRYCHILE 1.12957 0.66650 1.695 0.0902 .
COUNTRYCOLOMBIA -4.10125 0.53528 =7.662 2.1%e-14 ***
COUNTRYMEXICO -0.54525 0.69313 -0.787 0.4315
COUNTRYPERU -3.25960 1.44588 -2.254 0.0242 *
EUROPE 0.15145 1 201473 0.149 0.8814
AFRICA 4.57987 1.88994 2.423 0.0154 *
nbEDUCATION 0.36305 0.19314 1.880 0.0602 .
wealth 1 0.47821 0.10407 4.595 4,43e-06 ***

Signif. codes: 0 Y¥¥&r 0,001 Y*¥! 9.01 “*f 0.05 Y.’ 0.1 "

Residual standard error: 11.68 on 5011 degrees of freedom
(1916 observations deleted due to missingness)

Multiple R-squared: 0.331, Adjusted R-squared: 0.3296

F-statistic: 247.9 on 10 and 5011 DF, p-value: < 2.2e-16

Height (cm)
Coefficients:

Estimate Std. Error t wvalue Pr(>|t])
(Intercept) 156.134043 0.640769 243.667 < 2e-16 ***
AGE -0.098566 0.009014 -10.935 < 2e-1l6 ***
SEXM 13.159858 0.182064 72.281 < 2e-16 ***
COUNTRYCHILE -1.249052 0.347845 -=3.591 0.000333 ***
COUNTRYCOLOMBIA -1.825470 0.279363 =-6.534 7.02g-11 **¥*
COUNTRYMEXICO -0.751177 0.361746 =-2.077 0.0378%6 *
COUNTRYPERU -0.764645 0.754601 -1.013 0.310961
EUROPE 6.770971 0.529589 12.785 < 2e-1l6 ***
AFRICA 8.026433 0.986356 8.137 b.0D5a-1gG %***
nbEDUCATION 0.733776 0.100801 7.279 3.87Te~13 ***
wealth 1 0.145851 0.054312 2.685 0.007267 **

Signif. codes: U Yekxi 0,001 & QL01 £ 0.05 M50 0,1 70

Residual standard error: 6.094 on 5011 degrees of freedom
(1916 observations deleted due to missingness)

Multiple R-squared: 0.5437, Adjusted R-squared: 0.5428

F-statistic: 597.1 on 10 and 5011 DF, p-value: < 2.2e-16




Hip circumference (cm)

Coefficients:

Estimate Std. Error
(Intercept) 93.03469 0.88997
AGE 0.15128 0.01254
SEXM 1.36389 0.25288
COUNTRYCHILE 1.89605 0.48309
COUNTRYCOLOMBIA -4.19687 0.38806
COUNTRYMEXICO -2.38709 0.50242
COUNTRYPERU -2.65457 1.04794
EUROPE -0.20410 0.73551
AFRICA 2.55850 1.36998
nbEDUCATION 0.16484 0.14005
wealth 1 0.33948 0.07544
Signif. codes: 0 Y¥**’ 0.001 ‘**’ 0

Residual standard error:
(1918 observations deleted due to missingness)

Multiple R-squared:

0.1217, Adjusted R-squared:
F-statistic: 69.41 on 10 and 5009 DF,

Waist circumference (cm)

Coefficients:

Estimate
(Intercept) 71.65787
AGE 0.38638
SEXM 7.40481
COUNTRYCHILE 2.72162
COUNTRYCOLOMBIA -1.32306
COUNTRYMEXICO 2.17978
COUNTRYPERU 5.14077
EURQOPE -4.22428
AFRICA -3.19669
nbEDUCATION -0.44571
wealth 1 0.20418

Signif. codes: 0 Y*#**’

Residual standard error:
(1917 observations deleted due to missingness)

Multiple R-squared:

Head circumference

0.2729, Adjusted R-squared:
F-statistic: 188.1 on 10 and 5010 DF,

(cm)

8.463 on 5009 degrees of freedom

Std.

10.22 on 5010 degrees of freedom

oOoroORrRr oo oo

0.001

Error
.07503
.01515
.30549
.58358
.46870
.60693
.26599
.88848
.65481
.16919
.09112

Ykt ()

t value
104.537
12.066
5.393
3.925
-10.815
-4.751
-2.533
-0.277
1.868
1.177
4.500

.01 AR

t value
66.656
25.510
24,239

4,664
-2.823
3.591
4,061
-4.754
-1.932
-2.634
2.241

.01 v

p-value:

p-value:

Pr(>|t])
< 2e-16
< 2e-16

7.23e-08

8.80e-05
< 2e-16
2.08e-06
0.0113
0.7814
0.0619
0.2393
6.94e-006

0.05 .7

Pr(>|El)
< 2e-16
< 2e-16
< 2e-16

3.1%e-06

0.004779

0.000332

4.97e-05

2.05e-06

0.053447

0.008455

0.025079

0.05 .’/

0.12
< 2.2e-16

* ok ok
* ok ok
* ok k
* kK
* ok ok

* ok ok

ok

0.1

* ok
* ok ok
* ok ok
L
*
* ok w
ok ok

* ok ok

* %
*

0.1

0.2715
< 2.2e-16

Al

Al

r

r

1

1
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Coefficients:

(Intercept)

AGE
SEXM

COUNTRYCHILE
COUNTRYCOLOMBIA
COUNTRYMEXICO
COUNTRYPERU

EUROPE
AFRICA

nbEDUCATION

wealth 1

Signif. codes:

Residual standard error: 2.828 on 4849 degrees of freedom

Estimate Std. Error t wvalue Pr(>|t])

54.510090 0.300586 181.346
-0.005378 0.004198 -1.281
2.230419 0.086071 25.914
0.317250 0.162205 1856
-1.591849 0132743 —~11.952
-0.174851 0.168807 -1.036
-0.092598 0.350811 -0.264
-0.143440 0.248099 -0.578
0.863371 0.469761 1.838
0.093656 0.047460 1.973
0.065052 0.025466 2.554
0 YRk kT 0-001 AR & & 0.01 AR

<2e-16
0.2003
<2e-16
0.0505
<2e-16
0.3003
0.7918
8:..5632
0.0661
0.0485
0.0107

0.05 !

(2078 observations deleted due to missingness)

Multiple R-squared:
F-statistic:

Melanin Index (MI)

Coefficients:

(Intercept)

AGE
SEXM

COUNTRYCHILE
COUNTRYCOLOMBIA
COUNTRYMEXICO
COUNTRYPERU

EUROPE
AFRICA

nbEDUCATION

wealth 1

Signif. codes:

Residual standard error: 5.186 on 5000 degrees of freedom

0.1957, Adjusted R-squared: 0.194
118 on 10 and 4849 DF,

L &

0.1

p-value: < 2.2e-16

Estimate Std. Error t value

41.642582 0.545687 76.312
-0.011698 0.007683 -1.522
-0.405672 0.155140 -2.615
0.644998 0.296257 2.177
-0.236020 0.238015 -0.992
-0.303512 0.308098 -0.985
-0.684680 0.642308 -1.066
-9.178241 0.451095 -20.347
12.875186 0.840119 15.325
-0.306057 0.085998 -3.55%
-0.178486 0.046298 -3.855
0 Mkxxf ) Q01 eRE 0, Q1 A

Pr(>|t])
< 2e-16
.127958
.008953
.029515
.321432
.324616
.286489
< 2e-16
< 2e-16
0.000376
0.000117

oo o oo

0. 05 &

(1927 observations deleted due to missingness)

Multiple R-sqguared:
F-statistic:

Hairshape

Coefficients:

(Intercept)

AGE
SEXM

COUNTRYCHILE

* Rk
R w
* K

* %k

0.1

0.2474, Adjusted R-squared: 0.2459
164.4 on 10 and 5000 DF,

p-value: < 2.2e-16

Estimate Std. Error t value Pr(>|t])

1.245431
-0.000923
0.015322
-0.078048

0.074968
0.001054
0.021298
0.040681

16.613
-0.876

0.719
=181

< 2e-16
0.381240
0.471915
0.055103

* R E

L

Al

r

r

1

it
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COUNTRYCOLOMBIA
COUNTRYMEXICO
COUNTRYPERU
EUROPE

AFRICA
nbEDUCATION
wealth 1

Signif. codes:

Residual standard error:

0.152680 0.032675
0.164188 0.042305
0.312461 0.088223
0.485959 0.061951
2.427106 0.115284
-0.008283 0.011792
-0.003375 0.006350
0 Y**x!' 0,001 ***" 0.

+673
.881
.542

7.844
21.053
-0.702
-0.531

LS I W

Ol A\ N

3.05e-06
0.000105
0.000401
5.29%e-15
< 2e-16
0.482436
0.595121

0.05 .7 0

(1924 observations deleted due to missingness)

Multiple R-squared:

F-statistic:

Eye color

Coefficients:

(Intercept)
AGE

SEXM
COUNTRYCHILE
COUNTRYCOLOMBIA
COUNTRYMEXICO
COUNTRYPERU
EUROPE

AFRICA
nbEDUCATION
wealth 1

Signif. codes:

Residual standard error:

0.1303, Adjusted R-squared: 0.1285
74.92 on 10 and 5003 DF,

* % H
* kK
* kK
* k *
* %k

oL 9

0.7123 on 5003 degrees of freedom

p-value: < 2.2e-16

Estimate Std. Error t wvalue Pr(>|t])
4.905e+00 1.099e-01 44.612 < 2e-16
-6.424e-03 1.547e-03 -4.153 3.33e-05
-5.562e-02 3.123e-02 -1.781 0.074988
1.850e-01 5.966e-02 3.102 0.001936
1.764e-01 4.795e-02 3.680 0.000236
2.224e-01 6.205e-02 3.584 0.000341
4.711e-01 1.294e-01 3.640 0.000275
-1.113e+00 9.084e-02 -12.250 < 2e-16
2.490e-01 1.69%9le-01 1.473 0.140940
2.802e-02 1.729e-02 1.621 0.105179
3.525e-05 9.313e-03 0.004 0.996980
0 Y*xx*xr (0,001 ‘**’ 0,01 “** 0.05 *.' 0

(1921 observations deleted due to missingness)

Multiple R-squared:

F-statistic:

Balding

Coefficients:

(Intercept)
AGE

SEXM
COUNTRYCHILE
COUNTRYCOLOMBIA
COUNTRYMEXICO
COUNTRYPERU
EUROPE
AFRICA
nbEDUCATION

Estimate Std.

0.379177
0.014905
0.352147
0.080302
0.048333
0.108210
0.192669
0.160809
0.166735
0.005678

0.09632,
53.36 on 10 and 5006 DF,

* Kk
L

* %

* kK
* koK
* kK

L

ek

1.045 on 5006 degrees of freedom

r

r

Adjusted R-squared: 0.09452
p-value: < 2.2e-16

Error t value Pr(>|t])
0.052243 7.258 4.53e-13 ***
0.000735 20.279 < 2e-16 ***
0.014850 23.714 < 2e-16 ***
0.028350 2.832 0.004637 **
0.022773 2.122 0.033855 *
0.029487 3.670 0.000245 ***
0.061493 3.133 0.001739 **
0.043195 3.723 0.000199 *x*
0.080368 2.075 0.038071 *
0.008224 0.690 0.489992

1

1
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wealth 1

Signif. codes:

0.010950

Nk odek S

0.001

0.004428

Tk AT

2.473 0.

0.01 **r 0.

013445 *

05 *.7 0.

1 ¢

Residual standard error: 0.4965 on 5002 degrees of freedom
(1925 observations deleted due to missingness)

Multiple R-squared:

F-statistic:

Hair color

Coefficients:

(Intercept)
AGE

SEXM
COUNTRYCHILE
COUNTRYCOLOMEIA
COUNTRYMEXICO
COUNTRYFERU
EURCPE
AFRICA
nbEDUCATION
wealth 1

Signif. codes:

0.1899, Adjusted R-squared:

117.3 on 10 and 5002 DF, p-value:

Estimate Std. Error t value

3.8870733 0.0523357 74.272
0.0006871 0.0007356 0.934
0.0935995 0.0148650 6.297
0.1164509 0.0283985 4.101
0.2064264 0.0228087 9.050
0.0667396 0.0295457 2.259
0.1728062 0.0616014 2.805
-0.5790847 0.0432507 -13.389
-0.0346993 0.0804749 -0.431
0.0147293 0.0082337 1.789
-0.0103336 0.0044342 -2.330

Yk xS 0.001 AR 0'01 AR O'

0.1883

Pr(>[tl])
< 2e-16
0.35036

3.30e-10

4.19%e-05
< 2e-16
0.02393
0.00505
2e-16

.66635

.07369

.01982

o O o A

0 L et o o

< 2.2e-

16

* %k
* %k
* &k

E

&k

ko

1 Al

Residual standard error: 0.4974 on 5008 degrees of freedom
(1919 observations deleted due to missingness)

Multiple R-squared:

F-statistic:

Graying

Coefficients:

(Intercept)
AGE

SEXM
COUNTRYCHILE
COUNTRYCOLOMEIA
COUNTRYMEXICO
COUNTRYPERU
EUROPE

AFRICA
nbEDUCATION
wealth 1

Signif. codes:

0.112,

Adjusted R-squared:
63.18 on 10 and 5008 DF,

0.1102

p-value: < 2.2e-16

Estimate Std. Error t value

0.0112855 0.0460328 0.245
0.0459450 0.0006472 70.994
0.0100926 0.0130769 0.772
0.0570788 0.0249770 2.285
0.0413819 0.0200655 2.062
0.1502173 0.0259802 5.782
0.1064898 0.0541825 1.965
0.0996517 0.0380325 2.620
0.0936813 0.0707963 1.323
-0.0408036 0.0072427 -5.634
0.00213%99 0.0038981 0.549

Vhkk xS 0.001 Vi ok F 0.01 AR 0.

Pr(>|t])
0.80634
< 2e-16
0.44028
0.02234
0.03923

7.83e-09
0.04942
0.00882
0.18581

1.86e-08
0.58306

05 Y.7 0.

* koA

E

* &

B

1 Al

Residual standard error: 0.4376 on 5008 degrees of freedom

r

1

296



(1919 observations deleted due to missingness)
Multiple R-squared: 0.5295, Adjusted R-squared: 0.5286
F-statistic: 563.7 on 10 and 5008 DF, p-value: < 2.2e-16

BMI
Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 21.6014894 0.3978414 54,297 < 2e-16 ***
AGE 0.1264948 0.0055966 22.602 < 2e-16 ***
SEXM 1.2136129 0.1130404 10.736 < 2e-16 ***
COUNTRYCHILE 0.7545594 0.2159701 3.494 0.000480 =***
COUNTRYCOLOMBIA -0.9716775 0.1734513 -5.602 2.23e-08 ***
COUNTRYMEXICO 0.0003411 0.2246010 0.002 0.998788
COUNTRYPERU -1.0139%9647 0.4685174 -2.164 0.030496 *
EUROPE -1.9214136 0.3288117 -5.844 5.43e-09 ***
AFRICA -0.6120187 0.6124096 -0.999 0.317668
nbEDUCATION -0.1152192 0.0625857 -1.841 0.065683 .
wealth 1 0.1217697 0.0337211 3.611 0.000308 ***

Signif. codes: 0 Y*%*! 0.001 ***' 0.01 “*" 0.05 *." 0.1 v I 1

Residual standard error: 3.784 on 5011 degrees of freedom
(1916 observations deleted due to missingness)

Multiple R-squared: 0.1774, Adjusted R-squared: 0.1758

F-statistic: 108.1 on 10 and 5011 DF, p-value: < 2.2e-16

ICO
Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 4.628e-01 6.383e-03 72.500 < Z2e-16 ***
AGE 2.675e-03 8.993e-05 29.749 < 2e-16 ***
SEXM 4.554e-03 1.814e-03 2. 511 0.0121 *
COUNTRYCHILE 1.932e-02 3.465e-03 5.576 2.60e-08 **x*
COUNTRYCOLOMBIA -2.462e-03 2.783e-03 -0.885 0.3764
COUNTRYMEXICO 1.547e-02 3.604e-03 4,293 1.80e-05 ***
COUNTRYPERU 3.370e-02 7.517e-03 4.484 7.50e-06 ***
EUROPE -4.,608e-02 5.275e-03 -8.736 < Ze-16 ***
AFRICA -4.352e-02 9.825e-03 -4.,430 9.63e-06 ***
nbEDUCATION -5.315e-03 1.005e-03 -5.291 1.27e-07 ***
wealth_1 6.572e-04 5.410e-04 1.215 0.2245

Sigiiif. Sodesg: D YRt p goE Vet gl Y 05 YT BLE v R

Residual standard error: 0.06071 on 5010 degrees of freedom
(1917 observations deleted due to missingness)

Multiple R-squared: 0.2317, Adjusted R-sgquared: 0.2301

F-statistic: 151.1 on 10 and 5010 DF, p-value: < 2.2e-16




Centroid Size

Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 286.24885 14.32954 19.976 < 2e-16 ***
SEXM 15.65232 1.61307 9.703 < 2e-16 ***
AGE -0.01339 0.06214 -0.216 0.829
COUNTRYCHILE 32.93157 2.16989 15.177 < 2e-16 ***
COUNTRYCOLOMBIA -0.35413 1.80583 -0.196 0.845
COUNTRYMEXICO -3.18656 2.30068 -1.385 0.166
COUNTRYPERU -4.32287 3.73073 -1.15¢9 0.247
EUROPE -12.98235 3.27905 =3.959 7.74e-05 ***
AFRICA 2.94095 5.93871 0.495 0.620
meanSTATURECM 0.53621 0.08606 6.231 5.45e-10 ***
nbEDUCATION 5.31460 0.67500 7.873 5.14e-15 ***
BMI 1.64558 0.14165 11.617 < Ze-lg ***
wealth 1 -0.01695 0.33702 -0.050 0.960

Signif. codes: 0 *‘***r (,001 ***r (0.01 '** 0.05 *.” 0.1 * " 1

Residual standard error: 25.87 on 2450 degrees of freedom
(4475 observations deleted due to missingness)

Multiple R-squared: 0.481, Adjusted R-squared: 0.4784

F-statistic: 189.2 on 12 and 2450 DF, p-value: < 2.2e-1l6

PC1l
Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 3.814e-03 3.414e-03 1.117 0.264008
AGE -3.111e-04 4.956e-05 -6.278 4.05e-10 ***
COUNTRYCHILE -6.548e-03 1.751e-03 -3.740 0.000188 ***
COUNTRYCOLOMBIA -8.64%9e-04 1.496e-03 -0.578 0.563119
COUNTRYMEXICO -1.135e-02 1.925e-03 -5.898 4.19e-09 ***
COUNTRYPERU -4.200e-03 3.132e-03 -1.341 0.180051
EUROPE 1.838e-02 2.708e-03 6.788 1.42e-11 ***
AFRICA 3.555e-02 4.981e-03 7.138 1.24e-12 ***
nbEDUCATION -7.779e-04 5.641e-04 -1.379 0.168033
wealth 1 -2.648e-04 2.837e-04 -0.933 0.350757

Signif. codes: 0 ‘***" (0.001 ‘**/ 0.01 ‘** 0.05 '.” 0.1 * " 1

Residual standard error: 0.0218 on 2454 degrees of freedom
(4474 observations deleted due to missingness)

Multiple R-squared: 0.1519, Adjusted R-squared: 0.1488

F-statistic: 48.85 on 9 and 2454 DF, p-value: < 2.2e-16

PC2
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Coefficients:

Estimate Std. Error t wvalue

(Intercept) | 2
AGE =3
COUNTRYCHILE =5
COUNTRYCOLOMBIA -5.
COUNTRYMEXICO =5
COUNTRYPERU =8
EUROPE =T
AFRICA i
nbEDUCATION -1.
wealth_ 1 =6

Signif. codes: (0 ‘**=*/f

Residual standard error: 0.01829 on 2454 degrees of freedom

634e-02
588e-05
466e-03
839%e-03
116e-03
527e-03
488e-03
873e-02
023e-03
436e-04

2

(S Y T T A T et e i

0.001

.866e-
.160e-
.46%e-
.255e-
.615e-
.62%e-
.273e-
.180e-
.735e-
.381le-

AR 24

03 5. 704
05 -0.863
3 =3.920
03 -4.651
03 =3.167
03 -3.624
B3 =3.295
03 -4.480
04 -2.160
04 -2.703
0.01 **" 0.

Pr(>|tl)
.33e-08
.388391
.000203
.47e-06
.001559
.000296
.001000
.80e-06
.030840
.006921

co-Nooowoo

A8 o™ 0.

(4474 observations deleted due to missingness)

Multiple R-squared:

0.0238, Adjusted R-squared:
F-statistic: 6.647 on 9 and 2454 DF,

p-value:

0.02022
1.92e-09

Estimate Std. Error t wvalue Pr(>|t])

PC3

Coefficients:
{Intercept) 1;
AGE -4,
COUNTRYCHILE 5.

COUNTRYCOLOMBIA -1.

COUNTRYMEXICO t
COUNTRYPERU 6.
EUROPE -1
AFRICA Fe
nbEDUCATION 9.
wealth 1 -2.

Signif. codes: 0 ‘¥**/

Residual standard error: 0.01554 on 2454 degrees of freedom

598e-02
266e-04
268e-03
785e-03
003e-02
095e-03

.388e-02

203e-04
882e-05
317e-04

M WEREMNMPEPRERRP WD

0.001

.435e-
.534e-
.248e-
.067e-
.373e-
.234e-
.931e-
.552e-
.023e-
.023e-

Vhx T

03 6.565
05 -12.070
03 4,220
03 -1.674
03 7x310
03 2:729
g3 —7.E85
03 0.203
04 0.246
04 -1.146
0.01 " 0.

6.32e-11
< 2e-16
2.53e-05
0.0943
3.59%9e-13
0.0064
8.85e-13
0.8393
0.8060
Q2520

a5 P 10

(4474 observations deleted due to missingness)

Multiple R-squared: 0.2138, Adjusted R-squared:
F-statistic: 74.15 on 9 and 2454 DF,

PC4
Coefficients:

Estimate
(Intercept) -9.814e-03
AGE 3.903e-04
COUNTRYCHILE 1.377e-03
COUNTRYCOLOMBIA -1.075e-03

Std. Error t wvalue
2.006e-03 -4.893
2.911e-05 13.405
1.028e-03 1..339
8§.787e-04 -1.223

p-value:

0.2109

* Kk ok

¥ % %
% k%
* Kk
* kK
* ok ok
B

*

l Al

* ok oE
B
B

¥ %k ok

* %
* kK

l h}

< . 2.28-16

Pr(>|t])
1.06e-06
< 2e-l6
0.1807
02214

R

B

r

r

1

1
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COUNTRYMEXICO -6.463e-03 1.131e-03 =5.715 1.23e-08 **%
COUNTRYPERU -2.011e-03 1.840e-03 -1.093 0.2744
EUROPE 8.914e-03 1.591e-03 5.603 2.34e-08 ***
AFRICA =k, 589e=02 2,926e=03 =5.431 6.14g=08 ***
nbEDUCATION -8.285e-04 3.314e-04 -2.500 00125 *
wealth 1 6.505e-05 1.667e-04 0390 0.6963
Signif. godes: 0 Mexxs @ 001 YxFL @01 vEr Q.05 “v.r 0.1 ?

Residual standard error:

(4474 observations deleted due to missingness)

Multiple R-sqguared:

F-statistic:

0.1842, Adjusted R-sguared:

61.58 on 9 and 2454 DF, p-value:

0.1813

0.0128 on 2454 degrees of freedom

< 2.2e-16

PC5
Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) -1.444e-03 2.131e-03 -0.678 0.49798
BAGE -2.698e-04 3.093e-05 -8.721 < 2e-16 ***
COUNTRYCHILE 3.412e-03 1.093e-03 3.12Z 0.00182 #=*
COUNTRYCOLOMBIA -4.664e-04 9.335e-04 -0.500 0.61740
COUNTRYMEXICO 2.004e-03 1.201e-03 1.668 0.09541 .
COUNTRYPERU -4.614e-03 1.955e-03 -2.360 0.01834 ~*
EUROPE 7.047e-03 1.690e-03 4.169 3.16e-05 ***
AFRICA 1.648e-03 3.109e-03 0.530 D.589599
nbEDUCATION 1.016e-03 3.521e-04 2.886 0.00394 *x*
wealth 1 4.609e-05 1.771e-04 0.260 0.79464
Sdgidf . wodegs 0 YEERT Q001 VEET D01 YT 0L0% M7 @l O

Residual standard error: 0.0136 on 2454 degrees of freedom
(4474 observations deleted due to missingness)
Multiple R-squared: 0.04816, Adjusted R-squared:

F-statistic: 13.79 on 9 and 2454 DF, p-value: < 2.2e-16

0.044¢66
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Supplementary Note S3. Description of face shape changes
associated with PCs.

PC1

The first PC explains changes on the overall shape of the face, with
shorter, narrower and anteriorly projected faces occupying the
positive values of the PC axis. Also, positive scores across the
first PC are characterized by shorter noses, eyes displaced
downwards and lips displaced upwards.

PC2

Positive values across the second PC correspond to shorter and wider
faces, depicting also a more superior position of the lips, and a
lower localization of the eyes. Anterior projection of the chin is
characteristic of individuals occupying the positive values, whereas
the nose and the glabellar region are more projected on the negative
values of the second PC axis.

PC3

PC3 is mainly dominated by facial flatness, with more flattened
faces on the negative values. Facial flatness can be seen as
composite changes including the anterior displacement of the eyes
and frontal region, along with a posterior movement of lips, chin
and the inferior face in general. Negative values across this PC
(flattened faces) also present more lateralized and downwardly
displaced earlobes.

PC4

PC4 can be seen as a descriptor of changes occurring in the superior
face, more specifically in the position of the frontotemporale.
Individuals occupying the negative scores of this PC present marked
glabellar and nasal projection accompanied by a downward
displacement of the frontotemporal relative to the eyes. In
contrast, the superior lips are elevated towards the inferior part
of the nose on individuals placed at the positive values.

PC5

The fifth PC describes variations attaining the whole configuration
of landmarks, and involving a downward displacement and narrowing of
the nose, a shortening of the lips, and a more superior position of
the superciliares in the positive wvalues. Conversely, negative
scores are depicted by more laterally placed eyes, more medially
placed earlobes, and wider frontals.
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Supplementary Tables

Supplementary Table S1. Allele frequencies at 30 SNP
markers selected for African, European and Native
American ancestry estimation and the absolute difference
in reference allele frequency (A) between continental
populations.

CONTINENTAL POPULATION A
SNP Allele AFRICA AMERICA EUROPE Afr-Ame Afr-Eur Ame-Eur Mean A
rs1544450 G 0.95 0.00 0.09 0.95 0.86 0.09 0.63
rsl834619 G 0.00 0.97 0.04 0:.. 957 0.04 0.94 0.865
rs356652 ] 0.00 B 93 0.07 0:293 0.07 0.87 0.62
rs260690 & 0.64 0.96 0.05 0., 32 0.60 ) 0.61
rs2176046 G B0 0.93 0.06 0l..92 0.05 0.87 0.61
rs10510511 G 0.00 0.92 0.02 092 0.02 089 0.61
rs3870336 G 0.09 0.94 0.09 0:..85 0.00 0.85 0.57
rs10935320 L 0.15 0.98 0..10 0...88 0...05 0.88 0.58
rsll725412 A B2 e G0 0.06 09 Bad:5 0.94 0.63
rs10037656 A 0.34 0.98 0.10 0.64 0.24 0.88 0:z59
rs4145160 G 0.09 s 91 0.07 082 0.03 0.84 0.56
rsl1559163 A 0.00 0.85 0.02 0.85 0.02 0.83 057
rs2042314 c 0.14 1.00 0. 15 0.86 0.01 0.85 0..57
rsl2662498 G B0 0.98 0.07 095 0.06 091 065
rs17086231 C 0.02 0.94 0.12 093 Ozl 0 083 0.62
rs6464749 A 0.89 0.00 0.05 0.89 0.84 0.05 0.60
rs7018273 A 0.86 0.00 0.02 0.86 0.84 0.02 057
rsl12347078 A 0.88 0.00 0.04 0.88 0.84 0.04 0.58
rs734241 G 0.04 0.99 0k 77 0.94 0.02 092 0.63
rs174570 C 0.01 1.00 0511 0.99 0.10 0.89 0.66
rs7134749 T 0.21 0.90 0.03 0.69 0.18 0.87 0.58
rs2052386 G 0.08 0.93 0.10 0.85 002 0.83 0 BT
rs1848384 A 0.97 0.00 0.08 0.9 0.89 0.08 0.65
rs4768128 @ 0.15 0.99 0.13 0.83 0.02 0.86 0::57
rs1243370 T 0.24 0.92 0.06 0.68 0.18 0.86 0.58
rs2718921 G 0.88 0.00 0.03 0.88 0.84 0.03 0.58
rsll197062 T 0.89 0.00 0.06 0.88 083 0.06 0.59
rsl2104228 T 0.87 0.00 0.01 0.87 0.86 0.01 0.58
56119878 e 0.69 0.00 0.84 0.69 015 0.84 0586
rs2426552 C 0.83 0.00 0.01 0.83 0.83 0.01 0.56
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Supplementary Table S2: Population samples used for
genetic ancestry estimation.

AFRICA N EUROPE N AMERICA N
YRI 109 CEU il PimaMX 33
Mandenka 22 T8T 88 Cabecar 31
Yoruba 21 French 28 Surui 24
BantuKenya 9 Sardinian 28 Aymara 23
BantuSouthAfrica 8 Basque 24 Zapotec 23
Total 169 Italian 12 PimaRAZ 22
Tuscan 8 Quechua?z 22
Total 299 Maya 18
Quechual 18
Mixe 17

Kagchikel 13
Karitiana 13
Ticuna2
Wayuu
Inga
Chilote
Piapoco
Guahibo
Guarani
Ticunal
Arhuaco
Diaguita
Embera
Guaymi
Mixtec
Wichi
Zenu
Bribri
Chono
Hulliche
Kogi

Toba
Yaghan
Maleku
Palikur
Teribe
Waunana
Chane
Kaingang
Kalina
Arara
Chorotega
Huetar
Jamamadi
Parakana
Purepecha
Yaqui
Total

e
oo B an 3 A5 B 28 )

O PP RPRPRPRPRNNDMNDWOWWS &SSO OO G -]

s
e ]




Supplementary Table S3: Coefficients and P-values for regression of pair-wise inter-
landmark distances and ancestry.

Note: Only data for P-values<10™® with European ancestry (133/427) are shown (ranked by European
P-value). Landmarks are labelled as in Supplementary Figure 1. Equivalent distances between the
two sides of the face have been averaged.

African ancestry European Ancestry

Distance # Landmarks Coef. P-value Coef. P-value
1 28.26.30 0.9 1.27E-02 -1.9 2.00E-16
2 28.22.24 2.2 1.18E-03 -3.1 2.58E-16
3 31.26.30 2.9 3.07E-05 -3.2 3.13E-16
4 31.22.24 3.8 3.44E-05 -4.0 2.34E-15
5 22.29.24.27 2.5 4.34E-03 -3.8 4.49E-15
6 27.24.29.22 2.5 4.34E-03 -3.8 4,49E-15
7 5.34.14.36 -3.5 2.65E-07 -2.9 1.11E-14
8 22.24 3.5 5.93E-06 -3.2  1.10E-13
9 26.29.30.27 1.2 9.82E-02 -3.0 1.59E-13
10 27.30.29.26 1.2 9.82E-02 -3.0 1.59E-13
11 31.2.11 0.6 7.31E-01 -7.5 6.32E-13
12 25.28 1.0 4.80E-03 -1.4 4.27E-12
13 25.31 3.1 1.08E-05 -2.7 6.38E-12
14 25.27.29 1.3 4.86E-02 -2.4 7.69E-12
15 28.2.11 -1.1 5.22E-01 -6.5 7.78E-12
16 5.36.14.34 -4.6 4.31E-02 -85 8.89E-12
17 34.14.36.5 -4.6 4.31E-02 -8.5 8.89E-12
18 32.26.30 4.0 5.55E-04 -4.3 9.81E-12
19 2.29.11.27 -0.8 6.56E-01 -6.8 9.89E-12
20 27.11.29.2 -0.8 6.56E-01 -6.8 9.89E-12
21 31.3.12 0.6 7.31E-01 -6.9 1.31E-11
22 34.36 -3.1 1.73E-01 -8.4 1.60E-11
23 23.22.24 1.3 4.73E-03 -1.7 1.73E-11
24 3.29.12.27 -1.2 4.90E-01 -6.7 1.88E-11
25 27.12.29.3 -1.2 4.90e-01 -6.7 1.88E-11
26 31.10.19 0.3 8.50E-01 -5.2 2.08E-11
27 10.29.19.27 -0.6 6.33E-01 -4.8 2.96E-11
28 27.19.29.10 -0.6 6.33E-01 -4.8 2.96E-11
29 22.30.24.26 2.1 2.16E-03 -2.5 5.31E-11
30 26.24.30.22 2.1 2.16E-03 -2.5 5.31E-11
31 25.22.24 1.9 4.22E-03 -2.4 5.46E-11
32 27.29 1.0 2.66E-01 -33 9.35E-11
33 26.27.30.29 1.3 3.71E-02 -2.1 1.27E-10
34 31.7.16 1.2 4.42E-01 -5.4 1.45E-10
35 3.36.12.34 -3.7 1.13E-01 -8.1 2.00E-10
36 34.12.36.3 -3.7 1.13E-01 -8.1 2.00E-10
37 2.27.11.29 -1.6 3.29€-01 -5.8 2.01E-10
38 28.3.12 -0.9 5.98E-01 -6.0 2.02E-10
39 31.27.29 1.4 2.62E-02 -2.2 2.17E-10

B
o

2.24.11.22 -0.4 7.98E-01 -5.1  2.26E-10




41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
74
76
77
78
79
80
81
82
83
84
85
86
87
88

22.11.24.2
33.36.35.34
34.35.36.33
28.10.19
25:32
7.29.16.27
27.16.29.7
20.31
23.31
3.27.12.29
5.14
2.8.11.17
28.27.29
32.2:11
9.29.18.27
27.18.29.9
6.36.15.34
34.15.36.6
28.7.16
10.27.19.29
31.8.17
5.15.14.6
6.14.15.5
5.6.14.15
32.3:12
8.29.17.27
27.17.29.8
4.36.13.34
34.13.36.4
31.9.18
10.24.19.22
22.19.24.10
3.34.12.36
25.2.11
23.27.29
23.2.11
20.28
25.26.30
3.24.12.22
22.12.24.3
33.34.35.36
5.35.14.33
33.14.35.5
7.27.16.29
1.31
2.30.11.26
26.11.30.2
28.8.17

-0.4
-6.4
-6.4
-1.3
4.2
0.1
0.1
0.2
2:9
-1.4
-5.1
0.6
0.9
0.4
-1.0
-1.0
-2.0
-2.0
-0.3
-2.5
0.0
-3.4
-3.4
-23
-0.1
-1.0
-1.0
-5.7
-5.7
0.7
0.8
0.8
-1.9
-1.9
0.5
-2.1
-1.8
0.1
-0.8
-0.8
-5.5
-6.3
-6.3
-1.4
1.4
-1.7
-1.7
-1.8

7.98E-01
5.97E-03
5.97E-03
2.83E-01
2.30E-04
9.70E-01
9.70E-01
8.90E-01
1.13E-03
3.68E-01
2.69E-02
4.17E-01
1.44E-01
8.47E-01
4.13E-01
4.13E-01
3.94E-01
3.94E-01
8.45E-01
2.80E-02
9.76E-01
1.44E-01
1.44E-01
2.88E-04
9.59E-01
4.58E-01
4.58E-01
2.15E-02
2.15E-02
5.91E-01
4.35E-01
4.35E-01
2.75E-01
2.59E-01
5.01E-01
1.53E-01
1.66E-01
7.34E-01
6.16E-01
6.16E-01
1.11E-07
7.54E-03
7.54E-03
2.54E-01
4.18E-01
3.12E-01
3.12E-01
1.87E-01

51
8.2
-8.2
4.2
3.9
5.0
-5.0
51
3.0
5.5
7.8
2.4
-1.9
75
-4.0
-4.0
7.6
7.6
-4.4
3.7
-5.0
7.6
-7.6
24
71
-4.6
4.6
-8.0
-8.0
-4.4
3.2
3.2
5.5
5.2
21
4.5
-4.0
0.8
4.6
-4.6
a1
J1
1
-3.8
5.2
&
5.1
-4.0

2.26E-10
2.43E-10
2.43E-10
3.18E-10
3.53E-10
5.81E-10
5.81E-10
6.17E-10
6.61E-10
7.65E-10
8.80E-10
8.93E-10
1.43E-09
1.66E-09
2.06E-09
2.06E-09
2.28E-09
2.28E-09
2.31E-09
2.42E-09
2.89E-09
3.29E-09
3.29E-09
3.36E-09
4.43E-09
4.59E-09
4.59E-09
4.95E-09
4.95E-09
5.13E-09
5.66E-09
5.66E-09
6.27E-09
1.53E-08
1.94E-08
2.24E-08
2.26E-08
2.51E-08
2.91E-08
2.91E-08
3.13E-08
3.36E-08
3.36E-08
3.44E-08
4.20E-08
4.68E-08
4.68E-08
5.98E-08
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89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

32.10.19
6.35.15.33
33.15.35.6
6.34.15.36
2.9.11.18
3.14.125
5.12.14.3
28.9.18
20.27.29
2.18.11.9
9.11.18.2

22.27.24.29

6.15
32.22.24
2.22.11.24
32.7.16
7.24.16.22
22.16.24.7
5.29.14.27
27.14.29.5
8.24.17.22
22.17.24.8
23.28
23.32
8.27.17.29
9.27.18.29
7.36.16.34
34.16.36.7
25.3.12
9.36.18.34
34.18.36.9
2.26.11.30
4.15.13.6
6.13.15.4

10.36.19.34
34.19.36.10

3.30.12.26
26.12.30.3
4.14.13.5
5.13.14.4
20.32
32.8.17

4.34.13.36
3.15.12.6
6.12.15.3

-0.3
=5
=5.1
2.8
0.3
-2.9
-2.9
-11
-1.8
0.3
0.3
0.7
-1.1
3.6
-3.0
0.4
1.2
1.2
1.9
1.9
-0.1
-0.1
0.7
3.3
-2.5
-1.5
-0.7
-0.7
-14
-0.9
-0.9
-2.0
-4.5
-4.5
0.0
0.0
-1.4
-14
-5.5
-5.5
0.2
-0.2
-4.6
-1.3
-1.3

8.73E-01
3.33E-02
3.33E-02
4.44E-06
7.48E-01
2.02E-01
2.02E-01
3.70E-01
1.74E-01
8.14E-01
8.14E-01
2.71E-01
6.47E-01
8.78E-03
1.50E-02
8.46E-01
3.15E-01
3.15E-01
3.61E-01
3.61E-01
9.09E-01
9.09E-01
2.55E-01
1.48E-02
5.29E-02
1.99E-01
7.46E-01
7.46E-01
3.93E-01
6.38E-01
6.38E-01
2.26E-01
7.71E-02
7.71E-02
9.92E-01
9.92E-01
4.02E-01
4.02E-01
2.46E-02
2.46E-02
9.14E-01
8.98E-01
8.47E-05
5.78E-01
5.78E-01

-5.3
.4
&5

18
23
6.7
6.7
3.4
-3.8
-3.5
35
4.5
6.9
-39
35
5.3
33
3.3
-5.8
-5.8
3.0
S0
E
3.8
356
8.7
5.8
5.8
A7
5.2
-5.2
-4.5
F.1
G
-5.6
5.6
46
4.6
6.8
6.8
5.3
5.2
3.2
-6.5
6.5

6.58E-08
6.79E-08
6.79E-08
7.73E-08
9.34E-08
9.62E-08
9.62E-08
1.01E-07
1.02E-07
1.16E-07
1.16E-07
1.46E-07
1.58E-07
1.63E-07
1.72E-07
2.41E-07
2.73E-07
2.73E-07
2.98E-07
2.98E-07
3.00E-07
3.00E-07
3.50E-07
3.61E-07
3.81E-07
3.82E-07
3.99E-07
3.99E-07
4.11E-07
4.46E-07
4.46E-07
4.70E-07
5.27E-07
5.27E-07
5.63E-07
5.63E-07
5.96E-07
5.96E-07
5.99E-07
5.99E-07
7.63E-07
8.08E-07
8.35E-07
9.32E-07
9.32E-07
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Supp

lementary Figures

Supplementary Figure S1:

24
20

26
2.
28
29
30
31
32.
33
34.
35

36

. Otobasion

.Alare (right)
Labiale superiocorus (sagital)
. Labiale superiorus (left)
Cheilion (left)
Stomion
.Cheilion (right)
. Labiale superiorus (right)

. Labiale inferiorus

Pogonion
Otobasion
Otobasion

superiorious
inferiorous
superiorious

(left)
(left)
(Taehit)
Otobasion inferiorous

Position of facial landmarks.

oy o W N

O

(right)

. Palpebrale inferiorus
. Superciliare
. Frontotemporale
. Superaurale
. Superior lateral tragicn
. Subaurale
. Exocanthion
. Palpebrale superiorus
. Endocanthion
. Palpebrale inferiorus
. Sellion

. Infrapronasale

. Alare
. Subnasale

Landmarks:

Glabella

Superciliare (left)
Frontotemporale (left)
Superaurale (left)
Superior lateral tragion
Subaurale (left)
Exocanthion (left)
Palpebrale superiorus
Endocanthion (left)

(left)

(left)

(left)
(right)

(right)

(right)

(miebied
(right)

(right)

(right)
(right)

(right)

(left)
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Supplementary Figure S2: Facial morphs displaying the
shape changes associated with PCs 1 to 5.

' ' PC1 I '.
' ' PC2 ' ' .
' ' ’ ' .?CS
' ' pPC4 ' ' .,,64

L AL R AR

Negative values Positive values

308



