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Resumo

Introducdo: A populagdo brasileira € formada majoritariamente por trés
populacbes parentais: Nativos Americanos, Europeus e Africanos. Niveis
significativos de miscigenacéo tri-hibrida j& foram detectados em todas as
regides e niveis socio-econdmicos do Pais. Métodos estatisticos recentes
aliados a possibilidade de genotipagem de um grande numero de marcadores
permitem estimar a miscigenagdo em nivel individual. Em estudos
epidemiologicos com desenho de caso-controle, a heterogeneidade étnica
entre estas categorias pode produzir resultados falso-positivos. Por este
motivo, para este tipo de estudo, € importante estudar a miscigenacdo
individual, assim como avaliar como a miscigenacdo neste nivel influencia a
estrutura genética dos diferentes subgrupos das popula¢gbes brasileiras. O
controle do efeito da miscigenacéo, para evitar as associacdes espurias em
estudos do tipo caso-controle pode ser feito estudando Marcadores
Informativos de Ancestralidade (MIAs), o0s quais apresentam grandes
diferencas de freqUéncia entre as populacdes parentais. Este conhecimento
podera contribuir para a futura definigho dos niveis de estruturagédo
populacional em grupos e subgrupos que constituirdo alvo de estudos
epidemiologicos, permitindo a otimizagdo dos mesmos, a fim de evitar
resultados falso-positivos. Dentre estes grupos, sdo de particular relevancia
estudos que abordem os fatores genéticos que modulam a suscetibilidade a
malaria em regides onde a populagédo se encontra exposta em nivel endémico
como, por exemplo, a que reside no municipio de Porto Velho (RO) e regiao.

Objetivos: a) descrever a ancestralidade gendmica individual Amerindia,
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Européia e Africana em individuos sadios e portadores de malaria por
Plasmodium falciparum da cidade de Porto Velho, RO (Amazbénia Ocidental),
Brasil, e avaliar seu impacto no desenho de estudos epidemiologicos e b)
determinar, a partir dos marcadores genotipados, a estrutura genética das
populacdes de portadores de “malaria falciparum” e individuos sadios da

mesma regido, em funcéo dos niveis de miscigenacao.

Palavras-chave: 1 Marcadores moleculares; 2. Ancestralidade; 3.
Susceptibilidade Genética; 4. Malaria; 5. Populacao

Brasileira; 6. Amaz6bnia.
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Abstract

Introduction: The Brazilian population is mainly composed of three parental
populations: Native Americans, Europeans and Africans. Significant levels of tri-
hybrid admixture have been detected in all regions and socioeconomic levels
within the country. Recent statistical methods allied to the ability to genotype a
large number of markers permit the estimate of the admixture at the individual
level. In epidemiological studies with case-control design, ethnic heterogeneity
between subgroups can produce false positive results. Therefore, for this type
of study, it is important to evaluate individual admixture, as well as to
measureits influence on the genetic structure of diverse subgroups within the
Brazilian populations. Ancestry Informative Markers (AIMs), which frequencies
show large differences between parental populations are suitable for tracking
the effect of mixing, in order to avoid spurious associations in case control
studies. This knowledge could help to further define the levels of population
structure in groups and subgroups that constitute the subject of epidemiological
studies, optimizing their designto avoid false positive results. Among these
groups are particularly relevant studies addressing genetic factors that
modulate susceptibility to malaria in regions where the population is exposed to
endemic levels, for example, those residing in the municipality of Porto Velho
(RO), Brazilian amazon region and surroundings. Objectives: a) to describe the
Amerindian, European and African individual genomic ancestry in healthy
individuals and patients with “falciparum malaria” in Porto Velho, RO (Western
Amazonia) and assess its impact on the design of epidemiological studies and

b) to determine, from the genotyped markers, the genetic structure of
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populations of falciparum malaria patients and healthy individuals from the

same region, depending on the admixture levels .

Keywords: 1. Molecular Markers, 2. Ancestry; 3. Genetic Susceptibility; 4.

Malaria; 5. Brazilian Population; 6. Amazon.
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1. INTRODUCAO

A populacdo brasileira € uma das mais heterogéneas do mundo,
resultante de wuma mistura entre nativos americanos, europeus
(principalmente portugueses), e africanos. O processo de miscigenacao
aconteceu diversamente em diferentes regides geograficas, com uma
contribuicdo mais acentuada de Nativos Americanos no Norte, uma alta
contribuicdo de Africanos no Nordeste, e relativamente baixas contribuicdes
dos Americanos e Africanos no Sul. ®

Do total de imigrantes que chegaram ao Brasil entre 1500 e 1978,
estima-se que 58% foram europeus, 40% africanos e 2% asiaticos,® e as
contribuicdes de regides tais como lItalia, Espanha, Alemanha, Siria e Libano
foram intensificadas e continuas até o inicio do século XX. Contribuic6es de
outras regibes do mundo também aconteceram, mas foi numericamente
menor. ©

A miscigenacgéo no Brasil tem sido avaliada utilizando diferentes tipos
de indicadores, mostrando um processo claramente tendencioso envolvendo
predominantemente descendentes homens, de europeus, e mulheres, de
ambos, nativos Americanos e Africanos. ™ Portanto o povoamento brasileiro
foi conduzido a partir da diversidade genética de, principalmente, trés grupos
étnicos — amerindios, europeus e africanos — em um processo de
miscigenagdo que ja se estende por meio milénio. Devido a sua grande
extensao territorial, a distribuicdo destes grupos no territorio brasileiro néao foi
homogénea, a qual é refletida na composicdo da populagéo atual. ® Porém,

houve também um processo de incorporacdo de varias outras culturas a
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brasileira, e, consequentemente suas caracteristicas genotipicas e
fenotipicas também foram adicionadas a nossa populacio. ©

Estimativas precisas das proporcdes ancestrais em populacdes
miscigenadas tém sido utilizadas para responder a questdes relacionadas
com a evolucdo antropologica, e sdo fundamentais para a avaliacdo dos
efeitos da subestrutura da populagdo em estudos de associagdo.

Combinar marcadores genéticos do cromossomo X € um interessante
recurso para ambos os marcadores, autossémicos e uniparental. Isto ocorre,
pois, a recombinacdo do cromossomo X apresenta diversas regides, cada
um proveniente de historias diferentes, ao contrario do mMtDNA e
cromossomo Y. Haploidia no sexo masculino reduz o tamanho efetivo da
populacado, o que aumenta o acumulo de suscetibilidade a deriva genética e
uma populacdo mais propicia a diferencia¢do. Portanto, marcadores ligados
ao cromossomo X, podem ser de grande utilidade para abordar a histéria de
populagdes humanas e as questdes de antropologia evolutiva. ©

Marcadores informativos de ancestralidade (MIAs), anteriormente
denominados de alelos especificos da populacédo,  sdo definido como
marcadores genéticos que apresentam freqiéncia alélica diferente entre as
populagdes parentais de menor ou igual a 30%. ® Eles sdo considerados
ferramentas eficientes para a obtencdo precisa de estimativas de
miscigenacao e deteccdo da estrutura da populagdo. “59

Além dos SNPs, marcadores do tipo INDEL (insercéo e delecéo) séo
muito freqlientes no genoma humano e apresentam distintas vantagens em

estudos populacionais e forenses, tais como a baixa taxa de mutacédo, menor



Introducédo 3

risco que os STRs (repeticbes curtas em tandem) de interpretacdes
incorretas de alelos, amplicons menores (50 pares de base ou menos) que
permitem trabalhar com DNA degradado. *?

Em 2002 Weber et al. identificaram e caracterizaram 2000
polimorfismos bialélicos de insercdo-delecdo (INDELS) no genoma humano.
A grande adaptabilidade dos INDELS para a amplificacdo de DNA
degradado combinada com a facilidade da tipagem e com este altissimo
poder de descriminacdo tornando os MULTINDELS uma poderosa
plataforma para a determinagéo de identidade genética pelo DNA. Y

Variacfes nas sequéncias de DNA podem afetar a forma na qual os
seres humanos desenvolvem doencas e respondem aos agentes
patogénicos, produtos quimicos, medicamentos, vacinas e outros agentes,
sendo assim, sua maior importancia na pesquisa biomédica é para na
comparacio de regides do genoma entre geragoes. *?

Estima-se que mais de 40% da populacdo mundial esta exposta ao
risco de adquirir malaria. No ano de 2009, o Brasil registrou 306.000 casos
de malaria, sendo a espécie Plasmodium vivax de maior incidéncia (83%)"?
Embora esta seja a espécie mais prevalente, o P. falciparum é responsavel
pela maior gravidade da doenca. A Regido da Amazobnia Legal concentra
99,7% dos casos de malaria, essa regiao é composta pelos estados do Acre,
Amazonas, Amapa, Maranhdo, Mato Grosso, Para, Rondonia, Roraima e
Tocantins, e totaliza 807 municipios, e tendo sido identificados cerca de 90
municipios como sendo de alto risco para a malaria, ou seja, com um Indice

Parasitario Anual (IPA) igual ou maior a 50 casos por 1.000 habitantes. ¥
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A transmissdo nessa area esta relacionada a fatores bioldgicos
(presenca de alta densidade de mosquitos vetores, agente etiologico e
populacao suscetivel); geograficos (altos indices de pluviosidade, amplitude
da malha hidrica e a cobertura vegetal); ecologicos (desmatamentos,
construcdo de hidroelétricas, estradas e de sistemas de irrigacao, acudes); e
sociais (presenca de numerosos grupos populacionais, morando em
habitacbes com auséncia completa ou parcial de paredes laterais e
trabalhando préximo ou dentro das matas). ** Estes dados retratam bem a

regido Norte do pais, que por sua vez, trata-se de uma area endémica.
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1.1- OBJETIVOS

Considerando o acima exposto e tendo como sujeitos individuos sadios
e portadores de malaria por Plasmodium falciparum que residem na cidade de
Porto Velho, RO (Amazénia Ocidental), Brasil, o presente estudo tem por

objetivos:

1) Descrever a ancestralidade gendmica individual (Amerindia,

Européia e Africana).

2) Determinar a estrutura genética das populacdes de portadores de
malaria falciparum” e individuos sadios da mesma regido, em

funcao dos niveis de miscigenacao.

3) Avaliar o possivel impacto da diversidade @ étnica
individual/populacional sobre o desenho de  estudos

epidemioldgicos de caso-controle.
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2. ARTIGOS CIENTIFICOS
Os resultados referentes aos objetivos dessa dissertacdo estédo

apresentados na forma de artigo.

Artigo 1

Tilulo: Estratégias moleculares para investigagdo da composicao étnica da
populacdo brasileira e seu impacto na saude

Autores: Natélia Guelfi Furlani, Flavia Lisoni, Ricardo Luiz Dantas Machado e
Andréa Regina Baptista Rossit

Periddico: Arquivos em Ciéncias da Saude. (A ser submetido).

Artigo 2

Titulo: “Population genetics of GYPB and association study between GYPB*S/s
polymorphism and susceptibility to P.falciparum infection in the Brazilian
Amazon”.

Autores: Eduardo Tarazona-Santos; Lilian Castilho; Daphne Renata Tavares
Amaral; Daiane Cobianchi Costa; Natalia Guelfi Furlani; Luciana Werneck
Zuccherato; Moara Machado; Marion E Reid; Mariano Gustavo Zalis; Andréa
Regina Baptista Rossit; Sidney EB Santos; Ricardo Luiz Dantas Machado; Sara

Lustigman.

Periddico: PLoS One. 2011 Jan 24;6(1):e16123.
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Estratégias moleculares para investigacdo da composicdo étnica da populacdo
brasileira e seu impacto na saude.

Natdlia Guelfi Furlani?, Flavia Lisoni?, Ricardo Luiz Dantas Machado® e Andréa
Regina Baptista Rossit®

! Departamento de Doencas Dermatoldgicas, Infecciosas e Parasitarias, Faculdade de
Medicina de S&o José do Rio Preto, Sao José do Rio Preto, SP.

Departamento de Biologia e Zootecnia, Univerdade Estadual Paulista, Ilha Solteira,
3SIfe.partamento de Microbiologia e Parasitologia, Instituto Biomédico, Universidade
Federal Fluminense, Niteroi, RJ.

Resumo

A populagdo brasileira € formada majoritariamente por trés populagdes parentais:
Nativos Americanos, Europeus e Africanos. Niveis significativos de miscigenagao tri-
hibrida j& foram detectados em todas as regifes e niveis sdcio-econdmicos do pais.
Métodos estatisticos recentes e a possibilidade de genotipar um grande nimero de
marcadores permitem estimar a miscigenacdo em nivel individual. Em estudos
epidemiol6gicos com desenho de caso controle, a heterogeneidade génica entre estas
categorias pode produzir resultados falso-positivos. Por este motivo, para tais estudos,
€ importante avaliar a miscigenac¢édo individual e sua influéncia sobre a estrutura
genética de subgrupos da populacéo brasileira. O controle do efeito da miscigenacéao,
para evitar associacdes espurias em estudos de caso controle pode ser feito
estudando Marcadores Informativos de Ancestralidade (MIAS) e inser¢cfes/delecbes
(INDELS), que séo polimorfismos apresentam grandes diferengas de frequéncia entre
as populacdes parentais. Este conhecimento podera contribuir para a futura definicdo
dos niveis de estruturagdo populacional em grupos e subgrupos que constituirdo alvo
de estudos epidemiol6gicos. Nesse contexto, sdo de particular relevancia os estudos
que abordem os fatores genéticos que modulam a susceptibilidade as doencas mais

prevalentes no cenario Nacional, incluindo as infecto-parasitarias, que acometem as

populacdes expostas em nivel endémico.
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ABSTRACT

The Brazilian population is composed mainly of three parental populations: Native
Americans, Europeans and Africans. Significant levels of tri-hybrid admixture have
been detected in all regions and socioeconomic levelsin this country. Recent statistical
methods and the ability to genotype a large number of markers allow the estimate of
the admixture at the individual level. In epidemiological studies with case-control
design, the genetic heterogeneity between these categories can produce false
positives. Therefore, for this type of study, it is important to determine individual
admixture, as well as evaluating its influence on the genetic structure of Brazilian
populations. Ancestry Informative Markers (AIMs) and insertions/deletions (INDELS)
are polymorphisms which differ significantly in frequency between the parental
population and, therefore, are suitable for tracking the effect of admixture to avoid
spurious associations in case control studies, This knowledge could help to further
define the levels of population structure in groups and subgroups that constitute the
subject of epidemiological studies in this scenario, particularly relevant studies will be
those addressing genetic factors that modulate susceptibility to the nationwide most
prevalent diseases , including infectious and parasitical ones, affecting endemically

exposed populations.
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INTRODUCAO

A populacéo brasileira é uma das mais variaveis de todo o mundo, formada por
Nativos Americanos, Europeus (principalmente portugueses), e Africanos - em um
processo de miscigenacao que ja se estende por meio milénio, com contribuicdo mais
acentuada de Nativos Americanos no Norte, alta contribuicAo de Africanos no
Nordeste, e relativamente baixas contribuicdes dos Americanos e Africanos no Sul
(Choudhry et al., 2006).

O processo de miscigenagdo que deu origem a atual populacdo brasileira
ocorreu de forma muito diversificada, nas diferentes regides geograficas do pais.
Salzano e Bortilini, em 2002, mostraram que as principais contribuicbes de populacdes
ancestrais do povo brasileiro ocorreram por meio de complexas interagfes étnicas,
sendo que a proporcéo de participacdo de cada grupo parental difere dependendo da
regido brasileira analisada.

Os indios brasileiros, os primeiros habitantes, sdo descendentes do primeiro
grupo de cacadores asiaticos que chegaram as Américas, provavelmente através do
estreito de Bering (Figura 01), durante o periodo glacial, ha 25.000 anos ou mais, até
chegarem ao Alasca. De |14, se espalharam pelas Américas desde o extremo norte até
o extremo sul (Cunha, 1992). Esta populacdo que originalmente saiu da Asia, sofreu
uma reducdo drastica no seu tamanho populacional diminuindo a variabilidade
genética existente nestes primeiros povos que migraram para o continente americano
(Wallace et al., 1985; Schurr et al., 1990; Horai et al., 1993; Santos et al 1999).
Porém, culturalmente falando, estes povos estavam inseridos numa diversidade de

nacdes com linguas e costumes distintos.

Estima-se que a chegada dos amerindios ao territério conhecido hoje como
Brasil tenha ocorrido por volta de 12.000 anos atras. Ndo € possivel uma

determinacédo precisa do tamanho da populagdo que habitava este territério antes da
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chegada dos portugueses, devido a precariedade de dados historicos nesse periodo
(Salzano e Callegari-Jaques, 1988). No entanto, muitos afirmam que entre um e 10
milhdes de individuos habitavam a regido, sobretudo pertencentes aos grupos Tupi e

Jé ou Tapuia (Fundacdo Nacional do indio - FUNAI, 2006).

FONTE: Museu Nacional - UFRJ

Figura 01 — Mapa esquematico do Estreito de Bering (1), mostrando rota de
entrada dos povos asiaticos no continente americano, segundo Cunha (1992).

A partir da colonizagdo muitas sociedades indigenas que viviam no territério
dominado foram sendo exterminadas seja pela acdo de armas, em decorréncia do
contagio por doengas trazidas dos paises distantes ou, ainda, pela aplicagdo de
politicas visando a "assimilacdo" dos indios a nova sociedade implantada, com forte
influéncia européia. O fato é que restam, hoje, apenas cerca de 350 mil indios
(aproximadamente 0,2% da populac¢édo do pais) que habitam, principalmente, a regiao

amazonica (FUNAI, 2006).

Os portugueses chegaram ao litoral brasileiro oficialmente em 22 de abril de
1500 e ja trouxeram séculos de interacdo genética e cultural com outros povos de

origens geografica distintas.Como os portugueses ja utilizavam méao de obra escrava
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africana, supfe-se que os primeiros escravos africanos brasileiros tenham vindo junto
com a esquadra de Cabral (Curtin, 1969). Os primeiros navios negreiros chegaram ao
Brasil em meados do século XVI trazendo os escravos para trabalhar na agricultura e
na mineracdo. Registros historicos sugerem que entre 1551 e 1850 cerca de 3,5
milhdes de africanos foram introduzidos compulsoriamente no Brasil (Salzano e Freire-
Maia, 1967; Curtin, 1969; Ribeiro, 1995). Mais tarde, o Brasil também recebeu outros
imigrantes europeus além dos portugueses. A estimativa € que entre 1800 e a metade
do século XX, em torno de 4 milh6es de individuos entraram no pais, principalmente

portugueses, italianos, espanhdis e alemas (Santos et al., 2009).

A distribuicdo de grupos étnicos baseada no autorelato da cor da pele é
heterogénea entre as regides geopoliticas brasileiras. A classificacdo do auto-relato
como “Pardos” o grupo que incluia aqueles que declararam ndo possuir nenhuma
miscigenacdo ou origem multietnica, representando mais de 42% do total da
populacdo brasileira, variando entre 15% na regido Sudeste a 71,5% na regido
Nordeste (Lins et al., 2010). Ademais, estudo baseados em marcadores genéticos
mostram que a autodeclaracdo ou mesmo a classificagéo por critérios de observagéo
visual da etnia ndo representa a real participacdo de cada grupamento étnico na
composicao individual do sujeito pesquisado (Pena, 2005).

Marcadores Genéticos

A miscigenagdo no Brasil tem sido avaliada utilizando diferentes tipos de
indicadores, mostrando um processo claramente tendencioso envolvendo
predominantemente descendentes europeus, homens e, para as mulheres tanto a
partir de nativos Americanos como Africanos (Choudhry et al., 2006). Devido a sua
grande extensao territorial, a distribuicdo destes grupos no territério brasileiro nao foi
homogénea, a qual é refletida na composicdo da populacdo atual (IBGE, 2000). A

obtencdo de estimativas precisas das proporcdes de contribuicdo de subpopulagbes
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formadoras (parentais) em populagbes miscigenadas, feitas a partir do estudo com
marcadores genéticos, tem sido usadas para responder questfes relacionadas a
evolucao e antropologia (Bedoya et al., 2006; Laan et al., 2005; Pereira e Pena, 2006)
e sdo fundamentais como controle dos efeitos de uma possivel subestruturacao
populacional em estudos de associacao (Parra et al., 1998; Pfaff et al., 2001; Reiner et
al., 2005; Bonilla et al., 2004; Choudhry et al., 2006). Além de auxiliar na reconstrugéo
das rotas e origens dos povoamentos (Salzano e Callegari-Jacques, 1988; Saitou,
1995).

Dados de Carvalho-Silva et al.(2001) demonstram que a grande maioria dos
cromossomos Y em brasileiros brancos do sexo masculino, independentemente da
sua origem regional, € de origem Européia, com uma freqiéncia muito baixa de
cromossomos de populagbes do sub-Saara Africano e uma completa auséncia de
contribuicbes Amerindias. Esses resultados configuraram uma imagem forte de
acasalamento direcional no Brasil envolvendo Europeus e Africanos do sexo
masculino e Amerindios do sexo feminino. Isto estd em consonéncia com a conhecida
histdria da populagéo do Brasil desde 1500.

Os estudos dos polimorfismos de DNA (regides do genoma nas quais existem
variagbes ndo associadas a doencas) permitem a construcdo de um perfil genético
absolutamente individuo-especifico (Pena, 2005). Para ser considerado um
polimorfismo, o alelo raro de um determinado loco deve estar presente em mais de 1%
dos individuos da populacédo. Assim, dado o grande o nimero e tipo de variacdes
disponiveis para avaliagéo, fica possivel a identificacdo de uma pessoa com base no
seu padrao unico de polimorfismos (Brown, 2001). Entre os diferentes polimorfismos
genéticos utilizados, estdo os “RFLP” (Restriction fragment lenght polymorphism —
polimorfismos de comprimento de fragmentos de restricdo), os Minissatélites ou
VNTRs (Variable number of tandem repeats - nimero variavel de repeticdes em série),

0s Microssatélites ou STRs (Short tandem repeats - repeticbes curtas em série) e,
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mais recentemente, os abundantes polimorfismos de base Unica ou SNPs (Hinds et
al., 2005) e os polimorfismos de insercdo/ delecdo (INDELs; Weber et al.,, 2002).
Esses ultimos polimorfismos apresentam como uma grande vantagem a possibilidade
de pesquisa de produtos de amplificacdo muito curtos (50 pares de bases ou menores)
e, assim, apresentam distintas vantagens sobre os microssatélites no estudo de DNA
extremamente degradado (Pena, 2005). No entanto, o melhor conhecimento da
historia evolutiva e da diversidade genética de populagcdes humanas surge dos
diferentes resultados obtidos pela analise de marcadores baseados em estratégias
distintas e de natureza diversa (protéicos, uniparentais e moleculares) (Lum et al.,
1998).

Marcadores Informativos de Ancestralidade e INDELS

Um numero crescente de publicacbes tem relatado o uso de marcadores
informativo de ancestralidade (MIAs), marcadores cuja freqiéncia alélica varia
significativamente entre populacdes de origem geografica distinta a fim de estimar a
mistura individual e identificar a composi¢do étnica populacional (Freitas et al,2010).
Os MIA se caracterizam, por apresentarem uma grande diferenca de frequéncias
alélicas entre as populagcbes formadoras, que pode ser estimada através de uma
medida simples denominada delta (), podendo chegar a auséncia ou presenca
exclusiva de um alelo qualquer em uma determinada populacdo que se deseja
estudar. Qualquer locus polimérfico é considerado um MIA com um & acima de 30%.
Porém quanto maior o valor de delta mais informativo é o marcador o que, por sua
vez, diminui o nimero de marcadores necessarios para medir com precisdo a

proporcao de mistura de cada individuo (Parra et al., 2003).

Na maioria dos estudos, estes MIAs consistem de polimorfismos de
nucleotideo simples (SNPs) (Benn-Torres et al. 2008; Choudhry et al., 2006; Kosoy e

et al., 2009; Parra et al., 1998, 2001; Shriver et al., 2003), todavia a insercédo-delecéo
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de polimorfismos (INDELS) de pequenos fragmentos de DNA (Bedoya et al., 2006) e
pequenas repeticdes em Tandem (Pimenta et al. 2006) também sao utilizados.

A maior parte dos estudos de miscigenacdo em populacbes brasileiras tem
estimado a miscigenacdo ao nivel populacional. Métodos de analise recentes
(Pritchard et al. 2000, revisdo de Tarazona-Santos et al. 2007) e a possibilidade de
genotipar um grande numero de marcadores permitem hoje estimar componentes de
miscigenacdo no nivel individual. Em particular, marcadores com grandes diferencas
de frequéncia entre as populagbes parentais sdo especialmente informativos para
estimar a miscigenacdo em niveis populacional e individual. O uso de marcadores
altamente informativos é desejavel para a redugéo custo e tempo de genotipagem,
uma vez que permite a redugcdo do nimero de marcadores necessarios para estimar a
miscigenacdo. Uma possivel aplicagdo destas estimativas, por exemplo, € detectar
estratificacdo populacional devido a miscigenacao entre casos e controles em estudos
epidemioldgicos com este tipo de desenho experimental (Rosenberg et al., 2003, Pffaf
et al., 2004). Em geral, a estratificagdo populacional existe quando uma populacdo é
constituida pela mistura de diferentes grupos étnicos, denominados de subpopulacées,
e quando a propor¢cdo de mistura (propor¢cdo do genoma que teve origem em cada
subpopulagéo) varia entre individuos. Como no conceito de “associagao decorrente de
subestruturagéo” (Pritchard et al., 2000; Pritchard e Donnelly, 2001) que diz que em
uma populacdo na qual propor¢cdes de mistura variam entre os individuos que a
compdem; e na qual as frequéncias alélicas de um determinado marcador variam
entre as diferentes subpopula¢gBes ancestrais, podera haver associagdes entre alelos
de loci n&o ligados.

Recentemente, os INDELs tém sido o foco de mudltiplas investigacbes
(Bastos-Rodrigues et al., 2006, Mills et al., 2006; Ribeiro Rodrigues et al. 2009, Weber
et al.,, 2002). Os polimorfismos do tipo INDEL se caracterizam pela insercdo ou

delecdo de um ou alguns nucleotideos, portanto sdo polimorfismos bialélicos. Apesar
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de parecerem abundantes no genoma humano e de estarem presentes em regides
promotoras, introns e éxons, esse tipo de polimorfismo é relativamente menos
estudado quando comparado aos outros tipos ja citados (Mills et al., 2006). Este tipo
de polimorfismo apresenta caracteristicas interessantes como marcadores genéticos:
(1) INDELs estdo espalhados por todo o genoma humano (2);
INDELs derivam de um Unico evento (que ndo apresentam homoplasia), (3) uma vez
que as freqléncias alélicas dos INDELs sao significativamente diferentes em
populacdes separadas, elas podem ser usadas assim como os AlMs, (4) pequenos
INDELs podem ser analisados usando amplicons curtos, o que melhora a amplificagéo
de DNA degradado e facilita o multiplex e (5) INDELs pode ser facilmente genotipados

com uma simples eletroforese (Santos et al, 2009).

Todos os INDEL identificados até o presente podem ser acessados através dos
sites: Marshfield Clinic (http://research.marshfieldclinic.org/genetics/INDEL/default.asp)
e NCBI (http://www.ncbi.nlm.nih.gov/SNP/). Através destes sites é possivel identificar
cada um dos polimorfismos, sua localizacdo especifica dentro do cromossomo em
questdo e, em muitos casos, a distribuicdo alélica em diferentes populagfes:
europeus, africanos e nativos amerindios (Weber et al., 2002).

Combinar marcadores genéticos do cromossomo X é um interessante recurso
para ambos o0s marcadores, autossOémicos e uniparental. Isto ocorre, pois, a
recombinagcéo do cromossomo X apresenta diversas regifes, cada um proveniente de
historias diferentes, ao contrario do mtDNA e cromossomo Y. A haploidia no sexo
masculino reduz o tamanho efetivo da populacdo, o que aumenta o acumulo de
suscetibilidade a deriva genética e uma populacdo mais propicia a diferenciacdo
(Schaffner, 2004). Portanto, marcadores ligados ao cromossomo X, podem ser de
grande utilidade para abordar a histéria de populagbes humanas e as questdes de

antropologia evolutiva.
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Aplicacdes dos marcadores genéticos em saude humana

O uso de marcadores genéticos informativos de ancestralidade para ajudar a
inferir os processos demograficos historicos e antropolégicos esta no centro das
atencbes em estudos de miscigenacdo da populagdo humana atual (Benn-Torres et
al., 2008; Martinez-Marignacet al., 2007; Seldin et al., 2007), aplicacdes na genbmica
médica para mapear 0s genes que influenciam a susceptibilidade a doencas
complexas e fatores subjacentes de etnia (Bonilla et al., 2004b; Shaffer et al., 2007),
bem como a sua utilidade para controlar os efeitos de confusdo das associagcfes
genéticas em populagBes estratificadas (Gentil et al. 2007, 2009; Matsuzaki et al.,
2004; Moreno Lima et al., 2007; Parra et al., 2004; Suarez-Kurtz et al., 2007).

Se uma doenga apresenta uma maior incidéncia em um dos trés grupos étnicos
principais (europeus, amerindios ou africanos) que contribuiram na formagédo da
populacdo brasileira, este grupo étnico pode estar sobre-representado na amostra de
casos em estudos casos-controle. Nesta situagéo, qualquer variante génica associada
estatisticamente com o grupo étnico de maior incidéncia, vai apresentar associacao
com a doencga, independentemente do seu envolvimento na patogénese, podendo
levar a resultados falsos positivos (Figura 2). Para evitar associacdes espurias, em
estudos casos-controle em populacdes miscigenadas € necessario controlar o efeito
da ancestralidade genémica, o que pode ser feito estudando MIAs (Tarazona-Santos
et al. 2007).

O risco de obter falsos positivos em estudos de associacdo gendtipo-fenotipo
depende do nivel de estruturagéo ou estratificacdo da populagdo. Numa populacdo na
gual todos os individuos tém o mesmo nivel de miscigenacéo, o problema néo existe.
Contrariamente, o problema se incrementa se o nivel de miscigenacao é variavel entre
individuos, de modo que casos e controles podem ter niveis de miscigenacao
diferentes. Por exemplo, no Rio Grande do Sul, Zembrzuski et al. (2006) evidenciaram

uma ancestralidade genémica homogénea em um estudo epidemiologico de caso-
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controle de doengas cardiovasculares. Porém, algumas regiées do Brasil como, por
exemplo, Rondbnia, podem apresentar uma maior varidncia na miscigenacao inter-
individual.

Consideracgdes Finais

Por estas razdes, para planejar futuros estudos de genética epidemiolégica e
de susceptibilidade genética as doencas humanas, € importante identificar a variacao
dos niveis de miscigenagéo individual. Este conhecimento podera contribuir para a
futura definicdo dos niveis de estruturacdo populacional em grupos e sub-grupos que
constituirdo alvo de estudos epidemiol6gicos. Assim, permitirdo o desenho otimizado
dos mesmos, a fim de evitar resultados falsos positivos. Dentre estes grupos, sdo de
particular relevancia estudos que abordem os fatores genéticos que modulam a
susceptibilidade as doencgas mais prevalentes no cenario Nacional ou mesmo aquelas
gue ocorrem em regides onde a populacdo se encontra exposta em nivel endémico
como, por exemplo, a malaria na Amazonia brasileira (Cavasini et al., 2006; Tarazona-

Santos et al., 2011).
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Figura 2. Representacdo esquematica da miscigenacdo e do efeito da estratificacdo
de populagbes em estudos genético-epidemioldgicos. A) Cada uma das populacdes
parentais PP1 (cinza claro) e PP2 (preto) contribuiram com 50% do pool génico da
populagcdo miscigenada (cinza escuro). Individuos da populacdo miscigenada
possuem diferentes niveis de miscigenacao. Na figura, simplificamos esta situagéao,
apresentando apenas trés niveis de miscigenacao individual: individuos cujos
genomas derivam completamente de PP1 (cinza claro), de PP2 (preto) e individuos
miscigenados (cinza escuro). Nesta figura, individuos normais e doentes séo
representados por circulos e quadrados, respectivamente. Note que a incidéncia da
doenca é maior em PP1 do que em PP2. Na populagdo miscigenada, a incidéncia da
doenca é maior entre os individuos cinza claros, intermediéria entre 0s cinza escuros e
menor entre os pretos. B) Um estudo caso-controle: casos sé@o representados por
guadrados e controles por circulos. Como a incidéncia da doenca é maior entre
individuos com maior ancestralidade cinza claro (PP1), estes estardo super-
representados entre os casos. Como conseqiéncia, qualquer alelo que tenha
freqiéncia mais alta em PP1 do que em PP2 pode apresentar associacdo com a
doenca, independentemente se ele é a o alelo causal.
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Abstract

Background: Merozoites of Plasmodium falciparum invade through several pathways using different RBC receptors. Field isolates
appear to use a greater variability of these receptors than laboratory isolates. Brazilian field isolates were shown to mostly utilize
glycophorin A-independent invasion pathways via glycophorin B (GPB) and/or other receptors. The Brazilian population exhibits
extensive polymorphism in blood group antigens, however, no studies have been done to relate the prevalence of the antigens
that function as receptors for P. falciparum and the ability of the parasite to invade. Our study aimed to establish whether
variation in the GYPB*S/ alleles influences susceptibility to infection with P. falciparum in the admixed population of Brazil.

Methods: Two groups of Brazilian Amazonians from Porto Velho were studied: P. falciparum infected individuals (cases); and
uninfected individuals who were born and/or have lived in the same endemic region for over ten years, were exposed to
infection but have not had malaria over the study period (controls). The GPB Ss phenotype and GYPB*S/s alleles were
determined by standard methods. Sixty two Ancestry Informative Markers were genotyped on each individual to estimate
admixture and control its potential effect on the association between frequency of GYPB*S and malaria infection.

Results: GYPB*S is associated with host susceptibility to infection with P. falciparum; GYPB*S/GYPB*S and GYPB*S/GYPB*s
were significantly more prevalent in the in the P. falciparum infected individuals than in the controls (69.87% vs. 49.75%;
P<0.02). Moreover, population genetics tests applied on the GYPB exon sequencing data suggest that natural selection
shaped the observed pattemn of nucleotide diversity.

Conclusion: Epidemiological and evolutionary approaches suggest an important role for the GPB receptor in RBC invasion
by P. falciparum in Brazilian Amazons. Moreover, an increased susceptibility to infection by this parasite is associated with
the GPB S+ variant in this population.
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Introduction

with receptors on the surface of the host RBCs | l], The l.])L'L'il-u'ilv

of malaria parasites for RBC depends on a number of ligand-

Specificity of invasion of Plasmodinm faleiparum merozoites into receptor interactions that are dynamie in £ falesparum and provide

human red blood cells (RBCs) was the first indication that malaria
parasites possess ligands that recognize and interact exclusively

@ PLoS ONE | www.plosone.org
T

a greater flexibility to the parasite to overcome the variability in
host RBCs and to evade immune responses. The P falciparum
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merozoites invade through several pathways using different RBC
receptors, Receptors include the glveophorin A, B and C [GPA,
GPB and GPC), Band 3 and others (Receptors Y, E, Z and X),
whose molecular identity has not vet been determined [2]. Field
isolates have shown even greater variability than the laboratory
strains in which the known invasion pathways have been defined
[3-9]. Our initial studies of field solates from Mato Grosso, Braazl
have revealed that these parasites differ from common laboratory
strains, and mostly utilized GPA-independent invasion pathways —
the so-called alternative invasion pathwavs via receptors such as
GPB, Receptor Y, Receptor Z and/or others [2].

The genetic polymorphisms of glycophorins or other known
receptors play an important role in the resistance to the invasion of
erythrocytes by £ falegparwm [10-14]. In hyperendemic malaria
regions of Papua New Guinea deletions in Band 3 (SLCYATAZ27) or
in GPC [Ge phenotype, GFPCAex3) are highly prevalent and these
RBC phenotypes confer selective advantage on morbidity [13-19].
In vitro invasion of RBCs that have GPC deficiency is significantly
reduced but not eliminated [10,11,20-23].

The polymorphisms identified so far in the two other known P.
Saleiparam glycophorin receptors, GPA (GenBank M60707) and
GPB (GenBank M60708), have been shown to be only mildly
associated with the efficiency of P foleparum invasion and they
conferred only partial protection against invasion of RBCs [24,25].
For example, the invasion of £ faletparnum malaria of Enfa—) (lack
of GPA) and S—s—U-— (lack of GPB) RBCs is significantly
reduced but not eliminated [10,11,20-23], presumably because
the parasites can use one or more of the other RBO receptors for
lnvasion.

The GYPA and GIPE genes code for Type I membrane RBC
proteins that carry antigens of the MNS blood group system. G1PA
has two codominant allelic forms, which determine the M or N
antigens at the N-terminus of GPA ('SSTTG® for M and
"LSTTE® for N). GPB is identical to GPAY for the first 26 amino
acids and, thus, also encodes the N antigen at the N-terminus.
GYPE also has two codominant alleles: GYPE*S and GIPBYs
corresponding to 5 and s antigens, respectively, on the RBC
surface. The Ss antigens are defined by an amino acid change at
position 29 [Met/S)/Thr(s)] of GPB and are displaved as the S+s—;
S—s+ or S4s+ phenotypes [26]. In addition to their sequence
homology, GIFA and GIFS recombinaton and gene conversion
hotspots have been identified, generating on the RBC surface
many different hybrid GIP gene products that encode GPB
bearing low-prevalence antigens like He and Dantu [27]. The
GPDantu glveophorin is specified by a hvbrid gene whose N-
terminal sequence is encoded by the GIPB gene and C-terminal
sequence by the GIPA gene. In this hybrid, the genomic
breakpoint is located in its intron 4, a composite of GIPB and
G1PA | 28], The hallmark of GPB.He antigen is the change of the
N-terminal sequence (from 'LSTTE? for N to "WSTSG” for He)
that abolishes the expression of the common N antigen. GP.He
isoform of GPB may or may not carry the S or the s antigen
depending on whether it associates with mutatons that affect the
splicing of exon 4 [29]. Dantu invariably expresses s, albeit weakly.
The Dantu variant is prevalent in Africans: 4% vs. 0% in
Europeans [30,31]. The @ wvitro invasion of GP.Dantu RBCs by
P. faleiparum is severely compromised [30,32].

Some other GIPE nucleotide changes are known to influence
the expression of S or s antigens on the RBCs [27,33]. The GPB U
antigen is defined by aa 33-39 [34]. Thus, a deletion of GIPB
exons 23 results in 5 —s— U= phenotype: absence of GPB on the
RBCs. Although, the GPB U— RBCs are also S—s—, approxi-
mately 16% of S—s— RBCs are U+ (S—s—U+"" phenotype) and
encoded by a hvbrid glveophorin gene [29]. Of these, ~23% are

@ PLoS ONE | www.plosone.org
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associated with a variant GPB that usvally expresses the He
antigen, albeit variably [35-37]. Nucleotide changes in or around
GIPB exon 5 were suggested to be its molecular origin [29].
Notablv, a higher prevalence of the S—s—U— phenotype is found
in Africa (2-8%); among the pygmies (20%) [38-40], up to 37% of
West Africans and ~ 1% of African Americans [41]. Africans also
have a higher prevalence of the Henshaw phenotype (S—s—U+""
or GP.He phenotype) [27]. The prevalence of GP.He in African
Americans is 3% and up to 7% in people of African origin in
Natal, Brazil [27]. The existence of these GPB variants in people
of African origin has led to the speculation that these variants may
have been selected as a result of the relative resistance thar they
confer against P faleparum malaria. Recently, a new GIPB-A-B
recombinant allele (Morobe allele) was found in a highly endemic
area in Papua New Guinea [42], but its precise protective effect
has not been vet characterized. In South and SE Asia significantly
higher prevalence of antigens carried by GPA/GPB hvbrids, such
as the MUT, MINY, HIL, Hop, St", Mur and Mi" antigens, are
present (0.68-15% vs. 0% in Caucasian), some of which also affect
the expression of the GPB S antigen on RBC surface [27]. All
these recombinant variants, largely described by blood group
scholars, are consistent with the results of a genome wide survey
for Copy Number Polymorphisms (CNPs) in the human genome
developed using Comparative Genome Hybridization [43], which
identified the GIPE locus as a CNP in African populatons. A
recent study have identified the P. faleiparum ligand for GPB, which
ratsed the possibiity that mutatons m the gene encoding
Glycophorin B in malaria endemic areas could affect susceptibility
to malaria through the inability of the ligand to bind to the varied
receptor [44].

The Brazilian population exhibits extensive polvmorphism in
group antigens. Although
documented [45—47], no studies have been done to specifically
relate the frequencies of defined polvmorphic blood group
antigens that function as receptors for £, fadiparen and the ability
of the parasite to invade them. An uncontolled GPB phenotype-
based study of four different ethnic groups in Colombia, suggested
an association between the GPB S—s+ variant and a greater
resistance to malaria (P. wvay and/or P. falciparon) in people of
African origin [48]. A study by Beiguelman et al. [49] in a rural
area of Rondénia was not able to substantiate the studies in
Colombia [48] as they did not find any sigmficant associations
between GPB S5, Ss or ss phenotypes and Plasmodium infection
status, However, preliminary studies in four other endemic regions
of the Brazilian Amazon including Porto Velho of Rondénia also
observed higher frequencies of the GPB S4s+ phenotype among
£ faletparam malaria patents from Belém and Rio Branco, while
higher frequencies of the GPB S—s+ phenotype were tound in
uninfected blood donors from Belém, Porto Velho, and Rio
Branco [50]. The discrepancy between the two studies in

blood many of these are well

Ronddnia was attributed to potential differences of the populations
studied.

These preliminary studies pointed to a potental association
between GPB S+ carriers and their P faleiparum infection starus,
although the significance of these results was impacted by the lack of
control for ethmcity, a potential confounding factor. Therefore, our
present study in Porto Velho, Rondénia was aimed to further
establish whether molecular variation in the GYPE gene, particularly
the one that generates the GYPB*S/s alleles, influences host
susceptibility to infection with P. faleiparam, taking into account
the possible confounding factor of ethnicity. In addition, we
mterpreted our results in the context of the coding nucleotide
diversity and haplotyvpe structure of GIPB, which might also
influence the prevalence of P._faleiparum infections in this population.

January 2011 | Volume 6 | Issue 1 | e16123
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Materials and Methods

Ethics Statement

The research reported here was approved by the IRB of each of
the collaborating institutions Hemocentro, UNICAMP, State of
Sao Paulo; the Faculdade de Medicina, Sao José do Rio Preto,
State of Sao Paulo; and the Universidade Federal do Rio de
Janeiro, The collaborating institutions are registered with the
OHRP (FWAD0007713; FWADO000377; and FWAOD003452,
respectively) and their IRB are also registered. The owverall
protocol was also approved by the IRB from the New York Blood
Center  [Protocol 415-05). A written informed consent was
obtained from all adults, as well as from the parents or legal
guardians of minors who participated in the present study.

Study population

Two groups of individuals have been recruited for this study
over the period of 2006-2007 in Porto Velho, Ronddnia: 1)
P_faleiparum infected individuals; and 2) uninfected individuals who
were born and/or have lived in the same endemic region for over
ten years, were exposed to infection but have not had malaria in
the past or over the 2-5 vear study period. All consenting
individuals have been interviewed and information regarding their
gender, age, date of birth, place of birth, mother’s name and
maiden  surname, ethnic origin - of their
grandparents, length of residence in their present locality, history
of exposure and/or number of malaria episodes in the last 10

parent and their

vears, and past treatment for malaria were recorded.
Recruitment of P._falcparum infected individuals (N =83) was
done in the local healthcare clinic, Centro de Pesquisa em
Medicina Tropical (CEPEM), Porto Velho — Rondénia. The
consented individuals were of ranging age [18-62) and a female/
male ratio of 27/56 (Table 1). The blood samples of the consented
infected individuals were analvzed for P falegparum parasitemia
using Giemsa stained thick blood smears. The density of
parasitemia in the infected individuals was recorded and expressed
as the number of asexual P faleiparum per microliter of blood
assuming a leukocyte count of 8000/ul. All patients with any
symptoms of malaria and/or microscopically confirmed infections
were given standard and appropriate wreatment. The P. falciparn
reatments  involved artemether-lumefanwine  [Coartem®) or

quinine-doxyeycline therapy, the firstline anti-malarial therapies
recommended by the Brazilian Ministry of Health, which are
superior to other available and affordable treatments. DNA
prepared from whole blood samples was later analyzed by PCR for
parasite species specific genotyping using established protocols
[31] to confirm their infection status with the malaria parasites. It
appeared that only 32.3% of all the P falapanen infected
individuals had mono-infection with £ _falegparum; the majority of
the individuals had mixed infection with £, ziver (66.53%) or had a
triple infection with P, wvax and P malasice (1.4%).

Active recruitment of the uninfected individuals who were born
and/or have lived in the same endemic region for over ten vears
and have reported that they never had an episode of malaria
although their family members or neighbors had it (markers for
exposure) was done in the villages around Porto Velho [Ouro
Preto do Oeste, Guajard-Mirim, Ji-Parand and Candeias do
Jamari). Those who met the incusion eriteria and consented to
participate were tested on site with the OptiMal® (DiaMed AG,
Switzerland), a rapid malaria diagnosis test, to validate their non-
infection status. Only those that were negative by the OptiMal® ki
were bled. To further
individuals in this study group, the DNA extracted from their
whole blood sample was later analyzed by PCR for parasite species

verify the non-infection status of the

":@,L PLoS ONE | www.plosone.org
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specific genotvping to identify those that might have asymptomatic
malaria infections or to confirm their malaria infection free status
using established protocols [531]. It appeared that 30 of the
individuals were PCR positive for malaria DNA: 27 of them had £
vipax specific DNA and 7 had a mixed P sipax and P, faleiparem
DNA. These individuals were therefore excluded from  the

uninfected control group but also were not included in the
infected group. The final control uninfected group constituted of
199 individuals; 18-56 vears of age and a female/male ratio of 97/
102, A follow up of these individuals 2 vears after the start of the
study confirmed that they still had no episodes of malaria in the
past or over the study period.

Phenotyping for GPB Ss blood group antigens

The presence of GPB Ss antigens on the surface of the RBCs
was detected by the hemagglutinaton test using specific gel cards
Diamed AG, Morat, Switzerland) and appropriate commerdal
antibodies. The testing was done using fresh blood from all
individuals from both study groups at the Blood Bank of Porto
Velho (Centro de Hemoterapia ¢ Hematologia de Rondonia-
Fundag¢io Hemeron/ Hemotereapy and Hematology Center of the
Rondénia State — HEMERON Foundation) on the same day of

the blood collection.

Genotyping for GYPB*S/s

DNA samples of each individual were prepared from frozen
blood samples. Genomic DNA was isolated by a whole blood
DNA extraction kit (QIAmp, Qiagen, Valencia, CA) according to
the manufacturer’s instructions. The DNA solutions were analyzed
for quality by agarose gel electrophoresis. The GIPH* §/s
genotyping was performed using one or more of the following
assays:

Allele-specific PCR. Allele-specific PCR (AS-PCR) for the
GIPB*S /s alleles were performed in all samples. The sequences of
primer combinations and control primers that amplified an
unrelated gene (human growth hormone gene) were previously
published [29]. AS-PCR was carried out under the following
conditions: 1x PCR buffer, 1.5 mmol/L. MgCl,, 0.2 mmol/L
ANTP mix, 100 ng of sense and antisense primers, 100 ng of
control primers, 2.5 U Tag DNA polymerase and ~50 ng of
genomic DNA per 50 pl of total volume. The amplification was
performed  using a 35-cycles with an  annealing
temperature of 62°C.

GYPB Exon 5 combination AS/PCR-RFLP assay. To
determine if the S allele was silenced, genomic DNA samples
from S—s+ samples genotvped as GYPB*S/s were amplified with
the GPB4/5, GPBIVS) and GPB5T primers [29], using a
combination AS/PCR-RFLP assay to determine whether GYPB
is present or absent and to distnguish the variant GYPB genes
products in S—s+ (GYPB*S silent gene) individuals. The PCR
products were digested with FroRI overnight at 37°C. The uncut
and digested products were analyzed on a 10% polyacrylamide
gel.

BeadChip DNA anmalysis. Lor some of the P falciparum
mfected and controls samples for which there was discordance
between the two genotyping methods described above and the
phenotyping by hemagglutinaton were re-tested for the GIPB*S/s
genotypes using a DNA array, BeadChip"™ Human Ervthrocyte
Antigen  (“HEA™), comtaining specific probes directed to
polymorphic sites in RACE, FY (including FF1-GATA and F1265),
DO (including HY and FO), CO, DI, SC, GYPA, GIPE (including
markers permitting the identification of U-negative and U-variant
types), LU, KEL FA LW and one mutation associated with
hemoglobinopathies (HgbS) (BioArray Solutions, Warren, NJ,

protocol,

January 2011 | Volume 6 | Issue 1 | e16123



Artigo Cientifico2 26

GYPB Polymorphism and P. faldparum Infection

Table 1. Demographic characteristics, ancestry estimations and GYPB*S/s genotype frequencies in cases and controls, tests for
Hardy-Weinberg equilibrium and association between GYPB*S/s genotype frequency and infection with malaria.

Native Significance of test
African European  American for Hardy-
Mean stry st try Weinberg
Age (SD*) Females/Males (SD) (SD} (SD} SS (%) Ss (%) 55 (%) equilibrium
Controls (n=199) 28.29 (9.16) 97,102 018 (0.14) 054 (0.19) 0.28 (0.17) 15 (7.54) B4 (42.21) 100 (50.25) P=065
Cases (n=83) 3176 (11.99)  27/56 018 (0.14) 054 (0.18) 0.28 (0.18) 3 (3.61) 55 (66.27) 25 (3012) P<0.01
Total (n=282) 29.30 (10.16)  124/158 018 (0.14) 054 (0.19) 0.28 (017) Association test assuming dominance of S:

P<0.02**

*SD, standard deviation.

doi:10.1371/journal pone0016123.1001

USA). The HEA BeadChip assay was performed in accordance
with a previously described protocol [52,53].

GYPB of GYPB. Specific PCR
amplification of GIPE is difficult because of its high homology
with the two distinct glveophorin genes, GIP1 and GIPE. We
therefore designed the GYPB-specific primers using the following
procedure: we aligned human GIFPA (GenBank m60707), GI'PB
(GenBank m60708), and GIPE (GenBank m29609) sequences and
that variable and specific for GIPE gene
segments encompassing exons 2, 4, 5 and 6. The GYPB-specific
primers had to be at their 3" terminals sites 100% specific for their
own sequences. After PCR and sequencing, we the
identity of the PCR amplicon by verifving the presence of GIPE
specific sites. Primers used for PCR amplification contained a
MI3F or M13R tails (Table 2} and their PCR products included

the respective exon and part of its flanking intron regions. PCR

exon sequencing

identified sites

verified

amplification was done using 10 ng of genomic DNA, 200 nM of
each primer and Platinum PCR SuperMix (Invitrogen, Carlsbad,
CA, US) in final volume of 50 pL. The evcling profile used was
2 minutes at 947°C, 45 cyeles of 30 seconds at 94°C, 45 seconds ar
annealing temperature, 2 minutes at 72
i 72°C. PCR products

5 minutes  at
directionally sequenced using MI135 forward or MI3 reverse

“and a final extension of
were  purified and  bi-
primers and Applied Biosystem technology (Genewiz, NJ, US).
Sequences were analyzed using phred-phrap-consed software [54]
and the pipeline described by Machado et al. [55], using the
Genbank sequence NC_000004.11 as reference.

Genotyping a GYPE tagSNP using Tagman real time PCR
assay. |0 complement the sequencing data and obtain a better
coverage of the GIPB haplotype structure, we identified SNPs

**Association persists (P<0.02) if age, gender and European, African or Native American ancestry are included as covariates.

from the HapMap (June 2009) database that were not included in
the re-sequenced regions (for example, ntronic SNPs), were
common (MAF>0.10) and were polymorphic in at least one of the
We
disequilibrium across GIPE from HapMap data and selected

HapMap population. analyzed the pattern of linkage
two tag-SNPs (that can be used as surrogate for untested SNPs,
4835511
rs9685167. We genotvped them by TagMan assays [Applied
Biosystems, Palo Alto, CA, US); rs9685167 genotyping did not
work properly, while 154835511 did using 10 ng of genomic DNA,

due to the pattern of linkage disequilibriumy): and

TagMan® Genotyping Assay 20x and TagMan® Genotyping
Master Mix (Applied Biosystems®, Foster City, CA, US) in final
volume of 10 pL.

Ancestry Informative Markers genotyping

We genotyped 62 Ancestry Informative Markers (AIMs) in the
DNA samples of all cases and controls. The first set of AIMs
consisted of 14 SNPs reported and genotyped in two multiplex
reactions as in Da Silva et al. [56] The second set of AlMs
included 48 INDELs reported and genotyped in three multiplex
reactions as in Santos et al. [57].

Statistical and population genetics analyses
We used the Fisher ex:
equilibrium. To measure association between 5/s genotypes and

ot test to assess the Hardy-Weinberg

malaria infection we used the haplotvpe score test by Schaid et al.
[58] and Lake et al. [59] implemented in the software Haplostats
v.l.4, assuming dominance for the S allele and when necessary,
including age, gender, and African, European or Natve American

ol ¥
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Table 2. Primers designed to amplify GYPB exons 2, 4, 5 and 6 by PCR.
Annealing Size of PCR

Primer name Sequences (in bold are the M13F or M13R tails of primers) temperature product

Exon 2 M13F-Exon2-for TGTAAAACGACGGCCAGTGGACTGGAGGGATGTGAGA 55°C 402 bp
M13R-Exon2-rev CAGGAAACAGCTATGACCTAGAATTCCTCTGTAGTAA

Exon 4 M1 3F-Exon4-for TGTAAAACGACGGCCAGTGCATGGGACTGGCATCTC 60°C 722 bp
M13R-Exond-rev CAGGAAACAGCTATGACCGCTTGGCCTCCCAAAATTATA

Exon 5 M1 3F-Exons-for TGTAAAACGACGGCCAGTATAGTATGTTAACTGTACTTTG 48°C 393 bp
M1 3R-Exons-rev CAGGAAACAGCTATGACCTCTATGTGTCCAGTTGAAAA

Exon 6 M1 3F-Exoné-for TGTAAAACGACGGCCAGTCAGAGGCTGAAGTGGAGTCT 55°C 276 bp
M13R-Exon6-rev CAGGAAACAGCTATGACCTAGAGAATACAGTAATAGTG

doi:10.1371/journal pone0016123.1002
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ancestry (see below) as covariates. Although Haplostats has been
developed keeping in mind haplotype analyses, the association test
(analogous to Fisher exact tests) is also suitable for single SNPs.
Individual European, African and Native American ancestry
were estimated using the Bavesian clustering algorithms developed
by Pritchard and implemented in the program STRUCTURE
v2,3.2 [60,61]. We assumed that three parental populations (K=3
clusters) contributed to the genome of the admixed individuals.
STRUCTURE estimates individual admixture conditioning on
Hardy-Weinberg and linkage equilibrium on each of the K=3
clusters, that represent the parental populations. We run the
program using a length of burn-in Period of 100 000 and 10 0000
repetitions of MCMC after burning. We used prior population
information for individuals from the parental populations to assist
clustering (USEPOPINFO = 1} and assumed the admixture model
for individuals from the admixed populations, inferring the alpha
parameter for each populaton. We also used the parameters
GENSBACK =2 and MIGRPRIOR =0.05. Moreover, we as-

sumed that allele frequencies were correlated (ie. similar across

parental populatons) and that the parental populations show
different levels of differentiation (Fgp, with prior mean of 0.01 and
standard deviation of 0.03). The admixture in each group (cases
and controls) is calculated by Structure as the average of the
admixture for each individual within the group. We performed
these analyses with the two sets of data we produced for this study:
(1) the 48 INDELS previously used by Santos et al. [57]. using the
ancestral populations reported in that publication, and (2) using 62
AlMs (those in Santos et al. [37] and the 14 SNPs reported by da
Silva et al. [36], using the parental populations from the latter
publication. Both measurements of ancesty were highly correlated
[Spearman  correlation  coefficients: 0,82, 0.89 and 0.92 for
African, European and Native American admixture, respectively,
with P always<<0.01).

We inferred haplotvpes considering SNPs with a Minor Allele
Frequency (MAF) =0.05, using the method by Stephens and
Scheet [62]. The recombination parameter p was also caleulated
for each population by using the method of Li and Stephens [63].
These inferences were performed by the software Phase v.2.1.1.,
using 10.000 iterations, thinning intervals of 100 and burn in of
1000. Linkage disequilibrium (LD) was estimated by r? for SNPs
with MAF=0.05 in at least one population [64] and its
significance assessed by LOD scores, using software Haploview
v.3.2 [65].

For the analyses of the sequencing data, we assessed intra-
population variability using the following estimators of the ©
parameter based on the infinite-site-model of mutatons: . the
per-site mean number of pair-wise differences between sequences
[66], and by 8,,, based on the number of segregating sites [67]. T'o
investigate if the observed patterns of variability in the studied
Brazilian population is consistent with the neutral model of
evolution, we used the statistical tests of Tajima’s D [68], Fu and
Li's D* and Fu and Li *s F* [69] on the re-sequencing data, testing
these statistics against the standard null hypothesis of neutrality (no
natural selection) under constant population size.

Results and Discussion

GYPB*S/s frequencies in the control and P. falciparum
infected populations

Two groups of individuals were studied; the uninfected group
(N =199 and the P._faleiparum infected group (N = 83). Host DNA
from these individuals was used for GIPE*S/s genotyping by AS-
PCR, PCR-RFLP and/or DNA array analysis. Specific PCR
amplification of GYPBE*S/GYPE*s is difficult because of the high

@ PLoS ONE | www.plosone.org
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homology between GYPA, GYPE and GTPE. T'o have accurate
results we have chosen two different methods for GIPE®S/GYPRYs
genotyping: the allele-specific AS-PCR, an “in house” method,
and the HEA (Le. Human Ervthrocyte Antigen) BeadChip, a
microarray method commerdally available. All samples were
analyzed by both methods. When the genotype results in an
individual were inconsistent using both methods, we excluded
these individuals from further analvses, even thought the HEA
BeadChip is known to be more accurate than the AS-PCR
[532.53]. Only 3 individuals had mismatching genotypes and were
not included in the association studies. Genomic DNA samples
from individuals phenotvped S—s+ but genotyped as GYPB¥8/s
were analyzed using a combination AS/PCR-RFLP assay [29,70]
in order to determine if the § allele was silenced (GIPB*S silent
gene).

When the genotype distributions of GTPE*S/s alleles in the two
study groups were compared, the differences in the frequencies of
the GIPB*S/GYPB*S and GYPB*S/GIPB*s vs. GIPB*/GIPB*s
genotypes between the P, fadeiparum infected individuals (cases) and
the uninfected individuals (control) were significant [69.87% vs.
19.75% of GYPB¥S/GYPB*S and GYPB*S/GYPB*s and 30.1% vs.
50.25% of GYPB®/GYEB%, respectively; P<0.02, Odds Ra-
tio=1.55 with 95%CL=[1.02, 2.38]) (Table 1). In these analyses,
we assumed that the presence of the GIPE*S allele is a dominant
risk factor for susceptibility to infection (Le., regardless if it is a
homozygote or heterozygote), as it results in the phenotypic
expression of GPB S+ on the surface of the RBCs. Intriguingly,
only the infected individuals do not fiv the Hardv-Weinberg
expectation; with an excess of the heterozygous GIPBE*S/GYPB*
genotype (66.27%, Table 1) as compared to what was expected
[16.66%).

We observed a discordance of 5% between Ss phenotyping

[performed in the field) and genotyping, which is compatible with
previous studies [70]. Noteworthy, the results of phenotypes match
those of genotypes, both for the excess of S+s+ or GIPB*S/GIPE*s
heterozygous individuals among cases and for the association of
the presence of the GPB S+ or GYPBE*S putatively dominant allele
with their infection status, Although GIPE GIYPA and GIPE
genotyping is assoclated with technical difficulties due o their
extensive  sequence homology, the high concordance of our
phenotype and genotype results and the significance of the
association even when phenotypes are analyzed, suggest that our
genotyping results are robust.

Interestingly, we have found a higher frequency of heterozygous
GIYPB*S/s genotypes among the P faleiparem infected individuals
[66.27% In cases versus 42.21% in controls). Considering that
heterozygous are more frequent that the homozvgous S+s—, it
seems that the amount of GPB S receptor molecules doesn’t
influence the susceptibility vo P. faleiparum infection. Ifwe make an
analogy to the Duffy blood group (FY), the recepror for P. vivax,
and susceptibility of £, mivax malaria, different studies [20,71,72],
including one in the Amazonian region of Brazil [73], have
demonstrated that individuals with the FYA/FYE genotype have
higher susceptibility to malaria infection. The fy gene has two
antigens [Fy™ and Fyh} that are encoded by the co-dominant alleles
FYA and FIB, located on chromosome 1. The corresponding anti-
Fy* and ant-Fy* antibodies define four different phenotypes;
Fylat+h+), Fy(atb—}, Fy(fa—b+) and Fyfa—b—). The F¥4 and FIB
alleles differ by one nucleotide change in exon 2 encoding glveine
in Fy" or aspartic acid in Fy” at residue 42 [73]. In the Brazilian

study |73], the authors reported a larger number of malaria
episodes among patients with the heterozygote (F1¥4/FV*E)
genotype than the homozygote (F1*A/IT*A or FIFB/FI*E)
genotypes.  Individuals homozygous for F14 or F1E alleles

January 2011 | Volume 6 | Issue 1 | 16123



Artigo Cientifico 2

expressed a lower quantity of the Duffy antigen, which is required
for the £, zivax invasion, than those who were heterozygotes. Apart
from the different levels of the expression, the specific conforma-

tion of the Fy* and Fy® antigens may also determine differences in
the susceptibility to infection. Nevertheless, it was concluded that
one of the possible consequences of differendal susceptibility to
P. vivax malaria could be modifications in allelic frequencies of
FI*4 and FI*B in populations exposed to P. zivar, the most
prevalent malaria species in the Brazilian Amazon region.

Qur study has verified for the first time that molecular variation
in the GIPB gene, particularly in the GIPB*S/s alleles, influenced
host susceptibility to infection with £ faleipanum in Porto Velho,
Rondonia. In this study we took into consideration the possible
confounding factor of ethnicity by performing association analyses
adjusted for admixture, as well as for age and gender [Table 1). An
association between other human receptor polymorphisms and

variations in the parasite ligands of £ falvparum that modulate
susceptibility to malaria, was also demonstrated [25,74-76].

GYPE*S/s allele frequencies vary across human populations; the
GYPBE*S allele (supposedly  associated with infection) is less
common in Hast Asians (~10%) than in Sub-Saharan Africans
(=25%) and Europeans (~30—40%). Therefore, if the cases have
more Buropean ancestry than controls; a false positive result may
emerge due to the association of any variant more common in
Europeans, and thus the association results we got might not be at
all related with susceptibility to infection conferred by the GPB Ss
blood group antigens. To avoid a false positive result, we also
measured the association among GPB Ss variants and infection by
controlling the effect of admixture. Because we ascertained that
African, European and Native American admixture do not differ
among cases and controls (Figure 1 and Table 1), we exclude the
possibility that our result is a spurious association. Controlling for
admixture is essential in genetic epidemiology studies performed in
Latin American populatons, where large inter-individual differ-
ences in admixture are the rule [27].

We hypothesize that this Met29Thr polymorphism might be
associated with changes in the structure of the GPB molecule that
is used by P, falciparum to enter the RBCs. By having a Thr residue
(GPB s4) on the RBCs instead of a Met residue (GPB S4), GPB s+
gains potentially a new site for O-glycosylation, which can likely
alter its conformation and thus influence the effidency of invasion
by the parasites and ultimately, susceptibility to infection.
Alternatively, this polymorphism may also affect dimerization of
GPB molecules with other GPB or with GPA molecules [77].

Population genetics of GYPB and inferences about
natural selection

In principle, the GYPB¥S/s alleles might not be the only
functional GPB variants that modify 2. jfaleiparum  invasion
efliciencies in the Brazilian population studied. To understand
the relationships between the observed association and the
haplotype structure of GYPB in this population, we sequenced
exons 2, 4,5 and 6 of GYPB and their flanking regions, for a tatal
of 1492 bp in sub-samples of cases and controls, matching the
proportion of 88, 8s and ss genotypes observed in the total number
of cases and controls studied. These sequences are publicly
available under the GenBank accession numbers HQG639948-
HQ640229. This sub-sample includes 41 cases (2 88, 26 Ss, 13 ss)
and 100 controls (8 S8, 42 Ss and 50 ss). We also used HapMap
data available in June 2009 to explore the pattern of linkage
disequilibrium across GYPB and selected the tag-SNP rs4835511
to be genotyped in the GIPB sequenced individuals using TagMan
(Applied Biosystem) assay.

@ PLoS ONE | www.plosone.org

GYPB Polymorphism and P. faldparum Infection

African/African American

Native American

Figure 1. Estimation of admixture using Ancestry Informative
Markers genotyping. Individual European, African and Native
American ancestry were inferred from 60 ancestry informative markers
in cases (magenta) and controls (yellow). Admixture was inferred by
comparison with individuals from the putative parental populations:
Europeans (red), African/African American (green) and Native Americans
(blue). Admixture was estimated using the software Structure and
average admixture over cases and controls is shown in Table 1.
doi:10.1371/journal pone.0016123.g001

Table 3 shows the common GIPB haplotypes (Le. a combina-
tion of alleles on the same chromosome) based on eight common
SNPs across the sequenced region and the tag-SNP rs483551 1.
Haplotypes are sorted on the basis of their S/s (rs7683365) allele,
and Figure 2 shows that the S/s SNP is in linkage disequilibrium
with some common silent polymorphisms in exon 4 and its
adjacent introns, but not with all the common SNPs reported in
the GIPB sequenced regions. In particular, there is no linkage
disequilibrium between the S/s alleles (rs7683365) and the non-
synonymous common SNP 151132783 (Ser/Thr) in exon 5. Since
this polymorphism is predicted by PolyPhen |78] as benign, we
assumed that its role in determining susceptibility to malaria
infection is minor in respect to the S/5s allele; SNP rs1132783 is
located in the transmembrane domain of the protein, thus unlikely
to have an effect on the host-parasite interaction. The site-specific
PolyPhen  algorithm  (heyp:/ /genetics. bwh harvard.edu/pph/},
which uses protein structure  and/or sequence conservation
information from each gene to predict whether a nonsynonymous
mutation is “benign,” “possibly damaging,” or “probably
damaging”, was shown to be the best predictor of the finess
effects of nonsynonymous mutations in a study analyzing a large
polymorphism data set from 301 human genes [79].

The pattern of nucleotide diversity of GFYPB revealed by the
sequencing data is also informative about the role of the S/5 alleles
in susceptibility to malaria infection, because it allows inferences
about the action of natural selection driven by malaria during the
human evolutionary history [80]. Inferences about the action of
natural selecion have two implications. First, variants on genes
inferred to be under selection have contributed to determine
phenotype variability and perhaps, differential susceptibility to
diseases such as malaria. Second, by definition of natural selection,
these
reproductive efficiencies (L.e. fitnes
they have biomedical relevance. In particular for malaria, Ayodo

ariants have been associated with relatively different

of their carriers, and therefore,

et al. [81] have evidenced that combining information from
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Table 3. GYPB haplotype frequencies determined on the re-sequencing panel on the basis of common SNPs (MAF>=0.05).

rs4835511 rs12499907 rs12499906 rs41338748 rs7662277 rs7683365° rs7661933 rs1132783" Cases Controls Total
Ancestral allele C T T T T C T G
GYPB-s1 T 5 13 18
GYPB-52 z‘ E E
GYPB-s3 [« 4 a 4
GYPB-s4 5 5 - A C 6 19 25
GYPB-s5 . . . A o 1 1
GYPB-56 . G A T A 1 1 2
GYPB-57 . . G A T A 1] 1 1
GYPB-58 5 G A T A 26 49 75
GYPB-59 . G G A A T A 3 7 10
Number of chromosomes 82 200 282

*SNP accounting for S (The) and s (Met) phenotypes.
"Ser(G)/Thr(C).

“The modal haplotype in each group is underlined.
Nen-synonymous substitutions are underlined.
doi:10.1371/journal pone 0016123.1003

association studies and evolutionary inferences about natural

selection increases the probability of identfving susceptibility
genes of malaria infection.
of GYPB

population studied (Table 4) reveals that:
of diversity that is similar to the most variable lod (ABO,

Brazilian

shows a level

diversity in  the

) GIF

(a

Analysis nucleotide

SERPINAS) observed in African populations [82]; the most diverse
continental human population. This is due in part to the genomic
structure of the glvecophorins’ region, that encodes the GYFPA,
GIPB and GIPE highly homologous genes, and which might be
affected by high rates of gene conversion among these loci. The
observed high diversity may also be due the admixed nature of the
Brazilian population, whose diversity reflects the combining effect
of the parental population’s diversity. (b) When the diversity of
GYPB is measured separately for haplotypes carrying S or s alleles,
diversity is consistently lower across cases and controls for the s
haplotypes (associated with resistance to infection) than for the S
haplotypes (associated with infection), notwithstanding the higher
frequency of the s allele, that being the most common in humans,
is expected to be the ancestral one, a condition typically associated
with higher nucleotide diversity.

The pattern of genetic diversity on a specific genomic region
depends both on the demographic history of populations, as well
as on locus specific evolutionary factors such as mutation,
recombination Almost 60 v
Haldane [83] proposed the so-called “Malaria Hypothesis™ - that
malaria might act as a selective force on human populations. Since

and natural  selection.

r$ ago,

then, several studies have tested and verified this hypothesis in the
human host [81] and the malaria parasites [84.85]. To infer if
ity of G1PB,
that the

malaria-driven natural selection has shaped the divers
s of the null hypothesis of neutrali

we used statistical tes

GIPE patern of diversity mav be explained considering only the
demographic history of the studied population and mutation and
the
action of other factors such as natural selection, These statistical
tests [68,69] (Tajima’s D and Fu-Li's D* and F* are based on the

proportion of rare and common polvmorphisms expected in a

recombination patterns of GYPE, without the need to invoke

population under neutrality, and this proportion is informative
about natural selection. Table 4 shows that Tajima’s and Fu-Li’s

statistical tests are negative and significantly different from 0,
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which is indicative of an excess of rare alleles in respect to neutral
expectations. This result is consistent with the following scenario
imvolving the acton of natural selection (ie. a selective sweep): a
beneficial substitution (putatively the s allele) rapidly increases in
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Figure 2. Linkage disequilibrium among common SNPs in
GYPB. Linkage disequilibrium among common SNPs in GYPB was
estimated in both study groups: the controls (a) and in the cases,
malaria infected individuals from Brazilian Amazon (b). Underlined SNPs
are non-synonymaous substitutions: rs7683365 is the SNP determining 5/
s antigens; rs1132783 is a Ser/Thr polymorphism (see Table 3).
doi:10.1371/journal. pone.0016123.g002
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frequency (Le. incomplete sweep) carrying its associated haplotype
through a hitchhiking effect. This process, driven by natural
selection, is too rapid for recombination to shuffle the surrounding
h;q)lnl};pr, As a consequence, it is L'x])rrlm] that the nucleotide
(1) of the haplotypes ¢
is lower than the alt

diversi rrying the beneficial allele (s in this

allele

able 4). During a selective sweep, rare substitutions become

)

15 observed in our data

¢
(1

common both hecause: the rise in ﬁ['t]ll['lli'y' of the s h;l])l['ll\,’pl':

T

other substitutions associated with S become rare; and new [(and
therefore rare) substitutions appear in the expanding positively
selected haplotype. The negative values observed for the neutrality
tests for GIPB is consistent with this scenario (Table 4).

In the case of the Brazilian admixed population, the observed
EeXCess l']r rare ‘zl“['l['ﬁ ‘lll (Y}I{B‘ can not I]E' a4 consequence []r
admixtre, which generally results in a reduced proportion of rare
alleles in respect to neutral expectations (and therefore, to positive
ical tests such as D, D* and F¥) [69]. Instead, we are
likely observing the signature of a selective sweep that occurred

values of statist

Llu]iug the last thousands of vears of the human evolution in
malaria affected regions mainly in Seuthern Europe and more
likely Africa [86], where the ancestors of our studied Brazilian
population settled (see Table 1 for the predominant European
admixture pr ['ll)['l]l‘l['lll‘: :\llh['lugh our hlqu)[n'IuIiuu may be true
and consis

tent with the results of the present association study, an
unambiguous inference about the action of natural selection would
require a comparison of GIPB diversity with a set of other loci not
affected by natural selection, that would allow to obtain a more
realistic null neutral distribution of neutrality statistics (D, D%, F¥)
that hn'l'n])l'n;lln' the ~.|)|'L'iﬁr s]ruu']g];l])hir histor v of the studied
population. On the other hand, the lack of evidence of the action
of natural selection on African or European populations on
genomic screenings of signatures of natural selection [87-89] may
be due to the difficulties in gn'lu'll},1)iug/l.rr]lln'nrhlg of the
glycophoring” genomic regions.

Altogether, our results suggest that the S domain on GPB is
important for its binding to the specific ligand of the P. jalciparum
parasite, EBL-1, which was recently identified and characterized

H—-H RBCs L'LlIIviug glvl'[q)hl'lliu B but not RBCs l;ll'killg

. PLoS ONE | www.plosone.org

Table 4. Summary of GYPB diversity indexes and tests of neutrality based on re-sequencing data of a subset of cases and col

and their partitions in S and s alleles (rs7683365) of the Ss blood group antigens.

Populations Controls* Controls-S Controls-s Cases* Cases-S Cases-s

Number of chromosomes 200 58 142 82 30 52

Segregating sites 26 17 8 21 15 4
Singletons 17 16 5 13 14 2
Non-synonymous (total/singletons) 5/3 3/3 1/0 53 33 1/0

p (per adjacent sites x107) 0.32 - - 0.02 - -

{} estimators

n+ SD (%107 1.80+0.13 051+0.29 039+0.06 2.09+024 0.75+0.53 0.40+009

AW + SD (x10% (per site) 297+0.85 246+0.87 097+0.40 2.83+092 2.54+0.99 059+033

Neutrality tests

Tajima's D —1.092 —2.413" -1.376 —0.777 —2.372° —0.720

Fu and Li's D* =5.400" —5.355° =3.002° -3.578° -3.972° —1.217

Fu and Li's F* —4,385* —-5.138° -2.891° -3.035° -4.071* —1.243

*The samples of cases and controls were selected so the proportion of 55, Ss and ss genotypes observed in the total set of cases and controls was matching.

*P<0.02,

bp0.01,

“P<0.001.

doi:10.1371/journal pone 00161231004

glycophorin B [S—s—U—} were shown to adsorb the native
EBL-1 from P. faletparum culture supernatants. Future studies are
needed to demonstrate whether EBL-1 binds differentially to GPB
S—s+ vs. S+s+ RBCs, and thus indirectly substantiate at a
molecular L

tdon of association studies at the

el our obser

populaton level and our population genetics inferences about the
action of natural selection. PL'Iﬁ'lnuhlg similar studies in other
regions of the Amazons and other endemic regions of the world is
also needed to further substantate our observations; including
both association studies with larger sample sizes and with a
])[]])lllllli[]ll g['lll'l‘l['\ '(l])])[[]‘zli'h I]lill ‘llllrllll]l' \['[]lll'lll"lllg Ellll]
genotyping at a higher resolution. Because P faleiparum shows
also high population stru
[90], it is also important to understand the extent of variability in

ture, in particular in the Amazon Region

hul.l-p;u‘lll.ilr interaction and their co-evolution. The statistical
association between the presence of the S allele and infection
supports also the hypothesis that P faleipanan parasites i the
Blilé‘ll‘lilll Amazon [E'gil']ll\ llliliél' (—;PB as a kl'\f [['['[']’I[][ ﬂ][
invasion, and consequently individuals who carry distinet GYPB
gene variants, which might facilitate erythrocyte invasion, will be
more susceptible to P faleiparem infection. Thus, our results
[["111[\[']1['[' I]ll' lll'['i] []r Nlllilil'ﬂ [‘['l['ll\illg on !‘ff ?'f‘flfl ‘111\":[‘11[]1] dAssays
using erythroeytes with diverse GIPB genotypes and P. falciparum
strains from different origin to establish the role of the GPB
receptor for P falcparum parasites of this region.
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3. CONCLUSOES

A partir do uso de marcadores gendmicos de ancestralidade em
populacées de individuos sadios (controles) e portadores de malaria por
Plasmodium falciparum (casos), que residem na cidade de Porto Velho, RO

(Amazénia Ocidental), Brasil, foi possivel concluir que:

A pesquisa da ancestralidade gendmica individual por meio dos
AIMs é util na determinacdo da proporcdo de contribuicdo das
populacdes parentais e, portanto, da ancestralidade de grupos e
subgrupos a serem pareados em estudo de caso controle. As
populacdes portadora de malaria por Plasmodium. falciparum e

respectivos controles saudaveis sado igualmente miscigenadas.

e Predomina neste grupamento da populacdo Brasileira a

ancestralidade Européia.

e O grau de miscigenacdo individual/populacional ndo € fator
preocupante e nao gerara resultados espurios em futuros estudos
de caso-controle e/ou epidemiologicos que tenham como sujeitos

individuos que residem na regido aqui considerada.
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