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RESUMO

A castanha-do-brasil (Bertholletia excelsa) é caracterizada como um
dos produtos ndo madeireiros mais importantes da regido Amazonica, visto
que é um alimento bastante apreciado pelas comunidades locais e ainda
utilizado para exportacdo. A améndoa da castanha-do-brasil é reconhecida
no mundo inteiro como o alimento mais rico em selénio (Se), sendo
crescente 0 desenvolvimento de pesquisas que cada vez mais comprovam
seus efeitos benéficos na salde humana. O Se é um elemento-traco que
apresenta propriedades essenciais ou téxicas dependendo da faixa de
concentragdo no alimento ingerido. No mundo inteiro, ha situagdes tanto de
deficiéncia, como de toxidez de Se nos solos, refletindo no teor do elemento
presente nos alimentos que sdo ingeridos. Nas regides onde os teores nos
solos sdo baixos, alternativas para melhorar a nutricdo da populacdo sédo
requeridas como, por exemplo, via biofortificagdo agrondmica, ou mesmo a
utilizagdo de fontes naturais para o incremento de Se na alimentacdo, como é
0 caso da castanha-do-brasil. O presente estudo buscou conhecer melhor e
caracterizar os teores de Se na castanha-do-brasil. Amostras foram coletadas
em seu ambiente natural de producdo e em cultivos estabelecidos em
diferentes regides da bacia Amazonica, objetivando ainda realizar correlagdo
entre os teores de Se presentes na castanha e no solo onde essas plantas estéo
inseridas. Foram coletadas amostras de frutos nos estados do Acre (15
plantas), Mato Grosso (13 plantas), Roraima (15 plantas), Amapa (15
plantas) e Amazonas (17 plantas) e amostras de solo nas camadas de 0-20
cm, 20-40 cm e 40-60 cm com o objetivo de analisar os teores totais de Se
tanto no material vegetal como no solo. Os resultados mostraram que a
concentracéo total de Se no solo variou de < 65,76 a 737,76 pg kg™ (média
de 278,28 pg kg?), sendo que 75% das amostras de solo tiveram valores
menores que 361,08 pg kg*. O teor total de Se obtido nas amostras de
castanha-do-brasil nos permitiu dividir as amostras em trés grupos distintos:
1) Plantas que apresentam baixas concentra¢fes (Acre e Mato Grosso) com
teores médios de 7,54 mg kg™ e 6,79 mg kg™ respectivamente; 2) Plantas
com concentragdes intermediarias (Roraima) com teor médio de 18,86 mg
kg™ e 3) Plantas com altas concentracdes (Amapa e Amazonas) com teores
médios de 59,35 mg kg™ e 86,33 mg kg™ respectivamente. Os modelos de
regressao e a analise de componentes principais (PCA) mostraram que o teor
total de Se no solo ndo é o principal fator determinante no teor de Se nas
améndoas de castanha-do-brasil e, portanto, pouco preditivo desses valores.
Por outro lado, o pH demonstrou ser um importante fator associado com a
disponibilidade de Se no solo para as plantas, especialmente na camada de O-
20 cm.

Palavras-chave: selénio, Bertholletia excelsa, castanha, Floresta Amazonica,
nutri¢éo, biodisponibilidade.



ABSTRACT

Brazil nuts (Bertholletia excelsa) is characterized as one of the most
important non-timber products from the Amazon region, since it is a food
greatly appreciated by local communities and used for exportation. The
Brazilian nuts are recognized worldwide as the richest food source of
selenium (Se), increasing with the development of research that increasingly
is proving its beneficial effects on human health. Selenium is a trace element
that presents essential or toxic properties depending on the concentration
range in ingested food. Worldwide, there are situations of both deficiency
and toxicity of Se in soils, reflecting the element content in the foods we eat.
In regions where the soil Se content is low, alternatives to improve nutrition
of the population are required, for example via agronomic biofortification, or
even by using natural sources for Se improvement in food, as in the case of
Brazil nuts. This study aimed to better understand and characterize the Se
levels in Brazil nuts. Samples were collected in their natural environment of
production and crops established in different regions of the Amazon basin,
yet, aiming perform correlation between the levels of Se present in nuts and
soil where these plants are located. Fruit samples were collected in the states
of Acre (15 plants), Mato Grosso (13 plants), Roraima (15 plants), Amapa
(15 plants) and Amazon (17 plants) and soil samples at 0-20 cm, 20-40 cm
and 40-60 cm layers, in order to analyze the total Se content in both plant
material and soil. The results showed that the total concentration in soil
ranged from < 65.76 to 737.76 pg kg™ (average of 278.28 pg kg), and 75%
of the soil samples were lower than 361.08 pg kg™. The total Se content
obtained in Brazil nut samples allowed us to divide the samples into three
groups: 1) Plants that have low concentrations (Acre and Mato Grosso) with
average of 7.54 mg kg® and 6.79 mg kg™ respectively; 2) plants with
intermediate concentrations (Roraima) with an average content of 18.86 mg
kg* and 3) plants with high concentrations (Amapa and Amazonas) with
average levels of 59.35 mg kg* and 86.33 mg kg™ respectively. The
regression models and principal component analysis (PCA) showed that the
total soil Se content is not the main factor determining the Se content in
Brazil nuts and, therefore little predictive of these values. On the other hand,
the pH has demonstrated its importance association with the Se availability
in the soil for the plants, especially in the 0-20 cm layer.

Keywords: Selenium, Bertholletia excelsa, nuts, Amazon rainforest,
nutrition, bioavailability.
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PRIMEIRA PARTE

1 INTRODUCAO

Desde a sua descoberta em 1817 pelo quimico Sueco Jons Jacob
Berzelius, o selénio (Se) era um elemento que atraia pouca atencéo e estudo
por quimicos. Como as suas concentra¢cbes na maioria dos materiais
geoldgicos sdo muito baixas, era dificil estudar a sua distribuicdo na
superficie da Terra. Foi a descoberta da toxicidade de Se no ambiente que
atraiu a atencdo em relagdo a geoquimica do elemento, e aproximadamente
na mesma época, em 1930, usos industriais para 0 Se comegaram a se
desenvolver (invencdo da fotocopiadora e retificadores) (JOHNSON;
FORDYCE; RAYMAN, 2010).

Selénio é um dos elementos que desempenha um importante papel
na saude animal e humana, sendo essencial também para outros organismos
incluindo bactérias e algas. No ambiente, entretanto, hd preocupagdes com
relacdo a toxicidade e deficiéncia. Desde 1983, tem sido dindmico o
crescimento de estudos sobre a ciclagem de Se e a importancia na salde
humana e animal (KABATA-PENDIAS; MUKHERJEE, 2007).

Embora a geologia subjacente seja o principal fator de controle da
concentracdo de Se em solos, a mobilidade e a absorcdo de selénio pelas
plantas e animais, conhecidos como disponibilidade, sdo determinadas por
um numero de parametros bio-fisico-quimicos. Estes incluem as condicdes
de pH e potencial redox predominantes, a forma quimica ou especiacdo de
Se, textura do solo, mineralogia, teor de matéria organica e a presenca de
ions competitivos (FORDYCE, 2013).

Tem sido demonstrado que a ingestdo de Se e 0 seu status em uma
determinada populagdo (nivel de Se no sangue) podem estar estreitamente
relacionados com a concentracdo, distribuicdo na fase solida do solo e
especiacdo no ambiente local, 0 que é, em grande parte, determinado pelas

caracteristicas geoquimicas. O conhecimento de tais fatores pode sugerir
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riscos para a saude e ser relevante para um pais ou regido, podendo ajudar a
prever quais locais podem ser caracterizados por deficiéncia ou toxicidade
no solo. Em uma escala global, é estimado que 0,5 a 1 bilhdo de pessoas seja
diretamente afetada pela deficiéncia de Se no organismo. Em geral, areas de
baixo teor natural de Se no solo sdo mais disseminadas e extensivas que
areas com niveis excessivos de Se (HAUG et al.,, 2007; JOHNSON;
FORDYCE; RAYMAN, 2010; WINKEL et al., 2012).

No Brasil, as informagdes sobre os valores de Se no solo s&o
escassos, e particularmente na regido Amazodnica, determinagdes analiticas
de Se no solo sdo praticamente inexistentes, salvo alguns trabalhos
utilizando coletas em pontos localizados em areas de produgdo agricola.
Devido as preocupagdes quanto a deficiéncia de Se, segundo Combs Junior
(2001), h&a uma necessidade de busca por mais informagfes com relagdo ao
status de Se nos solos em escala nacional a fim de compreender os principais
fatores que influenciam suas concentragdes. O estudo de teores totais de Se,
tanto no solo como em produtos vegetais que sdo consumidos, vem se
tornando fundamental, somando-se ainda ao fato de que cerca de metade da
populagdo mundial sofre com desnutricdo de Fe, Zn e Se (ZHAO et al.,
2009).

A castanha-do-brasil (Bertholletia excelsa Bonpl., Lecythidaceae) é
uma espécie amplamente distribuida em florestas néo inundadas (terra firme)
na AmazoOnia Brasileira, Guianas, Colombia, Venezuela, Peru e Bolivia. A
espécie € encontrada em areas que apresentam precipitacdo média anual
entre 1400 e 2800 mm, temperatura anual média entre 24°C e 27°C e
umidade relativa de 79% a 86% (DINIZ; BASTOS, 1974). As améndoas da
castanha-do-brasil sdo consumidas no mundo inteiro, sendo conhecidas
como o0 alimento mais rico em Se, tendo ja sido reportados na literatura
valores de até 512 mg Se kg’1 (CHANG et al., 1995; DUMONT et al., 2006).

E conhecido na literatura que ha uma grande variabilidade no teor de
Se nas améndoas de castanha-do-brasil dependendo do local em que foram

cultivadas, havendo até mesmo variacdes entre améndoas provenientes de
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um mesmo local, sendo provavelmente o reflexo das quantidades de Se nos
solos regionais e ainda da capacidade de cada gendtipo em acumular este
elemento nas améndoas. Tais variacBes sdo relatadas nos estudos realizados
por Chang et al. (1995), Dumont et al. (2006), Parekh et al. (2008) e Secor e
Lisk (1989). Porém, ndo ha um estudo caracterizando melhor esses teores em
populagdes de castanha-do-brasil em diferentes estados da regido
Amazodnica. Até agora, 0s niveis de Se na castanha-do-brasil juntamente com
0s respectivos teores nos solos adjacentes ndo tém sido relacionados e
estudados com detalhes buscando conhecer os possiveis fatores que
determinam a maior ou menor acumulagdo deste elemento nas améndoas.
Nesse contexto, o presente trabalho teve como objetivos: 1) Avaliar
0 teor de Se em améndoas de castanha-do-brasil provenientes de diferentes
regides da bacia Amazonica; 2) Determinar os teores de Se nos solos e
observar o comportamento do Se com relagdo as variagdes regionais e locais;
e 3) Determinar se ha uma relacdo entre o teor total de Se presente nas
améndoas e as concentragBes de Se nos solos correspondentes aos locais

onde as plantas se desenvolvem.

2 REFERENCIAL TEORICO

2.1 Selénio no solo

A média dos teores totais de Se nos solos do mundo é estimada em
torno de 0,44 mg kg™. Os teores naturais de varios grupos de solos variam de
0,05 a 1,50 mg kg'l, sendo que os teores mais baixos sdo encontrados em
solos Podzélicos e o0s mais elevados em Organossolos (KABATA-
PENDIAS, 2011). A quantificagdo dos teores de Se em solos tem recebido
muita atencdo, principalmente em paises onde o papel do Se na saude
humana e animal tem sido reconhecido e onde ha geralmente problemas com
toxicidade ou deficiéncia do elemento. A maior parte dos solos de zona
climatica temperada Umida, e derivados de rochas sedimentares contém

niveis de Se que ndo sdo suficientes para produzir alimento e forragem com
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teores adequados a nutricdo humana e animal, necessitando de aplicacdo de
fertilizantes (KABATA-PENDIAS, 2011).

O estudo da distribuicdo de Se em solos é de extremo interesse
devido & estreita faixa entre os niveis de deficiéncia e toxidez. O Se no solo
existe em varias formas inorganicas: como selénio elementar (Se®), seleneto
(Se?), selenito (Se03%), selenato (SeO,*) e em formas organicas, como, por
exemplo, a selenometionina. Em solos cultivados, as formas Se05% e Se0,?
predominam (KOPSELL; KOPSELL, 2007). Para estas formas anidnicas
inorganicas (selenito e selenato), a adsorcdo em oxidos e hidroxidos e nas
arestas quebradas dos argilominerais corresponde ao principal mecanismo
que controla a distribuicdo do elemento na solugdo do solo. Para a maior
parte do Se organico, a mineralizacdo é requerida para o Se tornar-se
disponivel. Em relacdo a disponibilidade de Se, ambos o0s processos
predominantes e fatores controladores diferem entre os tipos de solos em que
as formas inorganicas ou organicas dominam (SUPRIATIN; WENG;
COMANS, 2015).

A biodisponibilidade de Se para as plantas e animais no solo ocorre
em funcdo da geologia, pH do solo, condi¢des redox, quantidade de matéria
organica, espécies de ions competidores, tais como o sulfato e fosfato,
atividade microbiana, textura do solo, compactacdo e mineralogia,
temperatura do solo, nivel de precipitagdo durante a estacdo de cultivo,
irrigacdo etc. Por isso, casos em que ocorrem alto teor de matéria orgéanica
no solo, elevados teores de oxihidroxidos de Fe e de argila (todos podem
adsorver ou ligar Se ao solo) podem inibir a absor¢do de Se pelas plantas e
animais. Até mesmo em solos que contém concentrac@es totais adequadas,
pode haver deficiéncia de Se em animais se 0 elemento ndo estiver em uma
forma prontamente disponivel (FORDYCE, 2007; FORDYCE et al., 2010).

Baseando-se na interacdo entre estes fatores e as formas quimicas de
Se em um solo, a dindmica do elemento est4 submetida a transformacGes
reguladas principalmente por processos de oxidacdo-reducdo (KOPSELL;
KOPSELL, 2007; JEZEK et al., 2012). A dependéncia das formas de Se com
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relacdo ao pH e potencial redox é demonstrado através do diagrama de pH-
Eh (Figura 1).

1000
500 —
S
E
] 0 —
~500 7 H,Se ;
HSe
| | | |
2 4 6 8 10
pH

Figura 1 Distribui¢cdo de Se no solo dependendo do pH e potencial redox
(Eh). Fonte: adaptado de Kopsell e Kopsell (2007)

A mobilidade de Se no solo e sua disponibilidade para as plantas sdo
controladas pela sorcdo, dessor¢do, precipitacdo, dissolucdo, formacdo de
complexos organicos, inorganicos e metilacdo de compostos volateis.
Selenito e selenato diferem em seu comportamento no solo, ja que o selenato
é movel no solo, enquanto o selenito é eficientemente retido na superficie
dos 6xidos, e assim, menos disponivel para as plantas (ALFTHAN et al.,
2014).

Grande parte do Se ingerido por animais e humanos é proveniente do
solo onde séo cultivados as plantas e legumes que absorvem este elemento.

No geral, os teores de Se disponiveis em solos sdo altamente varidveis.
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Como exemplo, existem &reas notavelmente pobres em Se que incluem
partes da China, Sibéria, Africa Central, o leste da Europa e Nova Zelandia.
No entanto, embora grandes regides ainda ndo tenham um mapeamento
especifico para os teores de Se, é notavel que a maioria da populacdo
mundial apresente ingestdo insuficiente de Se para sustentar o pleno
funcionamento das selenoenzimas no organismo (LYONS et al., 2004).

A maioria das doencas humanas relacionadas ao Se sdo resultantes
de concentragGes altas ou baixas do elemento em solos, alimento e &gua
potavel. Geralmente, o teor e forma quimica do Se no solo determina a
concentracdo do elemento em graos, vegetais e cursos d’dgua. Portanto,
estudar a concentracdo do elemento em solos e seu comportamento pode
melhorar a compreensdo e a avaliacdo da ciclagem, fluxo e balan¢co no
ecossistema e sua influéncia na satde (LI et al., 2008).

No Brasil, os estudos com Se no solo séo relativamente recentes,
necessitando ainda de informacGes referentes aos teores totais naturais
principalmente em solos agricolas. Um exemplo de estudo buscando
metodologia para determinagéo de Se total no solo, Carvalho (2011) obteve
teores naturais de Se ou “background” em solos do Cerrado, observando
variacao nos teores de Se de 32 a 82 ug kg™ no horizonte superficial e de <
22 a 63 ug kg™ no horizonte subsuperficial. Em um trabalho mais recente,
Gabos, Alleoni e Abreu (2014) encontraram valores de Se em solos do
estado de S&o Paulo na camada superficial e subsuperficial (por¢cdo mais
elevada do horizonte B) de 58 amostras de solo, variando de < 0,08 a 1,61
mg kg™ com uma média de 0,19 mg kg™. Os autores relataram ainda que as
concentracbes de Se nas amostras coletadas na camada superficial (~0-20
cm) estavam positivamente correlacionadas com a CTC, assim como o teor
de argila, matéria organica e teor de Oxidos no solo. Na camada
subsuperficial apenas o pH e teor de 6xido de aluminio apresentaram
correlagdo com as concentracdes de Se.

Embora haja ainda poucos trabalhos mostrando teores de Se em

solos Brasileiros, que incluam principalmente dados da regido Amazonica,
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h& evidéncias de que estes teores sejam deficientes em algumas regides onde
esses valores ja foram estudados conforme mostra a tabela 1.

Tabela 1 Concentracdo de Se em solos Brasileiros

Regido/Cidade Concentragdo de Referéncias

Se (Mg kg™)
Regido do Cerrado 10-80 Carvalho (2011)
Matao 2,3-15 Faria (2009)
Sé&o Paulo 89-1612 Gabos et al.(2014)
Piracicaba 90-206 Faria (2009)
Parana 370 Shaltout et al. (2011)
Goiéas 215 Shaltout et al. (2011)
Mato Grosso do Sul 113 Shaltout et al. (2011)
Para 419 Shaltout et al. (2011)
Rio Grande do Sul 248 Shaltout et al. (2011)
Santa Catarina 262 Shaltout et al. (2011)
Ceara 599 Shaltout et al. (2011)
Amazonas 604 Shaltout et al. (2011)

Fonte: Do autor (2016)

Em éareas onde a disponibilidade de Se nos solos é baixa, uma boa
alternativa € a biofortificacdo agrondmica, para que haja melhora na
qualidade nutricional dos alimentos (WHITE; BROADLEY, 2009). E € isso
que vem sendo realizado pelas pesquisas atuais, visando a melhoria na
nutricio mineral de plantas em solos e ambientes onde a baixa
disponibilidade de Se acaba refletindo em deficiéncia na nutricdo e salde
humana. A ingestdo de alimentos oriundos de plantas cultivadas em solos
enriquecidos com Se foi assumida como sendo importante, além de ser uma
pratica eficaz para diminuir a deficiéncia de Se na populagdo (COMBS
JUNIOR, 2001).

A biofortificagdo com Se em cultivos alimentares tem sido praticada
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em algumas regiGes deficientes em Se, consistindo na adicdo de Se
inorgénico por meio de fertilizantes em solos. A prética j& é bem estabelecida
em paises como a Finlandia (ARO; ALFTHAN; VARO, 1995) e no Reino
Unido (LYONS, 2010), além de pesquisas estarem sendo conduzidas no
sentido de melhorar o status de Se da populac¢do com o uso da biofortificacéo
também em paises como a Australia (LYONS et al., 2005b), e mais
recentemente no Brasil (BOLDRIN et al., 2012, 2013; RAMOS et al., 2010).

Os teores de Se nos produtos agricolas alimentares apresentam
grande dependéncia da disponibilidade e mobilidade deste elemento no solo
e, além disso, da regulacdo em funcdo da espécie vegetal e gendtipo. Embora
devido ao escasso nimero de estudos realizados, haja grande necessidade de
pesquisas que avaliem o efeito da variagdo genotipica e fisiologia da planta
na acumulacdo de Se em produtos vegetais (biofortificacdo genética).
(KOPSELL; KOPSELL, 2007; LYONS et al., 2005a). Dessa maneira, € de
fundamental importancia entender como o selénio se comporta no solo,
visando avaliar sua posterior transferéncia para a planta, seus tecidos e

Orgaos que serdo utilizados na alimentagdo humana e animal.

2.2 Castanha-do-brasil: caracteristicas da espécie

A castanheira-do-brasil (Bertholletia excelsa Bonpl., Lechytidaceae)
é uma das arvores-simbolo da Amazodnia, devido a sua importancia social,
ecoldgica e econdmica para a regido. Milhares de familias de extrativistas e
produtores rurais utilizam a semente da castanheira como importante fonte
de renda e alimento. E popularmente conhecida como castanha-do-para ou
castanha-do-brasil e, mais recentemente, castanha-da-amazénia (WADT;
KAINER, 2012).

A castanha-do-brasil é uma espécie amplamente distribuida em
florestas ndo inundadas (terra firme) na Amazbnia Brasileira, Guianas,
Coldmbia, Venezuela, Peru e Bolivia em uma regido englobando uma
significativa area no norte da América do Sul conforme ilustrado na figura 2

(KAINER et al., 1999). A espécie é encontrada em areas que apresentam
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precipitacdo média anual entre 1400 e 2800 mm, temperatura anual média
entre 24°C e 27°C e umidade relativa de 79% a 86%. A planta ocorre
naturalmente em clima quente e Umido, onde predominam o0s tipos
climéaticos Aw, Am e Af, de acordo com a classificacdo de Koppen, mas se
concentra especialmente em locais com Aw e Am (CLEMENT, 2000;
DINIZ; BASTOS, 1974).

Figura 2 Locais de maior ocorréncia da castanha-do-brasil na regido
Amazdnica. Adaptado de Kainer et al. (1999)

A espécie é amplamente distribuida pela bacia Amazonica e bem
adaptada a Latossolos e Argissolos pobres em nutrientes, que cobrem uma
vasta area na regido (FOOD AND AGRICULTURE ORGANIZATION OF
THE UNITED NATIONS, 1986). Na floresta Amazonica, a castanha-do-
brasil pode alcancar uma altura de 60 m e 3 m de didmetro. A espécie é de
importancia econdmica por causa de suas améndoas comestiveis que sdo
coletadas principalmente de arvores nativas (SCOLES; GRIBEL, 2011). Os

seus frutos, que s@o conhecidos como ouricos, podem pesar de 0,5 a 2,5 kg,
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contendo de 10-25 améndoas, apresentando elevado teor de vitaminas e
proteinas (MORI; PRANCE, 1990).

A planta é encontrada comumente em agrupamentos conhecidos
como ‘“castanhais”, em planaltos (terra firme) da floresta Amazbnica.
Segundo Mori e Prance (1990), esses castanhais constituem agregados de 50
a 100 individuos, com 9 a 26 arvores adultas por hectare, sendo cada
castanhal separado um do outro por distancias de até 1 km. J& o estudo de
Peres e Baider (1997) no sudeste da Amaz6nia, mostrou que a densidade de
plantas com DAP (didmetro a altura do peito) > 10 cm foi em média 1,3
individuos ha™, embora alguns castanhais que eles descreveram como
pomares, tivessem densidades de 5,1 &rvores ha™. No Estado do Acre, Wadt
et al. (2005) mostraram que, dentro dos castanhais observados no estado, ndo
se verifica a formacdo de agregados, conforme descrito por Mori e Prance
(1990), e sim uma distribuicdo quase aleatdria das arvores, com distancia
média entre elas de 34,3 m (com minimo de 1 m e maximo de 233 m).
Resultados da rede de pesquisa Kamukaia, coordenada pela Embrapa, tém
mostrado que ha castanhais nos estados do Amapé e Roraima com densidade
ainda maior que 10 castanheiras ha™, e conjuntos muito superiores a 100
arvores (WADT; KAINER, 2012).

Estudos relatam que as intervengdes humanas estdo entre os fatores
que explicam a distribuicdo espacial da castanha-do-brasil, sendo que
extrativistas consistentemente descrevem maiores niveis de regeneragdo da
castanha-do-brasil em “capoeira” (florestas de variadas idades resultantes da
tradicional mudanca de ciclo de cultivo) que em florestas ndo perturbadas
(WADT et al., 2005).

Outros relatos sugerem que a atual distribuicdo das populacdes de
castanha-do-brasil em toda a Amazonia consideradas até entdo como sendo
“nativas” seria o resultado de influéncias antropogénicas historicas que
levaram a criagdo de “pomares” pelos indios pré-colombianos, que teriam
atuado como “dispersadores das sementes” neste periodo. A ecologia de

dispersdo da castanha-do-brasil torna-a altamente responsiva e talvez
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altamente  dependente de perturbagbes antropogénicas para 0
estabelecimento e expansdo de seus pomares, pelo menos dadas as condigdes
ecologicas do periodo Poés-Pleistoceno. Observacfes de campo e uma
revisdo de exemplos etnogréficos sugerem como tratos culturais especificos
podem ter facilitado a expansdo das populacdes de castanha-do-brasil desde
0s antigos até os tempos recentes. Fenotipos observados em certas
populagbes de castanha-do-brasil sugerem um grau de selecdo e uma
domesticacdo incipiente (MORI; PRANCE, 1990; SCOLES; GRIBEL, 2011,
SHEPARD; RAMIREZ, 2011; SUJII et al., 2015).

A abertura dos portos da Amazbnia ao comércio exterior, em 1866,
permitiu a expansdo da produgdo e a comercializagdo da castanha-do-brasil
no exterior. A partir dessa época, a coleta de castanha passou a ser uma
importante atividade econémica na Amaz0nia, especialmente nas regides de
Manaus e Belém. Ainda nos dias de hoje, praticamente toda a producao de
castanha-do-brasil vem do extrativismo (WADT; KAINER, 2012).

As sementes sdo muito apreciadas no exterior, onde sdo conhecidas
como Brazilian nuts ou Brazil nuts, sendo que entre o0s principais
consumidores da castanha-do-brasil estdo os EUA e a Europa, para onde as
castanhas sdo exportadas. Logo, toda essa pratica de comercializagdo dentro
do nosso pais passa a ser uma grande fonte de renda para os povos que

vivem e dependem desta planta em toda Amazénia (SOUZA et al., 2008).

2.3 Selénio na castanha-do-brasil

A absorcdo de Se pelas plantas e seu valor total presente em tecidos
vegetais sdo influenciados por diversos fatores, incluindo o teor de Se no
solo, a sua forma quimica, a reagdo do solo, potencial redox (Eh),
mineralogia, fertilizantes minerais e precipitagdo pluviométrica. Outro fator
que participa da captacdo total de Se é a atmosfera, que esta em equilibrio
com seu ciclo. E dessa maneira, sabe-se que, em termos de disponibilidade, a
forma de Se presente no solo é mais importante que a quantidade total a ser
absorvida pelas plantas (JEZEK et al., 2012).
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Para algumas plantas superiores, o Se é conhecido por ser um
nutriente benéfico, porém ainda ndo tem sido demonstrada sua
essencialidade para todas as culturas, havendo discussGes acerca de suas
funcBes no metabolismo das plantas e controvérsias a respeito de sua
essencialidade (LYONS et al., 2009; TERRY et al., 2000).

As raizes das plantas podem absorver Se como selenato (SeO,%),
selenito (SeO3*) ou na forma de compostos organicos, como selenocisteina
(SeCys) e selenometionina (SeMet), mas sdo incapazes de absorver Se
elementar ou selenidos metalicos (WHITE; BROADLEY, 2009).

Quanto a sua absorcdo, o Se é quimicamente semelhante ao enxofre
(S), e como resultado, as plantas superiores e outros organismos prontamente
absorvem e metabolizam Se utilizando os mesmos transportadores de S e
através dos mesmos sitios de absor¢dao (PILON-SMITS; QUINN, 2010).

A semelhanca quimica compartilhada pelo selenato e sulfato permite
que o selenato seja absorvido pela planta através dos mesmos
transportadores de sulfato, embora a afinidade que os transportadores de
sulfato tém para o selenato pareca variar entre as espécies de plantas. Ja para
a absorc¢do de selenito pela planta, ha suposices de que ela ocorra através
dos mesmos transportadores de fosfato (LI; MCGRATH; ZHAO, 2008b;
ZHU et al., 2009). Com base em algumas analises, foi levantada a hipotese
de que o metabolismo essencial de Se é uma caracteristica primitiva que foi
perdida no decorrer da evolucdo das plantas superiores e em outros grupos
gue ndo exigiam Se. N&o se pode excluir, no entanto, o fato de que algumas
plantas podem fixar o Se, convertendo um aminoacido como a serina em
selenocisteina, e da mesma forma, produzir selenoproteinas em rotas
diferentes (PILON-SMITS; QUINN, 2010).

As espécies do grupo das Angiospermas tém sido divididas em trés
tipos ecoldgicos de acordo com sua habilidade de acumular Se em seus
tecidos. Esses tipos sdo designados como espécies ndo acumuladoras, Se
indicadoras e Se acumuladoras. A maior parte das Angiospermas sao

espécies ndo acumuladoras contendo menos que 25 mg kg™ de Se na matéria
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seca. Essas espécies ndo toleram concentragdes de Se no tecido > 100 mg kg’
' em massa seca, 0 que levaria a toxidez pelo elemento, e ndo podem,
portanto, colonizar solos seleniferos. Em contraste, as espécies Se
indicadoras sdo aptas a tolerar concentracdes de Se no tecido préximos a
1000 mg kg* de massa seca, e colonizar ambos solos seleniferos e néo
seleniferos. A distribuicdo de espécies acumuladoras de Se é geralmente
restrita a solos seleniferos, onde as concentracfes de Se nos seus tecidos
podem exceder 1000 mg kg™ de Se na matéria seca. Essas espécies incluem
varios membros das familias Asteraceae, Brassicaceae e Fabaceae, que
acomodam amplas concentracfes de Se em seus tricomas foliares e células
epidérmicas. Nesse sentido, as espécies sdo definidas como
“hiperacumuladoras de Se” caso suas folhas apresentem concentragdes >
1000 mg kg* de Se em massa seca, quando amostradas em seu ambiente
natural (EL MEHDAWI; PASCHKE; PILON-SMITS, 2015; RODRIGUEZ;
RIVERO; BALLESTA, 2005; TERRY et al., 2000; WHITE, 2015; WHITE
etal., 2004; WHITE et al., 2007).

A castanha-do-brasil (Bertholletia excelsa) é um dos produtos
alimenticios que apresenta maior teor de Se. Um exemplo de comparagdo
dos teores de Se na castanha com demais alimentos foi o trabalho realizado
por Barclay, Macpherson e Dixon (1995) onde foi feita uma avaliacdo de
teores médios de Se em diversos alimentos consumidos no Reino Unido.
Estes autores analisaram 700 amostras de 100 tipos diferentes de alimentos,
e encontraram a maior concentracdo de Se em castanha-do-brasil, com um
teor maximo de 2,54 mg kg™,

Uma série de trabalhos de pesquisa tem sido feita determinando os
teores totais de Se na castanha-do-brasil, sendo reportados valores que se
mostram surpreendentemente diferentes entre si. Como exemplo, o trabalho
realizado por Dumont et al. (2006) que observaram teores médios entre 5,1 e
49,9 mg Se kg™ para améndoas sem casca e com casca respectivamente. As
améndoas sem cascas eram vendidas em pacotes de 250 g e foram obtidas

em um mercado local na Bélgica, sendo provenientes da Bolivia. Ja as
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améndoas com casca foram compradas em um supermercado nos Estados
Unidos, em pacotes contendo 450 g, e eram originadas do Brasil.

Pacheco e Scussel (2007) encontraram teores variando entre 8,5 mg
Se kg™ e 69,7 mg Se kg™, sendo que os valores mais altos foram obtidos na
regido Leste da Amazbdnia (Par4, Amapa e Norte do Maranhdo) e as
améndoas com teores mais baixos foram oriundas da regido Oeste da
Amazodnia (Acre, Rondbnia, Roraima e a parte Leste do Amazonas, ap6s
Manaus).

Tosi¢ et al. (2014) obtiveram um teor médio de Se de 0,763 mg kg™,
analisando améndoas provenientes de um mercado na cidade de Nis, na
Sérvia. Martins et al. (2012) encontraram uma concentragcdo média de 22,7
mg kg™, em um lote de 30 amostras para exportacio, proveniente da colheita
de 2009, na cidade de Manaus, Amazonas. J& Silva, Mataveli e Arruda (2013)
obtiveram um teor médio de 54,8 mg kg*, em amostras adquiridas em um
mercado local em Campinas, estado de Sao Paulo.

Com a crescente importancia do consumo das améndoas da
castanha-do-brasil tanto no Brasil como no exterior, ha uma preocupacgdo
com a quantidade que pode ser ingerida por pessoa, com relacdo a
concentragio de Se existente na améndoa. E conhecido que o Se
desempenha diversas fungdes benéficas no organismo humano, sendo
importante na nutricdo e prevengdo de doengas, mas sabe-se que ha um
limite de ingestdo diaria, acima do qual pode ser tdxico ao organismo
humano (RAYMAN, 2012; COMINETTI et al., 2012).

Thomson et al. (2008) avaliando a eficiéncia da castanha-do-brasil
em aumentar o status de Se no organismo em comparacao a selenometionina
observaram que 0 consumo de 2 améndoas diariamente foi tdo efetivo no
aumento do status de Se e atividade da Glutationa Peroxidase (GPx) quanto
a ingestdo de 100 pg de Se na forma de selenometionina, ratificando que a
ingestdo deste alimento rico em Se na dieta poderia evitar a necessidade de
utilizacao de fortificacdo a partir de suplementos para aumentar o status de

Se no organismo.
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Outros autores relataram ampla variacdo nos teores de Se na
castanha-do-Brasil. Chang et al. (1995) avaliaram o teor total de Se de
améndoas individuais obtidas de duas regides no Brasil correspondendo a
Acre-Rond6nia e Manaus-Belém, e observaram as respectivas concentracdes
médias obtidas de 162 améndoas de cada local em ppm (mg kg™) e peso
fresco nas seguintes faixas: 0,03 a 31,7 na regido Acre-Rondonia; e 1,25 a
512 na regido Manaus-Belém. Segundo os autores, o maior teor total de Se
observado na regido central de Manaus a Belém pode ser um reflexo de uma
maior disponibilidade de Se nestes solos, ha também a hipdtese de que as
variedades de castanha-do-brasil nesta regido absorvam mais eficientemente
0 Se do solo, ou ainda ambos os fatores tenham influéncia neste maior teor
observado.

Dessa maneira, os teores de Se na castanha-do-Brasil s&o muito
variaveis dependendo da planta e do solo onde foi cultivada. Por isso,
sugere-se monitorar a concentracdo de Se nas améndoas e em seus produtos
derivados, para efeito de recomendagcdo de consumo, assim como para
rotulagem nutricional (FREITAS et al., 2008).

2.4 Selénio na nutricdo humana
O Se é um nutriente essencial que desempenha papel fundamental na
biologia humana. Isto tem se tornado cada vez mais 6bvio a medida que
novas pesquisas vém mostrando seu papel inquestionavel em Aareas
importantes da sadde. Como um constituinte de 25 selenoproteinas, ele
desempenha papéis fundamentais no sistema imunoldgico, reduzindo
infecgdes virais, sendo essencial para a fertilidade e reproducédo, atua no
metabolismo do horménio da tiredide, na protecdo contra doengas
cardiovasculares, além de possiveis estresses oxidativos ou condi¢Ges
inflamatdrias no organismo humano (RAYMAN, 2012).
O Se desempenha um papel antioxidante porque é o principal
constituinte de enzimas antioxidantes que sdo expressas em varios tecidos,

incluindo o cérebro. Assim, este mineral tem um papel importante por
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oferecer protecdo contra danos celulares induzidos por EROs (espécies
reativas de oxigénio) e 0s mecanismos propostos invocam principalmente as
funcBes da glutationa peroxidase e da selenoproteina P (CHEN; BERRY,
2003).

A fonte bésica de Se na nutricdo humana é o alimento, o qual pode
conter variadas quantidades e formas gquimicas, dependendo do seu tipo e
origem. Alimentos, bem como sistemas bioldgicos, podem conter formas
inorganicas (selenito — SeO5, selenato — SeO,*) e organicas de Se (Se-
aminodcidos, formas metiladas e Se-proteinas) (PEDRERO; MADRID,
2009). Cereais, nozes, carnes e frutos do mar sdo as principais fontes de Se
dietético; no entanto, para as fontes que sdo cultivadas, o seu teor mineral
pode variar de acordo com o solo no qual elas crescem, as concentragdes na
agua disponivel, e a utilizacdo de fertilizantes contendo Se (FLORES-
MATEO et al., 2006). Segundo Rayman (2008), a forma dominante de Se
em alimentos afeta a sua aceitabilidade pelo corpo, ou seja, seu
aproveitamento e sua disponibilidade para proteosintese e producdo de
compostos Se-metilados.

As funcdes do Se no organismo remetem a atividade e concentracao
de selenoproteinas especificas tais como a glutationa peroxidase e
selenoproteina P (SePP), que sdo conhecidas por reduzir o estresse
oxidativo, inflamacdo e danos no DNA, implicando no risco de
desenvolvimento de cancer. E fundamental conhecer a concentragio de Se
presente em alimentos ingeridos, que sera incorporado nestas proteinas com
a finalidade de otimizacg&o da atividade das mesmas e com isso refletindo no
nivel de Se no plasma sanguineo (RAYMAN, 2009).

A ingestdo diaria recomendada de Se para homens adultos é de 70
Hg por dia e para mulheres adultas de 60 pg por dia (KIPP et al., 2015). As
ingestbes recomendadas para outras categorias de idade estdo listadas na
tabela 2. Esta recomendacdo é baseada na quantidade necesséria para que
ocorra a saturacao da selenoproteina P (SePP) no plasma, e os valores foram

derivados pelas sociedades de nutricdo da Alemanha, Austria e Suica,
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formulando os chamados “valores de referéncia para ingestdo do nutriente”
(KIPP et al., 2015), enquanto que o valor do Limite Superior Toleravel de
Ingestdo (UL) de 400 pg dia™ é um valor fixado devido ao risco de selenose
apresentado por individuos que ingeriram niveis superiores ao estabelecido
(FOOD AND NUTRITION BOARD OF THE INSTITUTE OF MEDICINE,
2000).

Tabela 2 Ingestdo diria recomendada de Se por categorias de idade e sexo
Selénio (ug / dia)

Idade
Masculino Feminino
Infantes
0 a 4 meses 10 10
4 a 12 meses 15 15
Criangas e Adolescentes
1 a4 anos 15 15
4 a7 anos 20 20
7 a 10 anos 30 30
10 a 13 anos 45 45
13 a 15 anos 60 60
15a 19 anos 70 60
Adultos
19 a 25 anos 70 60
25 a 51 anos 70 60
51 a 65 anos 70 60
65 anos ou mais velho 70 60
Mulher gravida 60
Mulher lactante 75

Fonte: adaptado de Kipp et al. (2015)

Em contraste com muitos outros micronutrientes, a ingestdo de Se

varia grandemente em todo o mundo, desde deficiente a concentracdes
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toxicas que provocam perda de cabelo e unhas, desordens no sistema
nervoso e pele, ma salude dentéria, e paralisia. A ingestdo dietética de Se
varia de 7 pg a 4990 g dia™, com valores médios entre 40 pg e 93 pg dia™
(em mulheres) na Europa, a 134 pg por dia (nos homens) nos EUA
(JOHNSON; FORDYCE; RAYMAN, 2010; RAYMAN, 2005, 2008).
Apesar de ser considerado como um elemento essencial, 0 Se pode ser toxico
para os seres humanos e animais, dependendo do seu nivel de consumo. O
seu efeito benéfico ocorre em um pequeno intervalo, sendo de 55-400 pg dia’
!, e abaixo dessa faixa 0 Se ndo pode desempenhar a sua funcéo essencial no
organismo e acima dela, torna-se toxico (KHANAL; KNIGHT, 2010;
MAIHARA et al., 2004).

De acordo com Combs (2001), foi relatada uma variacdo muito
grande na ingestdo de Se entre paises de diversos continentes. O autor
constatou resultados de ingestdo de 7 a 11 ug de Se pessoa™ dia™, em regides
da China, onde as doencas estavam associadas a deficiéncia de Se, e valores
tdo altos quanto 750 a 4990 ug de Se pessoa™ dia™ em outra regido distinta
da China, onde foi identificado selenose. O autor, em sua revisdo, relatou
ainda que os produtos de laticinio e ovos contribuem pouco para o aporte de
Se, mas podem ser fontes significativas nos paises em que seu consumo é
alto, comparado a outros alimentos que apresentam menor teor como as
frutas e hortalicas que apresentam geralmente baixos teores de Se e
contribuem com menos de 8% no aporte de Se na dieta.

Uma adequada ingestdo de Se é importante, independentemente da
idade. Estudos mais recentes tém mostrado que a deficiéncia de Se pode
contribuir para o declinio cognitivo em pessoas idosas, além de haver uma
associagdo com o estresse oxidativo observado em pacientes com Alzheimer
e diabetes tipo 2 (CARDOSO et al., 2010; RAYMAN, 2012). Estima-se que
15% da populacdo mundial sejam deficientes em Se e a principal razdo € a
baixa ingestdo desse nutriente (WHITE; BROADLEY, 2005). Sua baixa
ingestdo esta ligada a doencas cardiomiopaticas (ex. Doenga de Keshan) e

desordens degenerativas osteoarticulares (ex. Doenga de Kashin-Beck)
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sendo que no geral, tais doencas sdo relatadas em areas onde as
concentracdes deste elemento no solo sdo baixas como na China, Tibete e
Sibéria (RAYMAN, 2012; ZENG, 2009). Em muitos paises da Europa, Asia
e parte da Africa, a ingestdo de Se dos alimentos ndo chega a alcancar a
ingestdo diaria recomendada, levando ao comprometimento da salde da
populacdo (FINLEY, 2007).

A concentragdo proteica € um fator que também determina o
conteldo de Se nos alimentos. A selenometionina é predominante em
alimentos vegetais, como os cereais. As frutas citricas e vegetais folhosos
por possuirem baixas concentracGes proteicas possuem menores teores de
Se. Em alimentos de origem animal, como carnes, visceras, peixes e frutos
do mar, h& predominancia de selenocisteina (ALAEJOS; ROMERO;
ROMERO, 2000; NAVARRO-ALARCON; LOPEZ-MARTINEZ, 2000).
Assim, a quantidade de Se ingerida numa dieta é também determinada em
funcdo dos habitos alimentares e poder aquisitivo da populacdo
(FERREIRA; GOMES; ROBERTO, 2002).

A absorcdo de fontes organicas de Se dos alimentos é geralmente
elevada (70-95%), entretanto ela pode variar de acordo com a digestibilidade
das varias selenoproteinas presentes em um alimento em particular, e o
padrdo de compostos de Se neste alimento. Geralmente, um organismo pode
muito bem utilizar o Se da selenometionina e selenocisteina, presente na
maioria dos alimentos vegetais. A disponibilidade de Se a partir de produtos
de origem animal é intermediaria e, em alguns casos, baixa. Carnes bovinas
e peixes sdo fontes ricas em Se, principalmente na forma de selenocisteina.
Por outro lado, vegetais e frutas representam uma fonte de menor grau de Se,
ocorrendo principalmente na forma mais aceitavel que é a selenometionina
(COMBS, 2001).

Grande parte da populagdo mundial vive em regifes onde o solo
apresenta um desbalanco mineral, 0o que pode caracterizar uma falta
frequente de nutrientes essenciais como ferro, zinco, célcio, magnésio, cobre,

iodo e 0 Se na alimentagdo (MARTINEZ, 2013). O enriquecimento de solos
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visando ao incremento de Se nos alimentos com este nutriente,
principalmente de vegetais e seus derivados, vem sendo o foco de trabalhos
mais recentes. Hoje € necessario permitir que a populacdo tenha acesso a
uma dieta diversificada de alimentos aliados a caracteristicas nutritivas
melhoradas dos mesmos, principalmente a partir do processo denominado
biofortificacdo. Atualmente no Brasil alguns estudos vém sendo realizados
com arroz, alface, brécolis, rabanete, entre outras culturas, tanto com
aplicagdo de Se via solo como via adubacéao foliar ( BOLDRIN et al., 2012;
FERNANDES, 2011; RAMOS et al., 2011).

3 CONSIDERACOES FINAIS

A caracterizacdo dos teores totais de Se no solo e nas améndoas da
castanha-do-brasil na regido Amazonica vem se tornando fundamental, a
medida que cresce a importancia do uso das améndoas na alimentacdo ndo
somente das comunidades locais, como também para outros paises, onde o
seu valor nutricional e seu atual reconhecimento como fonte rica em Se lhes
atribui um status como uma alternativa para a suplementagdo da dieta,
agregando valor a sua producédo e comércio.

O teor total de Se acumulado pela castanha-do-brasil deve apresentar
certa relacdo com os teores presentes no solo, em outras palavras, 0s
resultados das pesquisas relatados na literatura nos levam a buscar conhecer
quais outros atributos do solo ou fatores intrinsecos da planta levam a uma
maior acumulagdo de Se nas améndoas, 0 que remete a topicos interessantes
para futuras pesquisas como é o caso da regulagdo genética da planta com

relagdo a acumulagéo de Se.
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ABSTRACT

The Brazil nut tree (Bertholletia excelsa) is native of the Amazon
rainforest. Brazil nuts are consumed worldwide and are known as the richest
food source of selenium (Se). Yet, the reasoning for such Se contents is not
well stablished. We evaluated genotypic variation on Se contents of Brazil
nuts grown in different areas of the Brazilian Amazon, as well as soil Se
contents in order to investigate if soil-Se is a major factor driving Se
contents in nuts. Soil Se content (ug kg™) varied from < 65.8 to 1372.8
(average 283.0), whereas Se in nuts (mg kg™) ranged from < 0.55 to 362.29
(average 37.89). Regression models and principal component analysis
suggested that total soil Se concentration by itself is not the main factor
controlling Se concentration in Brazil nuts. However, by combining soil total
Se concentration with other soil variables which may control Se availability
in the soil, such as soil pH, we found a strong relationship between soil
chemical properties and Se content in the nuts. These results indicate that Se
availability, rather than its total content, is the major factor controlling Se
accumulation in Brazil nuts. Our results have important implications on
human nutrition because, depending on its origin, a single Brazil nut could
provide from 12% (in the Acre state) up to 352% (in the Amazonas state) of
the daily Se requirement for an adult man (70 pg).

KEYWORDS: selenium, Bertholletia excelsa, genotypic variation, Amazon
rainforest, nutrition, bioavailability.
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1 INTRODUCTION

The Brazil nut tree (Bertholletia excelsa) is native to South America
and grows in upland and well-drained areas throughout the Brazilian
Amazon rainforest, as well as in adjacent areas of Bolivia, Peru, Colombia,
Venezuela, and Guyana (SHEPARD; RAMIREZ, 2011). It is considered a
non-timber product of great economic importance for the entire Amazon
region, and it is an important source of income for traditional communities.
Brazil nut trees are commonly found in some regions in stands known as
"castanhal", which are aggregations composed by 50 to 100 individuals, with
9-26 adult trees per hectare (MORI; PRANCE, 1990; SCOLES; GRIBEL,
2011). However there is evidence that in the southwestern region of the
Amazon, studies report that plants are distributed more randomly
(ZUIDEMA,; BOOT, 2002; WADT; KAINER, 2005).

Brazil nuts are consumed worldwide and are considered the richest
known food source of selenium (Se), with Se concentrations up to 512 mg
Se kg™ being reported in the literature (CHANG et al., 1995; DUMONT et
al., 2006). Based on its average chemical composition, one Brazil nut (~5 g)
contains 0.75 g of protein, 0.45 g of carbohydrates, and 3.53 g of lipids, for a
total of 36.7 kcal and 290.5 pg of Se (STOCKLER-PINTO et al., 2015a).

Selenium is an essential nutrient for human and animals and shows a
fundamental importance to human biology. This has become increasingly
obvious as new surveys have shown its undoubted role in human health
(RAYMAN, 2012). As a constituent of 25 selenoproteins, it plays key roles
in the immune system, reduce viral infections, and it is essential for fertility
and reproduction, acting in the metabolism of thyroid hormone, protecting
against cardiovascular disease, and possible oxidative stress or inflammatory
conditions in human body as well (RAYMAN, 2012).

The importance of Brazil nuts as a Se source in human health has
been shown in several studies that emphasized its role as an anti-

inflammatory and antioxidant agent in HD (Hemodialysis) patients,
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improving glutathione peroxidase (GPx) activity and thyroid hormone
profile (STOCKLER-PINTO et al.,, 2014; STOCKLER-PINTO et al.,
2015b).

Also, the use of partially defatted Brazil nuts flour (200 pg Se day™)
contributed to the reduction of total cholesterol in blood serum and non-HDL
cholesterol levels in patients with dyslipidemia and hypertension, without
changing the thyroid hormone concentration (CARVALHO et al., 2015).
Likewise, obese people who implement daily consumption of Brazil nuts can
improve both Se status and lipid profile, especially high-density lipoprotein
cholesterol levels, thereby reducing cardiovascular disease risks
(COMINETTI et al., 2012).

Additionally, the intake of the selenoprotein glutathione peroxidase
(GPx) and selenoprotein P (SePP) has shown potential in reducing Mild
Cognitive Impairment (MCI) and Alzheimer’s disease (AD) in response to
Brazil nuts dietary supplementation (CARDOSO et al., 2015; CARDOSO et
al., 2016). The higher increase of Se in whole blood after Brazil nut
consumption suggests that Se from this nut may be more bioavailable than
other forms of Se supplementation (STOCKLER-PINTO et al., 2015b).

The current daily recommendation for Se has been established as 70
g day™ for adult men and 60 pg day™ for adult women, while the suggested
upper safe limit of Se intake is set at 400 pg day™. The upper limit is defined
as the highest level of daily nutrient intake that is likely to not put at risk of
adverse health effects to almost all individuals in the general population
(KIPP et al., 2015; INSTITUTE OF MEDICINE, 2000).

On the other hand, at very low levels of Se intake (where the usual
intake for adults is < 20 pg Se day™) clinical deficiency disorders have been
reported, including Keshan disease (cardiomyopathy), and the Kashin-Beck
disease (osteoarthropathy) (CHILIMBA et al.,, 2011). An acceptable
threshold for Se toxicity must be 850-900 g day™, and excessive Se intake

could result in adverse health problems, including symptoms such as loss of
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hair and nails, skin lesions, disorders of the nervous system and even
paralysis and death (BAJAJ et al., 2011; LEMIRE et al., 2012).

There is a wide variability on Se content in Brazil nuts. This
variation is probably due to available Se in soils and also related to the
capacity of plants to accumulate Se in nuts. These variations have been
reported in previous studies, yet the authors did not investigate their causes
(CHANG et al., 1995; DUMONT et al., 2006; PAREKH et al., 2008;
LEMIRE et al., 2012).

This study aimed to evaluate the Se content in Brazil nuts harvested
in different areas of the Brazilian Amazon region. In order to investigate
whether or not soil-Se is a major factor driving Se contents in the nuts, i.e., if
there is a direct relation of soil-Se with Se accumulation in nuts, we
evaluated not only different trees growing in different Amazon regions, but
also clones cultivated within a farm, comparing Se contents in nuts collected
in different trees/clones with their respective soil Se concentrations. With
that, we hope not only to provide improved information on the role of Brazil
nuts as a source of dietary Se to humans, but also to better understand the
mechanisms underlying the natural variation of Se in Brazil nuts from

different Amazon regions.

2 MATERIAL AND METHODS

2.1 Sampling sites and characterization of the study area

Soil and fruits samples of Brazil nuts were collected in different
areas from 5 sites belonging to the Amazon Biome inside the states of Acre,
Mato Grosso, Amazonas, Roraima and Amapa.

In the states of Acre, Roraima and Amapéa we collected samples from
15 Brazil nut trees in each site. In the state of Mato Grosso we collected
samples of 13 Brazil nut trees and in the state of Amazonas we collected
samples of 17 Brazil nut trees. All the samples were collected in native

Amazon rainforest, except in the state of Amazonas, where samples were
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collected from a Brazil nut plantation.

In the state of Amazonas, the samples were collected in the Aruana
Farm in the municipality of Itacoatiara, whose plantation was established in
1983, this plantation presents plants originated from clones obtained from
Embrapa Amazénia Oriental and were previously submitted to grafting to
reduce the period in which the plants become able to produce. In addition,
they had technical support, i.e. they were subjected to thinning, cleaning the
planting area and all the necessary management practices until they reach the
age of production, as well as the maintenance of these plants during the
harvest, which differs from the conditions found for other native plants from
the Amazon rainforest. From the 17 samples collected, a total of 12 plants
were from a group of clones, being 3 plants originated from each of the 4
clones catalogued by the Aruand Farm: Aruand, 606, Manoel Pedro and
Santa Fé. The clones Santa Fé, Manoel Pedro and 606 are originated from
the municipality of Alenquer, state of Para and they are available in the
germplasm bank of Embrapa Amazdnia Oriental, Belém-PA. There is no
information about the origin of the clone Aruand. Thus, for the samples
obtained from the clones, we analyzed the data and performed a mean
comparison test to understand the eventual differences in behavior with
respect to the Se accumulation in Brazil nuts from each clone evaluated.

All the material was collected during the same season of harvest in
2014 and 2015, from January to February, except for Brazil nut samples
from Roraima, where fruits are produced between March and July.
Information concerning geographic coordinates, sampling points and
climatic conditions is provided in Figure 1 and Table 1.

Soil and samples were collected under the canopy of each Brazil nut
tree at the depths of 0-20, 20-40, and 40-60 cm in a distance of 3 m from the
Brazil nut trunk. The soil samples were collected in 4 points and mixed to
compose a single sample for each depth. In addition to the soil samples taken
in the surrounding of the plants, we also sampled soil in a reference area

(control) outside the influence of the tree, to evaluate the effect of eventual
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influence of the plants in the analytical results for soil. These control
samples were collected at 5 points, within the same topography and
drainage conditions in a native forest area, and pooled in order to form a
composite sample of each layer (0-20, 20-40, and 40-60) (Figure 3).

Brazil nuts were harvested in the same plants selected at each site
under the canopy, where we collected 10 fruits per tree. The method for
sampling is represented schematically according to the figure 2. These fruits
were opened and the nuts were mixed in a plastic bag, from which we have
taken randomly 50 nuts to be sent to the laboratory for chemical analysis of
Se.
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Figure 1 Location of sampling areas in 5 different regions of the Amazon
rainforest: AC (state of Acre), MT (state of Mato Grosso), AM (state
of Amazonas), AP (state of Amapa), and RR (state of Roraima)

Table 1 Detailed information of the sampling sites of Brazil nuts and soil
samples collection in the Amazon region
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Altitude  Climate:

Municipality/State Geographic Coordinates (m) Koppen

class.

Sena 0°25°54.59”S  68°35’°42.98”W 232 Am
Madureira/AC

Italba/MT 11°06°00.32”S  55°02°06.78”W 387 Am

Itacoatiara/ AM 3°01°05.59”S  58°49°55.60”W 92 Af

Laranjal do 0°33°50.61”S  52°18°23.43”W 135 Am

Jari/AP
Caracarai/RR 1°28°10.09”N  60°44°16.96”W 107 Am
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S

Figure 3 Sampling scheme: soil samples were collected in the 4 red points at
the 0-20, 20-40 and 40-60 cm depth in a distance of 3 m from the
trunk. Brazil nut samples were collected under the canopy (A)

2.2 Soil samples characterization

Soil samples were taken to the Soil Science Department of the
Federal University of Lavras in the state of Minas Gerais, and then were
grinded, sieved and dried at room temperature. Immediately after
preparation, the dried samples were taken to carry out the routine chemical
and physical (particle size) analysis. The pH values were determined
potentiometrically in water (H,O) and KCI (1 M) in the ratio 1:2.5
soil/solution. The exchangeable cations (Ca, Mg and AI**) were obtained by
KCI extractor 1 mol/L. S (sulphur) was extracted by monocalcium phosphate
with acetic acid. The elements P, Na, K and micronutrients (Fe, Zn, Mn and
Cu) available were obtained by Mehlich 1. Potential acidity (H + Al) was
estimated indirectly through SMP pH. Exchangeable aluminum (AI**
determined by titration with ammonium hydroxide (0.025 M NaOH). The

phosphorus (P) was determined colorimetrically, potassium (K) by flame

) was
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emission photometry and sulfur (S) by turbidimetry. Ca and Mg as well as
micronutrients (Zn, Fe, Mn and Cu) were determined by atomic absorption
spectrometry (AAS) (RAIJ; QUAGGIO, 1983).

With the results of the chemical analyzes were calculated sum of
bases (SB), the cation exchange capacity at pH 7 (T), effective cation
exchange capacity (t), the Base saturations (V) and aluminum saturation (m).
The particle size analysis (clay, silt and sand) was done by “Bouyoucos”
method, based on settling velocity of different particles of the soil, according
to the methodology described by Embrapa (EMBRAPA ,1997).

2.3 Selenium determination in Brazil nuts

The nuts collected were dried at 60°C until constant weight (about
72 hours). Initial and final weights were recorded for all samples. After
peeling, the average weight of 3 nuts was calculated in order to obtain the
individual Se content of nuts and subsequently they were ground with an
electric hand mill. After grinding, 0.5 g of each sample was taken in
triplicate for digestion, using an adaptation of the methodology described by
Malavolta et al. (1997) used for extraction of macronutrients and
micronutrients in plants. Digestion was performed using 6 mL of a mixture
(2:1 viv) composed by nitric acid (HNO3z) > 65% and perchloric acid
(HCIO4) 69.72%. The extract was allowed to stand overnight at room
temperature and the digestion was performed next morning, taking an
average period of time between 12 and 16 h. In order to digest the samples,
we used metal digestion blocks, with an initial temperature of 50°C, which
was gradually increased by 50°C each 30 min until completing 2 h of
digestion (final temperature of 200°C). Following the digestion process, the
extract was kept for 15 minutes at room temperature to cool down, and then
10 mL of deionized water were added to each extract. The final volume was
then poured into 30-mL vials, following storage at 5°C until analysis.

A sample of standard reference material — SRM (White Clover -
BCR 402, Institute for Reference Materials and Measurements (IRMM),



50

Geel, Belgium), with known and certified Se content (6.70 mg kg') was
included in each digestion batch for quality control purposes, along with a
blank sample that was used to calculate the limits of detection and
quantification. The mean recovery for Se in the SRM (White Clover) was
97.53% (n = 7, SE = 6.27), which revealed a reliable analytical data

accuracy for Se analysis in Brazil nuts.

2.4 Selenium determination in soils

Total soil Se concentration was extracted with agua regia using
approximately 5 g of soil (< 2 mm), which was previously homogenized and
grinded with a mortar and agate pestle and passed through a 100-mesh nylon
sieve (< 150 um) to perform the 3051A digestion method described by the
United States Environmental Protection Agency — USEPA (1998). For the
sample digestion procedure, we weighed approximately 500 mg of soil
sample in triplicate, which was later digested with 5 mL of aqua regia (a
mixture composed by HNO; > 65% and HC1 37% (1:3 v/v) in PTFE Teflon®
tubes (CEM Corporation, Matthews, NC, USA). The extract was allowed to
stand overnight at room temperature and digestion was performed in the next
morning. For that, the vials were hermetically sealed and taken to a
microwave (CEM brand, model Mars-5), with a temperature set at 175°C
and at a controlled pressure of 0.76 MPa for 25 minutes. After digestion,
extracts were cooled down at room temperature and then filtered on a filter
paper. Then, the final volume of the extract was supplemented with
additional 5 mL of deionized water at the time of filtration. After filtration,
the extracts were transferred into smaller vials (30 mL) following storage at
5°C until analysis.

Each digestion batch included a SRM from the National Institute of
Standards and Technology (NIST 2711a; Montana Soil II), which contains
2 mg Se kg'. We also used a blank sample in each batch for quality control
purposes and for calculating limits of detection and quantification. The

average recovery for Se in the standard reference material was 75.32% (n =
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37, SE = 2.08), showing a reliable analytical accuracy of data for Se analysis
in the soil samples.

2.5 Analytical determination of selenium

An AAnalyst™ 800 Atomic Absorption Spectrometer (Perkin Elmer)
equipped with Zeeman background correction and EDL lamp for Se was
used for the GFAAS (Atomic Absorption Spectrometry with electrothermal
atomization using graphite furnace) measurements of selenium in the
digested Brazil nuts and soil samples. A standard stock solution containing
1000 mg Se kg™ (Fluka, Germany) was used to prepare the calibration curve
for Se determination via GFAAS. Data for total Se concentration in Brazil
nuts and soils were reported on a dry weight basis (DW) and expressed in
mg kg™ for Se in Brazil nuts and pg kg™ for Se in soil samples.

2.6 Calculation of detection and quantification Limits

The detection and quantification limits (LOD and LOQ) were
established using 10 blank extracts following the overall procedure. The
values were calculated with three and ten times the standard deviation (LOD
and LOQ), respectively) of the 10 individually prepared blank solutions for
soil and Brazil nut samples (KHAN et al., 2013). For Brazil nuts analysis the
LOD (ug of Se kg™ of extract) was 3.67 (LOQ of 12.23 ug kg™), whereas for
soil analysis the LOD (ug of Se kg™ of extract) was 2.05 (LOQ of 6.84 g
kg?). The LODs of the analytical methods used for Brazil nuts and soil
samples (ug Se kg™ sample DW) were 550.17 and 65.76, respectively.

2.7 Statistical analysis

The data obtained for clones from Aruand farm (Aruand, Manoel
Pedro, 606 and Santa Fé) were subjected to analysis of variance, with the
quantitative means submitted to the Scott-Knott test (p < 0.05). The
relationship between Soil Se concentrations and Brazil nuts Se

concentrations was determined using linear regression analysis. We also
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used a principal components analysis (PCA) as a multivariate exploratory
technique to detect the most strongly correlated variables. The PCA included
total Se concentration in soil and in Brazil nuts, some physical and chemical
attributes. Total Se concentration values in Brazil nuts have been log (base
10) transformed to be more normally distributed and then performed the
PCA analysis. All analyses were performed using the statistical software R
(R Core Team, 2015).

3RESULTS AND DISCUSSION

3.1 Total Se concentration of Brazil nuts

The ability of Brazil nuts to accumulate Se is well recognized in
several studies in the literature, which reported some of the highest Se levels
ever known on any other food used for human consumption (CHANG et al.,
1995; MARTINS et al., 2012; THOMSON et al., 2008).

Selenium contents in nuts from Sena Madureira (state of Acre) are
mostly below 10 mg kg, and a sensible variation among Se contents
analyzed was observed. Selenium concentrations in nuts ranged between <
0.55 and 69.85 mg kg™. The average and median values (mg kg™) were 7.54
and 2.98, respectively. The values of the 1% and 3" quartiles were 1.33 and
4.57 mg kg™ respectively (Figure 4).

Similarly to what happened in state of Acre, nut samples collected in
Itauba (state of Mato Grosso) showed total Se concentrations well below
values observed for other collection sites evaluated in this study. The
minimum and maximum values observed in this set of samples were 0.62
and 43.72 mg kg' respectively. The average concentration among the
samples from Mato Grosso was even lower than those observed in samples
from Acre, i.e. only 6.79 mg kg™. The median value for this location was
only 2.08 mg kg™, a value close to that obtained in Acre. The indicative
values of the 1% and 3" quartiles were 1.71 and 4.19 mg kg™ respectively,

indicating that the sample set from this location has a similar behavior to that
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observed in Acre (Figure 4).

Nut samples harvested in Caracarai (state of Roraima) showed
greater variability among the levels of Se in nuts than that observed in the
states of Acre and Mato Grosso, with concentrations ranging from 1.27 to
73.76 mg kg™ (Figure 4). Samples from Roraima showed an overall average
of total Se concentration of 18.86 mg kg™ and the median was 10.34 mg kg™.
Although the maximum value obtained was 73.76 mg kg™ in this sample set,
the 1 and 3" quartiles were 6.53 and 28.55 mg kg™, respectively (Figure 4).

With such values, Brazil nuts from Roraima, evaluated in the present
study conditions, showed intermediate Se concentrations, when comparing
the concentrations observed in all 5 states, i.e., the samples for which we
have observed the lowest Se concentrations had average levels (mg kg™) of
754 (Acre) and 6.79 (Mato Grosso), whereas samples with high
concentrations showed average levels (mg kg™) of 59.35 (Amapa) and 86.33
(Amazonas).

Samples collected in the municipality of Laranjal do Jari (state of
Amapa) had Se concentrations similarly comparable to those obtained in
plants from the state of Amazonas, with Se levels in Brazil nuts ranging from
11.10 to 139.84 mg kg™. Despite having considerably high concentrations in
nuts, the average content for this site was only 59.35 mg kg™ and the median
was 50.93 mg kg™, which was below the values obtained for nuts harvested
in plants grown in the state of Amazonas. In this sampling site, we have
noticed that the average Se concentration was higher than the values
observed for samples from states of Acre, Mato Grosso, and Roraima, with a
wide variation among Se concentrations, since the values of 1% and 3"
quartiles were 38.63 and 79.48 mg kg™ respectively (Figure 4).

A recent survey performed in Macapa city (state of Amapa) assessed
the Se status in children from preschool, receiving a diet rich in Brazil nuts.
The group consisted of 41 children from a public school who received 15 to
30 g of Brazil nuts 3 days a week, and was compared with another group

from Belém city (state of Pard) with 41 children who did not receive the diet.
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The results showed that children in Macapéa had excessive Se intake, unlike
those from Belém (155.30 and 44.40 pg day™ in Macapa and Belém,
respectively) (MARTENS et al., 2015). The authors also stated that the
intake was potentially toxic in Macap4, in those days in which Brazil nuts
were added to the meal, however no clinical sign of selenose was observed.
Interestingly, the diet not only of children but of the general population of
the region is already rich in Se from other sources, so it is always necessary
to monitor the Se status of the population, so that one can predict changes in
the diet.

Regarding the Se concentrations evaluated in samples collected in
the state of Amazonas, a minimum value of 4.02 mg kg™ and a maximum
value of 362.29 mg kg™ were observed for a set of 17 samples. The mean
and median values were 86.33 and 71.02 mg kg™, respectively. The values of
the 1% and 3" quartiles were 50.15 and 97.79 mg kg™, respectively (Figure
3). Thus, Brazil nuts with the highest Se levels were obtained in the state of
Amazonas, where we could also notice that 4 plants among the 17, presented
total Se concentration in the nuts higher than 100 mg kg™.

According to the results obtained for analysis of total Se
concentration, we observed a wide variation in Brazil nuts from different
regions and among plants from the same site (Figure 4). When comparing
the average Se concentration in samples from Acre with those obtained in
Amazonas, a difference of approximately 21-fold more Se for nuts collected
in Amazonas is observed.

Our results corroborate data from a previous study conducted with
Brazil nut samples collected from a given region of Acre and Rond6nia
(southern Amazon), whose Se contents varied from 0.03 to 31.7 mg kg™
(fresh weight), as well as in a region located between Manaus-Belém
(northern Amazon), whose Se contents ranged between 1.25 and
512.0 mg kg™ (fresh weight) (CHANG et al., 1995). Thus, it seems that there
is a well-defined distinction between Brazil nut populations in the Amazon

rainforest growing in the northern and southern sites. There is also a
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difference in relation to environmental and genetic factors that presumably
lead to greater Se accumulation in these populations of plants located in the
north (CHANG et al., 1995). Another study evaluating Se concentrations in
Brazil nuts in South America reported values ranging from 5.1 mg kg™ in
nuts from Bolivia to 49.9 mg kg™@ in nuts from Brazil. In this study, the
authors reported that the decisive factor influencing the Se concentration in
nuts was simply the place and presumably the soil where these nuts were
obtained (PAREKH et al., 2008).

This variation on Se concentration of Brazil nuts is well documented
in the literature. There are reports showing a wide variation even in nuts
individually, as an example of a research that analyzed 72 almonds obtained
in a local market in USA. This set of samples showed an average Se content
of 2.28 mg kg™ in a batch of 24 nuts obtained in bulk shelled, an average
content of 4.44 mg kg™ in a batch of 24 nuts packed shelled, and an average
content of 37.3 mg kg™ in a batch of 24 samples packed unshelled. Se
content variation in this work was from 0.2 to 253 mg Se kg™ (SECOR;
LISK, 1989). The authors also reported that with the maturity of the plant,
the extension of the root system and also the position of the nuts in the
canopy can be determining factors in relation to the vascular system of the
plant and thus its efficiency in accumulating Se in different parts of the plant
(SECOR; LISK, 1989).

Also, a study conducted in UK with Brazil nuts obtained in a local
market reported Se values ranging from 2.3 to 53 mg kg™. Another study
analyzed a batch of nut samples from Belém (state of Pard, Brazil) and
observed average values for Se of 33.2 mg kg™ and a variation ranging from
24.1 to 40.5 mg kg™, suggesting that even for the analysis of homogenized
samples in a single batch, the variation is still significant. Both authors did
not mention in their work, sampling and analysis procedures for total Se
concentration (THORN et al., 1979; FREITAS et al., 2004).

There is a lack of information regarding Se concentrations in other

structures and tissues of the Brazil nut tree, but it is known in recent studies
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with other species of similar behavior in terms of Se accumulation that these
levels tend to be higher in young leaves of plants and generally increase to a
maximum level during the seedling growth, followed by a decline before
flowering, when Se is translocated from the leaves to the reproductive
organs. Such explanations suggest that Se distribution in Brazil nut trees
follows this rule and that Se is mostly concentrated on their reproductive
organs, i.e., the edible nuts (CAPPA et al., 2014; HARRIS et al., 2014).

Regarding the ability to accumulate Se in their tissues, previous
studies reporting Se concentrations specifically in Brazil nuts suggest that
the plant can be classified as a Se-indicator, as within the group of
angiosperms the plant can tolerate Se concentrations higher than 10-
100 mg kg™ in their tissues in a dry weight basis, which would make it able
to grow in seleniferous and non-seleniferous soils hypothetically (MORENO
RODRIGUEZ et al., 2005; WHITE et al., 2004).
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Figure 4 Total Se concentration of Brazil nuts from 5 different states in the
Amazon Region: AC (state of Acre), MT (state of Mato Grosso), AM
(state of Amazonas), AP (state of Amapd), and RR (state of
Roraima). The central distribution line represents the median, the
rectangles are bounded by 1% and 3" quartiles and, the dots represent
each observation

3.2 Total soil Se concentration

In the set of samples from the 5 states evaluated in 3 different depths
(0-20, 20-40, and 40-60 cm), total soil Se content (ug kg™) ranged from <
65.76 to 737.76 (average 278.28). Only three samples (~ 1% of the total) had
total Se content lower than the detection limit (65.76 ug kg™) and 75% of the
soil samples showed values lower than 361.08 ug kg™.

The mean values observed in this study for soil samples from the
Amazon region were slightly higher than those observed in a study recently
performed in the state of S&o Paulo, which reported average Se
concentrations of 0.093 mg kg™ for superficial layers and 0.127 mg kg™ for
subsurface soil material representative of agricultural areas (GABOS et al.,
2014).

Figure 5 illustrates the total Se concentrations of soil samples from
Acre, Mato Grosso, Roraima, Amapa, and Amazonas. It is noteworthy that in
a significant number of points collected in Acre (AC) Se concentration
increased from the surface layer (0-20 cm) to the deeper soil layers. In fact,
the deepest layer (40-60 cm) showed an average Se content 1.4-fold higher
than the surface layer. This result differs significantly from those obtained in
a recent study conducted in India, where researchers analyzed and mapped
soils contaminated with Se, noticing that the surface layers (with an
approximate depth range of 0-20 cm) showed higher levels of Se — 1.5 to 6-
fold more Se — than deeper soil layers (reaching below 160 cm in the deepest
layers) (DHILLON; DHILLON, 2014).

In surface layers (0-20 cm), where we could expect a higher Se
concentration due to the higher organic matter content, we observed Se

concentrations (ug kg™) ranging from < 65.76 to 389.74 (average 183.56).
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In the middle layer (20-40 cm) we observed an increase in the Se
concentration for most of the soils analyzed, with a minimum of 126.65 and
a maximum of 408.12 pg kg™ (average 242.15). Finally, in the deepest layer
(40-60 cm), the average Se concentration was higher than in the two upper
layers, with concentrations ranging from 183.52 to 371.91 ug kg™ and an
average value of 266.13 pg kg™

For soil samples from the state of Mato Grosso, the average
concentrations were lower than those observed in state of Acre, and therefore
also lower than the values observed in the other sites. The distribution of
total Se contents among the layers was similar to that observed in Acre, with
increasing average content (ug kg™) from the surface layer to the deepest
layer, as follows: 0-20 cm (173.66); < 20-40 cm (211.40); < 40-60 cm
(230.05). In the topsoil (0-20 cm), total Se concentrations ranged from <
65.76 to 302.43 pg kg™. For the 20-40 cm layer, concentrations varied
between 68.01 and 310.07 pg kg™ and in the 40-60 cm layer, these values
oscillated between < 65.76 and 342.13 g kg™ (Figure 5).

Soil samples from Roraima showed a high variability between and
within the layers analyzed, with total Se concentrations ranging from
101.01 ug kg™ to 307.13 ug kg™ in the topsoil (0-20 cm). Total Se
concentrations ranged from 86.19 ug kg™ to 452.85 pg kg™ in the 20-40 cm
layer and from 70.13 to 477.58 pg kg™, for the 40-60 cm layer. Similarly to
what was observed for the soil samples collected in the states of Acre and
Mato Grosso, the average Se concentration (ug kg™) in soil layers followed
an increasing trend from the surface layer to the deepest ones: 0-20 cm
(187.93); < 20-40 cm (209.11); < 40-60 cm (226.29) (Figure 5).

Soil samples collected in Amapa had higher Se concentrations than
those from Acre, Mato Grosso, and Roraima, but much lower Se
concentrations than those observed in the state of Amazonas. The average
values (ug Se kg™) declined from the surface layer to the deepest ones, a
condition similar to that observed in the soils samples from the state of
Amazonas, as follows: 0-20 cm (306.52); > 20-40 cm (272.58); > 40-60 cm
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(265.10). The minimum and maximum values for the topsoil layer (0-20 cm)
were 196.85 and 737.76 pg kg™, respectively. For the 20-40 cm layer, the
values ranged from 212.25 to 403.79 pg kg™. For the deepest layer (40-60
cm) these values ranged between 195.77 and 394.36 pg kg™ (Figure 5).

As expected from the highest Se contents found for Brazil nuts in the
state of Amazonas (Figure 3), the average soil Se concentration reported in
this area were the highest. Unlike the behavior observed for samples from
Acre and Mato Grosso, in Amazonas there was a clear trend of decreasing Se
concentrations from the surface (0-20 cm) to the deepest soil layer (40-60
cm). A great variation in Se levels was observed in the topsoil (0-20 cm),
with values ranging from 322.29 to 1372.76 pg kg™. In the 20-40 cm layer,
soil Se varied from 215.69 to 551.386 ug kg™. For the 40-60 cm layer, total
concentrations varied between 205.43 and 494.33 g kg™. Likewise, the
average total Se concentration (ug kg™) followed a decreasing trend: 0-20
cm (530.33); > 20-40 cm (433.30); > 40-60 cm (402.76) (Figure 5).

Data from previous studies have shown that Brazil nuts have a
relatively high Se concentration and that this would lead to a relatively high
level of Se ingested by the population from local communities through the
typical diet (LEMIRE et al., 2010). From that information, we could expect
high Se concentrations in selected soils collected in the areas evaluated in
our study. However, what can be suggested from Se data of the soil samples
analyzed in those sites is that such concentrations are situated, in majority,
within a normal range, as the observed total contents are mostly < 0.5 mg kg
' in the three layers (soil depths) analyzed (Figure 5). For the purpose of
classifying soils with respect to their total Se levels, we could use the
following categories: < 0.5 mg Se kg™ is considered “normal”; from > 0.5

-1

mg kg™ to 2.0 mg kg™ “moderately toxic” and > 2.0 mg kg™ as “highly
toxic” (DHILLON; DHILLON, 2014).

For comparison, a study describing a new methodology for Se
determination in soil samples using HG-AAS found a value of 604+15 g Se

kg™ in the surface layer (0-20 cm) of an agricultural soil from the state of
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Amazonas. Using the same methodology and analyzing the same layer, the
authors obtained data for total Se in other Brazilian states located in different
regions. The average values in pg kg™ +standard deviation were as follows:
Mato Grosso do Sul (113+6.5); Para (419+18); Rio Grande do Sul (248+11);
Santa Catarina (262+20); Minas Gerais (1692+21); Ceara (599+24); Goias
(215+21) and Parana (370+12) (SHALTOUT et al., 2011).

The fact that Se contents found in some soils of Acre, Mato Grosso,
and Roraima increased with soil depth is noteworthy and is a condition
typically found with oxidic soils, as reported in a study performed in the
state of Sdo Paulo (GABOS et al., 2014). Under such circumstances, Se
tends to be stored in the subsurface due to the attraction of selenate and
selenite (anions) to positive charges of Fe/Al oxides that predominate in
these soil layers. Such conditions are not found in Amazonas and Amap4,
because soils from those regions are typically kaolinitic, i.e., have little or no
positive charges.

Figure 6 shows soils from the reference area (control). Samples from
the states of Acre and Mato Grosso had similar behavior with the points
collected above the Brazil nut trees, which increased the total Se
concentration from the surface (0-20 cm) to the deepest layer (40-60 cm). In
the state of Roraima, the higher Se concentration was observed at 20-40 cm
(604 pg kg™) which was even higher than all the samples collected above
Brazil nut trees in this site. In the state of Amapa4, the soil Se concentration
was very similar among the layers evaluated. For samples collected in the
state of Amazonas, the reference soils showed higher value for the 40-60 cm
layer (424 pg kg™), and we could observe a different behavior compared to
the other sites, since the lowest Se concentration was observed in the 20-40
cm layer. Comparing total soil Se concentration among the states evaluated,
Amazonas presented the highest values, which was in accordance with the
results showed in the points evaluated above the Brazil nut trees in these

sites.
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Figure 5 Total soil Se concentration in samples collected at different sites in
different states of the Amazon region (AC: Acre; MT: Mato Grosso;
RR: Roraima; AP: Amapa and AM: Amazonas, evaluated at different
soil depths (layers). The central distribution line represents the
median, the rectangles are bounded by 1% and 3™ quartiles and the
dots represent each observation
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Figure 6 Total soil Se concentration in samples collected from the reference
(control) area at different sites in the Amazon region (AC: Acre; MT:
Mato Grosso; RR: Roraima; AP: Amapa and AM: Amazonas,
evaluated at different soil layers. Error bars indicate the standard
error of the mean (SEM) (n = 3)

3.3 Capacity of Brazil nuts clones grown at Aruana farm to accumulate
Se in the nuts

Figure 7 illustrates only groups of samples from cultivated clones
and catalogued by the Aruana farm. There were no differences among total
Se concentrations in nuts evaluated in this group of clones. The ability to
accumulate Se is presumably similar in each of the clones studied, though
soil Se content can vary among the points collected, which will surely
influence the amount of Se absorbed by the plants. Considering the
environmental differences among each plant evaluated, which were not
controlled in this site, to obtain meaningful results would require a better
experimental condition to actually prove the clones’ efficiency to uptake Se.

Differently from the present study, considerable variation in shoot Se

concentration has been observed among angiosperms species growing in the
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same environment, however, little of this variation is attributed to systematic
differences between angiosperms orders and it is thought to reflect species-
specific adaptations (WHITE et al., 2004; WHITE et al., 2007).

120 -
100 -
80 -
60 -

40 -

Total Se (mg kg™)

20 +

Clones

Figure 7 Total Se concentration of Brazil nuts from different clones grown in
the Aruand Farm, ltacoatiara (state of Amazonas). Error bars indicate
the standard error of the mean (SEM) (n = 3). Means followed by the
same letter do not differ statistically by the Scott-Knott test at 5%
probability

3.4 Natural variation on Se concentration in Brazil nuts

Figure 8 shows the average weight and the values for individual
levels of Se in Brazil nuts in each studied area. The nuts with higher weight
were observed in Roraima, which on average was 3.43 g per almond, and
also presented almonds weighing more than 4.50 g. The samples with lower

average weight were obtained in Mato Grosso, i.e. ~2.14 g in each almond.
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Figure 9 shows that the average weight had no significant influence
on the individual Se content in the almonds, since the results showed that
almonds with the highest total Se concentration (Roraima, Amapa and
Amazonas) also represent the areas with the highest individual levels of Se.

The observed values for the individual levels of Se (ug per nut) is
represented on average for each state as follows (Figure 9): Acre (8.62) <
Mato Grosso (13.74) < Roraima (60.68) < Amapa (165.46) < Amazonas
(246.61). With these values and the average weight, we can calculate the
estimated dietary intake obtained by eating a single nut from the states of
Amapa and Amazonas, which all exceed the recommended dietary
allowance for an adult per day (60 and 70 pg for men and women
respectively) (KIPP et al., 2015).

Taking as a benchmark the Se recommended daily dose of 70 pg
day™ (for men) for example, it is possible to compare the average values
obtained for the individual levels of Se in the Brazil nuts from the different
states, and predict how much Se is provided on average (percentage) by
eating a single nut from the states of Acre (12%), Mato Grosso (20%),
Roraima (87%), Amapa (236%) and Amazonas (352%).
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Figure 8 Average weight of individual Brazil nuts from different locations in
the Amazon region (AC: Acre; MT: Mato Grosso; RR: Roraima; AP:
Amapa and AM: Amazonas). The central distribution line represents
the median, the rectangles are bounded by 1% and 3" quartiles and
the dots represent each observation
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Figure 9 Se content of individual Brazil nuts from different locations in the
Amazon region. The error bars indicate the standard error of the
mean (SEM). Values were obtained by multiplying the average
weight of nuts (g) x total Se concentration (ug g~)

The high Se content showed by Brazil nuts sampled in most areas of
this study call the attention for the use of Brazil nuts as a food source of Se.
In the diet it can represent an effective way to increase the Se status for
people who have deficiency of this element. Besides being a rich source of
Se, its consumption has advantages over the use of supplements and fortified
foods, because it is sustainable, has lower cost and offers lower risk of
poisoning.

The overall recommendation would be only one nut a day in the diet
to meet the nutritional needs, being effective to increase the Se status and
lead to an improvement of glutathione peroxidase (GPx) activity
(CARDOSO et al., 2015b). Yet, Brazil nut recommendations should be made

with caution, since barium and radium contents also present in the nuts, are
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uncertain and may be toxic depending on the amount ingested
(THOMSON et al., 2008).

Regarding the risk of toxicity involving Se in Brazil nuts, additional
comments should be made considering the Se levels observed in this study.
For logical reasons it is unlikely that eating Brazil nuts moderately can lead
to the emergence of symptoms of selenosis. Although the consumption of
nuts by local communities can be considered high during the period in which
Brazil nuts are produced (November to March), we should consider that
during most part of the year, consumption is reduced, since the remaining
nuts consumed cease right after the period of production, which would lead
the population to seek other additives to their food. In addition to this fact,
the long-term storage of nuts should lead to the loss of their sensory
properties, which would lead to deterioration and loss of quality, making a
practice rarely used by small producers, who prefer to sell their products
immediately after harvesting the Brazil nuts.

Moreover, Se toxicity in humans has been rarely observed in the
region, since the consumption of Brazil nuts does not remain for a long-term,
with cases of intoxication being reported only in areas of the world where
intake levels of Se are highly elevated. Symptoms of toxicity observed in
humans include increased fragility of nails or hair, skin rashes, irritability,
nausea or vomiting. These side effects were observed in about 10% of
Chinese people consuming > 1000 pg Se day™ (CHUNHIENG et al., 2004).

Genetic structure of the Brazil nuts population was studied in five
regions of the Amazon, and its results highlight the genetic differences
between populations. Some researchers studied populations in the states of
Acre, Amazonas, Roraima, Pard, and Amapa observing that the group of
plants located in the state of Acre was significantly distant genetically from
others, and groups located in the states of Amazonas and Para were closely
related. They emphasized the fact that populations from Acre differ strongly
from other regions, and it would probably be due to the long distance from

other populations as well as different climatic conditions observed in the
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south of the Amazon region (SUJII et al., 2015). These observations support
the results of the present study, which showed Brazil nuts produced in Acre
along with Mato Grosso — both located in southern Amazon region — having
total Se content lower than the other Brazil nut populations located in
northern Amazon.

In theory those populations in the Amazon basin have recently been
subdivided by human activities, which suggests the hypothesis made by
some authors who consider the role of pre-Columbian Indians important in
the distribution of Brazil nuts trees throughout the Amazon. It is possible that
the time of divergence for the differentiation among nearby populations have
been insufficient, since their results suggest that the local differentiation
process is still ongoing and may include demographic and adaptation
processes in these populations (CLEMENT et al., 2010; SHEPARD;
RAMIREZ, 2011; SUJII et al., 2015).

As noted by the set of information evaluated in this study, the
variability among Se levels of Brazil nuts suggests a reasonable genetic
variation among those populations in the studied sites. The differences in the
nuts shape, size, weight, and quantity of nuts inside each fruit and even the
format of these fruits were outstanding at the time of the surveys carried out
in those areas. The same descriptions were mentioned in a recent research
that observed morphological and phenological differences in Brazil nuts
from different regions of the Amazon basin (WADT et al., 2005; VIEIRA et
al., 2008; SUJII et al., 2015).

3.5 Regression models and Principal Component Analysis (PCA)

Figure 10 illustrates regression models between Se concentrations in
Brazil nuts and total soil Se content in the layers 0-20 cm, 20-40 cm and 40-
60 cm. Considering the soil layers individually, the association between Se
concentration in soil and nuts was weak (R*= 28.3) in the surface layer (0-20
cm). In the 20-40 cm (R*= 19) and 40-60 cm (R%*= 9.2) layers, these values

were even lower. However, it is important to mention that in the surface
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layer (0-20 cm) the regression data shows that expressive part of this
variation in the Se concentration in Brazil nuts is explained by the total soil
Se concentration. These results suggest that total soil Se concentration is not
the main factor influencing Se concentrations in Brazil nuts and has little
predictive power in determining Se concentration in Brazil nuts.

Overall there is a positive linear correlation between Se in plant
tissues and the Se content in soil, and can even be assumed that all plants
grown in seleniferous soils or Se contaminated should contain much more Se
than those grown in soils with low Se content. But the complex impact and
influence of a multitude of factors that affect the Se uptake in plants can
significantly change the relationship of Se in the soil-plant-atmosphere
system (KABATA-PENDIAS, 2011).

In loamy soils from Belgian agricultural soils, weak correlations
were found between soil Se concentration and selenium concentration in
wheat and potato. On the other hand, the uptake of Se increased with
increasing pH (DE TEMMERMAN et al., 2014). Such results differ from
those reported in a study performed in agricultural soils from China, where
Se concentrations in corn tissues were significantly correlated with organic
matter-bound Se in upland soil (WANG et al., 2012). Another study
performed in China, assessing Se pollution in agricultural soils, found
positive correlation between total soil Se content and rice grain selenium
content (r = 0.915, p < 0.001) (HUANG et al., 2009).
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MT: Mato Grosso; RR: Roraima; AP: Amapa and AM: Amazonas, in
different soil layers (0-20 cm, 20-40 cm and 40-60cm). Number of
observation (n) is 15 for AC, 17 for AM, 13 for MT, 15 for RR and
15 for AP

Figure 11 shows the principal component analysis (PCA) on soil
physical/chemical variables and on the Se content in the nuts. The first
component of PCA is associated mainly with the soil reaction, and other
parameters directly related to the soil pH. The second component of PCA is
associated with the S (sulphur) and Se contents, as well as particle size
fractions of the soil. Both components are equally important and represent
similar fractions of the total variation (36% and 32% respectively for PCA 1
and PCA 2).

Se available in the soil is the main factor determining to the total Se
content in Brazil nuts in this study, and not the total Se concentration as we
could natice in the regression models (Figure 10). In this case, soil pH is an
important factor associated with the Se available in the soil because of its
influence in the sorption and retention of Se in these soils evaluated. The
pH-dependence of selenate and selenite adsorption on Fe and Al oxides may
partly explain its influence because of the high amounts of positive charges
in these soils with a significant occurrence of oxidic soils in the region.

Explaining the pH influence in the Se available in the soil, we can
observe the figure 12, showing soil-Se and soil pH in the 0-20 cm layer. This
graphic confirms the higher influence from the attributes of the soil in the
surface layer (especially pH) in the Se accumulated in the Brazil nuts than
the deeper layers (20-40 cm and 40-60 cm).

Amapa (AP) is the site with highest pH (Figure 12), with values
close to the neutrality and indeed unusual among the results showed in other
sites in the present work and compared to the most Brazilians weathered
soils. We observed that the total soil Se concentration was not proportionally
high in this site compared to the total Se in the nuts that showed values as

high as those found in the state of Amazonas (Figure 4), so these results
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found in the total Se accumulated by the Brazil nuts can only be explained
by the availability of Se in the soil.

Attributes like AI**, Fe and K available, the values t, T, potential
acidity and percentage of silt had lower influence in the total Se
concentration in Brazil nuts. Overall, the distribution pattern of the elements
in soil obtained by PCA analysis confirmed that besides the soil pH
influencing the amount of positive charges in the soil and increasing the Se
available in soil with pH, other factors including clay percentage and S
available in the soil are also associated with the Se concentration in Brazil
nuts.

Chilimba et al. (2011) found that maize grain Se concentration was
up to 10-fold higher in crops grown on soils with naturally high pH (> 6.5)
and across all sites evaluated, under these conditions, there was evidence of
a correlation between grain Se concentration and soil pH. According to the
authors, under these less acidic soils, Se becomes considerably more
available to plants due to the greater solubility of Se (IV) species and
oxidation to Se (VI).
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Figure 11 Principal Component Analysis (PCA) for chemical and physical

soil attributes and total Se concentrations in soil and in Brazil nuts in
5 states of the Amazon region: (AC: Acre; MT: Mato Grosso; RR:
Roraima; AP: Amapa and AM: Amazonas. Physical attributes: clay,
silt and sand in percentage. Chemical attributes: AlI** and Ca (cmol,
kg™h); K, Mn, Fe and S (mg kg™) available in the soil and pH (H,0),
pH (KCI), and the indexes V (base saturation in percentage), Pot.
Acidity (H + Al) (cmol, kg™), t (effective cation exchange capacity
in cmol, kg™?), T (total cation exchange capacity in cmol, kg™*) and m
(aluminum saturation in percentage). The letters (a), (b) and (c)
express the attributes mentioned in the 0-20 cm, 20-40 cm and 40-60
cm soil layers respectively



74

Soil pH (0-20 cm) Soil Se (ug kg') 0-20cm
L]
6.0 {
. 600
L]
551 e . 1
: s
&
501 o 4004 't
. L] L/
. : f
4.5+ i
2004 I Etl .
4.04 . .
AC MT RR AP AM AC MT RR AP  AM
State

Figure 12 Soil pH and total soil Se concentration in the 0-20 cm layer from 5
states of the Amazon region: (AC: Acre; MT: Mato Grosso; RR:
Roraima; AP: Amapa and AM: Amazonas)

In this context we should consider that several others factors
including not only physicochemical attributes of the soils, but also factors
related to the plant itself and its ability to accumulate Se will have influence
on the Se uptake and translocation to the edible nuts.

Variations among total soil Se concentration and total Se in Brazil
nuts are really wide throughout the Amazon region due to their high
differences in the soil attributes. More information about the environmental
and intrinsic factors associated with the plant is needed. The correlation
between levels of Se in soil and Brazil nuts needs further investigation,
because beyond soil Se concentrations, there are several other factors
contributing to Se availability in soils, and the best way to determine this
attribute is extracting Se available in the soil, which requires methodologies
with better precision, and try to improve the efficiency of Se analytical
determination, since these values will surely be very low, and even lower

than the limits of detection for GF-AAS analyses.
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4 CONCLUSIONS

Total selenium concentrations in Brazil nuts from the sites evaluated
in this study are influenced by both soil Se available as well as genotypic
ability of each plant inside each population to accumulate Se, considering
the different sites with their own environmental particularities.

Se available in the soil and its absorption by the Brazil nut trees is
influenced by the soil pH mainly in the 0-20 cm soil layer. Chemical
attributes that affect the balance of charges explains the higher or lower Se

retention in the soil and thus its availability to the plants.

Funding Sources

The authors and E.C.S.J are grateful to CNPg, CAPES and FAPEMIG from
Brazilian government for financial support to the research project and
especially FAPEMIG for granting the scholarship.

ACKNOWLEDGMENTS

We thank the institutions Federal University of Lavras, Sdo Paulo State
University (UNESP-Tupd) and EMBRAPA for assistance during samples
collections of soil and Brazil nuts, and the great help given by the laboratory
technicians from the Soil Science Department/UFLA involved in Se

analytical determinations.



76

REFERENCES

BAJAJ, M.; EICHE, E.; NEUMANN, T.; WINTER, J.; GALLERT, C.
Hazardous concentrations of selenium in soil and groundwater in North-
West India. Journal of Hazardous Materials, v. 189, n. 3, p. 640-646,
2011.

CAPPA, J.J.; CAPPA, P. J.; EL MEHDAWI, A. F.; MCALEER, J. M.;
SIMMONS, M. P. PILON-SMITS, E. A. H. Characterization of selenium
and sulfur accumulation across the genus Stanleya (Brassicaceae): A field
survey and common-garden experiment. American Journal of Botany,
v.101, n. 5, p. 830-839, 2014.

CARDOSO, B. R.; BUSSE, A. L.; HARE, D. J.; COMINETTI, C.; HORST,
M. A.; MCCOLL, G.; MAGALDI, R. M.; JACOB-FILHO, W.;
COZZOLINO, S. M. F. Pro198Leu polymorphism affects the selenium
status and GPx activity in response to Brazil nut intake. Food & Function,
V.7,n. 2, p. 825-833, 2015.

CARDOSO, B. R.; APOLINARIO, D.; BANDEIRA, V. S.; BUSSE, A. L.;
MAGALDI, R. M.; JACOB-FILHO, W.; COZZOLINO, S. M. F. Effects of
Brazil nut consumption on selenium status and cognitive performance in
older adults with mild cognitive impairment: a randomized controlled pilot
trial. European Journal of Nutrition, v. 55, n. 1, p. 107-116, 2016.

CARVALHO, R. F.; HUGUENIN, G. V. B.; LUIZ, R. R.; MOREIRA, A. S.
B.; OLIVEIRA, G. M. M.; ROSA, G. Intake of partially defatted Brazil nut
flour reduces serum cholesterol in hypercholesterolemic patients - a
randomized controlled trial. Nutrition journal,v. 14, n. 1, p. 1-9, 2015.

CHANG, J. C. GUTENMANN, W. H.; REID, C. M.; LISK, D. J. Selenium
content of Brazil nuts from two geographic locations in Brazil.
Chemosphere, v. 30, n. 4, p. 801-802, 1995.

CHILIMBA, A.D. C.; YOUNG, S. D.; BLACK, C. R.; ROGERSON, K. B.
ANDER, E. L.; WATTS, M. J.; LAMMEL, J.; BROADLEY, M. R. Maize
grain and soil surveys reveal suboptimal dietary selenium intake is
widespread in Malawi. Scientific reports, v. 1, n. 72, p. 1-9, 2011.



77

CHUNHIENG, T.; PETRITIS, K.; ELFAKIR, C.; BROCHIER, J.; GOLI, T;
MONTET, D. Study of selenium distribution in the protein fractions of the
Brazil nut, Bertholletia excelsa. Journal of agricultural and food
chemistry, v. 52, n. 13, p. 4318-4322, 2004.

CLEMENT, C. R.; CRISTO-ARAUJO, M. DE.; D'EECKENBRUGGE, G.
C.; PEREIRA, A. A.; PICANCO-RODRIGUES, D. Origin and
domestication of native Amazonian crops. Diversity, v. 2, n. 1, p. 72-106,
2010.

COMINETTI, C.; DE BORTOLI, M. C.; GARRIDO, A. B.; COZZOLINO,
S. M. F. Brazilian nut consumption improves selenium status and glutathione
peroxidase activity and reduces atherogenic risk in obese women. Nutrition
research, v. 32, n. 6, p. 403-407, 2012.

DE TEMMERMAN, L.; WAEGENEERS, N.; THIRY, C.; DU LAING, G,;
TACK, F.; RUTTENS, A. Selenium content of Belgian cultivated soils and
its uptake by field crops and vegetables. The Science of the total
environment, v. 468-469, n. 1, p. 77-82, 2014,

DHILLON, K. S.; DHILLON, S. K. Development and mapping of
seleniferous soils in northwestern India. Chemosphere, v. 99, n. 1, p. 56-63,
2014.

DUMONT, E.; DE PAUW, L.; VANHAECKE, F.; CORNELIS, R.
Speciation of Se in Bertholletia excelsa (Brazil nut): A hard nut to crack?
Food Chemistry, v. 95, n. 4, p. 684-692, 2006.

EMPRESA BRASILEIRA DE PESQUISAAGROPECUARIA—
EMBRAPA. Manual de métodos de analise de solo, 2.ed. Rio de Janeiro,
1997. 212p.

FREITAS, S. C.; ANTONIASSI, R.; FELBERG, I.; SANTOS, N. S. Selénio
em castanha-do-brasil (Bertholletia excelsa). Comunicado Técnico, 71,
2004. Available in: http://ainfo.cnptia.embrapa.br/digital/bitstream/CTAA-
2009-09/7699/1/ct71-2004.pdf (accessed: Mar 13, 2016).

GABOS, M. B.; ALLEONI, L. R. F.; ABREU, C. A. Background levels of


http://ainfo.cnptia.embrapa.br/digital/bitstream/CTAA-2009-09/7699/1/ct71-2004.pdf
http://ainfo.cnptia.embrapa.br/digital/bitstream/CTAA-2009-09/7699/1/ct71-2004.pdf

78

selenium in some selected Brazilian tropical soils. Journal of Geochemical
Exploration, v. 145, n. 1, p. 35-39, 2014.

HARRIS, J.; SCHNEBERG, K. A.; PILON-SMITS, E. A. H. Sulfur-
selenium-molybdenum interactions distinguish selenium hyperaccumulator
Stanleya pinnata from non-hyperaccumulator Brassica juncea
(Brassicaceae). Planta, v. 239, n. 2, p. 479491, 2014.

HUANG, S.; HUA, M.; FENG, J.; ZHONG, X.;JIN, Y.; ZHU, B.; LU, H.
Assessment of selenium pollution in agricultural soils in the Xuzhou District,
Northwest Jiangsu, China. Journal of Environmental Sciences, v. 21, n. 4,
p. 481-487, 2009.

FOOD AND NUTRITION BOARD OF THE INSTITUTE OF MEDICINE.
Dietary reference intakes for vitamin C, vitamin E, selenium and
carotenoids. Washington: National Academy Press, 2000. 529 p.

KABATA-PENDIAS, A. Trace elements in soils and plants. Boca Raton:
CRC Press, 2011. 505 p.

KHAN, N.; JEONG, I. S.; HWANG, I. M.; KIM, J. S.; CHOI, S. H.; NHO,
E.Y.; CHOI, J. Y.; KWAK, B. M.; AHN, J. H.; YOON, T.; KIM, K. S.
Method validation for simultaneous determination of chromium,
molybdenum and selenium in infant formulas by ICP-OES and ICP-MS.
Food Chemistry, v. 141, n. 4, p. 3566-3570, 2013.

KIPP, A.P.; STROHM, D.; BRIGELIUS-FLOHE, R.; SCHOMBURG, L.;
BECHTHOLD, A.; LESCHIK-BONNET, E.; HESEKER, H. Revised
reference values for selenium intake. Journal of Trace Elements in
Medicine and Biology, v. 32, n. 1, p. 195-199, 2015.

LEMIRE, M.; FILLION, M.; BARBOSA, F.; GUIMARAES, J.R. D.;
MERGLER, D. Elevated levels of selenium in the typical diet of Amazonian
riverside populations. Science of the Total Environment, v. 408, n. 19, p.
4076-4084, 2010.

LEMIRE, M.; PHILIBERT, A.; FILLION, M.; PASSOS, C.J. S.;
GUIMARAES, J. R. D.; BARBOSA JR, F.. MERGLER, D. No evidence of



79

selenosis from a selenium-rich diet in the Brazilian Amazon. Environment
International, v. 40, n. 1, p. 128-136, 2012.

MALAVOLTA, E.; VITTI, G. C.; OLIVEIRA, S. A. Avalia¢do do estado
nutricional das plantas: principios e aplicagdes. 2. ed. Piracicaba:
POTAFQOS, 1997. 319 p.

MARTENS, I. B.G.; CARDOSO, B. R.; HARE, D. J.; NIEDZWIECKI, M.
M.; LAJOLO, F. M.; MARTENS, A.; COZZOLINO, S. M. F. Selenium
status in preschool children receiving a Brazil nut-enriched diet. Nutrition,
v. 31, n. 11-12, p. 1339-1343, 2015.

MARTINS, M. et al. Brazil nuts: determination of natural elements and
aflatoxin. Acta Amazonica, Manaus, v. 42, n. 1, p. 157-164, mar. 2012.

MORENO RODRIGUEZ, M. J.; CALARIVERO, V.; JIMENEZ
BALLESTA, R. Selenium distribution in topsoils and plants of a semi-arid
Mediterranean environment. Environmental Geochemistry and Health, v.
27,n. 5-6, p. 513-519, 2005.

MORI, S. A.; PRANCE, G. T. Taxonomy, ecology, and economy botany of
Brazil nut (Bertholletia excelsa Humb. e Bonpl.: Lecythidaceae). Advances
in Economic Botany, v. 8, n. 1, p. 130-150, 1990.

PAREKH, P. P.; KHAN, A. R.; TORRES, M. A.; KITTO, M. E.
Concentrations of selenium, barium, and radium in Brazil nuts. Journal of
Food Composition and Analysis, v. 21, n. 4, p. 332-335, 2008.

RAIJ, B. V.; QUAGGIO, J.A. Métodos de analise de solo para fins de
fertilidade, Campinas, Instituto Agronémico, 1983. 31p. (Boletim técnico,
81).

RAYMAN, M. P. Selenium and human health. Lancet, v. 379, n. 9822, p.
1256-1268, 2012.

R Core Team (2015). R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.



80

Available in: https://www.R-project.org (accessed: Mar 13, 2016).

SECOR, C. L.; LISK, D. J. Variation in the selenium content of individual
Brazil nuts. Journal of food safety, v. 9, n. 4, p. 279-281, 1989.

SCOLES, R.; GRIBEL, R. Population structure of Brazil Nut (Bertholletia
excelsa, Lecythidaceae) stands in two areas with different occupation
histories in the Brazilian Amazon. Human Ecology, v. 39, n. 4, p. 455-464,
2011.

SHALTOUT, A. A;; CASTILHO, I. N. B.; WELZ, B.; CARASEK, E.;
MARTENS, I. B. G.; MARTENS, A.; COZZOLINO, S. M. F. Method
development and optimization for the determination of selenium in bean and
soil samples using hydride generation electrothermal atomic absorption
spectrometry. Talanta, v.85, n. 3, p. 1350-1356, 2011.

SHEPARD, G. H. J.; RAMIREZ, H. E. R. “ Made in Brazil ”’: human
dispersal of the Brazil Nut (Bertholletia excelsa, Lecythidaceae ) in ancient
Amazonia. Economic Botany, Devon, v. 65, n. 1, p. 44-65, 2011.

STOCKLER-PINTO, M. B.; MAFRA, D.; MORAES, C.; LOBO, J;
BOAVENTURA, G. T.; FARAGE, N. E.; SILVA, W. S.; COZZOLINO, S. F.
MALM, O. Brazil nut (Bertholletia excelsa, H.B.K.) improves oxidative
stress and inflammation biomarkers in hemodialysis patients. Biological
Trace Element Research, v.158, n. 1, p.105-112, 2014.

STOCKLER-PINTO, M. B.; MALM, O.; MORAES, C.; FARAGE, N. E.;
SILVA, W. S.; COZZOLINO, S. M. F.; MAFRA, D. A Follow-up Study of
the Chronic Kidney Disease patients treated with Brazil nut: focus on
inflammation and oxidative stress. Biological Trace Element Research, v.
163, n. 1-2, p. 67-72, 2015.

STOCKLER-PINTO, M. B.; CARRERO, J. J.; WEIDE, L. C.C;
COZZOLINO, S. M. F.; MAFRA, D. Effect of selenium supplementation via
Brazil Nut (Bertholletia Excelsa, Hbk) on thyroid hormones levels in
hemodialysis patients: a pilot study. Nutricion hospitalaria, v. 32, n. 4, p.
1808-1812, 2015.


https://www.r-project.org/

81

SUJIIL, P. S.; MARTINS, K.; WADT, L. H. O.; AZEVEDO, V. C.R;
SOLFERINI, V. N. Genetic structure of Bertholletia excelsa populations
from the Amazon at different spatial scales. Conservation Genetics, v. 16,
n. 4, p. 955-964, 2015.

THOMSON, C. D.; CHISHOLM, A.; MCLACHLAN, S. K.; CAMPBELL,
J. M. Brazil nuts: an effective way to improve selenium status. The
American journal of clinical nutrition, v. 87, n. 2, p. 379-384, 2008.

THORN, J.; ROBERTSON, J.; BUSS, D. H. Trace nutrients. Selenium in
British food. The British journal of nutrition, v. 39, n. 2, p. 391-396,
1978.

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY. Test
methods for evaluation of solid waste, physical and chemical methods:
microwave assisted acid digest of sediments, sludges, soils and oils, SW-
846. Washington, 1998. 98 p.

VIEIRA, A. H.; BENTES-GAMA, M. M.; DE OLIVEIRA, A. C.; ROCHA,
R. B.; LOCATELLI, M. Comportamento Fenolégico da Castanha-do-brasil
(Bertholletia excelsa Bonpl.) em Porto Velho, Rondénia. In: Anais do 18°
Seminério do Projeto Kamukaia, p. 53-57, 2008.

WADT, L. H. O.; KAINER, KAREN A.; GOMES-SILVA,D.A. P.
Population structure and nut yield of a Bertholletia excelsa stand in
Southwestern Amazonia. Forest Ecology and Management, v. 211, n. 3, p.
371-384, 2005.

WANG, S.; LIANG, D.; WANG, D.; WEI, W.; FU, D.; Z.-Q. LIN. Selenium
fractionation and speciation in agriculture soils and accumulation in corn
(Zea mays L.) under field conditions in Shaanxi Province, China. Science of
the Total Environment, v. 15, n. 427-428, p. 159-164, 2012.

WHITE, P. J.; BOWEN, H. C.; PARMAGURU, P.; FRITZ, M;
SPRACKLEN, W. P.; SPIBY, R. E.; MEACHAM, M. C.; MEAD, A.;
HARRIMAN, M.; TRUEMAN, L. J.; SMITH, B. M.; THOMAS, B;
BROADLEY, M. R. Interactions between selenium and sulphur nutrition in
Arabidopsis thaliana. Journal of Experimental Botany, v. 55, n. 404, p.
1927-1937, 2004.



82

WHITE, P. J.; BOWEN, H. C.; MARSHALL, B.; BROADLEY, M. R.
Extraordinarily high leaf selenium to sulfur ratios define “Se-accumulator”
plants. Annals of Botany, v. 100, n. 1, p. 111-118, 2007.

ZUIDEMA, P. A.; BOOT, R. G. A. Demography of the Brazil nut tree
(Bertholletia excelsa) in the Bolivian Amazon: Impact of seed extraction on
recruitment and population dynamics. Journal of tropical Ecology, v. 18, n.
1, p. 1-31, 2002.



