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RESUMO

Os Microssatélites ou Short Tandem Repeats (STR) vém sendo amplamente usados em
testes de paternidade e ciéncia forense desde meados dos anos 90. Os marcadores STRs
altamente polimérficos sdo utilizados pela sua capacidade de diferenciar individuos. O teste
de Paternidade é baseado em teste de hipdteses, onde o problema a ser resolvido é
determinar se 0 suposto pai testado € realmente o verdadeiro pai da crianca. Para a
aplicacdo em genética forense além da padronizacdo de novos marcadores é necessario
também estudar a populacdo na qual o teste sera realizado. O Brasil tem uma populagéo tri-
hibrida, caracterizada por uma contribuicdo europeia, africana e amerindia. Investigar a
dindmica dos alelos de cada marcador nas popula¢cdes naturais e elucidar a diversidade
genética nas mesmas é crucial para entender a histéria evolutiva e aplicar em estudos
forenses. No presente trabalho, buscamos tracar o perfil genético da populacdo brasileira
utilizando um novo painel de dezoito marcadores utilizados em aplicacdes forenses. Para
atingir nossos obijetivos, caracterizamos molecularmente nove dos dezoito marcadores STR,
avaliamos a informatividade dos dezoito marcadores através do calculo de parametros
forenses, definimos o perfil da populacédo brasileira através de estudos da variabilidade
genética e estimamos os niveis de contribuicdo europeia e africana nas populacdes por
meio de estatisticas bayesianas. Todos os dados analisados neste trabalho foram obtidos
de resultados de testes de verificacdo de parentesco realizados no laboratério Biocod
Biotecnologia no triénio 2007/2008/2009. No capitulo | — “Molecular characterization and
population genetics of non-CODIS microsatellites used for forensic applications in Brazilian
populations” foi possivel determinar o motivo de repeticdo de seis dos nove novos
marcadores caracterizados através do sequenciamento dos alelos mais frequentes, o0s
valores observados para os parametros de aplicacdo forense demonstram que o conjunto de
marcadores estudados € tdo informativo para elucidacdo de casos forenses quanto o0s
marcadores do CODIS, os marcadores caracterizados apresentam baixa taxa de mutacéo e
séo uteis para diferenciar populagcdes geneticamente. No capitulo Il — “Genetic profile and
admixture of the Brazilian population based in markers used for forensic applications” as
populacBes brasileiras foram divididas de acordo com as regibes geograficas (Norte,
Nordeste, Centro-Oeste, Sudeste e Sul) e foram comparadas com amostras parentais do
painel SNP500 Cancer do repositério Coriell (Africana, Europeia e Hispanica); os resultados
demonstraram que os marcadores previamente caracterizados séo informativos tanto para
analises forenses quanto para estudo genético-populacionais e que as populacbes
Brasileiras receberam uma maior contribuicAo europeia do que africana e séao

geneticamente diferentes. Recentemente, outros conjuntos de STRs autossémicos vém
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ganhando destaque para aumentar as chances de resolu¢cdo de casos complexos, casos
onde o suposto € falecido ou esta ausente, de verificacdo de parentesco. Ao final podemos
concluir que os marcadores caracterizados sdo bons marcadores para elucidar casos
forenses por se mostraram tdo informativos quanto os marcadores do sistema CODIS e
outros marcadores previamente validados. As analises destes novos marcadores auxiliardo
na resolugdo de casos complexos de verificacdo de parentesco e casos post-mortem. Nas
analises populacionais foi possivel verificar diferencas genéticas significativas entre as
populacBes brasileiras. Ainda nas analises populacionais foi possivel confirmar que a
contribuicdo genética europeia foi maior que a africana durante o processo de formacao da

populacdo brasileira.
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ABSTRACT

Microsatellite or Short Tandem Repeats (STR) has been widely used in paternity testing and
forensic science since the mid-90. Highly polymorphic STR markers are used for their ability
to differentiate individuals. The Paternity test is based on hypothesis testing, where the
problem to be solved is to determine whether the alleged father is the real father of the child.
For forensic genetics, besides the standardization of new markers, it is also necessary to
study the population in which the test will be performed. Brazil has a three-hybrid population,
characterized by a European, African and Amerindian ancestry components. Understanding
the molecular basis of allelic diversity for STR may be helpful to understand the evolutionary
history of populations and for forensic applications. In the present work, we trace the genetic
profile of the population using a new panel of 18 markers . To achieve our goal, we
characterize molecularly nine of the eighteen STR markers; we evaluate the informativeness
of eighteen markers by calculating forensic parameters, define the profile of the Brazilian
population through studies of genetic variability and estimate the European and African
contribution levels in populations through Bayesian statistics. All data analyzed in this study
were obtained from results of kinship verification tests in Biocod Biotechnology laboratory in
the three years 2007/2008/2009. In Chapter | - "Molecular characterization and population
genetics of non-CODIS microsatellites used for forensic applications in Brazilian Populations"
it was possible to determine the repeating motif of six of the nine markers by sequencing of
the most frequent alleles, the observed values for the forensic parameters show that the set
of studied markers are informative for elucidation of criminal cases as the CODIS markers.
The markers characterized have low mutation rate and are useful to differentiate populations
genetically. In Chapter Il - "Genetic profile and admixture of the Brazilian population based in
markers used for forensic applications”, Brazilian populations were divided according to
geographical regions (North, Northeast, Midwest, Southeast and South) and were compared
with samples the parental SNP500 Cancer Coriell repository (African, European and
Hispanic) panel; the results showed that the markers previously characterized are
informative for both forensic analysis as to population genetic studies. Brazilian populations
received more European than African contribution and are slightly different between the
regions of the country. We conclude that characterized markers are good markers to
elucidate forensic cases since proved as informative as markers of CODIS system and other
markers validated in other studies and that these markers are useful for population genetic

studies.

15



1 — INTRODUCAO

1.1 — Microssatélites ou Short Tandem Repeats (STR)

Os Microssatélites ou Short Tandem Repeats (Repeticbes curtas em série) vém
sendo amplamente utilizados em testes de paternidade e ciéncia forense desde meados dos
anos 90 (Weir et al., 2006). Estdo entre os marcadores de DNA mais polimérficos do
genoma e podem ser classificados de acordo com numero de nucleotideos no motivo de
repeticdo di-, tri-, tetra-, penta- ou hexanuclutotideos (Ellegren, 2004). Os STRs usados
como marcadores genéticos para identificacdo individual estdo em regides de DNA nao-
codificantes e que seguem o modelo de evolu¢do neutra. A variagdo genética nos locos
STRs é caracterizada pela alta heterozigosidade e a presenca de multiplos alelos (Ellegren,
2004). Além disso, permitem a genotipagem num curto periodo de tempo e, ainda, séo

eficazes na identificacdo de amostras degradadas (Cabrero et al., 1995).

A taxa de mutacdo dos STRs, de uma a duas mutac¢Bes a cada 1.000 geragles, €
devido a arquitetura molecular destes marcadores. Os STRs seguem, normalmente, um tipo
especifico de mutacdo - step-wise mutation model: adicdo ou subtragdo de uma unidade
repetitiva. Esse processo acontece durante a replicagdo de uma nova fita de DNA, a
polimerase desassocia-se transitoriamente da fita molde e volta a se associar de maneira
errada (Sun et al., 2014; Ellegren, 2004). Para os STRs, também ¢é observado que a taxa de
mutacdo pode aumentar com o aumento no tamanho do alelo, sendo comum observar

mutagdes de duas ou mais sequéncias repetitivas (Balding, 2005).

Outra caracteristica dos STRs é o fato de permitirem a amplificacdo simultanea por
PCR em multiplex. Para a amplificacdo em multiplex é necessario agrupar os STRs de
acordo com o tamanho do produto de PCR e suas diferentes marcacoes fluorescentes.
Neste tipo de andlise se consegue um alto poder de discriminagdo sem consumo de grande
guantidade de DNA (Butler, 2007). A analise de varios marcadores moleculares aumenta a

confiabilidade nas inferéncias dos casos de analises de parentesco e resolu¢do de crimes.

Os sistemas multiplex s&do analisados em plataformas automatizadas de
equipamentos de sequenciamento, baseados na eletroforese capilar com multiplos canais
usados para detectar produtos de PCR marcados com diferentes fluorescéncias (Jobling &
Gill, 2004).

A resolucéo de testes de verificacdo de parentesco e casos forenses € composta
pela genotipagem dos STRs corroborada por uma interpretacdo estatistica dos resultados.

Os marcadores STRs altamente polimorficos sdo utilizados pela sua capacidade de
16



diferenciar individuos. Para se determinar as frequéncias alélicas destes marcadores séo
realizados estudos populacionais, com populacdes de diferentes grupos ancestrais e regides

geogréficas (Huston, 1998).

1.2 - Teste de Paternidade e Verificacdo de Parente sco

O teste de paternidade se baseia em principios basicos da genética: leis de Mendel e
alta variabilidade genética. Cada individuo possui dois alelos para cada loco e os pares
diferentes se distribuem independentemente na formacdo dos gametas. Na formacdo do
zigoto metade da informacéo genética do individuo é herdada de sua mae e a outra metade
herdada de seu pai. O teste de paternidade consiste em uma comparacado entre os alelos
encontrados nos filhos e nos supostos pais, onde a presenca de alelos paternos no material

genético do filho € o primeiro indicio de paternidade.

O teste de Paternidade é baseado em teste de hip6teses, onde o problema a ser
resolvido é determinar se o suposto pai testado é realmente o verdadeiro pai da crianca.
Para resolver este problema é necessario calcular a razdo de verossimilhanca (Likelihood

Ratio — LR) entre duas hipéteses testadas Hy e H; (Gjertson et al., 2007).
Ho: O suposto pai é o pai da crianca
H;: O suposto pai ndo é o pai da criangca
LR = Ho/ Hy

Sendo assim, podemos citar como exemplo um caso de trio (mae, filho e suposto

pais) onde temos o perfil genético de cada um para o marcador D3S1358:

A mae possui 0 gendtipo 13/15, o suposto pai 16/17 e o filho 13/16, nesse caso,
observa-se que o alelo 13 foi herdado da méae e o alelo 16 do pai, e que o pai testado possui
o0 alelo procurado. Entdo, a partir dessa informacdo podemos calcular a razdo de

verossimilhanca entre as hipoéteses:
Ho: 2xf(13)xf(15) x ¥2 x 2xf(16)xf(17) x ¥%2
Hy: 2xf(13)xf(15) x ¥2 x 2xf(16)xf(17) xf(16)

LR: ¥ / f(16)
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Nesse caso para Hy, hipétese do suposto pai testado ser o pai da crianca, calcula-se
a probabilidade do gendtipo da mae, a probabilidade do genétipo do suposto pai e a
probabilidade da mée ter passado um alelo para o filho e a probabilidade do pai ter passado
o outro alelo para o filho. Para H;, hipétese do suposto pai ser qualquer homem na
populacao, calcula-se a probabilidade do gendtipo da mée, a probabilidade do gendtipo do
suposto pai e a probabilidade da mée ter passado um alelo para o filho e a probabilidade do
outro alelo do filho ter sido herdado de qualguer outro homem aleatoriamente na populacao.
A razdo de verossimilhanca (LR) é calculada a partir da divisdo Hy por H; e demonstra

guantas vezes é mais provavel que o suposto pai em questao seja pai da crianca.

A informacdo de um s6 marcador genético ndo € suficiente para se concluir sobre a
probabilidade de paternidade, com isso a andlise de varios marcadores em multiplex permite
aumentar a informacdo de cada caso e assim calcula-se o LR combinado de todos os
marcadores testados e com isso chega-se a uma Probabilidade de Paternidade (W)
(Gjertson et al., 2007).

W = LR/(1+LR)

1.3 - Populacéo Brasileira

O Brasil tem uma populacéo tri-hibrida, caracterizada por uma contribuicdo europeia,
africana e amerindia. No inicio do século XVI estimava-se que mais de dois milhdes de
indigenas povoavam o Brasil, esse numero foi reduzido devido as batalhas com os
colonizadores e as doencas transmitidas por eles. No final do século XX o numero de
habitantes indigenas chegava a 302.888. A colonizacdo portuguesa iniciou-se em 1500,
mas o fluxo realmente aumentou nos periodos de 1760-1791 e de 1837-1841, cerca de 10
mil imigrantes. Os escravos negros chegaram ao Brasil a partir de 1701 originados da Africa
Centro-Ocidental (hoje regido ocupada por Angola). A partir de 1800 a grande maioria dos
cinco milhdes de imigrantes que chegaram ao Brasil era de origem portuguesa e italiana,

seguidos por espanhdis, alemaes, sirio-libaneses e japoneses (IBGE).

No contexto genético, este legado da histéria contribui para o aumento da
heterogeneidade e um desbalanco nas frequéncias alélicas e genotipicas entre a populacéo
resultante e as principais populacdes fundadoras. Os niveis de ancestralidade genbmica na
populacao brasileira atual tém sido investigados extensamente em pesquisas que envolvem
marcadores moleculares de diversas classes. Estudos mostram que a populacédo brasileira é

geneticamente heterogénea, porém com predomindncia europeia em seus marcadores
18



autossémicos e, ainda corroboram com dados histéricos com a observacdo de linhagem
patriarcal tipicamente Europeia e matriarcal tri-parental, com grande influéncia de indigenas

e africanos (Lins, 2007).

1.4 - Diferenciacdo Genética entre Populacdes

A Genética de Populacdes visa a investigacdo da dindmica dos alelos nas
populacBes naturais buscando a elucidacdo dos mecanismos que alteram a sua composicao
génica (efeito de fatores evolutivos, isto €, mutacdo, selecdo natural, deriva genética e fluxo
génico de populacdes migrantes) ou a frequéncia genotipica pelo aumento da homozigose

(efeito dos casamentos consanguineos ou da subdivisdo da populacéo).

Elucidar a diversidade genética nas populacdes humanas é crucial para entender sua
histéria evolutiva (Scliar et al., 2012). Estudos indicam que 5-10% da diversidade genética
humana € explicada por diferencas genéticas entre as grandes regides geograficas. Estes
resultados indicam que existem mais similaridades do que diferencas entre populacdes

humanas geograficamente distintas (Holsinger & Weir, 2009).

PopulagBes naturais, incluindo as populagdes humanas, possuem geografia e
histéria complexas. Estudar como as populacfes sédo formadas é dificil e a abordagem mais
tradicional destas andlises € fundamentalmente por modelos matematicos que determinam a

estrutura das populacdes (Hey & Machado, 2003).

O Equilibrio de Hardy-Weinberg (HWE) € principio matemético classico em genética
de populacdes que descreve as frequéncias esperadas de gendtipos para um loco apos
uma geracao de cruzamentos casuais, a partir das frequéncias alélicas na populacédo. O
equilibrio pode ndo se manter em populacdes reais, mas ele pode apresentar boas
aproximacdes se 0 tamanho populacional for grande, se os casamentos forem ao acaso, e
se ndo houver uma sobrevivéncia diferencial de zigotos com um gendtipo especifico para
um determinado loco (Balding, 2005). Se compararmos as frequéncias genotipicas de uma
populacdo real com relacdes de Hardy-Weinberg, caso elas se desviem, isso sugere que
eventos tais como selecdo ou auséncia de cruzamentos aleatorios possa agir sobre estas

populacdes (Ridley, 2006).

A AMOVA (Analise da Variancia Molecular) foi inicialmente introduzida como
extensdo as analises das frequéncias alélicas e reflete a correlacdo entre a diversidade

entre diferentes niveis de subdivisdo populacional. Essas andlises fornecem informacdes
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sobre a estrutura genética das populacdes (Michalakis & Excoffier, 1996) determinada pela
soma dos fatores que governam as forgas pelas quais 0s gametas se unem para formar os
zigotos da proxima geracdo. Uma das formas de se medir esta variancia é através das
estatisticas F descritos por Wright (Wright, 1951; Excoffier et al., 1992; Bossart & Prowell,
1998).

Wright (1951) introduziu trés parametros inter-relacionados para descrever a
estrutura genética de populacdes. Estes pardmetros sdo: Fy, a correlacdo entre gametas
dentro de um individuo relativo a toda a populacao; Fis, a correlacdo entre gametas dentro
de um individuo relativo & subpopulacéo a qual esse individuo pertence; e Fg, a correlagéo
entre gametas escolhidos randomicamente em uma mesma subpopulacdo relativa a
totalidade da populacdo ou como a propor¢ado da diversidade genética devido a diferencas

de frequéncia alélicas entre as populac¢des (Holsinger & Weir, 2009).

Além de se determinar a estrutura genética das populacbes € possivel também
classificar individuos com origem genética desconhecida como pertencentes as populagfes
previamente definidas. A definicdo de populacdes é tipicamente subjetiva, podendo ser
definida de acordo com padrdes linguisticos, culturais ou fisicos, assim como a localizagcéo
geografica dos individuos amostrados. Apés estimar as frequéncias alélicas das populactes
definidas calcula-se a probabilidade de um dado gendtipo ser originado em cada populacao.
Individuos de origem desconhecida podem ser atribuidos as populacdes de acordo com
estas probabilidades (Pritchard et al, 2000Db).

Segundo Pritchard (2000b), o modelo utilizado no programa STRUCTURE foi
baseado em métodos de agrupamentos de dados de genotipagem multiloco para inferir a
estrutura das populacdes e atribuir individuos a essas populagdes. Nesse modelo existem k
populacdes (onde k pode ser desconhecido), cada uma delas é caracterizada por um
conjunto de frequéncias alélicas para cada loco. Individuos de uma mesma amostra sdo
atribuidos para uma populacao, ou reunidos em duas ou mais populacdes se seus gendtipos
indicarem que sao miscigenados. Este modelo ndo assume um processo particular de
mutacédo, e por isso pode ser aplicado para a maioria dos marcadores genéticos utilizados
comumente, desde que eles ndo estejam ligados (marcadores localizados em regibes
cromossomicas préximas que ndo sao separadas durante o processo recombinacdo). Entre
as aplicacbes desse modelo inclui-se: demonstrar a presenca de estruturacdo nas
populac¢@es, atribuir individuos a uma determinada populacéo, estudo de zonas hibridas e

identificar migracGes e miscigenacao.
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2 — HIPOTESE E JUSTIFICATIVA

A Genética Forense é a area que trata da utilizacdo dos conhecimentos e das
técnicas de genética e de biologia molecular no auxilio a justica. O ramo mais desenvolvido
da Genética Forense é a Identificacdo Humana pelo DNA e sua aplicacdo mais popular € o
teste de paternidade. A evolucdo da genética forense foi impulsionada pela analise da
variacdo genética humana, iniciou-se hd mais de um século com a descoberta do
polimorfismo dos grupos sanguineos ABO por Karl Landsteiner e a percep¢ao de que essa

era uma ferramenta para elucidacdo de casos criminais (Jobbing & Gill, 2004).

A revolucdo do DNA iniciou-se em 1984 com a descoberta, por Alec Jeffreys, das
regides hipervariaveis conhecidas como minissatélites. Estes sdo detectados através da
técnica de hibridizacdo por sondas Southern Blot, que ficou conhecida como impresséo
digital do DNA. Essa técnica foi utilizada para resolver os primeiros casos criminais pela
andlise do DNA (Jobling & Gill, 2004).

A partir de 1988 a descoberta da técnica de PCR por Mullis & Faloona, proporcionou
um aumento na sensibilidade, permitindo a amplificacdo de DNA degradado e a partir de
entdo se tornou a base para as analises forenses. Em 1991 foi descoberto o primeiro STR,
marcador multi-alélico e com padrdo de heranca codominante (Jobling & Gill, 2004). As
vantagens obtidas apo6s as duas descobertas abriram caminho para a criacdo de bancos de

dados nacionais.

O laboratério do FBI, nos Estados Unidos da América, foi o pioneiro na criacdo deste
tipo de banco de dados com o desenvolvimento do sistema combinado de indices de DNA
(CODIS), que combina a Ciéncia Forense e a Tecnhologia da Informatica, proporcionando
uma ferramenta efetiva para o desenvolvimento da investigacédo criminal. O sistema CODIS
€ composto por 13 locos: CSF1PO, D3S1358, D5S818, D7S820, D8S1179, D13S317,
D16S539, D18S51, D21S11, FGA, THO1, TPOX e vWA. Tal sistema permite a todos os
laborat6rios americanos (federais, estaduais e locais) realizarem permutas e comparacdes
dos perfis de DNA eletronicamente, além de possibilitar a interligacdo dos crimes entre si e

dos suspeitos envolvidos (FBI).

A Genética forense teve grande avanco nos ultimos 20 anos, ap0s 0 inicio da
utilizacdo dos marcadores STRs. A facilidade de andlise destes marcadores permitiu uma
melhoria nos servicos de identificacdo humana e pesquisas na area. A divulgagcdo dos
marcadores do sistema CODIS facilitou a realizacdo dos testes de verificacdo de

parentesco, ja que estes marcadores sdo analisados em todos os testes deste tipo, e abriu
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caminho para uma enorme quantidade de publicagbes com estes STRs em diferentes

populagdes, incluindo a populagéo brasileira (Sousa et al., 2014; Aguiar et al., 2012).

A genética forense no Brasil vem sendo impulsionada por dois fatores: a- em 2009,
esforgos visando o desenvolvimento da Genética Forense no cenario nacional resultaram na
assinatura do Termo de Compromisso para utilizacdo do software CODIS no Brasil (Aguiar
et al.,, 2011); e b- de acordo com o projeto de lei apresentado para regulamentacdo do
exame de DNA no Brasil, 30% dos registros de nascimento feitos no Brasil ndo tem o nome
do pai, o que corresponde a quase um milhdo de nascimentos por ano e implica em um
crescente numero de agfes de investigacdo de paternidade/maternidade (IBDFAM). Com o
aumento de acOes de investigacdo de paternidade, a procura pelos testes de verificacéo de
parentesco também aumentou bastante. A maior parte dos casos é resolvida pelos testes
simples, TRIO (mée, filho e suposto pai) e DUO (filho e suposto pai), porém testes
complexos comecaram a ser solicitados para resolver casos onde 0 suposto esta ausente
ou faleceu. Para a resolucdo destes casos complexos, muitas vezes o0 numero de
marcadores disponibilizados em kits comerciais ndo € suficiente, faz-se necesséario a
utilizacdo de marcadores adicionais. As analises de marcadores adicionais requerem
estudos preliminares que caracterizem estes marcadores e determinem o perfil genético da

populacdo onde o teste sera realizado.

No presente trabalho, verificamos se 0os novos marcadores selecionados séo tao
informativos para andlises forenses e estudos populacionais que os marcadores do sistema
CODIS, para isso buscamos tracar o perfil genético da populacdo brasileira utilizando um
painel de dezoito marcadores utilizados em aplicacdes forenses. Para atingir nossos
objetivos, caracterizamos molecularmente os nove dos dezoito marcadores STRs que ainda
ndo foram caracterizados, avaliamos a informatividade dos dezoito marcadores STRs
através do calculo de parametros forenses, definimos o perfil da populacao brasileira através
de estudos da variabilidade genética e estimamos o0s niveis de contribuicdo europeia e

africana na populacéo brasileira por meio de estatisticas bayesianas.

Todos os dados analisados neste trabalho foram obtidos de resultados de testes de
verificacdo de parentesco realizados no laboratério Biocod Biotecnologia no triénio
2007/2008/20009.

2.1 — Biocod Biotecnologia

A Biocod Biotecnologia € um laboratério especializado em analises genéticas com

mais de 10 anos de experiéncia. Para a realizacdo destes testes, a Biocod conta com uma
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equipe técnica especializada e com mais de 15 anos de experiéncia, além de equipamentos

de dltima geracéo.

O teste mais difundido, dentre os varios disponiveis na Biocod, € o teste de
paternidade. Mensalmente séo realizados aproximadamente 700 casos de investigacdo de
vinculo genético. Devido ao grande numero de testes de paternidade, a Biocod conta com
um banco de dados genéticos com mais de 40.000 individuos, o que possibilita inGmeras

andlises genéticas.

2.2 — Teste de Paternidade na Biocod

Assim que chegam ao laboratério, todas as amostras séo inspecionadas, codificadas
e cadastradas no banco de dados. Para cada amostra sdo cadastrados os seguintes dados:
Nome, Endereco, Data e Local de Nascimento e de Coleta, Sexo e Tipo de Exame. Séo
recebidos diariamente trés tipos de amostras: sangue coletado em tubos com EDTA, sangue
coletado em papel de filtro tipo FTA card (Whatman®) e esfregaco de células da mucosa
bucal conservadas em &lcool. Em alguns casos mais raros, podem ser recebidas também

amostras de vilo corial, biépsia de tecidos em geral e material exumado.

Para cada tipo de amostra é seguido um protocolo de extracdo diferente, visando a
uma extracdo de DNA rapida, em concentracbes suficientes para analises de qualidade e
com um custo reduzido. A extracdo de sangue coletado em tubo com EDTA e células da
mucosa bucal é feita com base em protocolos salting out, podendo raramente seguir
protocolos que utilizem o fenol-cloroférmio. A extracdo de sangue em FTA card (Whatman®)
€ simples e baseia-se na lavagem das impurezas do papel deixando o DNA impregnado no

mesmo.

Apoés a obtencdo de DNA de qualidade, as amostras sao amplificadas através da
técnica de PCR-multiplex, onde varias regibes do DNA sdo amplificadas em uma mesma

reacdo, reduzindo tempo e custo das andlises.

Rotineiramente sdo amplificados dois destes painéis, PAINEL 1 e PAINEL 2, que
contam com 18 marcadores STRs (tabela 1), mesclando marcadores do sistema CODIS,
marcadores caracterizados em estudos prévios (Wenda et al., 2005; Garofano et al, 1999,

Lareu et al., 1996) e marcadores ainda ndo utilizados para este fim.
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Informacao

STRs Painel Molecular Tamanho
*D2S1338 PAINEL 1 Perfeito 165-205
*D3S1358 PAINEL 1 Perfeito 123-143

D352387 PAINEL 1 Composto 177-209
D352406 PAINEL 1 Composto 306-350
D5S52503 PAINEL 1 Perfeito 350-390
*D5S818 PAINEL 1 Imperfeito 120-150
*D7S820 PAINEL 2 Perfeito 204-240
D9S938 PAINEL 1 Perfeito 369-421
D10S1237 PAINEL 2 Perfeito 376-432
*D12S391 PAINEL 1 Imperfeito 211-251
*D13S317 PAINEL 2 Perfeito 175-199
*D16S539 PAINEL 2 Perfeito 148-172
D16S753 PAINEL 1 Composto 252-276
D21S1437 PAINEL 2 Perfeito 119-143
D22S5534 PAINEL 1 Perfeito 450-515
D225689 PAINEL 1 E 2 Composto 202-226
*SE33 PAINEL 2 Composto 197-343
*THO1 PAINEL 2 Imperfeito 146-190

Tabela 1 — Caracterizacdo dos Marcadores STRs presentes nos dois painéis de acordo com
a informacdo molecular e o tamanho do produto de PCR. *Marcadores pertencentes ao

sistema CODIS; *Marcadores caracterizados em estudos prévios.

As amostras amplificadas sdo genotipadas por eletroforese capilar em sequenciador
MegaBACE 1000 (GE Healthcare) e sao analisadas pelo software Fragment Profile v2.0 (GE

Healthcare).

O envio de dados genotipicos para o banco de dados no médulo do Laboratério de
Paternidade acontece no momento da liberagdo dos resultados. Para essa liberacdo é
realizada uma conferéncia dos resultados das genotipagens. Apos essa conferéncia, 0s
marcadores que ndo apresentaram bons resultados sdo retirados da andlise e os seus perfis
genéticos ndo sdo enviados ao banco de dados, o que justifica um numero diferente de

individuos para cada marcador.
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2.3 — Banco de dados

Foram selecionados individuos ndo aparentados envolvidos em casos de TRIO e
DUO. Para eliminar a consanguinidade, nenhum dos filhos foi considerado neste estudo. De
cada individuo foram extraidas as seguintes informacdes: Individuo, Cidade Naturalidade,
Sigla Estado Naturalidade, Tipo de Coleta, Local de Coleta, Tipo de Contrato e Gendtipo

para os marcadores escolhidos.

Os dados foram divididos em quatro conjuntos diferentes (Tabela 2): Dados 1 - todos
os individuos ndo aparentados e com no minimo 15 marcadores genotipados (D10S1237,
D12S391, D13S317, D16S753, D21S1437, D22S534, D2S1338, D3S1358, D3S2387,
D3S2406, D5S2503, D7S820, D9S938, SE33 e THO1); Dados 2 - todos os individuos néo
aparentados e com no minimo 12 marcadores genotipados dentre os 15 marcadores mais
frequentes no banco de dados; Dados 3 - todos os individuos ndo aparentados, com no
minimo 15 marcadores genotipados e com informagéo de cidade e estado naturalidade; e
Dados 4 - Todos os individuos ndo aparentados, com no minimo 12 marcadores
genotipados dentre os 15 frequentes no banco de dados e com informagédo de cidade e

estado naturalidade.

Dados 1 Dados 2 Dados 3 Dados 4
Total 11.241 21.802 3.251 7.095
, . 12 marcadores 12
NUmero minimo de . marcadores
15 marcadores  dos 15 mais 15 marcadores ;
Marcadores dos 15 mais
comuns
comuns

Cidade Cidade

Caracteristicas ) ) Naturalidade Naturalidade

Tabela 2 — Distribuicdo do numero de individuos em cada Banco de Dados pré-definidos.
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2 - OBJETIVOS:

2.1 - GERAL

- Tracar o perfil genético da populacéo brasileira a partir de um novo painel de dezoito

marcadores STR utilizados em aplicacdes forenses.

2.2 - ESPECIFICOS

- Determinar a estrutura molecular dos marcadores: D3S2387, D3S2406, D5S2503,
D9S938, D10S1237, D16S753, D21S1437, D22S534 e D22S689.

- Avaliar os parametros forenses para os dezoito marcadores do painel da Biocod
Biotecnologia: frequéncia alélica, poder de exclusdo, probabilidade de correspondéncia,
poder de discriminacdo, conteudo de informacdo do polimorfismo e indice tipico de

paternidade.
- Calcular a taxa de mutacdo de cada marcador do painel da Biocod Biotecnologia.

- Verificar a variabilidade genética da populacdo brasileira, apés uma subdivisdo de acordo

com as regides geograficas, através da andlise da variancia molecular.

- Estimar a contribuicdo de populacbes de origem europeia e africana na populacao

brasileira.
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3 - RESULTADOS

3.1 - Capitulo I — Molecular characterization and population genetics of non-CODIS

microsatellites used for forensic applications in Brazilian populations.

PINTO, LAELIA MARIA , OLIVEIRA, CRISTIANE LOMMEZ DE, SANTOS, LUCIANA LARA
DOS, TARAZONA-SANTOS, EDUARDO Molecular characterization and population genetics
of non-CODIS microsatellites used for forensic applications in Brazilian populations. Forensic

Science International: Genetics 9 (2014) el16-el7.

A caracterizacdo de novos marcadores € importante para pericias nas quais apenas
os marcadores CODIS né&o séo suficientes para a finalizacdo dos casos. Este estudo teve
como principais objetivos: i) caracterizar molecularmente os STRs D3S2387, D3S2406,
D5S2503, D9S938, D10S1237, D16S753, D21S1437, D22S534 e D22S689; ii) calcular os
parametros estatisticos que demostram a informatividade de cada um dos dezoito
marcadores: poder de exclusdo, probabilidade de coincidéncia, informacdo polimorfica
contida no marcador, taxas de mutacdo e as frequéncias alélicas; iii) verificar através do
painel da Biocod Biotecnologia a variabilidade genética humana e a diferenciacdo genética
entre as subpopulacdes. Para caracterizacdo molecular foram sequenciados individuos
homozigotos para os dois alelos com maior frequéncia na populacéo brasileira. As amostras
selecionadas para definir a informatividade dos marcadores e demostrar a variabilidade
genética foram extraidas do Banco de Dados 4 da Biocod Biotecnologia. A diferenciacéo
genética entre subpopulacdes foi realizados apenas com as subpopulacfes do trés estados
brasileiros com maior nimero de individuos disponiveis: Bahia, Espirito Santo e Minas
Gerais. A partir dos resultados dos sequenciamentos foi possivel determinar o motivo de
repeticdo de seis dos noves marcadores caracterizados (Supplementary Table 1). Os
valores observados para os parametros de aplicacdo forense demonstram que o conjunto de
marcadores estudados é tdo informativo para elucidacdo de casos de paternidade,
identificacGo humana e casos post-mortem quanto os marcadores do CODIS
(Supplementary Figure 1 e Supplementary Table 3). Os marcadores caracterizados neste
estudo apresentam baixa taxa de mutacdo (Supplementary Table 5). Os resultados dos
célculos estatisticos sugere que estes marcadores podem ser usados para andlises em

diferentes populagdes (Supplementary Table 2 e Supplementary Table 4).
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Dear Editor,

Several microsatelltes PCR (polymerase chain reaction) multiplex systems (i.e. for
simultaneous typing) have been reported for forensic analysis. These include autosomal STR
multiplex kits widely used which are commercially available. These commercial kits are generally
based on the Combined DNA Index System (CODIS) loco, and a huge volume of genetic population
data for the CODIS loco from different ethnic groups has been reported [1-4]. Nevertheless, there are
hundreds of other highly polymorphic STR loco unlinked to the current CODIS loco (non-CODIS
markers), which are also useful for forensic genetics [5]. Analysis of further non-CODIS STR loco may
complement information from CODIS locus, offering powerful tools for difficult kinship testing, such as

sib-ship testing or testing for deficient paternity cases [6].

The Brazilian population is characterized by high ethnic variability produced by admixture,
which turned it suitable for genetic diversity studies from a forensic perspective. The Biocod STR
Database was constructed based on individuals from all Brazilian States who participated in paternity
tests (realized in Biocod Biotecnologia). In this study we analyze data from three States for which
large number of individuals are available (a total of 5,639 individuals): Bahia (BA, Northeast Brazil,
with a high level of African admixture, n= 2,891), Espirito Santo (ES, n= 1,534) and Minas Gerais (MG,
n= 1,214), both from the South East of the country and with intermediate level of admixture [7]. We
analyzed two STR-multiplex (Panel 1 and Panel 2) with a total of 18 markers used in the Biocod lab
routine. These markers are divided in two groups: CODIS markers - D3S1358 (Panel 1), D5S818
(Panel 2), D7S820 (Panel 1), D13S317 (Panel 1), D16S539 (Panel 1) and THO1 (Panel 1); and non-
CODIS markers - D2S1338 (Panel 2), D3S2387 (Panel 2), D3S2406 (Panel 2), D5S2503 (Panel 2),
D9S938 (Panel 1), D10S1237 (Panel 1), D12S391 (Panel 2), D16S753 (Panel 2), D21S51437 (Panel
1), D22S534 (Panel 2), D22S689 (Panels 1 and 2) and SE33 (Panel 1). The research performed
follows the ISFG guideline [8].

By resequencing of homozygous individuals, we analyzed for the first time six non-CODIS
markers, determining their repeat counts and its sequence: D35S2387, D3S52406, D9S938, D10S1237,
D22S534 and D22S689. We determined that all markers of our study are tetranucleotides
(Supplementary Table 1). Moreover, four out of six re-sequenced markers have a simple structure,
containing uninterrupted runs of units sharing a homogenous array. Two markers are complex, with an
interruption or change in the sequence. We did not obtain the sequence of 3 non-CODIS markers
(D5S2503, D16S753 and D21S1437), likely because the size of amplicons were too small (100-

200pb) or the primer design was not appropriate for sequencing.

The population genetics analysis performed using the software Arlequin [9] showed that all
population were in Hardy-Weinberg equilibrium for all loco after performing the Bonferroni correction
(P was always higher than 0.002). Consistently with the history of recent admixture of the studied
populations, we observed linkage disequilibrium between some of the markers (Supplementary Table
2)[10-12].
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By Fst analysis [13] we observed that the populations from Minas Gerais and Espirito Santo,
both in South Eastern Brazil, are not differentiated (Fst= 0.00002, P=0.32), while Bahia is significantly
differentiated both from Espirito Santo (Fst=0.00028, P=0.00000) and Minas Gerais (Fst=0.00062,
P=0.00000) (Supplementary Table 3), consistently with its historically reported higher African ancestry,

that has also been confirmed by several population genetic studies [7].

For each STR studied, CODIS and non-CODIS, we used the PowerStats v.1.2 [14] (Promega
Corporation, Madison, WI, USA) software to estimate the Power of exclusion (PE), the Random match
probability (RMP), the Polymorphism Information Content (PIC) and allelic frequencies
(Supplementary Table 4). Overall, the averages for the three forensic statistics calculated over loco
(Supplementary Figure 1) are similar in the populations of Bahia, Espirito Santo and Minas Gerais. For
the three considered parameters non-CODIS markers of this study show values that are comparable
to those observed for CODIS markers across the three studied populations (Supplementary Figure 1).
Among the studied markers, SE33 (that has 56 alleles in our sample) is the most informative and

D22S534 (that has 12 alleles in our sample) is the less informative.

We estimated for the two combined panels 1 and 2 a combined PE of 0.999967, a combined
RMP of 4.036 x 10" and an average PIC of 0.795. STRs are considered informative if they have RMP
values below 0.1. Most of the STR of our panel presented values below this, and only three markers
(D16S539, D5S818 and D22S534) in each population presented values close to 0.1.

The high mutation rate in microsatellite loco allows mutation events to be directly observed,
provided that an enough number of meiosis is evaluated [15]. We can observe that the markers of our
study have a low mutation rate in comparison with other studies [16]. SE33 presents the highest
mutation rate (0.0022) and the THO1 did not show mutations (Supplementary Table 5). Interestingly,

markers with the higher mutation rates have a complex sequence.

Our set of 18 markers, routinely used for forensic analysis by the BIOCOD laboratory in
analysis of paternity cases as well as in human identification and post-mortem cases, is at least as
much informative as a CODIS panel of 13 STR, which is the minimal number of markers established
by the forensic community to resolve forensic cases. The panels used by BIOCOD have been used to
resolve more than 80,000 forensic analyses coming from all across the country. We suggest that

these markers may be used in forensic analysis in different European and Latin American populations.
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Supplementary Table 1

Supplementary Table 1 - Molecular characterization and chromosomal l@msabf the 9 STR loci

. Alelle
Microsatellites Alelle size number Molecular information Chromo;omal Reference
location
(Repeats)
D3S2387 196 22 (GATA),, (GACA),, 3p26.3 Characterized in this study
D3S2406 316 32 (GGAT) (GGAC), (GACA), (GATA),, 3p12 Characterized in this study
D5S2503 354-382 - GATA 5pl4 http://alfred.med.yale.edu
D9S938 400 26 (GGAA),, 9931 Characterized in this study
D10S1237 404 20 (GATA),, 10925 Characterized in this study
D16S753 252-276 - GGAA 16pl1.1 http:/alfred.med.yale.edu
D21S143% 111-151 - GGAA 21ql1.2 http://alfred.med.yale.edu
D225534 485 13 (TACA) 22q13 Characterized in this study
D225689 214 11 (GATA),, 22q12 Characterized in this study
2STR loci characterized by sequencing.
STR loci not characterized by sequencing
Supplementary Figure 1
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Supplementary Table 2

Supplemntary Table 2 - Pairwise linkage brium by State, p i from EM algorithm[10-12]. PopulationBahia, B: Espirito Santo and C: Minas Gerais.
Population A: Bahia

Markers D10S1237 D12S391 D13s317 D16S539 D16S753 D21S1437 D22S53#22S689 D2S1338 D3S1358 D3S2387 D3S2406 D5S52503 D5S818 82D7S D9S938 SE33 THO1
D10S1237

D12s391  0.02346
D13s317 0.34800  0.17595

D16S539 0.30596  0.90811  0.07918

D16S753 0.00000  0.01173  0.04692  0.00000

D21S1437 0.43793  0.11046  0.66960  0.01955  0.05767

D22s534 0.27273  0.60313  0.68915  0.07331  0.02248  0.03812

D22s689 0.00000  0.36266  0.14956  0.09873  0.00000  0.62561  0.00000

D2s1338  0.16813  0.00000  0.17595  0.07234  0.06158  0.41740  0.09091 01867

D3s1358 0.24731  0.49365  0.05083  0.00782  0.00000  0.00196  0.05181 00000  0.21310

D3s2387 0.00000  0.03812  0.00196  0.00000  0.00000  0.10850  0.00000 00000  0.28446  0.00000

D3S2406 0.00000  0.07625  0.20626  0.00000  0.00000  0.50440  0.20919 00000  0.00978  0.38514  0.00587

D5S2503 0.32942  0.54545  0.44673  0.00196  0.00293  0.04790  0.00000 00000  0.82209 051417  0.02639  0.00000

p5s818  0.00000  0.02151  0.07234  0.00000  0.00000  0.00000  0.00000 00000  0.14272  0.00000  0.00000  0.00000  0.00000

D7s820  0.27077 056305  0.13490  0.18280  0.00000  0.03324  0.03226 01466  0.09482  0.17693 007038  0.21212  0.48289  0.03617

D9so3g  0.00000  0.06061  0.08895  0.00000  0.00098  0.01760  0.00098 .00000  0.90420  0.00000  0.00000  0.00000  0.00000  0.0000(.37634

SE33 036755  0.06843  0.15445  0.28446  0.00000  0.37341  0.30010 00000  0.11926  0.01662  0.00098  0.06647  0.07234  0.00000 800®  0.53861

THo1 0.28837 023460  0.07527  0.13001  0.25024  0.02151  0.46432 20480  0.02737  0.19746  0.18866  0.05963  0.93451  0.12610 0BG 0.00489  0.14467

Population B: Espirito Santo

Markers D10S1237 D12S391 D13S317 D16S539 D16S753 D21S14372S534 D22S689 D2S1338 D3S1358 D3S2387 D3S2406 D5S2503 S81B5 D7S820 D9S938 SE33 THO1

D10S1237
D12s391  0.47214

D13s317 0.01369  0.04399

D16S539 0.02835  0.54741  0.68035

D16S753 0.00000  0.15347  0.00880  0.00000

D21S1437 0.53177 092082  0.03715  0.21212  0.00782

D22s534 0.38807  0.88368  0.35875  0.70968  0.00000  0.19941

D22s689 0.00000  0.15445 019355  0.44282  0.00000  0.01857  0.22092

D2s1338  0.00000  0.33431  0.43793  0.03910  0.67155  0.11730  0.18084 .53205

D3sizss 0.19159  0.33627  0.43402  0.00489  0.00000  0.05767  0.10557 00880  0.85533

D3s2387 0.00000  0.05181  0.07722  0.00000  0.00000  0.00196  0.16227.00000  0.00587  0.00000

D3s2406 0.00000  0.00587  0.16618  0.00000  0.00000  0.53470  0.00000 00000  0.08798  0.00978  0.00000

D5S2503  0.60215  0.53568 077517  0.05865  0.00000  0.08309  0.06647 00000  0.02933 ~ 057771  0.00293  0.00000

psssis  0.00000  0.03128  0.00391  0.00000  0.00000  0.00000  0.00000 00000  0.00880  0.00000  0.00000  0.00000  0.00000

D7s820  0.00391 047703 031281  0.08113  0.00000  0.28837  0.04399 00000  0.18964 ~ 0.13294  0.02933  0.86901  0.20723  0.00098

p9so3s  0.00000  0.39101  0.00098  0.00000  0.00000  0.62366  0.00782 00000  0.20235  0.00000  0.00000  0.00000  0.03910  0.00000 09580

SE33 049756  0.04203  0.05572  0.00196  0.00391  0.03030  0.00293 17107  0.00489  0.79863  0.13978  0.49658  0.12023  0.00587 36@B  0.00978

THo1 016129 027957  0.03519  0.06843  0.39883  0.16129  0.10362 03000  0.10068  0.27468  0.02835  0.31867  0.49560  0.18377 7057 0.04399  0.34897

Population C: Minas Gerais

Markers D10S1237 D12S391 D13S317 D16S539 D16S753 D21S14372S534 D22S689 D2S1338 D3S1358 D3S2387 D3S2406 D5S2503 S81B5 D7S820 D9S938 SE33 THO1

D10S1237

D12s391  0.44379

D13s317  0.24633 0.48974

D16S539  0.95210 0.22972 0.56207

D16S753  0.00000 0.43988 0.15836 0.00000

D2151437 0.16618  0.43206  0.24829  0.31281  0.10850

D225534 0.89834  0.08602  0.89932  0.92473  0.09384  0.01075

D22S689 0.03324 0.63245 0.38025 0.90811 0.00000 0.31769 0.01466

D2s1338  0.71652 0.85826 0.26002 0.14467 0.09189 0.43695 0.41056 .01005

D3s1358  0.00098 0.58065 0.27077 0.12219 0.04692 0.59629 0.40665 56989 0.02542

D3s2387  0.00000 0.13392 0.38710 0.00000 0.00000 0.52981 0.03030 00000 0.04594 0.00000

D3s2406  0.09873 0.17791 0.42913 0.00000 0.00000 0.09580 0.04790 00000 0.80059 0.44184 0.04203

D5S2503  0.12805 0.13490 0.15934 0.02248 0.30010 0.11144 0.65982 .00000 0.22092 0.03910 0.10557 0.01662

D5S818 0.00000 0.41642 0.37243 0.00000 0.00000 0.19355 0.00000 00000 0.00293 0.00000 0.00000 0.00000 0.27761

D7S820 0.01760 0.63832 0.21408 0.18573 0.06549 0.51222 0.82111 684@6 0.28055 0.35973 0.48387 0.05181 0.14565 0.08407

D9S938 0.00000 0.01173 0.05670 0.00000 0.00000 0.03715 0.00098 00000 0.11730 0.00000 0.00000 0.00000 0.03519 0.00000 2083

SE33 0.33236 0.60117 0.14370 0.14370 0.07331 0.35875 0.56598 .00008 0.29814 0.36559 0.07625 0.37634 0.18573 0.00000 .36687 0.67058
THO1 0.48680 0.27664 0.22776 0.54448 0.66080 0.05670 0.02444 15680 0.28739 0.12708 0.06843 0.03519 0.62072 0.14858  7@04  0.04497 0.53568
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Supplementary Table 3

Supplemntary Table 3- Allelic Frequencies part a.

Allele  D2S1338  D3S1358* D3S2387  D3S2406  D5S818*  D5S2503 S3ZD*  DISI38 D10S1237 D12S391  D13S317* D16S539* D16S753 190237 D22S534  D22S689  SE33 THO1*
5 0.0002 0.0002 0.0022
6 0.0084 0.0116 0.1952
7 0.0058 0.0139 0.0003 0.0001 0.0055 0.0002 0.2717

7.1 0.0008

8 0.0211 0.163 0.0016 0.082 0.0268 0.0006 0.0172 0.0001 0.168
9 0.0306 0.1217 0.0006 0.0753 0.1811 0.0012 0.0825 0.0001 6261
9.3 0.1958

10 0.0597 0.2909 0.0047 0.041 0.0868 0.0025 0.1028 0.001 8.003

10.2 0.0005 0.0003
11 0.0007 0.3159 0.2245 0.0056 0.2948 0.285 0.0015 0.2894 002a. 0.0001

112 0.0067 0.0001
12 0.0022 0.3567 0.1574 0.0016 0.3225 0.2469 0.0593 0.312  0056.

12.2 0.0046 0.0014
13 0.0002 0.0049 0.0009 0.1869 0.0254 0.0001 0.133 0.1512 3028. 0.1277 0.0127

132 0.0009 0.0009
14 0.0001 0.1015 0.0003 0.0128 0.0031 0.0003 0.0003 0.0503 .0208 0.3886 0.0347 0.0323

142 0.0009
15 0.0015 0.2914 0.0009 0.0011 0.0001 0.0023 0.0546 0.0008 .0010 0.1737 0.0037 0.055

15.2 0.0267 0.002

15.3 0.0001
16 0.048 0.2805 0.0089 0.0001 0.0118 0.043 0.0648 0.0746

16.1 0.0001

16.2 0.0001 0.001

16.3 0.0001
17 0.1933 0.2162 0.0596 0.0922 0.1118 0.0052 0.083

171 0.0003

17.2 0.0023 0.0001 0.0004

17.3 0.0065
18 0.0738 0.094 0.0755 0.1082 0.2206 0.0003 0.1008

18.1 0.0001

18.2 0.0067 0.0003

18.3 0.0078
19 0.1271 0.0072 0.1031 0.1828 0.1553 0.0002 0.0973

19.1 0.0009

19.2 0.0039 0.0001 0.0001

19.3 0.0033
20 0.1297 0.0011 0.1099 0.244 0.1411 0.0648

20.2 0.0244 0.0031
21 0.0707 0.0002 0.134 0.1224 0.0897 0.0343

212 0.0279 0.0164
22 0.0809 0.1583 0.0874 0.0805 0.0121

22.2 0.0161 0.0184
23 0.1099 0.1283 0.001 0.0595 0.0529 0.002

232 0.0126 0.0215
24 0.082 0.0567 0.019 0.0417 0.0192 0.0005
24.2 0.0041 0.0275
25 0.0636 0.0273 0.0001 0.1557 0.0302 0.0101 0.0002
25.2 0.0006 0.0336
26 0.0167 0.0088 0.0002 0.2389 0.0029 0.0011 0.0001
26.2 0.0008 0.0487
27 0.002 0.0008 0.0001 0.2391 0.0003 0.0006 0.0004
27.2 0.0645
28 0.0001 0.0002 0.003 0.1602 0.0002 0.0007
28.2 0.0563
29 0.0135 0.1522 0.0005
29.2 0.0514
30 0.0286 0.0318 0.0001

30.2 0.001 0.0332
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Supplemntary Table 3 - Allelic Frequencies part b.

Allele  D2S1338

D3S1358*

D3s2387

D352406

D58818*

D5S2503  SgZ0*

D9S938

D10S1237

D12S391

D13S317*

D16S539* D16S753 190237 D22S534

D22S689

SE33

THO1*

31
31.2
32
32.2
33
33.2
34
34.2
35
35.2
36
36.2
37
38
39
40
41
42
43
44
45
46
105
109
113
117
121
125
129
133
137
141
145
149
236
240
244
248
252
256
260
264
268
272
276
280
284
288
350
354
358
362
366
370
374
378
382
386
390

0.0788
0.0007
0.1248
0.0007
0.1286

0.1303

0.112

0.102

0.081

0.0847
0.054

0.0267
0.0154
0.0096
0.0032
0.0011
0.0003
0.0001

0.0032
0.004

0.0926
0.1095
0.3243
0.3195
0.1116
0.0266
0.0048
0.0025
0.0013

0.0019

0.0005

0.0001

0.0002

0.0001
0.0016
0.0152
0.0173
0.0514
0.1819
0.2442
0.2077
0.1803
0.0678
0.0224
0.0084
0.0018
0.0002

0.0009
0.0197
0.0438
0.1716
0.0899
0.0929
0.3283
0.1287
0.0967
0.0251
0.0023
0.0001

0.0004
0.02
0.0007
0.0099
0.0003
0.003

0.0011
0.0002
0.0016
0.0003
0.0003

*CODIS markers.
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Supplementary Table 4

Supplentary Table 4 - Pairwise Fst [13] from 3 Brazilian populatiofgahia, Espirito Santo and
Minas Gerais“P=0.00000'P=0.00000 an&P=0,32432.

Bahia Espirito Santo Minas Gerais
Bahia 0.00000 + +
Espirito Santo 0.00028 0.00000 -
Minas Gerais 0.00063 0.00005 0.00000

Supplementary Table 5

Suplentary Table 5 - Mutations observed at 18 STR loci in the popafa from Bahia, Espirito Santo and
Minas Gerais, Brazil.

Locus N° of meiosis  N° of mutations  Mutation rate 958afdence limits
D2S1338 31418 15 0.0005 0-0.0010
D3S1358 30944 11 0.0004 0-0.0007
D3S2387 12556 2 0.0002 0-0.0003
D3S2406 24641 24 0.0010 0-0.0019
D5S818 15941 10 0.0006 0-0.0013
D5S2503 27065 15 0.0006 0-0.0011
D7S820 34939 17 0.0005 0-0.0010
D9S938 30357 4 0.0001 0-0.0003

D10S1237 20082 11 0.0005 0-0.0011
D12S391 32769 50 0.0015 0-0.0031
D13S317 30974 18 0.0006 0-0.0012
D16S539 24195 11 0.0005 0-0.0009
D16S753 12438 3 0.0002 0-0.0005

D21S1437 23797 6 0.0003 0-0.0005
D22S534 23291 10 0.0004 0-0.0009
D225689 18050 10 0.0006 0-0.0011

SE33 30821 68 0.0022 0-0.0044
THO1 27953 0 0 0-0

We estimated mutations rates for the 18 loci basethe analysis of the paternity cases (mother-son-
father, son-father or son-mother). The rate wasudatled using the number of mutations observedidivi
by the number of meiosis with the IC (95%).
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3.2 - Capitulo Il — Genetic profile and admixture of the Brazilian population based in

markers used for forensic applications

Artigo submetido para publicacdo na Forensic Science International — Genetics.

A populacdo brasileira é uma populacdo miscigenada com contribuicdo de
populacdes indigenas, europeias e africanas. Os objetivos deste trabalham eram: i)
determinar o perfil genético das populacBes Brasileiras e ii) demonstrar a contribuicdo
africana e europeia nas populacbes brasileiras. Neste estudo foram analisados 2.429
individuos ndo parentados extraidos do banco de dado 3 da Biocod Biotecnologia e 78
amostras do painel publico disponibilizado pelo Coriell Institute of Medical Research, 24
individuos com ancestralidade africana, 31 europeus e 23 latino-americanos miscigenados
(Hispanicos). Todos os individuos foram genotipados para os painéis de STR descritos por
Pinto et al (2014). Os resultados demonstraram que 0S marcadores previamente
caracterizados sdo informativos tanto para analises forenses quanto para estudos genético-
populacionais. Todas as populacdes e marcadores estdo em equilibrio de Hardy-Weinberg
apos a correcdo de Bonferroni (Supplementary Table 1-8, Table 1) e sdo geneticamente
diferentes (Table 1). As popula¢Bes Brasileiras receberam uma maior contribuicdo europeia
do que africana (Table 2, Figure 2). Nossos resultados mostram que a combinacdo estudada
de 18 CODIS e ndo-CODIS loco ¢ informativa para analise genética forense nas diversas
regides brasileiras, apesar de pequenas diferencas na estrutura da populacdo, que séo

consistentes com a histéria demografica brasileira dos ultimos quinhentos anos.
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Abstract

Brazilians trace their origins to the original Amerindians and two main sources of immigration: Africans
and Europeans. Based on 18 STR used in forensic applications, we study the admixture and genetic
structure of the Brazilian population. We analyze 2,429 unrelated individuals extracted to the Biocod’s
database classified in in five Brazilian geographic regions, and 78 ethnically diverse individuals with
European and African ancestry. The distribution of allelic frequencies across the five Brazilian
populations shows significant differences in 13 loci. All markers are highly informative for forensic
purposes. The five analyzed Brazilian regional populations (North, Northeast, Midwest, Southeast and
South) fit the Hardy -Weinberg model for all loci, with low level of genetic structure between them,

mainly determined by differences in the levels of African vs. European continental ancestry

Keywords: Brazilian population, STR, Forensic, ancestry, AMOVA, Structure.
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1. Introduction

Historically, the Brazilian population always experienced high levels of intermarriage between
ethnic groups, and Brazilians are known to be intensively admixed with Amerindian, European and
African ancestries and followed variable patterns of multidirectional introgression according to the
social and historical conditions in each geopolitical region along the last five centuries up to the
present day [1-3]. In this study we assess the genetic structure among the five Brazilian macro-region
using data from eighteen Short Tandem Repeat (STR) loci used for forensic genetics purposes [4],

genotyped in a large number of individuals.

2. Materials and Methods
2.1. Population samples

A STR database was built based on individuals of all Brazilian states who participated in
paternity tests conducted in the Biocod Biotechnology laboratory. In this study we analyze 2,429
unrelated individuals extracted from the Biocod’'s database. These individuals were divided according
to the geographic region of birth-place (Figure 1): North (N; 230 individuals), Northeast (NE; 989
individuals); Midwest (MD; 36 individuals); South (S; 175 individuals) and Southeast (SE; 999
individuals). Brazilian populations were compared with a publicly available panel that includes 24
individuals of African ancestry, 31 Europeans and 23 admixed Latin Americans (i.e., Hispanics) from

the Coriell Cell Repositories (Coriell Institute of Medical Research, Camden, NJ, USA).

Figure 1 — Map of Brazil divided accord to the geographic regions. The individuals were divided
according to the geographic region of birth-place: North (Green; N; 230 individuals), Northeast (Blue;
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NE; 989 individuals); Midwest (Violet; MD; 36 individuals); South (Yellow; S; 175 individuals) and
Southeast (Red; SE; 999 individuals).

2.2. STR amplification

All the 2,429 Brazilian samples and the 78 reference samples were genotyped for two STR-
multiplex (Panel 1 and Panel 2), for a total of 18 loco used in the Biocod lab routine. These markers
are divided in two groups: CODIS markers - D3S1358 (Panel 1), D5S818 (Panel 2), D7S820 (Panel
1), D13S317 (Panel 1), D16S539 (Panel 1) and THO1 (Panel 1); and non-CODIS markers - D2S1338
(Panel 2), D3S2387 (Panel 2), D3S2406 (Panel 2), D5S2503 (Panel 2), D9S938 (Panel 1), D10S1237
(Panel 1), D12S391 (Panel 2), D16S753 (Panel 2), D21S1437 (Panel 1), D22S534 (Panel 2),
D22S689 (Panels 1 and 2) and SE33 (Panel 1). Data for both Panels 1 and 2 were genotyped as
detailed by Pinto et al. [4].

2.3. Allele frequencies and population genetics sta tistics

Allele frequencies were calculated using GENEPOP [5] for each population. The statistics
(MP, matching probability; PIC, polymorphic information content; PD, power of discrimination; PE,
power of exclusion; TPI, typical paternity index), that estimate the informativeness of the markers,
were calculated using the PowerStats program v1.2.xls (Promega Corporation®). Observed and
expected heterozygosity [6] as well as deviation from Hardy—Weinberg equilibrium (HWE;

heterozygote deficiency) were estimated using the Arlequin software [7,8,9].

The Analyses of Molecular Variance (AMOVA) was carried out on the dataset by using the
Arlequin 3.5 software [9]. The analysis included data for all eight populations (North, Northeast,

Midwest, South and Southeast — Brazilian populations; African ancestry; Europeans and Hispanic).

The pairwise population genetic distance, Fst, was estimated according to Slatkins [10] by
using the program Arlequin 3.5 [9]. The significance of Fsr was determined using permutation tests

(1000 permutations) and 0.05 significance level.

Population structure was also analyzed using the Bayesian model-based analysis
implemented in the software STRUCTURE 2.3.4 [11]. Because we did not have data for Native
American samples, and several studies suggest that at least in the Northeast, Southeast and South of
Brazil, the Native American contribution is low [12], we assumed two parental populations (K=2). We
performed five independent runs of STRUCTURE, with 100,000 repetitions and a burn-in period of
20,000 following the admixture model and correlated allele frequencies, and considering the African
ancestry and Europeans individuals as belonging to parental populations and the Hispanics and

Brazilian individuals as admixed.
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3. Results and discussion

The Supplementary Tables 1-8 show the allele frequencies, forensic genetics statistics and
exact tests of Hardy-Weinberg equilibrium for each locus and population. All populations and loco are
in Hardy-Weinberg equilibrium after Bonferroni correction (P = 0.00034). All markers showed a high
degree of genetic polymorphism, PIC values were higher than 0.6 (60%). Also, the values of PIC were

higher than 0.5 what indicates this STR system to be informative and useful for identification purposes

[13,14].

Table 1- Locus by locus F-statisticss,FsTand kr

Locus ks (P value) 5T (P value) I (P value)
D10S1237 0.01841 (0.01822) 0.00232 (0.02475) 0.02m68%80)
D12S391 0.00329 (0.33782) 0.00112 (0.39139) 0.00430@00)
D13S317 0.02427 (0.00891) 0.00013 (0.89792) 0.02400901)
D16S539 -0.00253 (0.59634) 0.00065 (0.78426) -0.001.88733)
D16S753 0.02557 (0.01881) 0.00067 (0.90921) 0.02602783)
D21S1437 0.00149 (0.44644) 0.00189 (0.05436) 0.0a338%94)
D22S534 0.01045 (0.19950) 0.00316 (0.00931) 0.013%8F099)
D22S689 -0.01695 (0.92733) 0.00312 (0.01921) -0.01377 (0.89604)
D2S1338 0.00696 (0.16861) 0.00121 (0.30653) 0.00818604)
D3S1358 0.00946 (0.20089) 0.00112 (0.45089) 0.01058505)
D3S2387 0.01840 (0.02119) 0.00213 (0.21564) 0.02009488)
D3S2406 0.02062 (0.00208) 0.00066 (0.92733) 0.02100189)
D5S2503 0.01233 (0.13089) 0.00240 (0.04069) 0.01470708)

D5S818 0.01354 (0.20347) 0.00351 (0.11436) 0.0170@19)

D7S820 0.01464 (0.07396) 0.00021 (0.95832) 0.01486%84)

D9S938 0.02473 (0.00673) 0.00422 (0.00000) 0.02885 (0.00228)

SE33 0.00454 (0.18376) 0.00107 (0.43970) 0.005615%B45

THO1 0.01672 (0.05356) 0.00393 (0.00010) 0.02059 (0.02683)

P =0.00034, after Bonferroni correction. Signific® values are highlighted.

The AMOVA results showed low variation among populations for the studied loci (Table 1). Fst
values range from 0.00013 to 0.00422 for D13S317 and D9S938 respectively. Normally, it is expected
that Fsr values between populations are around 0.05 [15]. The F;r and F;s did not show significant
values considering the Bonferroni correction, consistently with the Hardy-Weinberg equilibrium test. In
general, Fst analysis (Table 2) shows that the studied Brazilian populations are closer to the

Europeans and Latin American/Hispanic populations than to the African ancestry Coriell individuals.
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Table 2 - Pairwiseds Genetic Distance between Populations

AFR EUR HIS N NE MD S SE
AFR + + + + + + +
EUR 0.02454 + + + - - +
HIS 0.02069 0.01218 - - - - -

N 0.01368 0.00768 0.00164 + - + -
NE 0.01534 0.00401 0.00376 0.00145 - + -
MD 0.01220 0.00462 0.00458 0.00000 0.00000 - -

S 0.02705 0.00204 0.00347 0.00327 0.00243 0.00121 +

SE 0.01361 0.00392 0.00409 0.00157 0.00011 0.00073 0.00307

The significant values were represented by “+” aigAbbreviations: AFR - African ancestry; EUR -
Europeans; HIS - Latin Americans/Hispanicos; N ftNpNE - Northeast; MD - Midwest; S - South; and
SE - Southeast.

These results are confirmed by the STRUCTURE analysis (Figure 2), that suggests that
African ancestry contributes between 17-23% to the studied Brazilian populations. Among Brazilian
populations; Midwest, Southeast, North and Northeast populations are nearest to and received more
admixture from the African population than the Southern population. The observed results are
consistent with the demographic history of the Brazilian population [1,2]. This result has the limitation
of not being including a Native American ancestry population in the analyses (i.e. the third continental
ancestral component of Brazilians) due to the lack of this data. However, because Native American
ancestry tends to be low in urban Brazilian populations [16], the absence of this data should not

critically affect the observed trend in admixture.

NE MD S SE

Figure 2 — Barplot of European (red) and African (blue) individual admixture inferred by Structure

o
-

o
©
<
o

8

0

0.4

0.2

AFREURH N

assuming two parental populations: AFR (African ancestry) and EUR (Europeans) from the Coriell
repository. Admixed population are Latin American/Hispanics (H) from the Coriell repository and

Brazilians (N: North, NE: Northeast, MD: Midwest, S: South and SE: Southeast). Estimated mean
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proportions across individuals of European and African admixture are shown for Brazilian populations
(N: 20.4% AFR and 79.6% EUR; NE: 21.8% AFR and 78.2% EUR; MD: 20.1% AFR and 79.9% EUR;
S: 17.4% AFR and 82.6% EUR; SE: 23.2% AFR and 76.8% EUR) and Latin American/Hispanic (H:
21.9% AFR and 78.1% EUR)

In conclusion, our results show that the studied combination of 18 CODIS and non-CODIS
loco are informative for forensic genetic analysis across the different Brazilian regions, despite small
differences in population structure, which are consistent with the Brazilian demographic history of the

last five-hundred years.
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Supplementary Table 1

Supplementary Table 1 - Allele frequencies of sevengegasomal STR lociin African ancestry part a

Alelo

D10S1237

D12S391

D16S539

D16S753

D21S1437 D22S534 2S68D

D251338

D3S1358

D3s2387

D352406

D5S2503  D5S818

D7S8D9S938

SE33

THO1

1.2

122
13
132
14
14.2
15
152
16
16.1
16.2
17
17.2
17.3
18
182
183
19
19.2
20
20.2
21
212
22
222
23
232
24
242
25
252
26
26.2
27
272
28
282
29
29.2
30
30.2
30.3
31
312
32
322
33
332
34
34.2
35
35.2
36
36.2
37
37.2
38
39
40
41

R8N

0.0435

0.2609

0.1087

0.1087

0.2174

0.0870

0.1087

0.0435

0.0217

0.0833

0.0625

0.1458

0.2500

0.0625

0.0833

0.0833

0.0833

0.0625

0.0208

0.0208
0.0208

0.0208

0.0652

0.2391

0.0870

0.3261

0.1304

0.1522

0.0208

0.0208

0.0833

0.1458

0.3333

0.3542

0.0417

0.0417

0.0208

0.1042

0.1250

0.0625

0.0208

0.5000

0.1042

0.0208

0.1250

0.0208

0.2708

0.1667

0.0833

0.1042

0.1250

0.0625

0.0208

0.0208

0.0435

0.3043

0.3043

0.3261

0.0217

0.0417

0.0208
0.0208

0.1250

0.1458
0.0208
0.1458

0.0625
0.1250
0.0417
0.0208
0.0625
0.0208
0.0625
0.0208

0.0208

0.0417

0.0417

0.0208

0.0625

0.0625

0.0208

0.0417

0.1667

0.1250

0.0417

0.0833

0.0625

0.0208

0.0833

0.1250

0.0417

0.1042

0.0417

0.1667

0.2292

0.4375

0.0208

0.2083
0.1042

0.2708

0.3542

0.0625

0.0227

0.1818

0.2045

0.2500

0.1818

0.1591

0.1042

0.0208

0.0417

0.0625

0.1042

0.0208

0.1250

0.1458

0.0208

0.0417

0.0417
0.0208

0.0417

0.0208

0.0417

0.0417

0.0833

0.0208

0.0208
0.1458
0.4583

0.2292
0.0417
0.0417
0.0208

0.0417
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Supplementary Table 1 - Allele frequencies of sevengegasomal STR lociin African ancestry part b

Alelo D10S1237

D12S391

D16S539

D16S753

D21S51437 D22S534 2S68D

D251338

D3S1358  D3S2387

D352406

D5S2503  D5S818

D7S8D9S938 SE33

THO1

105
109
113
117
121
125
129
133
137
141
145
244
248
252
256
260
264
268
272
276
280
284
288
350
354
358
362
366
370
374
378
382
386
390
N
OH (%)
EH (%)
P
MP
Bxp.as 1in v
PIC
PD
PE
TPI

23
0.782
0.856
0.662

0.0662

14
15114

0.818
0.934
0.567
2.300

24
0917
0.894
0316
0.069
14.400”
0864
0931
0830
6.000

14

23
0.826
0.802
0.902
0.096

g

10.373

0.754
0.904
0.648

v
2.875

0.0208
0.0833
0.1458
0.2083
0.1667
0.1250
0.1042
0.0625
0.0833

24
0.792
0.881
0.225
0.066
7
15.158
0.848
0.934
0.584
14
2.400

0.0208
0.0625
0.1042
0.1042
0.1042
0.2292
0.2917
0.0833

24
0.708
0.836
0.071
0.087

r
11.520
0.796
0.913
0.441
14
1.714

24
0.792
0.748
0.738
0.142

Ed
7.024
0.690
0.858
0.584
'3
2.400

24
0.792
0.721
0.991
0.108

7

909.2
0.682
0.892
0.584

7
2.400

24
0.792
0.863
0.074
0.080

[
12522
0.827
0.920
0.584
.
2.400

23 24
90.60 0.833
20.72  0.926

0.786 70.06
0.134 0560.
4 14
7.451 18.000
0.648 8990.
0.866 4409
0301 6206
3 v
1278 0003.

24
0.958
0.926

0.675
0.052

-

19.200

0.900
0.948
0.915

v
12.000

0.0208

0.0417
0.0833
0.3333
0.4167
0.0625
0.0417

24

0.750
0.715
0.565
0.167

3

6.000

0.653
0.833
0.510

v
2.000

24
0.625
0.731

0.043
0.160
3

6.261
0.674
0.840
0.322

4
1.330

24
0.708
0.759

0.396
0.132
[}

7.579
0.700
0.868
0.441

v
1714

22
0.682
0.822

0.226
0.095
7

10.522
0.774
0.905
0.401

14
1571

24
0.792
0.937

0.086
0.047

24
0.792
0.725

0.529
0.153

@116 6545

0.909
0.953
0.567
4
2.300

0.673
0.847
0.584
2.400

N, number of individuals per loci; OH, observeddreizygosity; EH, expected heterozygosity; P, Re§0.00034) after Bonferroni correction; MP, matghprobability; PD, power of discrimination; PIC,lpmorphism
information content; PE, probability exclusion; T®ipical paternity index
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Supplementary Table 2

Supplementary Table 2 - Allele frequencies of ségen autosomal STR loci in European population part

Alelo

D10S1237 D12S391

D16S539

D16S753

D21S1437 D22S5342SE8D

D2S1338 D3S1358 D3S2387

D3S2406

D5S2503  D5S818

D7S8R9S938

SE33

THO1

4

~ o o

10.2
11
11.2
12
122
13
132
14
14.2
15
15.2
16
16.1
16.2
17
17.1
17.2
17.3
18
18.2
183
19
19.2
20
202
21
212
22
222
23
232
24
242
25
252
26
262
27
272
28
282
29
292
30
302
303
31
312
32
322
33
332
34
342
35
352
36
362
37
38
39
40
a1
42
43

45

0.0469

0.0312

0.2969

0.2500

0.0938

0.1094

0.0625

0.0781

0.0312

0.0469

0.1094

0.0156
0.1562

0.1406

0.0156

0.1406

0.1094

0.0469

0.1406

0.0312

0.0469

0.1667

0.0500

0.3167

0.2333

0.1667

0.0667

0.0312

0.1875

0.5312

0.1094

0.1406

0.0156

0.0156
0.0469

0.0938

0.3594

0.3125

0.1094

0.0312

0.0156

0.0312

0.2344

0.1250

0.2031

0.1250

0.0469

0.0156

0.0781

0.0625

0.0625

0.0156

0.0156

0.0156

0.0312

0.2188

0.3594

0.2500

0.1094

0.0312

0.0469

0.0312

0.0938

0.1875

0.2969

0.2188

0.0781

0.0156

0.0750

0.0750

0.0500

0.1750

0.0750

0.1250

0.0750

0.1250
0.1500

0.0500
0.0250

0.0156
0.0781

0.0938

0.3281

0.2344

0.2500

0.1875
0.1406

0.2656

0.1719

0.1719

0.0625

0.0294

0.0882

0.1176

0.3235

0.2353

0.2059

0.0312

0.0156

0.0469

0.0781
0.0156

0.0625

0.0312

0.1094

0.0312

0.0156

0.0312

0.0156

0.0156

0.0625

0.0781

0.0469

0.0312

0.0312

0.0312

0.0469

0.0781

0.0156

0.0156

0.0156
0.0156

0.0161
0.1774
0.2097

0.0968

0.2258
0.2581

0.0161
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Supplementary Table 2 - Allele frequencies of ségen autosomal STR loci in European population part

Alelo

D10S1237 D12S391

D16S539

D16S753

D21S1437 D22S5342SE8D

D2S1338

D3S1358 D3S2387

D3S2406

D5S2503  D5S818

D7S8R9S938

SE33 THO1

105
109
113
117
121
125
129
133
137
141
145
248
252
256
260
264
268
272
276
280
284
288
350
354
358
362
366
370
374
378
382
386
390

N
OH (%)
EH (%)

P

MP

Bp.as 1 mi

PIC
PD
PE
TPI

14

32
0.969
0.827
0.037
0.125

8.000
0.792
0.875
0.937

16.000

“

32
0.906
0.898
0.334
0.053

(4

18.963
0.873
0.947
0.808

14
5.333

30
0.733
0.796
0.298
0.102

4

9.783

0.751
0.898
0.482

4
1.875

0.0312
0.1250
0.0781
0.2344
0.2031
0.2656
0.0625

32
0.813
0.819
0.262
0.094
L4
10.667
0.779
0.906
0.622
4
2.667

0.0781
0.0312
0.1250
0.4844
0.0469
0.1562
0.0781

32
0.719
0.721
0.585
0.127
4
7.877
0.682
0.873
0.458
4
1.778

32
0.500
0.660
0.090
0.170

[
5.885
0.609
0.830
0.188
v
1.000

32 32
0.875 0.844
0.760 0.869
0.641 0.136
0.131 0.068

v [4
7.642 4.629
0.712 0.839
0.869 0.932
0.745 0.683
7 v
4.000 3.200

32

32

00.75 0.813
90.75 0.822

0.692
0.117
v
8.533
0.706
0.883
0.510
k3
2.000

2087
720.0
[4
13.838
7850.
2809
2206
4
.6672

20
1.000
0910

0.982
0060

16.667

0.877
0940
0.898

4
10.000

0.0156

0.0625
0.0781
0.3750
0.2031
0.2031
0.0625

32
0.750
0.775

0.174
0.113

4

8.828

0.730
0.887
0.510

4
2.000

32
0.781
0.772

0.456
0.115
4
8.678
0.721
0.885
0.565
4
2.286

32
0.688
0.824

0.324
0.072

v

13.838

0.784
0.928
0.409

4
1.600

17
4
0.824
(4
0.799
0.801
0.114
(4
8.758
0.741
0.886
0.643
(4
2.833

32 3
0938 0806
0959 0810
0449 0857
0033 0084
30018 8641
0942 0766
0967 0916
0872 0611
8.000 2583

N, number of individuals per loci; OH, observeddretzygosity; EH, expected heterozygosity; P, Re#0.00034) after Bonferroni correction; MP, matghprobability; PD, power of discrimination; PIC,
polymorphisminformation content; PE, probabiliteleision; TP, typical paternity index
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Supplementary Table 3

Supplementary Table 3 - Allele frequencies of ségen autosomal STR loci in Latin American/His pgmipulation part a

Alelo

D10S1237 D12S391

D16S539

D16S753

D21S1437 D22S5342SE8D

D2S1338 D3S1358 D3S2387

D3S2406

D5S2503  D5S818

D7S8R9S938

SE33

THO1

4

~ o o

10.2
11
11.2
12
122
13
132
14
14.2
15
15.2
16
16.1
16.2
16.3
17
17.2
17.3
18
182
183
19
19.2
20
202
21
212
22
222
23
232
24
242
25
252
26
262
27
272
28
282
29
292
30
302
303
31
312
32
322
33
332
34
342
35
352
36
362
37
38
39
40
a4
42
43

45

0.0227

0.0227

0.1364

0.1364

0.2273

0.2273

0.0455

0.0455

0.0682

0.0227

0.0227

0.0227

0.1087

0.0435

0.0870

0.0435
0.1957

0.0435
0.2609

0.0217

0.0870

0.0652

0.0217

0.0217

0.0217
0.0870

0.1739

0.2826

0.1957

0.2174

0.0217

0.0435

0.4130

0.3696

0.0652

0.1087

0.0217
0.0435

0.1087

0.3261

0.3913

0.0652

0.0435

0.0909

0.1818

0.0227

0.0909

0.1364

0.0455

0.0227

0.2727

0.0227

0.0682

0.0455

0.0217

0.0435

0.3043

0.2391

0.2174

0.1522

0.0217

0.0435

0.0217

0.0217
0.0870

0.0652

0.1957
0.0652
0.0217
0.1522
0.0217
0.1087
0.1087

0.0652

0.0217

0.1087

0.0217

0.1739

0.0652

0.0870

0.0652

0.1522

0.1304

0.0435

0.0870
0.0435

0.0217

0.0217

0.0652

0.0870

0.3913

0.2391

0.1957

0.1364
0.1136

0.2727

0.3409

0.1136

0.0227

0.1842

0.2895

0.1579

0.2368

0.1316

0.0227

0.0227
0.0227
0.0227

0.0909

0.1136

0.0227

0.1136

0.0682

0.0227

0.0227

0.1591

0.0909

0.0455

0.0227

0.0909

0.0455

0.2273
0.2273

0.0909
0.1591
0.2500
0.0227

0.0227
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Supplementary Table 3 - Allele frequencies of ségen autosomal STR loci in Latin American/His pgmigpulation part b

Alelo

D10S1237 D12S391

D16S539

D16S753

D21S1437 D22S5342SE8D

D2S1338

D3S1358 D3S2387

D3S2406

D5S2503  D5S818

D7S8R9S938  SE33

THO1

105
109
113
117
121
125
129
133
137
141
145
244
248
252
256
260
264
268
272
276
280
284
288
350
354
358
362
366
370
374
378
382
386
390

N
OH (%)
EH (%)

P

MP

BExp.as 1 in’

PIC
PD
PE
TPI

14

22
0.909
0.868
0.629
0.079

r
12737

0.831
0.921
0.814
5.500

v

23
0.913
0.874
0.404
0.074

v

13.564
0.841
0.926
0.822

4
5.750

23
0.783
0.814
0.248
0.108

v

9.281

0.765
0.892
0.567

14
2.300

0.0435

0.0217
0.0870
0.3043
0.3043
0.1739
0.0435
0.0217

23
0.870
0.789
0.590
0.127
r
7.896
0.738
0.873
0.734
v
3.833

0.2273
0.0455
0.0909
0.2273
0.1591
0.1818
0.0682

22
0.864
0.842
0.703
0.087
r
11524
0.799
0.913
0.722
4
3.667

23
0.652
0.690
0.455
0.161

r
6.224
0.617
0.839
0.358
v
1.438

23 22
0.870 0.818
0.736 0.867
0.571 0.629
0.191 0.066

7 [4
5.23815.125
0.677 0.831
0.809 0.934
0.734 0.633
(4 v
3.833 2.750

23

23

20.65 0.870
40.79 0.910
70.10 0.189

0.155
0.108
v
9.281
0.742
0.892
0.358
r
1.438

6200
16030 "
8810.
3809
3407
.
8333,

23
0.826
0.909

0.059

v
17.065

0.879
0.941
0.648
2.875

14

0.1087
0.0435
0.1957
0.4348
0.1087
0.1087

23
0.783
0.752

0.311
0.142

v

7.053

0.703
0.858
0.567

4
2.300

23
0.739
0.756

0.106
0.149
r
6.696
0.699
0.851
0.491
4
1.917

22
0.591
0.782

0.143
0.112
r
8.963
0.729
0.888
0.280
4
1222

19
0.684
0.805

0.528
0.097

(4

10.314

0.749
0.903
0.404

v
1.583

22
0.818
0.932

0.425
0.045

22
0.955
0.818

0.466
0.120

22800 3458

0.904
0.955
0.633

r
2.750

0.769
0.880
0.908
11.000

N, number of individuals per loci; OH, observeddretzygosity; EH, expected heterozygosity; P, Re§0.00034) after Bonferroni correction; MP, matghprobability; PD, power of discrimination; PIC,

polymorphisminformation content; PE, probabiliteleision; TP, typical paternity index
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Supplementary Table 4

Supplementary Table - 4 Allele frequencie of eighteetosomal STR lociin North population of Brazirpa

Alelo

D10S1237 D12S391

D13S317

D16S539

D16S753 D21S1432SERd  D22S689

D2S1338

D3S1358  D3S2387

D3S2406

D5S2503 1B5S8D7S820

D9S938

SE33

THO1

4
5
6
7

71
8

93
10
10.2
11
112
12
122
13
132
14
142
15
15.2
16
16.1
16.2
17
17.2
173
18
182
183
19
19.2
20
20.2
21
212
22
222
23
232
24
242
25
252
26
26.2
27
272
28
282
29
29.2
30
30.2
30.3
31
312
32
322
33
332
34
342
35
352
36
36.2
37
38
39
40
41
42
43

45

0.0055

0.0083

0.0442

0.1077

0.1823

0.2182

0.1188

0.1077

0.0801

0.0663

0.0608

0.0239

0.0261

0.0935

0.0087
0.2326

0.0043
0.2022

0.1783

0.0804

0.0804

0.0435

0.0152

0.0065

0.0065

0.0023

0.0787
0.1065

0.0440

0.2569

0.3009

0.1435

0.0671

0.0232
0.1598

0.0902

0.3067

0.2448

0.1495

0.0258

0.0025

0.0025

0.0225

0.3775

0.3975

0.1300

0.0650

0.0025

0.0119
0.0030

0.0208
0.0685

0.0893

0.3274

0.0030

0.2917

0.1548

0.0238

0.0060

0.0459

0.2271

0.0677

0.1463

0.1179

0.0764

0.0677

0.1048

0.0568

0.0677

0.0218

0.0049

0.0711

0.3505
0.0191
0.3186 0.0127

0.1691 0.1274

0.0760 0.0764

0.0098 0.0860
0.0032
0.0796
0.0159
0.1210
0.0064
0.1624
0.0096
0.1497
0.0096
0.1497
0.0096

0.0350

0.0096

0.0028

0.0028

0.0284

0.0852

0.0909

0.1222

0.1222

0.0938

0.1136

0.0994

0.1108

0.0739

0.0341

0.0057
0.0142

0.0036
0.0144
0.0216

0.0072
0.0360

0.0647

0.3669

0.3237

0.1547

0.0072

0.0133

0.1327
0.1040

0.2832

0.2832

0.1416

0.0376

0.0044

0.0154

0.2829

0.1908

0.2083

0.1689

0.1162

0.0175

0.0022
0.0044

0.0133

0.0022

0.0156

0.0489

0.1044

0.0022

0.0800

0.1133

0.0022

0.1044

0.0644

0.0200

0.0133

0.0111

0.0156

0.0133

0.0356

0.0356

0.0022

0.0556

0.0600

0.0600

0.0422

0.0444

0.0133

0.0133

0.0044

0.0022

0.2303
0.3048

0.1316

0.1009
0.2237

0.0088
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Supplementary Table - 4 Allele frequencie of eighteetosomal STR lociin North population of Brazirpb

Alelo_D10S1237 DI12S391 DI13S317 _D16S539 DI6S753 D21S143PSERI  D22S689  D2S1338_ D3S1358  D3S2387 D3S2406  D5S2503_1B5S8D7S820  D9S938  SE33  THOL
105

109 00089

113 00356

17 0.1467

121 00978

125 00956

129 02011

133 01356

137 01533

141 00333

145 00022

248 0.0160

252 0.0256

256 01699

260 03045

264 0.2083

268 0.1891

272 00545

276 00256

280 0.0064

284

288

350 00025

354

358 0.1465

362 0.1692

366 02004

370 0.2601

374 0.1010

378 0.0202

382 00051

386 00051

390

N 181 230 216 194 156 225 200 168 229 204 157 176 198 139 126 228 225 228
OH(%) 0895 0861 0792 0778 0776 0876 0585 0786 4090 0765 0873 0892 0753 0712 080531 0781 0933 0754
EH(%) 0868 0850 0801 07910 0797 0833 0680 0772 7908 0738 0897 0906 0789 0733 079127 0799 0936 0778
P 0494 0772 0566 0232 0457 0711 0010 0762 0672 1005 0435 0111 0182 0900 088750 0604 009 0703
MP 0037 0039 0068 0069 0066 0055 0275 0095 0025 0601 0026 0023 0076 0116 00726084 0069 0013  0.082
Bp.aslin  27.369 7 25862° 14805 14448 15161 18780 6403. 10561 = 40762 9.434° 38940 44001 13257 8609 13272504.447 | 78242 12101
PIC 0851 0820 0765 0749 0762 0809 0612 0730 0865 6800. 0884 0895 0751 0671 07505398 0768 0932 0746
PD 0963 0961 0932 0931 0934 0945 0725 0905 0975 9408 0974 0977 0924 0884 09273916 0931 0987 0918
PE 0785 073 0594 0586 0574 0744 0146 0566 0826 6405 0740 0780 0527 0434 06244437 0573 087 0526
TPl " 4763 " 384 " 24677 24137 23437 3982 0907 2292 5864 28127 3925 " 468" 2082”1688  2esisl2 2335 7700 2076

N, number of individuals per loci; OH, observeddreizygosity; EH, expected heterozygosity; P, Re§0.00034) after Bonferroni correction; MP, matghprobability; PD, power of discrimination; PIC,
polymorphisminformation content; PE, probabilitylesion; TPI, typical paternity index.
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Supplementary Table 5

Supplementary Table 5 - Allele frequencies of ei

bsomal STR in Northeast population of Brazil part

Alelo  D10S1237 D12S391 D13S317 D16S539 D16S753 D21S1432SERd D22S689 D2S1338 D3S1358 D3S2387 D3S2406  D5S2503 1B5S8D7S820  D9S938  SE33 THO1
4 0.0005
5 0.0005
6 0.0113 0.0056 0.2158
7 0.0077 0.0182 0.0175 0.2503

71 0.0014
8 0.0888 0.0228 0.0246 0.0084 0.1638 0.0005 0.1591
0.0006 0.0836 0.1808 0.0038 0.0584 0.0238 0.1155 0.1648
93 0.1998
10 0.0012 0.0491 0.1023 0.0016 0.0928 0.0532 0.2700 0.0093
10.2 0.0007
11 0.0075 0.2847 0.2870 0.3165 0.0005 0.3235 0.2428 0.0015
112 0.0021 0.0010
12 0.0052 0.3161 0.2492 0.0638 0.3418 0.0042 0.3683 0.1561 0.0067
122 0.0063 0.0005
13 0.0040 0.1238 0.1435 0.3108 0.1034 0.0037 0.0011 0.1821 0.0313 150.0
132 0.0015
14 0.0006 0.0005 0.0517 0.0139 0.3942 0.0316 0.0990 0.0011 0.0140 03D.0 0.0376
142 0.0021
15 0.0006 0.0497 0.0016 0.0006 0.1598 0.0028 0.0005 0.3141 0.0011 0149.0 0.0499
15.2 0.0164 0.0036
16 0.0058 0.0456 0.0005 0.0611 0.0387 0.2823 0.0055 0.0766
16.1 0.0015
16.2 0.0005
17 0.0727 0.0928 0.0044 0.2085 0.1859 0.0669 0.0787
17.2
173 0.0035
18 0.1136 0.2008 0.0005 0.0860 0.0996 0.0592 0.1034
182 0.0044
183 0.0051
19 0.1834 0.1653 0.1216 0.0090 0.0987 0.0957
19.2 0.0055 0.0010
20 0.2630 0.1760 0.1307 0.0016 0.1228 0.0607
20.2 0.0329 0.0021
21 0.1130 0.0979 0.0575 0.1305 0.0165
212 0.0154 0.0190
22 0.0963 0.0720 0.0707 0.1732 0.0175
222 0.0121 0.0180
23 0.0634 0.0588 0.1180 0.1261 0.0005 0.0015
232 0.0044 0.0283
24 0.0392 0.0218 0.0905 0.0724 0.0205
242 0.0011 0.0221
25 0.0260 0.0086 0.0580 0.1951 0.0005
252 0.0298
26 0.0029 0.0173 0.2395 0.0015
26.2 0.0509
27 0.0006 0.0020 0.2373
272 0.0741
28 0.0006 0.0395 0.0033 0.1578
282 0.0011 0.0597
29 0.0066 0.0123 0.1232
29.2 0.0484
30 0.0022 0.0357 0.0249 0.0010
30.2 0.0006
30.3 0.0314
31 0.0848 0.0011
312 0.0237
32 0.1172
322 0.0108
33 0.1088 0.0005
332 0.0036
34 0.1451
342
35 0.1077
352 0.0021
36 0.0949
36.2
37 0.0887
38 0.0837
39 0.0497
40 0.0290
41 0.0246
42 0.0106
43 0.0017
44 0.0011
45 0.0006
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Supplementary Table 5 - Allele frequencies of eightaetosomal STR in Northeast population of Brazil part

Alelo_D10S1237 DI2S391 DI3S317 DI6S539  DI6S753 D21SI1432SERI  D22S689  D2S1338  D3S1358  D3S2387 D3S2406  D5S2503_1B5S8D7S820  D9S938  SE33  THOL
105 0.0005

109 00161

113 00348

117 0.1589

121 00862

125 0.0909

129 0.3287

133 01454

137 01096

141 0.0260

145 0.0031

244 00130

248 00206

252 0.0584

256 01548

260 0.2554

264 02251

268 01872

272 0.0595

276 00184

280 00032

284 00043

288

350 00016

354 00016

358 01176

362 0.1036

366 03134

370 03220

374 0.1084

378 0.0248

382 00038

386 00027

390 0.0005

N 867 986 957 899 462 963 917 711 983 944 456 896 927 357 974 925 972 971
OH(%) 0819 0865 0764 0792 0781 0801 0733 0755 0087 0765 0893 0897 0766 0689 079 0802 0938  0.800
EH(%) 0851 0870 0784 0792 0818 0816 0715 0759 2088 0768 0897 0906 0762 0723 0803 0808 0942 0799

P 0022 0011 0076 0526 0055 0206 0063 0815 0131 6095 0810 0946 0517 0225 0107 0371 0075 0001
MP 0040 0031 0080 0077 005 005 0134 0090 0026 9100 0021 0017 0034 0121 0071 0066 0008 0074
Bp.aslin 248207 3203 12515 13061 17263 18096 4907. 11101 ~ 38836 11.030° 46811 57915 10605 8280  14ds15217 7 122317 13458
PIC 0835 0856 0754 0760 0792 0795 0667 0724 0870 7310. 0887 0897 0725 0676 0774 0779 0936 0767
PD 0960 0969 0920 0923 0942 0945 0866 0910 0974 0909 0979 0983 0906 0879 0929 0934 0992 0926
PE 0635 0725 0534 0584 0565 0600 0481 0519 0734 3505 0780 0790 0534 0412 0591 0603 0867 0599
T 7 2761 " 3707 T 21177 2404”2287 2508 1871 2043 3850 1262 4653 " 4870 " 213" 1608”2447 2527  7.700 2.503

N, number of individuals per loci; OH, observeddreizygosity; EH, expected heterozygosity; P, Re§0.00034) after Bonferroni correction; MP, matghprobability; PD, power of discrimination; PIC,
polymorphisminformation content; PE, probabilitylesion; TPI, typical paternity index.
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Supplementary Table 6

Supplementary Table 6 - Allele frequencie of eightaetosomal STR loci in Midwest population of Braart a

Alelo

D10S1237 D12S391

D13S317

D16S539

D16S753 D21S1432SERd  D22S689

D2S1338

D3S1358  D3S2387

D3S2406

D5S2503 1B5S8D7S820

D9S938

SE33

THO1

4
5
6
7

71
8

93
10
10.2
11
112
12
122
13
132
14
142
15
15.2
16
16.1
16.2
17
17.2
173
18
182
183
19
19.2
20
20.2
21
212
22
222
23
232
24
242
25
252
26
26.2
27
272
28
282
29
29.2
30
30.2
30.3
31
312
32
322
33
332
34
342
35
352
36
36.2
37
38
39
40
41
42
43

45

0.0119

0.0119

0.0833

0.1071

0.1667

0.2738

0.1310

0.0833

0.0714

0.0476

0.0119

0.0893

0.0625

0.0893

0.2054

0.0982

0.2232

0.0893

0.0714

0.0714

0.0877
0.0702

0.0351

0.2544

0.3246

0.1930

0.0351

0.0106
0.1702

0.1064

0.2021

0.2979

0.1596

0.0532

0.0566

0.3585

0.3491

0.1792

0.0472

0.0094

0.0106

0.0106

0.0638

0.0426

0.4468

0.2553

0.1277

0.0319

0.0106

0.0526

0.1930

0.1140

0.1579

0.1316

0.0789

0.0789

0.0877

0.0526

0.0351

0.0175

0.0096

0.1250

0.2692

0.0119
0.3077 0.0119

0.1538 0.0476

0.1250 0.0595

0.0096 0.0952

0.1071

0.2143
0.0119
0.2262
0.0119
0.1310
0.0119
0.0238

0.0357

0.0521

0.1042

0.0938

0.1250

0.1250

0.0833

0.1562

0.1042

0.1042

0.0417

0.0104

0.0294
0.0147

0.0588

0.3529

0.4118

0.1324

0.1842
0.1667

0.2193

0.2807

0.1404

0.0088

0.0357

0.1607

0.2500

0.2321

0.0714

0.1964

0.0536

0.0182

0.0364

0.0727

0.0545

0.1000

0.0818

0.0455

0.0091

0.0455

0.0182

0.0091

0.0273

0.0091

0.0091

0.0091

0.0182

0.0455

0.1000

0.1273

0.0727

0.0455

0.0091

0.0182

0.0091

0.0091

0.2364
0.2636

0.1455
0.1182
0.2364
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Supplementary Table 6 - Allele frequencie of eighteetosomal STR lociin Midwest population of Brauairt b

Alelo_D10S1237 DI12S391 _DI13S317 D16S539 DI6S753 D21S1432SERI  D22S689  D2S1338_ D3S1358  D3S2387 D3S2406  D5S2503_1B5S8D7S820  D9S938  SE33  THOL

105

109 00182

113 00273

17 01273

121 0.1001

125 00727

129 0.2009

133 0.1636

137 01545

141 00182

145 00182

248 00238

252 00357

256 01429

260 0.2619

264 02143

268 02143

272 00714

276 00238

280 00119

284

288

350

354

358 0.1442

362 0.1250

366 0.2500

370 0.3365

374 0.0962

378 0.0385

382

386 0.0096

390

N 2 56 57 47 ) 55 53 a7 57 52 22 48 52 57 56 55 55

OH(%) 0857 0839 0737 0766 0690 0891 0679 0702 5089 0846 0785 = 0938 0654 0706 0789 0804 0945 0836
EH(%) 0857 0868 0785  0810° 0821 0837 0719 0719 8088 0785 0867 = 0901 0784 0694 0799 0817 0840 0791

P 0906 0767 0897 0111 0192 0939 0818 0777 0141 0064 0472 0599 0193 0775 0800 0534 0025 0774

MP 0051 0045 ~ 0082 0087 0070 0061 0128 0121 0043 9800 00488 0040 0087 0151 008l 0075 0030 0091
Bp.aslin 19600 7 22400 12165 11446 14256 16351 8257.° 8273 = 23043 10165 20512 25043 1155 6644 12354 28813 33362 ~ 10921

PIC 0830 0845 0745 0774 0785 0809 0661 0673 0869 7438. 0842 0881 0745 0628 0759 0783 0928 0749

PD 0949 0955 0918 0913 0930 0939 0872 0879 0957 0209 0951 0960 0913 0849 0919 0925 0970 0908

PE 0709 0674 0488 0537 0414 0777 0397 0432 0785 8706 0573 0872 0361 0437 0580 0607 0891 0668
TP 7 3500 " 3111 7 19000”21367 16154 4583 1555 1670 47h0 25037 233 7 8000 " 1444” 17007 2375 2545 9333 3056

N, number of individuals per loci; OH, observeddreizygosity; EH, expected heterozygosity; P, Re§0.00034) after Bonferroni correction; MP, matghprobability; PD, power of discrimination; PIC,

polymorphisminformation content; PE, probabilitylesion; TPI, typical paternity index.
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Supplementary Table 7

Supplementary Table 7 - Allele frequencie of eightaetosomal STR lociin South population of Braaittpa

Alelo

D10S1237 D12S391

D13S317

D16S539

D16S753 D21S1432SERd  D22S689

D2S1338

D3S1358

D352387

D3S2406

D5S2503 1B5S8D7S820

D9S938

SE33

THO1

4
5
6
7

71
8

93
10
10.2
11
112
12
122
13
132
14
142
15
15.2
16
16.1
16.2
17
17.2
173
18
182
183
19
19.2
20
20.2
21
212
22
222
23
232
24
242
25
252
26
26.2
27
272
28
282
29
29.2
30
30.2
30.3
31
312
32
322
33
332
34
342
35
352
36
36.2
37
38
39
40
41
42
43

45

0.0034

0.0034

0.0445

0.0616

0.1712

0.3596

0.1336

0.0822

0.0445

0.0479

0.0411

0.0068

0.0058

0.0289

0.0491
0.0029

0.1069

0.0116
0.1821

0.0087
0.1532

0.1618

0.1098

0.0780

0.0434

0.0405

0.0173

0.1175
0.0783

0.0753

0.2831

0.3042

0.0813

0.0602

0.0189
0.1289

0.0723

0.2830

0.3208

0.1447

0.0283

0.0031

0.0034

0.0034

0.0552

0.2966

0.4448

0.1276

0.0690

0.0041

0.0285
0.0528

0.0732

0.2805

0.3659

0.1545

0.0407

0.0514

0.2457

0.1200

0.1114

0.1143

0.0486

0.0457

0.1143

0.0343

0.0971

0.0143

0.0029

0.0030

0.0823

0.2652

0.3018

0.2104

0.1280

0.0091

0.0038
0.0038

0.0808

0.0962

0.1038

0.1038
0.0077

0.1423
0.0077

0.1731

0.1538

0.0846

0.0192
0.0038
0.0115

0.0038

0.0217

0.0109

0.0761

0.1268

0.1486

0.0906

0.0942

0.1123

0.0942

0.1196

0.0471

0.0290

0.0181
0.0036

0.0072

0.0132
0.0132

0.0088
0.0219

0.0614

0.3465

0.3465

0.1711

0.0175

0.0231

0.1734
0.0925

0.2775

0.2399

0.1734

0.0202

0.0231

0.1676

0.2139

0.2370

0.1329

0.1936

0.0289

0.0029

0.0029

0.0058

0.0174

0.0349

0.0494

0.1047

0.0930

0.0756

0.0640
0.0581
0.0058
0.0378
0.0145
0.0087
0.0262
0.0058
0.0262
0.0378
0.0203
0.0029
0.0465
0.0872
0.0669

0.0349

0.0465

0.0174

0.0058

0.0029

0.0029
0.1954
0.1810

0.1322
0.1638
0.3075
0.0172
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Supplementary Table 7 - Allele frequencie of eighteetosomal STR lociin South population of Braaittph

Alelo D10S1237 D12S391 _D13S317 _D16S539 DI16S753 D21S1432SERI D225689 D2S1338  D3S1358  D3S2387 _D3S2406  D5S2503 1B5S8D7S820  D9S938  SE33 _ THOL
105 0.0030

109 00119

113 0.0208

117 01250

121 0.0506

125 0.0982

129 03333

133 0.1696

137 01518

141 00327

145 0.0030

248 00129

252 00474

256 01897

260 02414

264 0.2457

268 0.2026

272 0.0560

276 0.0043

280

284

288

350

354

358 01166

362 01012

366 0.3037

370 02791

374 01503

378 0.0399

382 0.0061

386 00031

390

N 146 173 166 159 116 168 145 123 175 164 130 138 163 % 114 173 172 174
OH(%) 0774 0913 0777 0786 0802 0821 0690 0789 1089 0780 0869 0862 0798 0719 0763 0792 0948  0.782
EH(®%) 0808 0883 0794 0776 0802 0810 0692 075 1087 0773 0884 0902 0784 0729 0798 0816 094298 0792

P 0802 0183 0660 0847 0887 0564 0105 0472 0890 1085 0086 0440 0859 0554 0825 0654 0576 0660
Bxp.aslin 16971 31015 12757 11383 13483 15207 2086. 8781 = 20139 10916 29754 42,500  11.856  8.450 143326082 © 81667 = 12.807
PIC 0785 0869 0763 0739 0768 0785 0641 0717 085 7340. 0869 0890 0750 06800741 0765 0786 0938 0758
PD 0941 0968 0822 0912 0926 0934 0839 0886 0966 0809 0966 0976 0916 0882 0930 0938 0988 0922
PE 0552 083 0557 0574 0602 0639 0412 0578 0778 6305 0733 0719 0504 0459 0532 0584 0895 0565
TP " 2212 7 5767 T 22437 233 2522 2800 1611 2365 4605 27827 3824 " 3632 " 24707 1781 21100 2405 9722 2289

N, number of individuals per loci; OH, observeddreizygosity; EH, expected heterozygosity; P, Re§0.00034) after Bonferroni correction; MP, matghprobability; PD, power of discrimination; PIC,
polymorphisminformation content; PE, probabilitylesion; TPI, typical paternity index.
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Supplementary Table 8

Supplementary Table 8 - Allele frequencie of eighteetosomal STR lociin Southeast population of Bpemit a

Alelo  D10S1237 D12S391 D13S317 D16S539 D16S753 D21S1432SER4 D22S689 D2S1338 D3S1358 D3S2387 D3S2406  D5S2503 1B5S8D7S820 D9S938 SE33 THO1
4
5 0.0007 0.0005 0.0010
6 0.0088 0.0069 0.1898
7 0.0006 0.0022 0.0059 0.0132 0.2711
71 0.0020
8 0.0789 0.0246 0.0005 0.0236 0.0168 0.1515 0.1538
0.0012 0.0805 0.1693 0.0811 0.0325 0.1170 0.1665
9.3 0.2132
10 0.0018 0.0459 0.0818 0.0027 0.0966 0.0592 0.2893 0.0010 0.0046
10.2 0.0007
11 0.0047 0.2972 0.3009 0.0016 0.3060 0.0017 0.3254 0.2310 0.0031
11.2 0.0066 0.0005
12 0.0047 0.3137 0.2460 0.0571 0.3127 0.0033 0.3491 0.1722 0.0072
122 0.0052 0.0010
13 0.0018 0.1357 0.1568 0.2999 0.1202 0.0005 0.0072 0.0008 0.1864 228.0 0.0154
13.2 0.0005
14 0.0012 0.0005 0.0464 0.0200 0.3938 0.0324 0.0005 0.0945 0.0016 128.0 0.0025 0.0257
142 0.0010
15 0.0035 0.0505 0.0015 0.1734 0.0029 0.0010 0.2928 0.0030 0.0565
15.2 0.0256 0.0026
16 0.0129 0.0409 0.0678 0.0435 0.2790 0.0085 0.0740
16.1 0.0020
16.2 0.0005
17 0.0959 0.0959 0.0027 0.2042 0.2193 0.0660 0.0843
17.2 0.0008 0.0005
173 0.0061
18 0.1099 0.2119 0.0642 0.0917 0.0691 0.1043
18.2 0.0070
183 0.0055
19 0.1684 0.1559 0.0005 0.1294 0.0099 0.1025 0.0940
19.2 0.0062
20 0.2450 0.1473 0.1304 0.0006 0.1180 0.0576
20.2 0.0210 0.0036
21 0.1205 0.0893 0.0723 0.1452 0.0226
212 0.0272 0.0231
22 0.0860 0.0964 0.0799 0.1615 0.0139
222 0.0116 0.0154
23 0.0643 0.0621 0.1132 0.1297 0.0005 0.0036
232 0.0085 0.0190
24 0.0409 0.0217 0.0809 0.0466 0.0159 0.0010
24.2 0.0039 0.0242
25 0.0316 0.0131 0.0597 0.1409
252 0.0303
26 0.0047 0.0010 0.0182 0.2352
26.2 0.0488
27 0.0020 0.2442
272 0.0704
28 0.0012 0.0272 0.0024 0.1573 0.0010
28.2 0.0601
29 0.0109 0.0142 0.1732 0.0005
29.2 0.0653
30 0.0008 0.0385 0.0286
30.2 0.0006
30.3 0.0339
31 0.0729 0.0026 0.0005
312 0.0012 0.0170
32 0.1226 0.0005
322 0.0092
33 0.1309
332 0.0031
34 0.1286 0.0011
34.2 0.0005
35 0.1167 0.0005
352 0.0015
36 0.1037 0.0005
36.2 0.0005
37 0.0776
38 0.0895
39 0.0474
40 0.0243
41 0.0160
42 0.0089
43 0.0030
44 0.0012
45
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Supplementary Table 8 - Allele frequencie of eighteetosomal STR lociin Southeast population of Bpeeit b

Alelo_D10S1237 DI12S391 _DI13S317 _D16S539 DI6S753 D21S143PSER!  D22S689 D2S1338_ D3S1358  D3S2387 D3S2406  D5S2503_1B5S8D7S820  D9S938  SE33  THOL
105 0.0005

109 00169

113 00406

17 0.1607

121 0.0888

125 0.1006

129 03306

133 01304

137 01027

141 00267

145 00015

244 00219

248 0.0180

252 00438

256 01862

260 0.2488

264 02152

268 01792

272 00532

276 00203

280 0.0004

284 0.0031

288 00008

350 00011

354 0.0040

358 0.0909

362 01194

366 02989

370 03331

374 0.1183

378 00269

382 0.0040

386 0.0023

390 0.0011

N 855 901 969 874 639 974 937 678 989 905 644 844 875 507 987 oa4 973 985
OH(%) 0850 0864 0760 0799 0812 0817 0710 0795 7508 0751 0882 0871 0746 0746 0787 0780 0939 0759
EH(%) 0862 0874 0778 0788 0820 0817 0717 0777 4088 0771 089 0903 0763 0733 079 0810 0941 0794

P 0408 0275 0790 0079 0083 0228 0324 0129 0078 9057 0782 0098 0801 0177 0991 0194 0051 0001
MP 0034 0028 0077 0078 0060 005 0129 0085 0025 8300 0020 0018 0091 0126 0072 0064 0008 0074
Bp.aslin  29348° 35179 12961 12801 16645 18000 7597. 11.807 = 39334 11325 50430 55660 10942  7.965 138775717 110915 13429
PIC 0847 0861 0746 0756 0794 079 0670 0745 0872 7340. 0888 08¢ 0727 0688 0766 0782 0934 0761
PD 0966 0972 0923 0922 0940 0945 0871 0915 0975 1209 0980 0982 0909 0874 0928 0936 0992 0926
PE 0695 0722 0526 0596 0622 063 0443 050 0744 1205 075 073 0503 0502 0576 0562 0869 0526
TPl 7 3340 7 3670 " 2079”7 2483 2663 2736 1725 2439 3988 o012 4237 " 382" 1070” 1065° 23500 2268  7.788 2078

N, number of individuals per loci; OH, observeddreizygosity; EH, expected heterozygosity; P, Re§0.00034) after Bonferroni correction; MP, matghprobability; PD, power of discrimination; PIC,

polymorphisminformation content; PE, probabilitylesion; TPI, typical paternity index.
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4 - DISCUSSAO

Durante décadas as andlises forenses baseavam-se em sistemas multiplex
compostos por 10-15 STRs que forneciam informacfes genéticas suficientes para elucidar
casos simples de verificacdo de parentesco. Estes STRs eram a base dos bancos de dados
europeus e norte-americano como o CODIS. No entanto, recentemente, outros conjuntos de
STRs autossbmicos vém ganhando destaque para aumentar as chances de resolucdo de
casos complexos de verificacdo de parentesco. Todas essas aplicagcbes requerem tanto
sensibilidade forense quanto um nimero maior de marcadores genéticos disponiveis para
obter probabilidades suficientemente informativas (Phillips et al.,, 2014; Asamura et al.,
2007). Na presente tese, caracterizamos nove novos STRs e analisamos dois novos
conjuntos de marcadores, totalizando dezoito marcadores, que sdo mesclados com o0s
marcadores do sistema CODIS com o objetivo de caracterizar e avaliar a informatividade

desses conjuntos para andlises forenses e estudos populacionais.

Conhecer a localizagdo cromossémica, o0 motivo de repeticédo, os alelos disponiveis e
o tamanho do produto de PCR sao imprescindiveis para a padronizagdo de novos sistemas
multiplex (Buttler, 2007). Na primeira etapa do nosso estudo foram caracterizados
molecularmente nove novos marcadores STRs, todos os marcadores possuem quatro bases
em cada motivo de repeticdo e sdo classificados como tetranucleotideos. Em aplicagcbes
forenses, é mais comum utilizar STRs tetranucleotideos, pois estes apresentam menor
namero de problemas com picos stutter (Jobling & Gill, 2004). Os picos stutter sdo artefatos
resultantes da amplificacdo de STRs, caracterizados pela presenca de uma unidade de
repeticdo mais curta em relagdo ao alelo principal (Buttler, 2007; Seo et al., 2014). Apenas
dois STRs possuem motivo de repeticdo imperfeito, mais de um tipo de motivo repeticdo
para o0 mesmo STR, este tipo de motivo de repeticdo € formado por mutacdes pontuais e

pequenas insercdes e dele¢cdes durante a evolucdo de cada loco (Pemberton et al., 2009).

As evidéncias do DNA em analises forenses e teste de paternidade sdo baseados
nas interpretacdes de similaridades e diferengas em cada marcador genético. Nos testes de
paternidade, as diferencas nos marcadores entre 0 suposto pai e o filho definem a excluséo
da paternidade. No entanto, mutacfes espontaneas na linhagem germinativa do suposto pai
para um determinado marcador sdo naturais e promovem a alta variabilidade destes
marcadores (Kayser & Sajantila, 2001). Os STRs possuem uma taxa de mutacdo média de
1,2 x 10® (Brinkmann et al., 1998), no nosso estudo podemos observar uma variacdo na
taxa de mutac&o entre 1 x 10 para 0 D9S938 e 2,2 x 10 Para o SE33. Os marcadores que

possuem as taxas mais altas de mutacdo sao aqueles com motivo de repeticdo imperfeito e

63



possuem mais de 10 motivos de repeticdo, como SE33 (Wenda et al., 2005), D12S391
(Lareu et al., 1996) e D3S2406. Os marcadores com sequéncias imperfeitas e com um
maior numero de repeticbes sdo mais susceptiveis a eventos mutacionais (Brinkamnn et al.,
1998; Pemberton et al., 2009).

As analises estatisticas dos parédmetros forenses sdo usadas para auxiliar na
interpretacdo de resultados de identificacdo genética e verificacdo de parentesco. Estas
andlises atribuem valor aos resultados obtidos e facilitam a resolugdo dos casos forenses
(Huston, 1998). Os resultados obtidos para os conjuntos de marcadores aqui caracterizados
com o objetivo de auxiliar nas andlises com os kits convencionais apresentaram bons
resultados comparados aos outros kits, como HDPlex e Powerplex ESX 17, desenvolvidos
com 0 mesmo objetivo. Por exemplo, a probabilidade de correspondéncia (Random match
probability) observada no nosso estudo foi de 4,036 x 10** enquanto no HDPlex (Qiagen®),
composto por 13 locos, variou entre 1,0 x 10™° a 3,3 x 10 (Phillips et al., 2014). Quando
comparamos com o Powerplex ESX 17 (Promega®), composto por 17 locos, confirmamos
0s bons resultados, a média da informacdo polimérfica contida nos marcadores do
Powerplex ESX 17 foi de 81,3% enquanto nos marcadores aqui caracterizados foi de 79,5%
(Sousa et al., 2014).

Bancos de dados populacionais séo criados para manter a informacdo genética de
cada individuo para um dado marcador. Estes bancos de dados sdo definidos por grupos
étnicos e regibes geograficas porque os alelos podem ter diferentes frequéncias em
diferentes populacdes (Huston, 1998). Sendo assim, a Ultima etapa para validacdo dos
conjuntos de marcadores é o estudo populacional baseado nestes marcadores que esta

descrito no capitulo II.

A estrutura genética € moldada ao longo do tempo pela interacdo de diversos fatores
como selecdo natural, deriva genética, mutacdo, migracdo, endogamia, efeito fundador,
entre outros. Uma das formas de se avaliar a estrutura genética das populacdes € o uso dos
indices de fixacdo (estatistica F de Wright) como medidas de distancias genéticas (Silva,
2010).

Na analise do Fg loco por loco (Tabela 1 — Capitulo IlI) todos os marcadores
apresentaram valores baixos e apenas dois marcadores D9S938 e THO1 apresentaram
valores significativos. Os resultados do F¢ entre as populacfes analisadas par a par (Tabela
2 — Capitulo Il) também apresentaram baixos valores entre as populacfes brasileiras, sendo

que dos 10 valores computados 4 apresentaram valores significativos. O valor mais alto foi
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observado entre a populacdo Norte e Sul, o que condiz com a distancia genética entre as
duas populagbes. Os valores baixos entre as populagcbes brasileiras foram relatados

previamente (Lins, 2007).

Os outros dois componentes das estatisticas F sdo o F; e Fis (Tabela 1 — Capitulo 1)
nao apresentam valores significativos e assim confirmam os resultados observados nas
andlises do equilibrio de Hardy-Weinberg, onde foi observado que apo0s correcdo de

Bonferroni todas as populag6es estdo em equilibrio.

Para finalizar as analises populacionais baseadas nos conjuntos de marcadores
caracterizados nesse estudo verificamos a contribuicdo genética das populacfes africanas e
europeias nas populacdes brasileiras. Para isso analisamos as popula¢des do repositorio
Coriell para o painel de marcadores caracterizados. Foram analisadas populacdes europeia,
africana e hispanica. As populacdes europeias e africanas foram estudas por que
historicamente a populacao Brasileira € um produto do complexo processo de miscigenacéo
gue tem entre suas raizes principais estas populagdes. Infelizmente ndo tivemos acesso a
populacdes amerindias que completariam as raizes principais da formacdo da populacdo

brasileira. A populacéo hispéanica foi incluida por ser composta por individuos miscigenados.

Os resultados do F par a par (tabela 2 — Capitulo 1) mostraram valores significativos
para todas as comparagfes em relacdo a populacao Africana, sendo que a maior diferenca
foi em relagdo a populagdo Sul. A populacdo Europeia s6 ndo demonstrou valores
significativos na comparacdo com as populacdes Centro-Oeste e Sul. Estes resultados
foram confirmados analisando os resultados do STRUCTURE (Figura 2 — Capitulo Il) onde
verificamos que a contribuicdo europeia € maior que a africana variando entre 78,2% na
populacdo Nordeste e 82,6% na populagdo Sul. Os resultados das populacdes brasileiras
foram proximos ao resultado observado para os hispanicos miscigenados com 78,1% de
contribuicdo europeia. Os resultados encontrados condizem com outros estudos com
populacBes brasileiras onde foi observada uma contribuicdo europeia que varia entre 68% -
Norte e 81% - Sul (Lins et al., 2010).

Ao final podemos concluir que os marcadores caracterizados sdo bons marcadores
para elucidar casos forenses por se mostraram tdo informativos quanto os marcadores do
sistema CODIS. As andlises destes novos marcadores auxiliardo na resolucdo de casos

complexos de verificacdo de parentesco e casos post-mortem.

Nas analises populacionais foi possivel verificar diferengas genéticas significativas

entre as populacgdes brasileiras. Ainda nas andlises populacionais foi possivel confirmar que
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a contribuicdo genética europeia foi maior que a africana durante o processo de formacgéo

da populacao brasileira.
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5 - CONSIDERACOES FINAIS

Na ultima década as andlises forenses no Brasil tiveram um grande avanco. Os
testes de DNA foram considerados como um dos eventos que mudaram a vida dos
brasileiros, pois ela foi amplamente difundida junto ao direito de familia. A juncdo dessa
divulgacao aliada aos avancos das tecnologias e diminuicdo dos custos com os testes fez
com que os testes de verificagcdo de parentesco se popularizassem, muitos casos sao
custeados pelo governo e outros érgdos publicos. Com essa popularizacdo o niumero de
casos complexos, como irmandades e vinculos genéticos familiares, aumentou
significativamente. Sendo assim, 0s peritos responséveis pela elucidacdo destes casos
contam cada vez mais com 0s avangos tecnoldgicos e com estudos como este que além de

validarem novos marcadores, trazem informagdes sobre a populagéo brasileira.
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Abstract

The phagoqr:e NADPH oxidase catalyzes the reduction of O, to reactive oxygen species with microbicidal activity. It is
composed of two b g subunits, gp91-phox and p22-phox (encoded by CYBB and CYBA, respectively),
and three cytoplasmic subumts, p4D-phox, p47-phox, and p67-phox (encoded by NCF4, NCF1, and NCF2, respectively).
Mutations in any of these genes can result in chronic granulomatous disease, a primary immunodeficiency characterized
by recurrent infections. Using evolutionary mapping, we determined that episodes of adaptive natural selection have
shaped the extracellular portion of gp91-phox during the evolution of mammals, which suggests that this region may
have a function in host-pathogen interactions. On the basis of a resequencing analysis of approximately 35 kb of CYBB,
CYBA, NCF2, and NCF4 in 102 ethnically diverse individuals (24 of African ancestry, 31 of European ancestry, 24 of Asian/
Oceanians, and 23 US Hispanics), we show that the pattern of CYBA diversity is compatible with balancing natural
selection, perhaps mediated by catalase-positive pathogens. NCF2 in Asian populations shows a pattern of diversity
characterized by a differentiated haplotype structure. Our study provides insight into the role of pathogen-driven natural
selection in an innate immune pathway and sheds light on the role of CYBA in endothelial, nonphagocytic NADPH
oxidases, which are relevant in the pathogenesis of cardiovascular and other complex diseases.

Key words: innate immunity, immunogenetics, chronic granulomatous disease.

have no measurable respiratory burst, and in less than 5%

Introduction of patients, low levels of ROS production are noted

The phagocyte NADPH oxidase, also known as the “respira-
tory burst oxidase” is an enzymatic complex thar plays a
critical role in innate immunity. Phagocyte NADPH oxidase
catalyzes the reduction of oxygen to OF, generating reactive
oxygen species (ROS) that are key components of phagocytic
microbicidal activity (Heyworth et al 2003). Phagocyte
NADPH oxidase includes two membrane-spanning polypep-
tide subunits, gp91-phox and p22-phox (encoded by CYBB
and CYBA, respectively), and a set of cytoplasmic polypeptide
subunits, p40-phox, p47-phox, and p67-phox, as well as a
GTPase, either Racl or Rac2 (encoded by NCF4, NCFI,
NCF2, and RACT or RAC2, respectively). Upon induction,
the cyroplasmic subunits bind the transmembrane compo-
nents and activate the enzymatic complex, producing ROS
(fig. 1; Sumimoto et al. 2005). Mutations in CYBB, CYBA, NCF1,
NCF2, or NCF4 can result in chronic granulomatous disease
(CGD), a primary immunodeficiency. Most CGD patients

(Heyworth et al. 2003). Approximately 70% of CGD cases
are X-linked, owing to murations in CYBB (Heyworth et al.
2003), and there is a high degree of allelic heterogeneity in
X-linked as well as in autosomal forms of CGD, except for
cases due to NCF1 murations (see the Immunodeficiency
Murations Database:  hrtepy//bioinfutafi/base_root/muta
tion_databases_listphp, last accessed July 16, 2013), NCF1 re-
sides in a complex region of chromosome 7q11, and most
CGD murations result from gene conversion of the wild-type
gene to one of several neighboring, highly paralogous pseu-
dogenes (Chanock et al. 2000).

Several studies in animal models and in vitro have con-
firmed the long-standing clinical observation that the
NADPH oxidase is critical for defense against catalase-positive
bacteria and fungi (Buckley 2004). Association studies have
suggested a role for common genetic variants in CGD genes as
susceptibility alleles for tuberculosis and malaria (Bustamante
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Fic. 1. Components of the phagocyre NADPH oxidase. Representation
of the inactivated (left) and activated (right) forms of the phagocyte
NADPH oxidase components, reproduced from Heyworth et al. (2003),
The acrivated form is responsible for the respiratory burst. The proteins
(and genes) are gp91 (CYBB, Xp21.1), p22 (CYBA, 16q24), p67 (NCFZ,
1q25), p40 (NCF4, 22q13.1), and p47 (NCFT, 7q11.23),

et al. 2011), as well as for immune related diseases such as
Crohn's disease and lupus, as identified in genome-wide as-
sociation studies (GWAS) in European populations (Rioux
et al. 2007; Roberts et al. 2008; Jacob et al. 2012). Besides
the phagocyre NADPH oxidase, other NADPH oxidases
with different functions are expressed in a variety of
nonphagocytic cells, including the endothelium, and have
been implicated in cardiovascular and renal disease.
Although p22-phox (encoded by CYBA) is a protein compo-
nent shared by several of these NADPH oxidases (also called
Nox), other more specific protein subunits are encoded by
different Nox genes homologous to the genes coding for the
phagocytic subunits (Sumimoto et al. 2005; San José et al.
2008). Although these nonphagocytic NADPH oxidases nor-
mally produce less OF, even small imbalances in ROS levels
may cause tissue damage due to oxidative stress, which is
correlated with the pathogenesis of gout, chronic obstructive
pulmonary disease, rheumatoid arthritis, and cardiovascular
diseases (Brandes and Kreuzer 2005). Therefore, variants in
NADPH oxidase genes may have pleiotropic effects across a
spectrum of disorders (Santiago et al. 2012).

Despite the involvement of the NADPH oxidase in a range
of dinically relevant phenotypes, our knowledge of the se-
quence diversity of NADPH genes mostly derives from CGD
patients. Although targeted SNP genotyping has been per-
formed in the context of association studies for CYBA
(Bedard et al. 2009) and NCF4 (Olsson et al. 2007), none of
the large-scale resequencing efforts, such as Seattle SNPs
(htp://pgagswashingtonedu/, last accessed July 16, 2013),
Innate Immunity PGA (htcp://www.pharmgatorg/lIPGA2/
index_html, last accessed July 16 2013), and the Cornell-
Celera initiative (Bustamante et al. 2005), have included the
NADPH oxidase genes, and the coverage of these genes for the
current release of the 1000 Cenomes Project remains low for
most of the studied individuals (1000 Genomes Project
Consortium et al. 2012; average coverage and their standard
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deviations on May 2013 are CYBB: 40+22, CYBA: 35+ 20,
NCF2: 49+2.7, and NCF4: 49+2.7). Although GWAS have
identified common variants that contribute to complex phe-
notypes, a component of missing heritability of common dis-
eases due to rare variants that are detectable only by
resequencing is emerging, In this study, we analyzed the pat-
tern of sequence diversity of four of the NADPH genes (CYBB,
CYBA, NCF2, and NCF4) between mammalian species and in
human populations by resequencing these genes in 102 eth-
nically diverse individuals. We interpreted our results in terms
of evolutionary histories, by addressing the action of natural
selection and focusing on two temporal scales: mammalian
evolution and recent human evolution. We excluded NCF1
from our study because its high homology with its pseudo-
genes prevents reliable sequencing in individual samples
(Chanock et al. 2000). Several studies have shown the impor-
tance of natural selection on the evolution of immunity genes
at both the interspecific (Kosiol et al. 2008) and population
levels (Ferrer-Admetlla et al. 2008; Barreiro et al. 2009; Barreiro
and Quintana-Murci 2010). By definition, variants under nat-
ural selection are associated with different reproductive effi-
ciencies (fitness) of their carriers and contribute to phenotype
variability; therefore, they may be biomedically relevant by
influencing the susceptibility to rare or common diseases.
The goals of this study are as follows: 1) to determine whether
the pattern of diversity of human phagocyte NADPH genes
reflects the action of different types of natural selection, 2) to
elucidate the evolutionary dynamics of NADPH genes at the
temporal scales of mammals and humans, and 3) to under-
stand the biomedical implications of this evolutionary process
in human populations.

Results

Molecular Evolution of NADPH Genes along
Mammalian Phylogeny

We examined signatures of natural selection across the
coding regions of NADPH genes by analyzing sequences
from the complete genomes of 29 mammals listed in the
Entrez and Ensembl databases (Lindblad-Toh et al. 2011,
one sequence for each species, see supplementary material,
Supplementary Material online for details) and comparing
the amount of nonsynonymous and synonymous substitu-
tions (Nielsen et al. 2005). When comparing a set of homal-
ogous sequences from different species, most of the observed
differences are fixed: that is, the differences are monomorphic
within a species because enough time has passed for the
observed variant to appear, increase its frequency and reach
a frequency of 1 (Kimura 1974). We compared the number of
fixed synonymous substitutions (dS, assumed to be neutral)
and fixed nonsynonymous substitutions (dN, for which we
test the hypothesis of natural selection) between species
using the parameter ¢ = dN/dS, which is informative of the
action of natural selection at the inter-specific level (Yang
2007a). Under neutral evolution of nonsynonymous substitu-
rions, these substitutions fix at the same rate as synonymous
substitutions, and therefore dN = dSand @ = 1. If nonsyn-
onymous substitutions tend to be deleterious, purifying
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selection maintains the substitutions at low frequencies and
prevents fixation at the same rate as synonymous substitu-
tions, resulting in dN < dS and @ < 1. On the other hand, if
episodes of positive natural selection (thar raise the frequency
of beneficial variants) are frequent, nonsynonymous substi-
tutions increase in frequency and fix more rapidly than neu-
tral synonymous substitutions, thus, dN > dS and @ = 1. We
used the maximum likelihood framework developed by Yang
(2007a) to estimate e for the NADPH oxidase genes under a
variery of evolutionary models, as implemented in the PAML
software (Yang 2007b). This approach allows inferences about
the evolution of a coding region along an interspecific phy-
logeny and maps the codons that have evolved under strong/
weak purifying selection, neutrality, or adaptive positive se-
lection (see supplementary material, Supplementary Material
online for details).

In general, PAML evolutionary models thart allow a combi-
nation of purifying selection and neutrality are reasonably re-
alistic. These models are nested with respect to models that
also incorporate positive selection at the cost of adding new
parameters. We evaluated the improvements in the goodness
of fit of the data using the latter model with respect to the
former models by applying a likelihood ratio test (LRT). After
firting the data to the most appropriate evolutionary model,
Naive Empirical Bayes (NEB) or Bayes Empirical Bayes (BEB)
approaches were used to infer the w parameter for each codon.

For the 29 species of mammals considered, we filtered
based on quality control (supplementary table S1, Supple-
mentary Material online) and analyzed 570 codons of CYBB
in 26 species, 198 codons of CYBA in 16 species, 526 codons of
NCF2 in 23 species, and 339 codons of NCF4 in 20 species (see
supplementary material, Supplementary Material online for
further details including the species and sequences used for
the analyses, the parameter estimations for the different
models and the LRT results). Here, we only present the results
of model M3 of Yang (2007a) with three (K= 3) classes of &
(fig. 2). This model allows for different e classes, including the
possibility of positive selection, and is a reasonable way of
presenting the results for the four genes under the same
model. Moreover, in all cases, the data fit bertrer with
maodel M3 than the nested and simpler M0 or M2 madels
presented by Yang (2007a).

The results of this analysis for CYBB, CYBA, NCF2, and NCF4
are presented in figure 2, which shows the type of natural
selection (i.e, based on the estimated ) for each codon that
most likely predominated during mammalian evolution. For
this temporal scale, CYBA, NCF2, and NCF4 coding regions
have evolved driven by a combination of different levels of
purifying natural selection. Overall, the average and standard
deviation values for these genes are wyemp=0256+0227,
Wiers = 0126 £ 0.140, and aeyps = 0.109 +£0.116.

QOur most striking result is for CYBB, which presents a wide
spectrum of mutations that account for =70% of CGD pa-
tients, Although we would predict that purifying selection on
genes involved in Mendelian diseases (Blekhman et al. 2008)
would yield similar results for CYBB and other NADPH
components, we observed a different pattern. In general,
CYBB is a conserved gene, bur 6% of its codons show

evidence of positive natural selection (supplementary table
52, Supplementary Material onling; fig. 2). In a genome-wide
survey performed by Kosiol et al. (2008), they have reported
CYBB as a gene showing a signal of positive natural selection.
More importantly, by evolutionary mapping, we show here
for the first time that most of these positive selection events
map to the small extracellular portion of this protein (fig. 3).
The proximity of these inferred episodes of positive natural
selection to glycosylation sites in gp91 is noteworthy consid-
ering the importance of the glycome in immunity (Marth and
Grewal 2008).

Population Genetics of NADPH Genes

We sequenced CYBB, CYBA, NCF2, and NCF4 in a publicly
available panel that includes 24 individuals of African ances-
try, 31 Europeans, 24 Asian/Oceanians, and 23 admixed Latin
Americans (i.e, Hispanics). This panel is a suboptimal repre-
sentation of the worldwide population, a limitation that is
common te most human genomic diversity projects focused
on SNP genotyping or resequencing efforts. However, based
on how human genetic diversity is apportioned within
(>85%) and between (<15%) populations (Lewontin 1972;
1000 Genomes Project Consortium 2010), even studies using
suboptimal sampling are informative abourt the genetic struc-
ture of human populations and serve to critically identify the
role of evolutionary factors in human genetic diversity
(Kimura 1974; Nielsen et al. 2005 1000 Genomes Project
Consortium 2010). All the raw results are available as supple-
mentary material, Supplementary Material online, and at the
SNP500Cancer project homepage (http:/ fvariantgpsncinih.
gov/cgfseq/pages/snpS00.do, last accessed July 16, 2013) or
can be downloaded from the DIVERGENOME platform
(Magalhdes et al. 2012, hrtp://www.pggeneticaicb.ufmgbr/
divergenome/, last accessed July 16, 2013).

To ascertain which combination of evolutionary factors
has shaped the diversity of NADPH genes, we assessed the
pattern of nonsynonymous and synonymous polymor-
phisms, as well as intra- and interpopulation diversity for
NADPH genes, and tested the null hypothesis of neutrality:
that patterns of diversity may be explained by considering
only the demographic history of human populations and the
mutation and recombination rates of each locus,

Nonsynonymous polymorphisms are underrepresented
in the human genome and usually occur at low frequencies
when present, reflecting the action of purifying natural selec-
tion (1000 Genomes Project Consortium 2010). By resequen-
cing, Tarazona-Santos et al. (2008) did not observe common
nonsynonymous polymorphisms for CYBB. This result is con-
sistent with purifying natural selection acting on X-chromo-
some genes due to the exposure of deleterious recessive
mutations to natural selection in hemizygous males. Thus,
substitutions in the coding region of CYBB should be rare
in human populations and are seldom captured by studies
with small sample sizes. Interestingly, the lack of CYBB
nonsynonymous polymorphisms in our sample of human
populations contrasts with the recurrent episodes of positive
selection of the extracellular portion of gp91 during
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values {presented for each gene in the figure at the top of each graphic). These classes correspond to the model M3 of Yang (20072) with three classes of
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example, codon 173 of CYBE (indicated by 2 white arrow) has a 0.000 probability of belonging to the w = 0.0095 class (light gray, a class corresponding to
strong purifying selection), a 0.169 probability of belonging to the w=0.3085 class (dark gray), and a 0.831 probability of belonging to the w = 1.8987
class (black, a class thar suggests positive selection). In this case, reasonable evidence of positive selection on this codon exists.

mammalian evolution, as inferred in this study. For the auto-
somal NADPH oxidase components (table 1 and haplotype
tables online, Supplementary Material online), we observe in
this study two rare and conservative nonsynonymous substi-
tutions (ie, involving amino acids with similar chemical prop-
erties, T8SN and A304E) in NCF4. But for NCF2 and CYBA, we
observed patterns of nonsynonymous substitutions that
seldom occur in human genes. NCF2 has nine nonsynony-
mous substitutions; three of them are common (with a fre-
quency higher than 5% in at least one of the studied
population samples), and six are rare. On the other hand,
two nonsynonymous substitutions in CYBA are common
and ubiquitous in human populations, namely Y72H
(rs4673) and V174A (rs1049254, in a position where variation
among mammalian species is also observed). Moreover, the
following two of the five common amino acid changes ob-
served in the autosomal NADPH genes are predicted to be
possibly damaging (i.e, radical) by the Polyphen resource
(Ramensky et al. 2002); the two changes are R395W in
Hispanic NCF2 (rs13306575) and Y72H (rs4673) in CYBA. In
general, Polyphen accurately predicts the effect of nonsynon-
ymous substitutions based on biochemical and evolutionary
data (Williamsaon et al. 2005). Notably, the Immunodehciency
Mutations Database (http://bioinfuta.fi/NCF2base/?content
=pub/IDbases, last accessed July 16, 2013) reports one
395W/395W autosomal recessive CGD patient, but we and
the HapMap project (www.hapmap.org, last accessed July 16,
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2013) observed the W allele at frequencies between 5% and
10% in Asians and admixed Latin Americans, including one
supposedly healthy 395\W/395W Japanese HapMap individ-
ual. On the basis of these results, we verified whether Native
Americans, who descend from an ancestral Pleistocene Asian
populations that peopled the Americas by the Behring Straits
more than 14,000 years ago, may have relatively higher fre-
quencies of this variant. We genotyped the variant 395W
using a Tagman assay in 558 Native Americans (see supple-
mentary table S3, Supplementary Material online, for detailed
results) and observed an allele frequency of 1.2%, being this
variant always present in heterozygous individuals.

For the four studied genes, the diversity and levels of re-
combination are higher in Africans than in non-Africans
(table 2 and haplotype tables available as supplementary
files, Supplementary Material online). This result is a conse-
quence of the African origin of modern humans and the “out
of Africa” migration that occurred 40,000-80,000 years ago
after a bottleneck, leading to the peopling of other continents
(Campbell and Tishkoff 2008; Laval et al. 2010). Therefore, the
first divergence between continental human populations was
between Africans and ancestral non-Africans. Consistently
with this scenario, we observed the highest between-popula-
tion differentiation for CYBB, CYBA, and NCF4 between these
wo groups. Interestingly, NCF2 does not match this pattern
(table 3).
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Table 1. Allele Frequencies of Nonsynonymous Polymorphisms in NADPH Oxidase Genes.

Genes rs Minor Allele Polyphen African European Asian Hispanic
(Amino Acid) Prediction

CYBA

Y72H rs4673 T(Y) Possibly damaging 0.46 032 017 02
V174A 51049254 T (V) Benign 017 048 048 018
NCF2

K181R 152274064 G (R) Benign 035 037 0.41 0.48
T279M 513306581 T(M Probably damaging 0.00 0.00 0.05 0.00
V197A rs35937854 C (A) Benign 0.04 0.00 0.00 0.00
T3615 Chr1:181799289 NCBI36/hg18 T(S) — 0.00 0.00 0.02 0.00
H389Q 1517849502 A Q) Benign 0.00 005 0.00 0.07
R395W 313306575 T (W) Possibly damaging 0.00 0.00 0.00 0.07
N4191 r$35012521 TW Probably damaging 0.00 002 0.04 000
P4545 rs55761650 T(S) - 0.00 0.00 0.00 0.02
L4875 Chr1:181795862 NCBI36/hg18 C(S) - 002 0.00 0.00 0.00
NCFa

T85M rs112306225 A (N) 0.00 0.00 0.02 0.00
A04E 155995361 A (E) Benign 0.04 0.00 0.00 0.00

From the four studied genes, NCF4, which encodes the
regulatory protein p40-phox, shows a pattern of diversity
that is typical for a gene that has evolved under neurrality.
In addition to the features described in the previous para-
graph, the allelic spectra of NCF4 in the studied populations
are consistent with a neutral model of evolution (tables 2-4).

Although CYBB presented the most interesting evolution-
ary history at the interspecific level, with repeated episodes of
positive natural selection, recent human evolutionary history
has resulted in interesting patterns of variation for CYBA and
NCF2. CYBA encodes p22-phox, which is a transmembrane
protein shared by different NADPH oxidases. In addition to
harboring two commen, nonsynonymous polymorphisms
(V174A is also variable among different species of mammals),
CYBA is the most variable and most affected by recombina-
tion among the NADPH oxidase genes (tables 1 and 2). In
particular, CYBA diversity is very high in Europe: compared
with 329 genes resequenced in a European sample (horp://
pgags.washington.edu/summary_stats.html, last accessed July
16, 2013), Teyaa ranks 1th (ie, the 97th percentile).
Moreover, there are contrasting proportions of the total
number of polymorphisms/number of singletons between
Africans (a low proportion) and Europeans (a high propor-
tion), the latter showing an excess of common polymor-
phisms with respect to the neutral expectation (see the Dy
test in table 4 and supplementary table 54, Supplementary
Material online). This excess of common wvariants in
Europeans is also significant when we conservarively rested
it against a scenario of human evolution that incorporates the
“Out of Africa” bottleneck (Laval et al. 2010) and the observed
level of recombination in Europeans (pcyvza = 8.07 for the se-
quenced region). Because demographic forces and recombi-
nation levels alone do not explain the high CYBA diversity and
its excess of common polymorphisms, we suggest that bal-
ancing natural selection (that acts by maintaining different
alleles at high frequency in a population) has contributed to
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shape the diversity of CYBA, at least in the European popu-
lation. Indeed, figure 4a shows that the haplotype network of
CYBA for the European population is consistent with the
action of balancing natural selection (Bamshad and
Wooding 2003), showing two well-differentiated common
clades that explain the observed high diversity and the
excess of common CYBA variants. A comparative genomic
analysis confirms this inference; the ratio of polymorphisms
to differences fixed between human and chimpanzee is not
homogeneous along the gene in the different human popu-
lations (Mc Donald 1998 supplementary table S5,
Supplementary Material online) as would be expected
under neutral evolution. Our inference of balancing narural
selection is consistent with the fact that 25-30% of the var-
iation in levels of ROS production can be attributed o genetic
factors (Lacy et al. 2000) and that ROS levels are associated
with CYBA variants (Bedard et al. 2009),

p67, encoded by NCF2, is a necessary cytosolic NADPH
component for phagocyte ROS production. Asians show a
highly differentiated NCF2 haplotype structure (see frequen-
cies of haplotypes NCF2-D11 and NCF2-E10 in the haplotype
tables online and in the network shown in fig. 4b), and the
highest Fgr values are observed in pairwise comparisons be-
tween Asians and non-Asian populations (in particular with
Europeans, table 3), and not between Africans and non-
African populations, as is usually observed in the human
genome. We confirmed these results by analyzing data for
NCF2 from the HapMap Project (supplementary material,
Supplementary Material online). Moreover, a trend toward
an excess of rare polymarphisms exists in Asians that is not
observed elsewhere (tables 1, 2, and 4 Dg=-—1904,
FeL = —1.893). Although we cannot exclude that this pattern
of diversity is compatible with the null hypotheses of neutral-
ity and with the rested demographic history of human pop-
ulations inferred by Laval et al. (2010, tables 2-4), we can
speculate and envisage four additional evelutionary scenarios
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Table 2. Incrapopulation Diversity Indexes in the Studied Populations
for the NADPH Oxidase Genes, Obtained from Resequencing Data®

African European Asian Hispanic

Number of chromosomes

cys" 4 52 34 36

CYBA 48 62 48 46

NCF2 48 82 48 46

NCF4 48 62 48 46
Segregating sites/singletans

CYBB 2118 7o 10/3 13/5

CYBA 6122 33/3 33/5 3407

NCF2 46/13 33 28/16 3714

NCF4 45012 26/7 1911 30/8
Haplotype structire
Mumber of inferred haplotypes®

CYBB 14 5 4 12

CYBA 39 39 2 26

NCF2 38 3z 18 3

NCF4 36 30 7 2
Haplotype diversity =50

CYBB 0.58 £ 0.03 034 = 0.08 053 010 0.70 £0.08

CYBA 0.98 =001 098 =0.01 0.97 =0.00 056 +002

NCF2 0.99 £ 001 0.96 =0.01 087 = 0,04 057 =001

NCF4 0.98 =007 093 =0.02 093 =002 093 =002
Recombination parameter (p x 10°, per site)®

CYBB 008 =001 =00 =002

CYBA 9 148 0.96 088

NCF2 052 038 (R ] 058

NCF4 137 1.03 039 022
1t estimators”
7 % 10% per site

CYBB 036 012 05 028

CYBA 190 163 151 157

NCF2 081 047 043 as7

NCF4 101 076 64 084
lhy % 103, per site

CYBB 042 0a3 o 027

CYBA 231 118 1.25 13

NCF2 102 069 062 083

NCF4 101 o7 054 087

*Masr analyses were performed using software DnaSP (Rozas 2008).
"Data for CYBA {Xp21.1) are from Tarazona-Santos er al (2008)

“Haplotypes and p inferred using the method by Stephens and Scheer (2005) and
the software PHASE

. Tajima (1983), 6 Watrersan (1975)

that may have contributed to shape the pattern of NCF2
diversity in Asians: 1) the observed trend is suggestive of a
selective sweep on NCF2 standing variation: a neutral or
weakly deleterious existing variant becomes beneficial and
rapidly increases in frequency (together with its associated
haplotypes, i.e, incomplete sweep), reducing the nucleotide
diversity in the surrounding region and rendering other stand-
ing substitutions rare. During this process, new rare substitu-
tions appear in the expanding positively selected haplotype.
2) The pattern of diversity of NCF2 in Asia may result from an
incomplete selective sweep acting on ARPCS, which is located
approximately 35 kb downstream of NCF2. In a genome-wide
scan for recent positive selection, Voight et al. (2006) identi-
fied a strong signature of an incomplete sweep for ARPCS in
Asia (P = 0.009), characterized by a higher than expecred long-
range linkage disequilibrium summarized by very high iHS

statistics (see Haplotter results for the HapMap Il data at
heep://haplotteruchicago.edu/, last accessed July 16, 2013).
SNPs in NCF2 also presents high iHS statistics (P=0.02), al-
though values are lower than for ARPCS. 3) The differentiated
pattern of diversity of NCF2 in Asia may also have been gen-
erated without the action of natural selection during the first
colonization of Asia by modern humans, In a process of geo-
graphic population expansion, specifically in the front wave of
the expansion, some rare alleles/haplotypes (i.e, surfing al-
leles) may become common by chance, mimicking the pat-
tern of diversity generated by a selective sweep (Excoffier and
Ray 2008). 4) The excess of rare variants may be an artifact of
pooling individuals from different populations (Prak and
Przeworski 2002). Consistent with evolutionary scenarios 1-
4 that produce similar patterns of diversity, the haplotype
network of NCF2 for Eurasians (fig. 4b) shows the following:
1) a large differentiation between Asians and Europeans that
is compatible with the high observed F¢; values and 2) a star-
like shape associated with the haplotype NCF2-E10 that is
common in Asia and rare elsewhere, which is compartible
with the excess of rare alleles in the Asian populations.

Discussion

By analyzing 29 mammalian genomes and four human pop-
ulations, we show in this study that natural selection has
acted in different ways over time to shape the pattern of
diversity of the phagocyte NADPH oxidase genes. At the tem-
poral scale of the evolution of mammals, we have inferred
recurrent episodes of positive selection acting on the extra-
cellular portion of gp-91 that have been important to shape
the pattern of interspecific diversity of this gene. Our in-
terspecific analyses did not show a similar pattern of natural
selection in any of the other phagocyte NADPH oxidase
genes, Even if current knowledge on the biology of NADPH
does not allow us to interpret our results in terms of function,
we propose that the extracellular region of gp-91 is function-
ally relevant. Our results also imply that this region is highly
differentiated among mammals at the protein level, and this
variability should be considered when mammals models are
used to study the structure and function of phagocyte
MNADPH components.

In the time scale of human evolution, our analyses of the
NADPH oxidase genes suggest that CYBA has been a target of
balancing naturai selection. Because we do not have evidence
of population-specific variants that faced selective pressure,
the inferred natural selection may have acted on a standing
variation in ancestral populations. This implies that the selec-
tive pressure began after the appearance of the variant and,
possibly, acted in a specific geographic region (Barret and
Schluter 2008). The signatures of natural selection acting on
anew mutation and on standing variation differ. In the case of
selective sweeps, episodes of natural selection on standing
variation are associated to a larger variance in the allelic spec-
trum with respect to natural selection on a new mutation.
Also, selection on standing variation may preduce an excess of
alleles at intermediate frequencies that is not associated with
high nucleotide diversity (Przeworski et al. 2005; Peter et al.
2012). This pattern contrasts with the effect of balancing
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Table 3. Pairwise F¢ Genetic Distances berween Populations.

CYBB* CYBA
Africa Europe Asia Hispanic Africa Eurape Asia Hispanic
Africa - 0.316 0.264 0.092 - 0.074 0.083 0.065
Europe 0.257 — 0.000 0.107 — 0.002 0.056
Asia 0an 0.000 — 0.073 - 0.054
Hispanic 0.070 0.082 0.056 — —
NCF2 NCF4
Africa — 0.048 0.058 0.037 —_— 0.128 0.136 0.158
Europe —_ 0.069 0.000 —_ 0.026 0.026
Asia - 0.059 - 0.005
Hispanic — —

*For CYB8 Fyr estimarors are above the diagonal Below the diaganal are the Fer values corrected as if the effective population sizes of X chromosome genes were equal to

aurotomal anes

Table 4. Results of Neutrality Tests for the NADPH Oxidase Genes
and Their Significance®

African European Asian Hispanic
Tajima's D
CYBB —0473 —0.274 —0.813 0.084
CYBA —0.580 1.242 0.684 0.707
NCF2 —0412 —0.939 —0.883 —0.987
NCF4 —0.750 0.243 0.556 —0.102
Fu and Li's D
CYBB —1.050 1.110 0.395 —0.977
CYBA —1.485 1.734" 1.188 0.138
NCF2 —0.407 —1.105 —1.904 —1.398
NCF4 —0.308 —0.443 —1.893 —0.266
Fu and Li's F
CYBB —0980 0.8M 0.114 —0.814
CYBA —1332 1.893 1.205 0.405
NCF2 —0512 —1.252 —1.893 1.567
NCF4 —0.557 —0.231 1.225 —0.248

Mete—Underlined values represent signifieant results under the demaographic model
inferred by Laval er al (2010) for human populations. See deails in supplementary
rable 54, Supplementary Matenal online.

*The McDonald=Kreitman test is nonsignificant in any of the cases.

“Significant under the Wright=Ficher model of eonctant pepulation size.

natural selection, which produces an excess of common alleles
associated with high genetic diversity. Thus, the observed pat-
tern of CYBA diversity in Europeans is not consistent with a
selective sweep on a standing variation, butitis consistent with
a scenario of balancing selection acting on standing variation.

If we consider for CYBA that heterozygote advantage may
be the mechanisms of balancing selection, we can speculate
that the biological basis for this mechanism may be the fol-
lowing considering that p22-phox is not exclusive of the
phagocyte NADPH oxidase, but it is also part of Nox com-
plexes expressed in other tissues, the dependence of ROS
production on CYBA variants has to be finely regulated. If
CYBA variants induce high levels of ROS, these variants may
favor a phagocyre-dependent efficient response to pathogens
but may damage other endothelial tissues. Alternatively,
tissue oxidative damage does not occur if ROS production
is low, but this response may be associated with a weaker
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phagocyte respiratory burst against pathogens. In this con-
text, heterozygorte individuals with a CYBA-dependent inter-
mediare level of ROS production may have been favored by
natural selection.

Qur results contribute to the discussion regarding the rel-
evance of balancing selection in shaping the diversity of
innate immunity genes (Ferrer-Admetlla et al. 2008; Barreiro
et al. 2009). Ferrer-Admetlla et al. (2008) have associated the
recurrent signatures of balancing selection on inflammatory
genes with the need for fine regulation. CYBA is the only
phagocytic NADPH oxidase gene that also encodes
nonphagocyte Nox components; thus, CYBA has a role in
ROS cell signaling a potentially dangerous process due to
its capability to produce oxidative damage to tissues. Genes
with these characteristics likely need even tighter regulation.
The interplay between pathogen-driven selective pressure
on innate immunity genes and their concomitant
nonimmunological functions is complex. In addition to
CYBA, other interesting examples of this interplay can be
found among the 10 human toll-like receptors (TLRs) that
show a variety of signatures of natural selection, TLRS, which
shows the strongest signature of purifying selection, is also
involved in neuronal development (Barreiro et al. 2009), and it
is difficult to discriminate the role of each function in deter-
mining the observed signature of natural selection.

With few exceptions, the pathogens responsible for natural
selection on immune genes are difficult to specify. In the case
of NADPH oxidase, we can infer, based on the spectrum of
infections in CGD patients, that catalase-positive bacteria and
fungi, such as Staphylococci, Salmonella, Candida, Aspergillus,
and M. tuberculosis, may be the selective pathogens.
Interactions between the host and pathogens also include
mechanisms of the latter to impair the respiratory burst of
the former. For example, Leishmania donovani blocks the as-
sembly of NADPH oxidase at the phagosome membrane
(Lodge et al. 2006). These mechanisms may constitute selec-
tive pressures imposed by pathogens.

The associations reported in GWAS between rs4821544 in
NCF4 and Crohn's disease (an idiopathic inflammarory bowel
disease that predominantly involves the ileum and colon,
Rioux et al. 2007) and between rs10911363 in NCF2 and
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Fic. 4. Phylogenetic networks of (a) CYBA in Europeans and (b) NCF2 in Europeans (black) and Asians (yellow). The lengths of the branches are
propartional to the number of mutartions. Only nonsynonymous murtations are shown. The haplotype names correspond to the table of inferred
haplotypes in the supplernentary material, Supplementary Material online. We only show the names of haplotypes with a frequency =5%. Ancestral
haplotypes (inferred as being the human haplotype or median vector most similar to the chimpanzee sequence) are indicated by an arrow. Median

vectors are in red.

systemic lupus erythematosus (Cunninghame Graham et al.
2011) confirm the involvement of NADPH genes in the path-
ogenesis of inflammatory-related common diseases. Our
claim that natural selection acted on CYBA (and maybe in
NCF2) is relevant for biomedical studies because combining
evidence of natural selection with association analyses in
immune genes increases the statistical power to detect dis-
ease-associated variants (Ayodo et al. 2007). As a new gener-
ation of association studies focusing on rare variation is
emerging, the combination of genes deemed interesting
from GWAS and populations with an excess of rare variants
in these genes, such as NCF2 in Asians, are particularly inter-
esting as a source of rare variants with clinical relevance.
Finally, by determining through molecular evolution mapping
that the extracellular portion of gp91 (encoded by CYBB in
the X-chromosome) has been subject to recurrent episodes of
positive selection at the scale of mammals evolution, we posit
the hypothesis that this portion of the NADPH oxidase is
relevant for currently unknown biological processes thar,
once revealed by structural and functional investigations,
will contribute to understanding the role of NADPH oxidase
in infectious, autoimmune, and cardiovascular diseases.

Materials and Methods

Molecular Evolution Analysis of NADPH Genes

We used the maximum likelihood framework developed by
Yang (2007a) to estimate « for the NADPH oxidase genes

under a variety of evolutionary models, as implemented in the
PAML software (Yang 2007b). This approach allows infer-
ences about the evolution of a coding region along an
inter-specific phylogeny, mapping the codons that have
evolved under strong/weak purifying selection, neutrality, or
adaptive positive selection. Further details abourt these anal-
yses are available as supplementary material, Supplementary
Material online.

Human Population Genetics of NADPH Genes

For human population genetics analyses, we conducted bidi-
rectional Sanger sequencing of CYBB, CYBA, NCF2, and NCF4
for a roral of 35,242 bp for each of 102 healthy individuals as
part of the SNP500 Cancer project (Packer et al. 2006; see
supplementary fig. 51, Supplementary Material online, for de-
tails). Human population resequencing data for CYBB were
published in Tarazona-Santos et al. (2008). The resequencing
experiments were performed as in Packer et al. (2006). These
102 unrelared individuals include the following;: 24 of African
ancestry (15 African Americans from the United States and 9
Pygmies), 23 admixed Latin Americans (from Mexico, Puerto
Rico, and South America), 31 Europeans (from the CEPH/
UTAH pedigree and the NIEHS Environmental Genome
Project), and 24 Asians-Oceanians (from Melanesia, Pakistan,
China, Cambodia, Japan, and Taiwan).

After controlling for multiple tests, we confirmed that all
SNPs fit the Hardy-\Weinberg equilibrium by the Guo and
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Thompson (1992) test, which was implermented in the soft-
ware Arlequin 3.0 (Excoffier et al. 2007). Insertion-deletions
(INDELs) were excluded from population genetics analyses.
To assess intrapopulation diversity, we used rwo statistics: o,
the per-site mean number of pairwise differences between
sequences (Tajima 1983), and 6, based on the number of
segregating sites (S) (Watterson 1975). We measured pairwise
berween-populations diversity by using the Fer statistics cal-
culated using the software DnaSP (Rozas 2009).

Haplotypes and the recombination parameter p were in-
ferred using the PHASE software (Stephens and Scheet 2005),
and diversity indexes calculations (tables 2 and 3) as well as
neutrality statistics (table 4) were estimated using DnaSP soft-
ware. We applied two kinds of neutrality tests: 1) tests based
on the allelic spectrum, which is the distribution of polymor-
phisms across different classes of frequencies, namely,
Tajima’s Dy (Tajima 1989) and Fu-Li's D¢ and Fy (Fu and
Li 1993) and 2) tests based on comparisons between the
number of polymorphisms in human populations and fixed
differences with the chimpanzee (i.e, outgroup), namely, the
McDonald and Kreitman (1991) test and the adapred
Kolmogorov-Smimnoff test by McDonald (1998). For the
first set of tests, we used as null hypotheses both the classic
Wright-Fisher model of neutrality with a constant popula-
tion size, as well as the more realistic evolutionary scenario for
human populations inferred by Laval et al. (2010). In the case
of the scenario of Laval et al. (2010), we ignored interconti-
nental gene flow within the Old World because these rare
gene flow events likely does not affect the level of significance
of the neutraliy tests given its very low inferred wvalues
(13 % 107%). Null distributions used to test the significance
of the neutrality tests under these evolutionary scenarios were
generated using coalescent simulations and a significance
level of 0.05 (Hudson 2002). The Kelmogorov-Smirnoff test
of neutrality adapted by McDonald (1998) was performed
using Slider software available at htrp://udeledu/~mcdo
naldfaboutdnasliderhtml (last accessed July 16, 2013). We
performed coalescent simulations using ms software
(Hudson 2002). Further methodological details are available
as supplementary material, Supplementary Material online.
We constructed the CYBA and NCF2 networks using all
SNP variants and applying the Median joining algorithm
and the maximum parsimeny option calculations as imple-
mented in the software Network 4.6 (Bandelt et al. 1999).

Supplementary Material

Supplementary rables 51-55 and figure S1 are available at
Molecular Biology and Evolution online (htep://www.mbe.
oxfordjournals.org/).
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