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RESUMO

O selénio (Se) é um componente chave de alguns aminoacidos e um elemento mineral
essencial para a salde humana e animal. Entretanto, em varios paises - incluindo o Brasil - a
sua concentracao no solo é muito baixa, o que frequentemente resulta em niveis baixos de Se
nos alimentos. Para superar este problema, diferentes estratégias agrondmicas tém sido
propostas para varias plantas cultivadas, especialmente aquelas ricas em proteina, como a
soja. Este trabalho objetivou avaliar o efeito da aplicacdo foliar de fontes e doses de Se
associadas ou ndo a aplicacdo de fertilizante produzido com a finalidade de potencializar a
translocacédo de nutrientes (FIT), na producdo de graos, massa seca e teor de Se em plantas de
soja. Para avaliar o potencial da soja como espécie acumuladora de Se e também a associacao
de selenato de sddio e fontes alternativas de Se com o FIT, foram conduzidos diferentes
experimentos em condigdes de casa de vegetacdo. A primeira sequéncia de experimentos foi
constituida de dois ensaios avaliando doses de selenato de sddio (SS) e de SS+FIT e, na
segunda sequéncia de experimentos, foram avaliados 4 fontes de Se associadas ou ndo ao FIT.
Os compartimentos vegetais (gréos, folhas, vagens e caules) foram separados a fim de se
obter massa seca e o teor de Se, o qual foi determinando por espectrofotometria de absorgéo
atdbmica com atomizacdo por forno de grafite, ap6s digestdo acida do tecido vegetal. Nao foi
observado efeito da aplicacdo foliar de Se na produtividade de grédos e na massa seca, em
todos os experimentos conduzidos. O teor total de Se nos compartimentos vegetais foi afetado
linearmente em fungdo das doses aplicadas, mas a associagdo do SS com o FIT néo alterou
este parametro. Foi observado maior teor de Se nas folhas se comparado aos demais
compartimentos vegetais. No 1° experimento, a média de recuperacdo de Se no grao foi de
23,6% enquanto que no 2° experimento, esta foi de 26,6%. A aplicacdo foliar de fontes
alternativas de Se, associadas ou ndo ao FIT, resultou em incrementos significativos no teor
de Se nos graos, folha e vagem. A fonte SeM1 apresentou potencial para uso nas praticas de
biofortificacdo agrondmica, principalmente quando foi associada ao FIT. Nossos resultados
revelam que a aplicacdo foliar de Se em soja é uma prética eficiente para produgdo de
alimentos biofortificados e que o uso de fontes alternativas pode ser uma estratégia para
aumentar a eficécia da biofortificacdo agronémica de gréos de soja com selénio.

Palavras chave: Aplicacdo foliar. Qualidade alimentar. Fabaceae.



ABSTRACT

Selenium (Se) is a key component of selected amino acids and an important micronutrient for
humans and animals, yet in several countries - Brazil included - soil Se concentrations are
very small, which often leads to low Se content in feed and food. To overcome this problem,
different agronomic strategies have been proposed for various crop plants, especially the
protein-rich ones, e.g., soybean. This work aimed to evaluate the effect of sources and doses
of Se, associated or not with a fertilizer aimed at improving nutrient translocation (FIT), upon
grain yield and Se content in soybean. In order to evaluate the potential of soybean as a Se
seed-accumulating species and also the association of sodium selenate as well as alternative
sources of Se (organic Se compounds) with FIT, different experiments were conducted under
greenhouse conditions. The first sequence of experiments consisted of two trials evaluating
doses of sodium selenate (SS) and SS+FIT, and the second sequence of experiments assessed
the effect of four sources of Se, associated or not with FIT. Plant parts (grains, leaf, stem and
pods) were separated in order to obtain dry mass and their content of Se, which was
determined by atomic absorption spectrophotometry with graphite furnace atomization, after
acid digestion of the vegetal tissue. Foliar application of Se did not affect grain yield and dry
mass in all experiments. Total Se content in grain, leaf, and pod plant parts increased linearly
as a function of the applied doses of SS, yet the association of SS with FIT did not alter this
parameter. Leaf had higher contents of Se, when compared with other plant parts. In the 1%
experiment, the average recovery of Se in the grain was 23.6%, while in the 2"! experiment, it
was 26.6%. Foliar application of alternative sources of Se, associated or not with FIT, resulted
in significant increases in Se content in grain, leaf, and pod plant part, but the stem presented
Se content. The SeM1 source presented potential for use in agronomic biofortification
practices, especially when associated with FIT. Our findings revealed that the foliar
application of Se in soybean is an efficient approach for production of biofortified food and
that the use of organic Se compounds may be a strategy to increase the effectiveness of the
agronomic biofortification of soybean grains with selenium.

Keywords: Foliar spray. High quality food. Fabaceae.
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PARTE I

1 INTRODUCAO

O Selénio (Se) é um elemento de ocorréncia natural que é considerado essencial para
humanos e animais. Sua deficiéncia em animais é comum, afetando o setor agropecuario de
alguns paises da América do Sul, América do Norte, Africa, Europa, Asia e Nova Zelandia
(FORDYCE, 2007). Em humanos o Se pode afetar diretamente o metabolismos dos
hormadnios tireoidianos, o que prejudica o crescimento e desenvolvimento (KOHRLE, 1994).
Ele também possui propriedades anticancerigenas e pode prevenir doencas cardiacas
(SHALTOUT et al., 2011). Além disso, algumas provincias chinesas que apresentam baixo
teor de Se nos solos tém relatado doencas cardiacas (doenca de Keshan) e 6sseas (Kashin-
Beck) (CHEN et al., 1980; GE; YANG, 1993; TUIJTELAARS et al., 2008).

A ingestdo de Se pela populagédo é feita principalmente por meio de alimentos que
apresentem quantidades significativas do elemento (COMBS, 2001). Apesar do Se nédo ser
considerado nutriente para as plantas, ele pode apresentar efeitos benéficos no sistema
antioxidante e promover o crescimento (DJANAGUIRAMAN et al., 2005; PANDEY;
GUPTA, 2015; YASIN et al., 2015) e pode ser incorporado em aminoacidos (FENG; WEI,
TU, 2013; SCHIAVON; PILON-SMITS, 2016), mas também pode ser acumulado nos
vacuolos celulares na forma inorgéanica (LIMA; PILON-SMITS; SCHIAVON, 2018).

Apesar da importancia do selénio nos alimentos, grande parte dos solos agricolas
possui baixo teor de Se natural (FORDYCE, 2013). Devido a isto, uma das estratégias para
diminuir a deficiéncia de Se tem sido aumentar o teor desse elemento nos alimentos através da
biofortificacio(BOLDRIN et al., 2012; WHITE; BROADLEY, 2009). A biofortifcacdo
agrondmica tem sido uma alternativa importante para aumentar a concentracdo de Se nas
plantas cultivadas(BOLDRIN et al., 2013a; RAMOS et al., 2012) e consiste no fornecimento
de Se por meio da adubacdo das culturas de interesse (BOLDRIN et al., 2012; FARIA;
KARP, 2015; GONZALI; KIFERLE; PERATA, 2017). As técnicas de biofortificacdo
agrondmica tém sido aplicados através de adubacao via solo ou pulverizacao foliar.

As formas de Se encontradas no ambiente podem ser inorganicas ou organicas, de
modo que as principais formas inorganicas sdo selenato (SeO4%), selenito (SeOs?) e seleneto
(Se?), enquanto que, as principais formas organicas estdo na forma de aminoacidos como
seleno-cisteina (Se-Cys) e seleno-metionina (Se-Met) (CHAN; AFTON; CARUSO, 2010;
LOPES; AVILA; GUILHERME, 2017; NAWAZ et al., 2015a; WU et al., 2015). Deste modo,
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diferentes formas de fornecimento de Se podem resultar em diferentes quantidades de Se
acumuladas nas plantas (SCHIAVON et al., 2013).

A soja € uma cultura que tem se destacado na pratica de biofortificacdo, devido ao seu
amplo consumo e alta producdo em todo o mundo. Ela € utilizada de vérias formas na
alimentacdo, sendo consumida na forma de 6leo vegetal, tofu, leite, molho e também para
racdo animal (CARVALHO et al., 2007; DORFF, 2007). Além disso, a soja apresenta alto
potencial de biofortificacdo, tendo como alvo outros elementos além do Se, por exemplo
zinco (Zn) e ferro (Fe) (GHASEMIAN; GHALAVAND; PIRZAD, 2010; ZOU et al., 2014).

2 HIPOTESES

o A soja € uma espécie que apresenta potencial para biofortificacdo com Se;
o Associacao entre fontes de Se e outros nutrientes recomendados para prover maior

enchimento de graos pode promover maior acimulo de Se;

o Fontes alternativas de Se podem ser uma possibilidade para biofortificacdo de plantas;

3 OBJETIVO

o Avaliar a biofortificacdo de plantas de soja submetidas a aplicacédo foliar de fontes e

doses de selénio associadas ou ndo ao produto potencializador de translocagéo.
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4 REVISAO BIBLIOGRAFICA

4.1 Selénio

Selénio (Se) é um elemento classificado como um semi-metal, possui hiumero atdmico
34, massa atdmica 78,96 g (LOPES; AVILA; GUILHERME, 2017; NATASHA et al., 2017).
Ele é bastante utilizado na indUstria para producdo de varios produtos, tais como:
semicondutores, retificadores, células fotovoltaicas, ligas resistentes a corroséo, substancias
farmacéuticas, pigmentos para tintas, ceramicas e processos de producédo de vidro (MEHDI et
al., 2013).

Alem das fungdes para indUstria, 0 Se é considerado um micronutriente para animais e
humanos (MATOS et al., 2017). Seu papel nutricional essencial para os animais foi
descoberto nos anos de 1950 e para humanos em 1973 (ALAEJOS; DIAZ ROMERO; DiAZ
ROMERO, 2000). Apesar de ndo ser nutriente para as plantas, ele pode ser considerado como
elemento benéfico ou toxico, dependendo da concentracdo, especiacdo e espécie da planta
(DRAHONOVSKY et al., 2016). Em concentracdes elevadas de Se, as plantas podem
apresentar crescimento reduzido e clorose causada pelo dano oxidativo e substituicdo
demasiada de S pelo Se (VAN HOEWYK, 2013).

Nos mamiferos e humanos, o Se atua nos processos de desintoxicagcdo metabolica
através da sintese e ativacdo das selenoproteinas que desempenham atividade antioxidante
capaz de reduzir perdxidos do organismo (RAYMAN, 2012). Além disso, ele também
participa da desiodinase da iodotironina (DIO), enzima que auxilia no metabolismo de
horménios da tireoide (KOHRLE, 1994), possui propriedades anticancerigenas e pode
prevenir doencas cardiacas (SHALTOUT et al., 2011).

Apesar do Se ser um elemento de grande importancia para o metabolismo humano e
animal, a deficiéncia de Se em humanos é cada vez mais frequente no cenario mundial (REIS
et al., 2018), em que, estima-se que cerca de 0,5 a 1,0 bilh&o de pessoas estejam em condicdes
de provavel deficiéncia de Se (COMBS, 2001). Para que a alimentacdo seja considerada
deficiente em Se, a ingestdo diaria deve estar abaixo da recomendagdo mundial, que é de 50—
55 ug dia'de Se (MALAGOLI et al., 2015; WU et al., 2015). De modo geral, os efeitos da

deficiéncia de Se nos humanos incluem fraqueza e inflamagGes musculares, coloracédo
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anormal da pele, disfuncdo do masculo cardiaco, suscetibilidade ao cancer e pre-disposi¢édo a
doenca de Keshan (MORA et al., 2015).

A principal forma de ingestdo de Se pela populacdo é através da alimentacdo, e a
caréncia de nutrientes ocorre principalmente devido a alta ingestdo de alimentos basicos como
arroz, milho e trigo. Estes alimentos séo considerados como pobres em minerais e vitaminas
qguando comparados aos graos de leguminosas, verduras e produtos de origem animal (REIS,
2014). Algumas acBes tém sido realizadas com intuito de aumentar a ingestdo de Se tanto
pelos humanos quanto para animais, como por exemplo, o uso de suplementos minerais ou
enriquecimento de alimentos com Se durante o processo de producao.

Apesar da adicdo de Se na forma inorganica em alimentos ser uma alternativa
importante, algumas pesquisas tém reportado que esta pratica ndo tem atingido o seu
proposito, visto que, neste caso, as fontes de Se s&o principalmente sais inorgéanicos, e deste
modo, n3o estdo prontamente disponiveis para o organismo (LOPES; AVILA; GUILHERME,
2017).

4.2 Selénio no ambiente e disponibilidade para plantas

O Se pode ser encontrado na natureza em varias reservas, inclusive no solo e na agua,
sendo que sua concentragdo no solo é governada pela composicdo do material de origem
(NATASHA et al., 2017). O intemperismo das rochas é considerado a maior fonte de
deposicéo de Se no solo (WHITE et al., 2004). Fontes naturais de Se podem incluir erupcoes
vulcanicas, restos de vegetacdo carbonizada, processos de oxidacao de superficies dos mares e
solos naturalmente ricos neste elemento, bem como as plantas que desenvolvem nestes locais
(CUVARDIC, 2003).

O teor de Se nos solos esta entre 0,01 e 2,0 mg kg, com uma média mundial de 0,4
mg kg (FORDYCE, 2013), enquanto que em solos seleniferos a quantidade pode ser ainda
maior, podendo apresentar até 1.200 mg kg™'de Se (FORDYCE, 2007).De modo geral, solos
que apresentam teores de Se < 0,5 mg kg* sdo considerados pobres em Se (MIRLEAN;
SEUS-ARRACHE; VLASOVA, 2018), fazendo com que as plantas apresentem absorcao
insuficiente para suprir as necessidades humanas.

As plantas cultivadas em solos seleniferos podem ainda serem utilizadas como
fitorremediadoras de solos, de modo que ap6s seu crescimento em regifes com alto teor de

Se, o0s residuos podem ser adicionados em locais em que a concentracdo natural de Se € baixa
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(LIMA; PILON-SMITS; SCHIAVON, 2018). Além disso, mesmo em solos com alto teor
deste elemento, pode haver producdo de alimentos com baixo teor de Se. Isto ocorre, em
condi¢cdes que o Se ndo estd em forma disponivel para a absorcdo da planta (FORDYCE,
2013). Varios estudos evidenciam que a disponibilidade para plantas ndo esta relacionada
somente com a concentracdo de Se no solo, mas com todo o ambiente em que as plantas se
desenvolvem.

A disponibilidade de Se para as plantas esta intimamente relacionada ao teor de argila
presente no solo (LESSA et al., 2016), de forma que, essa fracdo textural exerce correlagdo
negativa com os teores de Se biodisponivel (FORDYCE, 2013). O aumento dos teores de
argila aumenta os processos de adsorcdo nas particulas finas, e consequentemente, diminui a
disponibilidade de Se para as plantas. De fato, a absorcdo de Se pelas plantas cultivadas em
solos argilosos podem apresentar metade do contetdo de Se selénio se comparadas as plantas
cultivadas em solos arenosos (FORDYCE, 2013).

Além da fracdo argila no solo, o teor de matéria organica no solo (MOS) também
possui papel decisivo na disponibilidade de Se, sendo que a MOS também é responsavel por
parte da adsorcéo de Se (LI et al., 2017; WANG et al., 2016). Alguns estudos mostram que a
quantidade de Se adsorvida na MOS pode chegar a 50% (QIN; ZHU; SU, 2012)enquanto que
a fracdo mineral corresponde a cerca de 20% do Se presente no solo (SUPRIATIN; WENG,;
COMANS, 2015). A forca de ligagdo do Se é afetada pela fracdo de MOS, desta forma, a
dindmica de adsorcdo e dessorcdo é governada pela composicdo da MOS (COPPIN;
CHABROULLET; MARTIN-GARIN, 2009; QIN; ZHU; SU, 2012; SUPRIATIN; WENG;
COMANS, 2015).

Outro fator que interfere na disponibilidade de Se para as plantas € a presenca de ions
competidores de adsorgdo, como o sulfato (SOs%*) e fosfato (POs) (FORDYCE, 2013). A
presenca de SO4% pode inibir a absorcio de Se pelas plantas, e apresenta um efeito maior sob
0 Se na forma de selenato (FORDYCE, 2013). Ja o PO4* pode promover maior absorcdo de
selenito, ja que ele é facilmente adsorvido nos solos e desloca o selenito fixado no solo,
podendo promover maior disponibilidade na solucdo do solo (FORDYCE, 2013). Na planta, o
Se é quimicamente anélogo ao S e portanto, pode ser influenciado pelos mesmos processos de
carreamento dentro da planta (MALAGOLLI et al., 2015).

Os teores de Se nas plantas também diferem entre as espécies e sua capacidade de
bioacumulacdo. A atividade enzimatica caracteristica de cada espécie vegetal também pode
ser influenciada a acumulacdo de Se, geralmente espécies que possuem maior capacidade de

acimulo de Se apresentam maior formacdo de proteinas seleniferas (MALAGOLI et al.,
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2015). Algumas espécies de Fabaceas (Astralagus spp.), Asteraceae (Symphyotrichum,
Xylorhiza and Oonopsis spp.) e Brassicaceae (Stanleya pinnata) podem acumular Se em
maiores concentracGes, podendo atingir 0,1 a 1,5% de matéria seca. As plantas que podem
acumular altos teores de Se sdo conhecidas como hiperacumuladoras (CAPPA; PILON-
SMITS, 2013), enquanto que plantas ndo acumuladores como gramineas absorvem menos de
50 mg kg (FORDYCE, 2007).

Devido aos varios fatores que interferem na disponibilidade de Se para as plantas e sua
necessidade de suplementacdo para populacdo através da alimentacdo, tém sido realizados
varios estudos com o intuito de aumentar os teores de Se nas culturas. Tal pratica é
denominada de biofortificacdo e as principais formas de implementacdo sdo através do
melhoramento genético (CAKMAK, 2008) e/ou através do uso de fertilizantes enriquecidos
(FIGUEIREDO et al., 2017; MIRLEAN; SEUS-ARRACHE; VLASOVA, 2018; WANG et
al., 2016).

4.3 Biofortificacdo de selénio em plantas

O consumo de nutrientes pela populagdo humana estd fortemente associado a
diversidade de alimentos que ela consome, de forma que, quanto mais diversificada, maior ¢é a
probabilidade de consumir quantidades adequadas destes elementos. Além da caréncia em Se,
ha estudos que relatam que a grande maioria da populacdo mundial apresentam ingestdo
insuficiente principalmente de ferro (Fe), zinco (Zn) e em menores propor¢des de iodo (1),
calcio (Ca), magnésio (Mg) e cobre (Cu). A desnutricdo pode ser contornada por meio do
aumento nos teores de nutrientes nas plantas utilizadas para alimentagdo (WHITE;
BROADLEY, 2009).

As praticas de biofortificacdo tém recebido grande atencdo de pesquisadores em todo
cenario mundial, isso ocorre gracas ao grande potencial de desenvolvimento de produtos
agricolas enriquecidos com varios nutrientes, que podem ser utilizados para melhorar a satde
humana e animal (BANUELOS; LIN, 2010). Aliado a isto, a biofortificacio com Se tem
apresentado grande avango nos ultimos anos, e isto ocorreu principalmente pelo
desenvolvimento de técnicas capazes de determinar Se em diferentes compartimentos (tais
como solo, agua, fertilizantes, plantas e tecido humano) (LOPES; AVILA; GUILHERME,
2017).
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A biofortificacdo de alimentos pode ser realizada de duas formas, através da
biofortificacdo genética ou biofortificacdo agronémica. A biofortificagdo genética consiste na
obtencdo de produtos alimentares com maior concentragdo de vitaminas e minerais via
variagOes genotipicas e melhoramento de plantas, selecionando espécies e cultivares com
maior capacidade de metabolizagdo e armazenamento destes compostos (REIS et al., 2014).
Esse método visa proporcionar uma maneira mais sustentavel e de menor custo em relacéo a
suplementacdo e fortificacdo pos-colheita, além disso, objetiva alcancar populacdes que
possuem acesso limitado aos sistemas de mercado e saide (GRAHAM et al., 2007; REIS et
al., 2014).

Porém, somente a biofortificacdo genética nédo € suficiente para aumentar os teores de
Se nas plantas, visto que grande parte do solos agricolas e a maioria dos solos brasileiros nao
possuem teores suficientes de Se para que o elemento esteja em quantidades suficientes para
as plantas. Desta forma, a suplementacdo da lavoura com fontes de Se é uma alternativa para
suprir essa necessidade e pode ser realizada principalmente através de fertilizantes comerciais
(REIS et al., 2014).

Quando o Se é aplicado via solo, ele esta sujeito as perdas por adsorcdo e precipitacdo
nos coloides do solo, e isto pode ocorrer principalmente em solos oxidicos, como 0s solos
brasileiros (GABOS; ALLEONI; ABREU, 2014; LESSA et al.,, 2016). Uma forma de
melhorar o aproveitamento do Se é a aplicacdo via pulverizagdo foliar. A pratica de
pulverizacdo foliar possibilita menor contato do Se com o solo, diminuindo assim, 0s
problemas com sor¢cdo (NAWAZ et al., 2015a). Outra explicacdo que embasa a adubacao
foliar é devido a reducéo da atividade radicular que ocorre no inicio do estadio reprodutivo e
se estende até a maturacdo. Desta forma, a absorgcdo de nutrientes diminui, a0 mesmo tempo
que ha grande translocacdo de nutrientes das folhas para os grdos (REZENDE et al., 2005).

A pulverizacdo foliar favorece o transporte de Se pelo xilema e floema, sendo
observado transferéncia direta e acimulo de Se nas plantas. Apos sua aplicacdo foliar, ha
entrada na planta pelas folhas e metabolizacdo nos plastideos pela rota de assimilacdo do
enxofre, formando selenoaminodcidos como Se-cisteina (SeCys) e Se-metionina (SeMet)
(Figura 1) (FENG; WEI; TU, 2013; SCHIAVON; PILON-SMITS, 2016; TERRY et al.,
2000). Nesta rota, para que a planta utilize 0 SeO4+* aplicado, ele deve ser reduzido a SeOs*e
posteriormente a seleneto (Se?), para que depois, seja incorporado aos Se-aminoécidos (EL
MEHDAWI et al., 2012). Ap6s a formacdo dos Se-aminodcidos, ha incorporacdo em

proteinas seleniferas como, por exemplo, a metilselenocysteina (SeMSeCys), y-glutamil-
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SeMSeCys e metilselenometionina, (BROADLEY et al., 2006; EL MEHDAWI et al., 2012;
LIMA; PILON-SMITS; SCHIAVON, 2018).

Figura 1 - Estrutura de aminoacidos metionina e cisteina representando a substituicdo de
enxofre (S) pelo selénio(Se) mantendo a conformidade estrutural analoga em
ambos de amino&cidos. UFLA, Lavras, MG, 2019. Fonte: Arquivo pessoal.
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A movimentacdo do Se dentro da planta também é influenciada pelas formas
presentes, de modo que o Se inorganico (SeOs* e Se0s%) ¢ transportado via floema e xilema,
enguanto que as formas organicas (Se-metionina e Se-cisteina) sdo apenas pelo floema. Esta
diferenca entre os modos de transporte de Se influencia seu local de deposi¢do dentro da
planta, indicando que a biofortificacdo deve ser realizada observando o 6rgao comestivel para
incrementar os teores de Se (CAREY et al., 2012).
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4.4 Programas de biofortificagdo de Se

A concentracdo de Se no solo é altamente variavel, podendo apresentar valores de
0,005 mg kg em areas da China e Finlandia, a 8.000 mg kg™ em solos seleniferos da Russia
(MORA et al., 2015). Vérios paises do mundo j& relataram baixa disponibilidade de Se nos
solos, resultando em baixo consumo pela populacdo. Solos deficientes podem ser encontrados
no Reino Unido, Africa, Finlandia, Turquia, Nepal, algumas regides da China, Dinamarca e
india (YASIN et al., 2015) e também no Brasil. Os solos brasileiros apresentam grande
variabilidade do teor de Se, em que os teores podem variar de < 0,08 a 1,61 mg kg, com a
média de 0,19 mg kg*no estado de S&o Paulo (GABOS; ALLEONI; ABREU, 2014)e 0,30 a
5,97 mg kg no Vale do Jequitinhonha, Minas Gerais (MATOS et al., 2017). Neste cenario,
alguns paises tém adotado medidas que visam aumentar a ingest&o de Se pela populag&o.

Um dos paises que tém tido resultados contundentes em relacdo a biofortificacdo é a
Finlandia. A partir dos resultados encontrados em experimentos conduzidos, as autoridades
governamentais do pais decidiram por adicionar Se aos fertilizantes NPK e avaliar o impacto
dessa medida na concentracdo sérica da populacdo. Inicialmente foi proposto a adicdo de 16
mg kg de Se em fertilizantes destinados a lavouras convencionais. Contudo, os teores séricos
aumentaram demasiadamente, e entdo, os valores foram reduzidos para 6 mg kg? e
posteriormente foi aumentado para 10 mg kg de Se (ALFTHAN et al., 2015; CAKMAK,
2008; HARTIKAINEN, 2005).

A estratégia de adubacdo com Se resultou em aumento nos teores nos alimentos
encontrados na Finlandia. Alimentos como carne bovina, leite, queijo e ovos apresentaram
aumento significativo. Quando comparados aos teores de 1970, os incrementos no teor de Se
foram da ordem de 10, seis e trés vezes superiores apds a adocdo de fornecimento de Se,
respectivamente para o leite, queijo e ovos. Ja para carne bovina, o aumento foi ainda mais
significativo, sendo 13 vezes superior na década de 1970 (HARTIKAINEN, 2005).

Apesar da baixa concentracdo de Se nos solos brasileiros, e consequentemente baixos
teores nos alimentos, até o ano de 2016 ndo havia regulamentacdo governamental que
incentivasse a adicdo de Se em fertilizantes. No ano de 2016, entrou em vigor uma instrugédo
normativa que autoriza a adicdo de Se em fertilizantes (IN 46-2016). Esta instrucdo normativa
porém, ndo abrange com detalhes a quantidade necessaria para incrementar o teor nos
alimentos, de forma que, faz-se necessario pesquisas para determinar o teor adequado para
aumentar a concentracdo de Se no sistema de producdo. Todavia, a autorizacdo para fornecer

Se via fertilizantes € um avanco significativo para os programas de biofortificacdo brasileiros.



18

4.5 Biofortificagdo de soja

Os alimentos séo a principal fonte de minerais para alimentagcdo humana, e com isso, a
ingestdo de alimentos que apresentam maior qualidade nutricional tem ganhado destaque nos
ultimos anos. Neste sentido, a soja apresenta grande potencial de biofortificacdo, pois é a
leguminosa mais cultivada atualmente (BORNHOFEN et al., 2015). Além disso, a soja esta
entre as quatros espécies mais cultivadas mundialmente, ocupando cerca de 6% das terras
cultivdveis (VALLIYODAN et al., 2017). Sua producdo mundial no ano de 2018/19 esta
estimada em 360 milhdes de toneladas, sendo que o Brasil ira produzir cerca de 117 milhdes
de toneladas, atras apenas dos Estados Unidos, que ¢é estimado em 123 milhdes de toneladas
(USDA, 2019).

Os principais usos da soja sdo para alimentacdo humana, animal e matéria prima para
produtos industrializados. Na alimentacdo humana ela pode ser preparada de vérias formas,
como por exemplo, brotos de soja, proteina tostada, farinha, leite, tofu, in natura, cozida e
também oleo vegetal (DORFF, 2007). A soja ainda apresenta grande importancia para 0s
Asiéaticos, que consomem cerca de 20 a 80 gramas diariamente das mais diversas formas,
além de ser um alimento de grande importancia para vegetarianos e veganos (PENHA et al.,
2007; WANG; MURPHY, 1994). Para os animais, a soja € fornecida através de racGes
produzidas do farelo, in natura, na formagdo de combinag@es com outros alimentos e também
de tegumento de soja (CARVALHO et al., 2007).

A soja é uma cultura que apresenta alto teor de proteina nos gréos, que corresponde a
35 a 45% da matéria seca (YANG et al., 2003). Associado a alta sintese proteica da cultura, o
Se pode apresentar um papel benéfico para a cultura devido ele influenciar na sintese de Se-
proteinas e desta forma, a aplicacdo de Se na soja pode ser uma alternativa viavel para
producdo de alimentos funcionais enriquecidos com Se. Alguns autores ainda afirmam que a
soja possui alta eficiéncia na incorporagdo de Se em compostos organicos, podendo apresentar
cerca de 89% do Se nesta forma (SATHE et al., 1992).

A adicdo de Se promove alteragdes na assimilacdo de S e, consequentemente, afeta a
sintese de proteina e aminoacidos. Desta forma, apesar de controverso, alguns autores
afirmam que a adicdo de Se pode ocasionar efeito adicional nos teores de proteinas e
aminoacidos, pois, dentro das plantas, a formacao de proteinas pode ser pela ligagdo de Se ou
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S, ocasionando a formacdo de Se-aminoacidos como Se-Met e Se-Cys e também de
aminoacidos sulfurados (GUPTA; GUPTA, 2017).

A pratica de biofortificacdo na cultura da soja tem sido menos estudada quando se
compara as culturas do trigo e arroz, mas sua capacidade em bioacumular Se nos graos ja e
comprovada (DJANAGUIRAMAN et al., 2004). Em trabalho realizado por Yang et al.
(2003), os autores afirmam que a pulverizagdo foliar com a dose 200 g ha* de Se foi mais
eficiente do que a aplicagdo de 300 g ha* de Se no actimulo de Se nos gréos, ambos na forma
de selenito de sddio.

Além da biofortificacdo de soja com Se, a cultura tem sido utilizada para
biofortificacdo com varios outros nutrientes, como por exemplo zinco (Zn) (GHASEMIAN;
GHALAVAND; PIRZAD, 2010b; ZOU et al., 2014), ferro (Fe) (GHASEMIAN;
GHALAVAND:; PIRZAD, 2010b; SILVA et al., 2017), calcio (Ca) (SILVA et al., 2017) e
manganés (Mn) (GHASEMIAN; GHALAVAND; PIRZAD, 2010b), possuindo resultados
satisfatorios no incremento do teor destes nutrientes.

Tendo em vista a importancia da biofortificacdo e do potencial da soja para esta
finalidade, faz-se necessério a definicdo de tecnica que proporcione melhor eficiéncia da
pratica, como por exemplo, defini¢cdo do estadio fenoldgico da cultura que deve ser realizada
a pulverizacdo foliar de Se. De modo geral, alguns autores tem recomendado a aplicacédo de
fertilizantes foliares na fase reprodutiva da cultura, para que haja translocacdo imediata no
nutriente aplicado (SILVA et al., 2018; SWIETLIK, 2002). Em relacdo a biofortificacdo com
Se, a aplicacdo nos estadios reprodutivos também € interessante, pois espera-se que grande

parte do Se seja translocado para 0s gréos.
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1 INTRODUCTION

Increasing food production is an urgent need as the worldwide population - currently
at ~7.2 billion people - is estimated to reach 9.6 billion in 2050 (Gerland et al., 2014). In this
context, not only food quantity, but also quality, i.e., food nutritional value, needs to be
considered, since many people around the world suffer nutritional disorders that can lead to
the development of serious diseases and eventually, death (Graham et al., 2007).

Selenium (Se) is an important nutrient for humans and animals (Gupta & Gupta, 2017,
Lopes, Avila, & Guilherme, 2017), and its deficiency occurs due to consumption of Se poor
food (Schiavon et al., 2013). The optimum Se supply is 70 pg day™ for adult men and 60 pg
day™ for an adult women and low Se intake may cause heart diseases, decrease male fertility,
reduce immune system activity, increase susceptibility to infections and cancer, lower
antioxidant activity and thyroid dysfunction (Gupta & Gupta, 2017; Hatfield, Tsuji, Carlson,
& Gladyshev, 2014)

Se-poor food is related to poor Se content in the soil (Natasha et al., 2017) and several
countries presents low soil Se level, such as China, Egypt, and Brazil (Carvalho, Oliveira,
Curi, Schulze, & Marques, 2019; Feng, Wei, & Tu, 2013; Gabos, Alleoni, & Abreu, 2014;
Matos, Lima, Windméoller, & Nascentes, 2017). Therefore, it is necessary to take strategies to
improve food Se content in agricultural crops.

Several studies have been developed to increase Se content in food (Drahonovsky et
al., 2016; Germ et al., 2018; Hart et al., 2011; Hu et al., 2014), as well as to evaluate its
interaction with other nutrients (Ramos et al., 2011; Reis et al., 2018). Biofortification is a
largely used strategy to improve the uptake and accumulation of specific nutrients in the
edible parts of plants (Wu et al., 2015), and can be reached through genetic and agronomic
approaches. Genetic biofortification consists of selecting genotypes that have greater capacity
to accumulate certain nutrients and to produce beneficial compound (Cakmak, 2008; Hart et
al., 2011; Sors, Ellis, & Salt, 2005; Wang et al., 2018), while agronomic biofortification
consists in providing nutrients to the plants through agricultural practices, e.g., soil and/or
foliar fertilization. In reality, several studies have shown that combining both strategies
should be considered to increase the effectiveness of biofortification programs (Corguinha et
al., 2018; Reis et al., 2018).

Agronomic biofortification - through soil and/or foliar application of the target

nutrient - have been used to enhance Se content in grains (Kopsell, Sams, Barickman, Deyton,



& Kopsell, 2009; Schiavon et al., 2013). Among these strategies, foliar sprays tend to be more
efficient than soil application, since it reduces the need of an extra nutrient supply that is
required to compensate for interactions (e.g., sorption and microbiological) that occur in the
soil, which might compromise Se uptake and accumulation (Kéapolna, Laursen, Husted, &
Larsen, 2012). Furthermore, Se foliar application facilitates Se transport through xylem and
phloem (Nawaz, Ahmad, Ashraf, Waraich, & Khan, 2015).

Selenium uptake and bioavailability can be influenced not only by the fertilization
strategy (foliar or soil application), but also by the chemical form of Se, such as selenate or
selenite (Boldrin et al., 2012). Selenate is uptake by roots and immediately transferred to
shoots via high-affinity sulfate transporters, whereas selenite is mostly incorporated to organic
compounds in the roots and unlikely to translocate to the shoots (Sors et al., 2005).

Moreover, the use of selected fertilizers produced with the purpose of improving
nutrient translocation together with foliar sprays of Se may be a promising strategy to enhance
Se uptake by plants and, as a result, its levels in the grains, since such products have being
currently used to increase the translocation of specific nutrients to grains and fruits in the
filling stage (Brunetto, Melo, Toselli, Quartieri, & Tagliavini, 2016).

Different crops have been used for Se biofortification purposes, including carrots
(Kéapolna, Hillestram, Laursen, Husted, & Larsen, 2009), rice (Boldrin et al., 2012; Liu et al.,
2017a; Singh & Prasad, 2014), wheat (Lara et al., 2019; Li, McGrath, & Zhao, 2008),
broccoli (Bafiuelos, Arroyo, Dangi, & Zambrano, 2016), lettuce (Ramos et al., 2011), and
soybean (Yang, Chen, Hu, & Pan, 2003). Soybean is a good source of high-quality protein,
which is relevant as protein-enriched species have greater potential for Se biofortification.
Indeed, once absorbed by plants, Se is incorporated into amino acids - and their respective
proteins - via the sulfur (S) route (Sors et al., 2005). Considering that soybean consumption is
growing worldwide, studies concerning the biofortification of such plant crop with nutrients -
Se included - are of great relevance, as this will contribute for a high nutritional quality of the
food and feed that is required for the ever-growing global population.

This study assessed the effect of foliar application of different Se doses and sources,
associated or not with a fertilizer aimed at improving nutrient translocation, upon soybean
grains Se content and grain yield. With that, we hope not only to produce soybean grains of
better quality for the national and international markets, but also to suggest strategies that are
more effective for the agronomic biofortification of soybean grains with selenium



2 MATERIAL AND METHODS

Four foliar spray greenhouse experiments were performed in this study, with two trials
aimed to assess the effect of Se doses (as sodium selenate - SS), associated or not with a
fertilizer aimed at improving nutrient translocation (hereafter called FIT) and the other two to

evaluate alternative Se-sources associated or not with FIT.

2.1 Soil preparation

All experiments were conducted under greenhouse conditions, using 5-dm? pots filled
with soil collected from the 0-20 cm depth of a clayey Oxisol. Soil physical and chemical
analyses followed the methods described by Teixeira et al. (2017) with results as follows:
sand = 290 g kg'; silt = 110 g kg'%; clay = 600 g kg; pH H20 = 4.6; soil organic matter = 56
g kgt; P (Mehlich 1) = 3.11 mg dm=; K = 91.17 mg dm=; Ca = 1.21 cmolc dm; Mg = 0.41
cmolc dm3; Al = 1.11 cmolc dm™®; H + Al = 13.72 cmolc dm; S = 4.11; V% = 11.9. The total
soil Se content was 0.8 mg dm, which was determined after soil digestion according to the
USEPA 3051A method (USEPA, 2007). Based on soil chemical analysis, liming was carried
out to raise base saturation percentage to 60% using CaO and MgO at a ratio of 4:1, both with
analytical reagent grade.

Soil fertilization consisted of 300 mg dm of nitrogen (N), 200 mg dm of phosphorus
(P), 150 mg dm of potassium (K), 50 mg dm of sulfur (S), 0.5 mg dm of boron (B), 0.1
mg dm of molybdenum (Mo). For N and K, one third part was applied during sowing
fertilization and the remaining amount was applied 15 and 30 days after seedling emergence.
Afterward sowing fertilization, five soybean seeds (Glycine max L. cv. 58160) were sowed per
pot and seven days after seedling emergence the soybean seedlings were thinned and left two

plants per pot.
2.2 Experimental design and treatments
2.2.1 Application of selenium doses
The 1% and 2" experiments were performed with a randomized block design and

tested two Se sources (sodium selenate and sodium selenate + FIT) at four doses, with three

replicates. Selenium application was performed through foliar sprays at the beginning of the



seed development stage in the doses: 0; 0.05; 0.20, and 0.40 mg pot for the 1% experiment
and 0; 0.10; 0.40, and 0.80 mg pot™*. For the 2" experiment selenium doses were divided in
two sprays, stage one at the beginning pod development and the second one at the beginning
of seed development (Table 1). The treatments with FIT received 0.02 g of the product pot™
and its composition was: nitrogen (N - 5%), phosphorus pentoxide (P20s - 10%), potassium
oxide (K20 - 20%), magnesium (Mg - 29%), sulfur (S - 12%), and boron (B - 0.5%).

Table 1. description of treatments involving foliar sprays of sodium selenate with or without
the FIT in soybean.

Doses (mg pot?)

Sources 1% experiment” 2" experiment™

0 0
_ 0.05 0.10
Sodium selenate 0.20 0.40
0.40 0.80

- 0 0
Sodlum+selenate 0.05 0.10
(FIT) 020 oo
0.40 0.80

“Application performed at beginning seed development stage; **Application performed with half dose at
beginning pod development stage and half at beginning seed development stage.

2.2.2 Alternative selenium sources associated with FIT

The 3 and 4™ experiments were performed with four Se sources (plus one control),
I.e., sodium selenate, and three Se organic molecules containing different Se concentration
(SeM1, SeM2, and SeM3 with 40, 26, and 38% of Se, respectively), associated or not with
FIT and three replicates (Table 2).

In the 3" experiment, it was applied 0.05 mg Se pot™ by foliar sprays in the beginning
pod development stage. In the 4™ experiment, the rate was 0.10 mg pot™ Se, with half being
applied at the beginning of the pod development stage and half at the beginning of the seed
development stage. The FIT application followed the same steps described for the 1 and 2"

experiments.



Table 2. Sources and doses of Se applied in soybean at different stages.
Doses (mg pot™?)
3" experiment” 4" experiment”™

Sources

Sodium selenate

SeM1

SeM2

SeM3
Without Se

Sodium Selenate + FIT

SeM1 + FIT
SeM2 + FIT
SeM3 + FIT

Without Se + FIT

*Application performed at beginning seed development stage; **Application performed with half dose at
beginning pod development stage and half at beginning seed development stage.

0.05 0.10

2.2 Selenium solution preparation and application

The solutions were prepared with distilled water and the treatments application were
performed with a compression sprayer to distribute the solution on the whole plant. The
application was carried out with 10 mL of solution in each pot separately to prevent
contamination of neighboring plants.

2.3 Harvest and Measurements

After the complete cycle, soybean plants were harvested, separated into leaf, stem,
pod, and grain and then weighed in order to obtain dry mass and grain yield per pot (0.001 g).
Afterwards, leaves, stems, pods, and grains were oven-dried at 65-72°C prior to digestions
and analyses.

For Se analyses, dried tissues of leaf, stem, pod, and grain (500 mg) were placed into
5.0 mL of concentrated p.a. HNOs and the solution was microwaved-digested for 10 minutes
(model Mars 5, CEM Corporation, Matthews, NC, USA), according USEPA 3051A method
(USEPA, 2007).

Total Se in the digested solutions was determined in an atomic absorption
spectrophotometer using electrothermal atomization by graphite furnace (model PerkinElmer
Analyst 800). Certified reference materials were included in each batch of samples (n = 9) for

quality control. Accumulation of Se (mg pot™) was calculated as grain Se content (mg kg™?) x



dry mass for each part (kg pot™). Grain selenium absorption efficiency (%) was calculated as:
[(mg Se accumulated on Se treatments — mg Se accumulated on control treatments)/mg of
applied Se] x 100.

The detection and quantification limits (LOD and LOQ) were established using 9 blank
extracts following the overall procedure. The values were calculated with three and ten times
the standard deviation (LOD and LOQ, respectively) (Khan et al., 2013). The analysis the
LOD (mg of Se kg™ of extract) was 1.47 and LOQ was (4.90 mg kg of extract). The LODs
of the analytical methods used (mg kg™ Se sample DW) were 122.07. Non-detects values,
were substituted for half of LOD (%5LOD) (Kushner, 1976; Gillespie et al., 2010). A sample
of standard reference material (White Clover - BCR 402, Institute for Reference Materials and
Measurements, Geel, Belgium) for plant material was included in each digestion batch for
quality control purposes. The mean recovery for Se in this standard reference material (white
clover) was 86.8% (n =9, & [Se] = 5818,33 mg kgl).

2.4  Statistical analysis

All data were considered normal by the Shapiro-Wilk test. Subsequently, results were
statistically analyzed using analysis of variance (ANOVA) and doses models regression were
fitted using SISVAR software (version 5.6) for the 1% and 2" experiment, while the means of

3" and 4" experiments were compared by Tukey test at the 0.05.

3 RESULTS AND DISCUSSION

3.1. Grain yield and dry mass

There were no significant differences in grain yield, leaf, pod, and stem dry mass in
the four evaluated experiments (p> 0,05). It has been reported that Se presents beneficial
effects to the plants, since it increases the antioxidant activity (Golubkina, Kekina, & Caruso,
2018; Hu et al., 2014), protects the plant from abiotic stresses (Gupta & Gupta, 2017; Shabbir,
Ashraf, Waraich, Nawaz, & Ahmad, 2014), reduces drought stress (Shabbir et al., 2014),
improves nitrogen and protein contents (Reis et al., 2018), and affects carbohydrates

metabolism (Lara et al. 2019), but in this work this was not observed.



Earlier studies indicate that Se addition may increase grain yield in common
buckwheat (Jiang et al., 2015), wheat (Nawaz, Ashraf, et al., 2015), and lentil (Ekanayake et
al., 2015). Boldrin et al. (2013) showed that the Se foliar application, in both inorganic forms
(selenate and selenite), promoted higher rice grain yield in a study carried out in greenhouse,
while Andrade et al. (2018) did not observed rice grain yield variation after Se application
under field conditions. According to this last study, the increase in Se grain content without a
decrease in grain yield can also be considered as an important factor for biofortification

programs.

3.2. Application of selenium doses

3.2.1 Selenium content and accumulation

The results showed Relatively high percentages of <LOD data for stem samples (more
than 50%), therefore, this plant compartment was not considered in this work. The ANOVA
results showed that the Se doses affected Se content in grain, pod, and leaf plant parts and it
was not observed significant interaction between sources and doses. It was detected a linear fit
in 1% and 2" experiments, showing that foliar Se application could be used to increase Se
content in soybean. The FIT treatments did not affect Se content.

Plant species exhibit different ability to Se uptake and this ability is dependent of
genetic characteristics, presence of high-affinity transporter, ability to accumulate organic or
inorganic forms and ability to volatilize the Se in methylated forms through the leaves
(Schiavon & Pilon-Smits, 2016). There are few studies evaluating the application of Se in
soybean (Djanaguiraman, Devi, Shanker, Sheeba, & Bangarusamy, 2004, 2005; Liu et al.,
2017; Zhao, Zhao, Chen, & Xiong, 2019), however this specie has great potential for Se
biofortification. It is thought that selenate enters the leaf cells through sulfur transporters and
it is assimilated by similar way as sulfate, being incorporated into amino acids and it also can
be incorporated into numerous secondary Se metabolites derived from Se-Cysteine and Se-
Methionine (White, 2018; White, Bowen, Marshall, & Broadley, 2007; White, White, &
Broadley, 2009). Moreover, soybean grains have high protein content with an average of 40—
41% protein, and this favors an incorporation of Se-amino acids into proteins (Medic,
Atkinson, & Hurburgh, 2014).



In both experiments, the leaves presented higher Se content and a similar result was
also found in studies with common buckwheat (Jiang et al., 2015). In our experiment, Se
grain content increased from 0.06 to 2.7 mg kg in the 1% experiment (Figure 1A) from 0.06
to 6.79 mg kg™ in the 2" experiment (Figure 1B). Regardless of SS or SS + FIT spraying, the
Se content in different parts of soybean plants followed the descending order: leaf > grain >
pod.

Comparing the highest doses of each experiment, the dose of 0.80 mg pot™ provided
2.5-fold higher Se grain content than the dose of 0.40 mg pot?, which shows that the
application of higher doses divided in two development stages is better to enhance Se content
in grains. Generally, Se contents in all plant parts increased linearly with the doses increase.
Furthermore, Se content in the doses of 0.40 and 0.80 mg pot™* were up to 44-fold and 110-
fold higher compared to the control, respectively. These results indicate that soybean is a
responsive specie for Se biofortification.

Foliar application can promote better results in short term, besides prevents Se
imobilization to the soil particles (Ros, van Rotterdam, Bussink, & Bindraban, 2016). Soil Se
immobilization may be attributed to the higher availability of adsorption sites for anions as Se
— selenate or selenite (Araujo, Lessa, Ferreira, Guilherme, & Lopes, 2018; Lessa, Araujo,
Silva, Guilherme, & Lopes, 2016), influence of organic matter and microorganisms. Selenium
foliar application could be directly transferred and accumulated in soybean grains, while Se

applied to the soil needs to be first absorbed by the roots and then transferred to other organs.
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Figure 1. Se content in soybean plant parts submitted to Se foliar application in different
sources and doses in 1% experiment (A) and 2" experiment (B).

Leaf Se content was higher when sodium SS was applied with FIT (Figure 2), but
these results did not affect Se grain content. One factor that affects nutrient uptake is the
interaction with other elements and this interaction depends on the way that the nutrient is
applied and on the accompanying ion. A previous study testing the application of iodine and
Se forms in peas (Pisum sativum L.) showed that foliar application of SeOQs* associated to I

provided higher absorption of Se than the association of SeO4? with 1037 (Germ et al., 2018).
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Figure 2: Se content average in soybean leaf submitted to foliar application of sodium
selenate associated or not with FIT in the 2" experiment.

For estimated and observed Se content in leaf, were showed that application
performed in 1% experiment (beginning of seed development stage), promoted higher than Se
content that application performed in 2" experiment (with half dose at beginning of pod
development stage and half at beginning of seed development stage), however, grain Se
content was 15% and 32% higher in 2™, respectively to 0.2 and 0.4 mg pot™ of Se doses. Se
sprayed in two applications is better to improve the Se content in grains (Table 3).

Table 3. Estimated (E) or observed (O) Se content in soybean leaf, pod and grain follow is the
application of increasing doses of Se (as sodium selenate) at different plant development
stages.

1%t experiment™

Compartment 0.1(E) 0.2 (O) 0.4 (O)
mg pot! of Se
Leaf 4.41 8.21 18.014
Pod 0,44 0.88 1.33
Grain 0.76 1.50 2.79
2" experiment **
Compartment 0.1 (0) 0.2 (E) 0.4 (0)
mg pot* of Se
Leaf 2.96 5.95 11.31
Pod 0.44 0.82 1.69
Grain 0.73 1.73 3.59

* Application performed at beginning of seed development stage ** Application performed
with half dose at beginning of pod development stage and half at beginning of seed
development stage.



Concerning the Se recovery efficiency, the average values in the grains were 23.6%
and 26.6% in the 1 and 2" experiments, respectively. Furthermore, our data show that
applying the same dose (400 pg pot?) with split application resulted in increase of 6.17% in
Se absorption efficiency by grain (Table 4). These results show that if the application of
selenium is done twice with higher doses, the soybean biofortification can be more efficient.
Boldrin et al. (2013) showed that Se foliar application in rice provided selenium grain
absorption efficiency was less than 18% for rice, and varied from 10.1 to 17.3% in wheat in
the study of Broadley et al. (2010) and from 13.24 to 15.14% in the Ducsay et al. (2016)
study.

Table 4: Observed averages values for grain Se accumulation and grain Se absorption
efficiency (%) of soybean after foliar sprays with different sources and doses.

Dose of Se Grain Se accumulation Grain Se absorption
(ug pot?) * (ug pot?) efficiency (%)
0 1.95 -
50 13.91 23.91
200 49.26 23.65
400 95.00 23.26
Mean 23.6
Dose Grain Se accumulation Grain Se absorption
(ug pot?) ** (ug pot™) efficiency (%)
0 1.94 -
100 24.43 22.49
400 119.65 29.43
800 225.55 27.95
Mean 26.6

* Application performed at beginning of seed development stage ** Application performed
with half dose at beginning of pod development stage and half at beginning of seed
development stage.

Foliar Se supply is a practice that allows greater efficiency for plant nutrition and also
is good to improve Se content in grains aiming biofortification (Deng et al., 2017; Germ,
Kreft, & Osvald, 2005; Lara et al.,, 2019; Nawaz, Ahmad, et al., 2015). For greater
fertilization effectiveness, this practice must be performed when the plants are in reproductive
stages and also in greater metabolic activity. Therefore, beginning pod development and

beginning seed development stages are the most suitable phases for nutrient supply through



foliar application for biofortification programs (Rezende, Gris, Carvalho, Gomes, & Bottino,
2005).

3.3. Alternative selenium sources associated with FIT

3.3.1. Selenium content

Evaluating the 3" experiment, plants treated with 0.05 mg Se pot? showed a
significant effect in Se content in grain, leaf, and pod compartments (Figure 3). Similarly to
the experiment with doses, we can say that Se application in soybean is an effective practice
for the production of biofortified grains.

Higher values of Se were found in the leaf (Figure 3). Selenium application resulted in
increased grain Se contents rather than control treatment, being that SS and SeM1 showed
higher Se content in grains. Moreover, SS was the best source to improve Se contents in pod
and leaf. The SeM1 source was also good to improve Se in the pod and all sources were
efficient to increase Se content in the leaves (Figure 3). Organic forms of Se can be readily
taken up and translocated to above-ground tissues (Berkelaar, 2013). Applying these organic
forms (SeM1, SeM2, and SeM3) by foliar sprays, it is possible to enrich Se grains, but it

seems that it is not different from inorganic form (sodium selenate) application.
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Figure 3. Se content in parts of soybean plant compartments submitted to foliar spray of 0.05
mg Se pot. Different letters into plant parts indicate significant differences at p < 0.05 by
Tukey test.



Table 5. Observed values for Se content of soybean plant parts submitted to foliar application of Se sources associated or no with FIT.

0.05 mg pot™ of Se (50% beginning of seed development )

Leaf Pod Grain
F
onte LRIT EIT Sources +EIT EIT Sources FEIT EIT Sources
average average average
Se mg kg™

SS 2.18+0.06aA* 2.30+0.19aA 2.24+0.09a  0.25+0.03aA  0.27+0.02abA  0.26+0.02a  0.39+0.04aA  0.34+0.10aA 0.37+0.05a
SeM1 1.77+0.21abA**  2.26%0.10bA  2.02+0.15ab  0.24+0.03aA  0.29+0.02aA  0.27+0.02a  0.39£0.07aA  0.39+0.03aA  0.39+0.03a
SeM2 1.52+0.07bB 2.00£0.17abA  1.76+0.14b  0.16+0.02abA  0.23+0.03abA  0.20+0.02b  0.26+0.04abA 0.27+0.05abA 0.27+0.03a
SeM3 1.26+0.07bA 1.31+0.18cA 1.29+0.09c  0.13+0.07abA  0.15+0.04bcA 0.14+0.04bc 0.27+0.07abA 0.27+0.06abA 0.27+0.04a

Control  0.36+0.03cA 0.35+0.01dA 0.35£0.01d  0.10+0.04bA  0.06+0.00cA  0.08+0.02c  0.12+0.03bA  0.06+0.00bA  0.09+0.02b

Mean 1.52+0.19A 1.36+0.18A 0.17+0.02A 0.18+0.03A 0.29+0.03A 0.25+0.04A
0.10 mg pot™* of Se(50% beginning pod development stage + 50% beginning of seed development)
Leaf Pod Grain
Fonte +EIT FIT Sources +EIT FIT Sources +EIT FIT Sources
average average average
Se mg kg*

SS 3.76 + 0.77aA 2.16 £0.15abB  2.96+0.50a 0.38+0.03abA  0.49+0.09abA  0.44+0.05a  0.75+0.05bA  0.73x0.05aA  0.74+0.03b
SeM1 2.78+0.10abA  2.55+0.20aA 2.81+0.11ab  0.56+0.03aA  0.44+0.02abA  0.50+0.03a  1.30+0.23aA  0.75%#0.04aB  1.02+0.16a
SeM2  1.85+0.10bcA  1.97 £0.45abA 1.91+0.21bc 0.38+0.03abA  0.34+0.04abA 0.36+0.02ab  0.49+0.04bA  0.35+0.07bA  0.42+0.05c
SeM3  1.43+0.10cdA  1.25+0.29bcA  1.34+0.14b  0.25%0.03abB  0.58+0.04aA  0.41+0.15a  0.45+0.05bA  0.33+0.08bA  0.39+0.05c

Control  0.30 + 0.06dA 0.38+0.12cA  0.34+0.06c  0.06+0.00bA  0.06+0.00cA  0.06+0.00b  0.08+0.02cA  0.09+0.03bA  0.09+0.02d

Mean 2.02+0.34A 1.66+0.23A 0.33+0.05A 0.38+0.07A 0.61+0.12A 0.45.+0.07B

*Lowercase letters compares the sources within row; capital letters compare application with or without FIT into sources.
**|etters different do not differ by Tukey test at the 0.05 probability level.



In the 4™ experiment, plants treated with 0.10 mg Se pot™* showed a significant effect
in Se content in pod and leaf (Figure 4). Moreover, grain Se content was affected by
association of sources and FIT, being that the association with FIT promote higher Se content
in grains (Table 5). The application of the SS and SeM1 without FIT provided higher Se
contents (Figure 5). In addition, the application of all sources associated with FIT was
efficient to improve Se grain content comparing to the control and the association of SeM1 +
FIT presented the greater value, promoting 1.7-times (1.29 mg kg™) higher Se content in
grains than sodium SS (0.75 mg kg™l).
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Figure 4: Se content in parts of soybean plants submitted to foliar spray of 0.10 mg Se pot™.
Different letters into plant parts indicate significant differences at p < 0.05 by Tukey test.
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Figure 5. Grain Se content of soybean submitted to Se foliar spray. Values followed by
different letters are significantly different according to the Tukey test at p < 0.05. Lowercase
letters compare the association with or without FIT; capital letters compare sources.

Further studies should be carried out assessing agronomic soybean biofortification
with Se in order to better define the doses to be applied through foliar application and mainly
assessing the association of new sources (e.g. organic molecules) with fertilizers commonly

used in agriculture.

5 CONCLUSION

Our results demonstrate that soybean is an excellent species for Se biofortification by
foliar application, without presenting effects on grain yield and plant parts dry mass. The use
of a fertilizer aimed at improving nutrient translocation (FIT) can potentialize Se grain content
when applied with SeM1 source. However, further studies are necessary to better understand

the effects of different Se sources and their association with FIT.



6 ACKNOWLEDGMENTS

The authors are thankful for the financial support provided by Compass Minerals® - Brazil,
the Nacional Council for Scientific and Technological Development (CNPq), the Minas
Gerais State Research Foundation (FAPEMIG), and the Coordination for the Improvement of
Higher Education Personnel (CAPES).

REFERENCES

Andrade, F. R., da Silva, G. N., Guimardes, K. C., Barreto, H. B. F., de Souza, K. R. D,
Guilherme, L. R. G., ... Reis, A. R. dos. (2018). Selenium protects rice plants from water
deficit stress. Ecotoxicology and Environmental Safety, 164(March), 562-570.
https://doi.org/10.1016/j.ecoenv.2018.08.022

Araujo, A. M., Lessa, J. H. de L., Ferreira, L. A., Guilherme, L. R. G., & Lopes, G. (2018).
Soil management and ionic strength on selenate retention in oxidic soils. Ciencia e
Agrotecnologia, 42(4), 395-407. https://doi.org/10.1590/1413-70542018424007318

Bafuelos, G. S., Arroyo, I. S., Dangi, S. R., & Zambrano, M. C. (2016). Continued selenium
biofortification of carrots and broccoli grown in soils once amended with se-enriched S.
pinnata. Frontiers in Plant Science, 7(August), 1-11.
https://doi.org/10.3389/fpls.2016.01251

Berkelaar, J. K. E. (2013). Plant uptake and translocation of inorganic and organic forms of
selenium. Arch Environ Contam Toxicol, 65(3), 458-465.
https://doi.org/10.1007/s00244-013-9926-0

Boldrin, P. F., Faquin, V., Ramos, S. J., Boldrin, K. V. F., Avila, F. W., & Guilherme, L. R.
G. (2013). Soil and foliar application of selenium in rice biofortification. Journal of
Food Composition and Analysis, 31(2), 238-244.
https://doi.org/10.1016/j.jfca.2013.06.002

Boldrin, P. F., Faquin, V., Ramos, S. J., Guilherme, L. R. G., Bastos, C. E. A., Carvalho, G.
S., & Costa, E. T. de S. (2012). Selenato e selenito na producdo e biofortificacdo
agrondmica com selénio em arroz. Pesquisa Agropecuaria Brasileira, 47(6), 831-837.
https://doi.org/10.1590/S0100-204X2012000600014

Brunetto, G., Melo, G. W. B. de, Toselli, M., Quartieri, M., & Tagliavini, M. (2016). The role

of mineral nutrition on yields and fruit quality in grapevine, pear and apple. Revista



47

Brasileira de Fruticultura, 37(4), 1089-1104. https://doi.org/10.1590/0100-2945-103/15

Cakmak, 1. (2008). Enrichment of cereal grains with zinc: Agronomic or genetic
biofortification? Plant and Soil, 302(1-2), 1-17. https://doi.org/10.1007/s11104-007-
9466-3

Carvalho, G. S., Oliveira, J. R., Curi, N., Schulze, D. G., & Marques, J. J. (2019). Selenium
and mercury in Brazilian Cerrado soils and their relationships with physical and
chemical soil characteristics. Chemosphere, 218, 412-415.
https://doi.org/10.1016/j.chemosphere.2018.11.099

Corguinha, A. P. B., Carvalho, C. A., de Souza, G. A., de Carvalho, T. S., Vieira, E. A,
Fialho, J. F., & Guilherme, L. R. G. (2018). Potential of cassava clones enriched with f-
carotene and lycopene for zinc biofortification under different soil Zn conditions.
Journal of the Science of Food and Agriculture, 99(2), 666-674.
https://doi.org/10.1002/jsfa.9231

Deng, X., Liu, K., Li, M., Zhang, W., Zhao, X., Zhao, Z., & Liu, X. (2017). Difference of
selenium uptake and distribution in the plant and selenium form in the grains of rice with
foliar spray of selenite or selenate at different stages. Field Crops Research, Vol. 211,
pp. 165-171. https://doi.org/10.1016/j.fcr.2017.06.008

Djanaguiraman, M., Devi, D. D., Shanker, A. K., Sheeba, J. A., & Bangarusamy, U. (2004).
Impact of selenium spray on monocarpic senescence of soybean ( Glycine Max L .).
Food, Agriculture & Environment, 2(April), 44-47.

Djanaguiraman, M., Devi, D. D., Shanker, A. K., Sheeba, J. A., & Bangarusamy, U. (2005).
Selenium - An antioxidative protectant in soybean during senescence. Plant and Soil,
272(1-2), 77-86. https://doi.org/10.1007/s11104-004-4039-1

Drahonovsky, J., Szakova, J., Mestek, O., Tremlova, J., Kana, A., Najmanova, J., & Tlustos,
P. (2016). Selenium uptake, transformation and inter-element interactions by selected
wildlife plant species after foliar selenate application. Environmental and Experimental
Botany, 125, 12-19. https://doi.org/10.1016/j.envexpbot.2016.01.006

Ekanayake, L. J., Thavarajah, D., Vial, E., Schatz, B., McGee, R., & Thavarajah, P. (2015).
Selenium fertilization on lentil (Lens culinaris Medikus) grain yield, seed selenium
concentration, and antioxidant activity. Field Crops Research, 177, 9-14.
https://doi.org/10.1016/j.fcr.2015.03.002

Feng, R., Wei, C., & Tu, S. (2013). The roles of selenium in protecting plants against abiotic
stresses. Environmental and Experimental Botany, 87, 58-68.
https://doi.org/10.1016/j.envexpbot.2012.09.002



Gabos, M. B., Alleoni, L. R. F., & Abreu, C. A. (2014). Background levels of selenium in
some selected Brazilian tropical soils. Journal of Geochemical Exploration, 145, 35-39.
https://doi.org/10.1016/j.gexplo.2014.05.007

Gerland, P., Raftery, A. E., Sevéikova, H., Li, N., Gu, D., Spoorenberg, T., ... Wilmoth, J.
(2014). World population stabilization unlikely this century. Science, 346(6206), 234 LP
— 237. https://doi.org/10.1126/science.1257469

Germ, M., Kreft, I., & Osvald, J. (2005). Influence of UV-B exclusion and selenium treatment
on photochemical efficiency of photosystem II, yield and respiratory potential in
pumpkins (Cucurbita pepo L.). Plant Physiology and Biochemistry, 43(5), 445-448.
https://doi.org/10.1016/j.plaphy.2005.03.004

Germ, M., Kroflig, A., Jere, A., Stibilj, V., Kacjan Marsié, N., & Sircelj, H. (2018). Is foliar
enrichment of pea plants with iodine and selenium appropriate for production of
functional food? Food Chemistry, 267(February 2017), 368-375.
https://doi.org/10.1016/j.foodchem.2018.02.112

Gillespie, B. W., Chen, Q., Reichert, H., Franzblau, A., Hedgeman, E., Lepkowski, J., ...
Garabrant, D. H. (2010). Estimating population distributions when some data are below a
limit of detection by using a reverse kaplan-meier estimator. Epidemiology, 21(SUPPL.
4). https://doi.org/10.1097/EDE.0b013e3181ce9f08

Golubkina, N., Kekina, H., & Caruso, G. (2018). Yield, quality and antioxidant properties of
Indian mustard (Brassica juncea L.) In response to foliar biofortification with selenium
and iodine. Plants, 7(4), 80. https://doi.org/10.3390/plants7040080

Graham, R. D., Welch, R. M., Saunders, D. A., Ortiz-Monasterio, 1., Bouis, H. E., Bonierbale,
M., ... Twomlow, S. (2007). Nutritious subsistence food systems. Advances in
Agronomy, 92(04), 1-74. https://doi.org/10.1016/S0065-2113(04)92001-9

Gupta, M., & Gupta, S. (2017). An overview of selenium uptake, metabolism, and toxicity in
plants. Frontiers in Plant Science, 7(January), 1-14.
https://doi.org/10.3389/fpls.2016.02074

Hart, D. J., Fairweather-Tait, S. J., Broadley, M. R., Dickinson, S. J., Foot, 1., Knott, P., ...
Hurst, R. (2011). Selenium concentration and speciation in biofortified flour and bread:
Retention of selenium during grain biofortification, processing and production of Se-
enriched food. Food Chemistry, 126(4), 1771-1778.
https://doi.org/10.1016/j.foodchem.2010.12.079

Hatfield, D. L., Tsuji, P. A., Carlson, B. A., & Gladyshev, V. N. (2014). Selenium and



49

selenocysteine: Roles in cancer, health, and development. Trends in Biochemical
Sciences, 39(3), 112-120. https://doi.org/10.1016/j.tibs.2013.12.007

Hu, J., Zhao, Q., Cheng, X., Selomulya, C., Bai, C., Zhu, X., ... Xiong, H. (2014).
Antioxidant activities of Se-SPl produced from soybean as accumulation and
biotransformation reactor of natural selenium. Food Chemistry, 146, 531-537.
https://doi.org/10.1016/j.foodchem.2013.09.087

Jiang, Y., Zeng, Z. H., Bu, Y., Ren, C. Z., Li,J. Z., Han, J. J., ... Hu, Y. G. (2015). Effects of
selenium fertilizer on grain yield, se uptakeand distribution in common buckwheat
(Fagopyrum esculentum Moench). Plant, Soil and Environment, 61(8), 371-377.
https://doi.org/10.17221/284/2015-PSE

Képolna, E., Hillestram, P. R., Laursen, K. H., Husted, S., & Larsen, E. H. (2009). Effect of
foliar application of selenium on its uptake and speciation in carrot. Food Chemistry,
115(4), 1357-1363. https://doi.org/10.1016/j.foodchem.2009.01.054

Képolna, E., Laursen, K. H., Husted, S., & Larsen, E. H. (2012). Bio-fortification and isotopic
labelling of Se metabolites in onions and carrots following foliar application of Se and
77Se. Food Chemistry, 133(3), 650-657.
https://doi.org/10.1016/j.foodchem.2012.01.043

Kopsell, D. A., Sams, C. E., Barickman, T. C., Deyton, D. E., & Kopsell, D. E. (2009).
Selenization of basil and cilantro through foliar applications of selenate-selenium and
selenite-selenium. HortScience, 44(2), 438-442.

Kushner, E. J. (1976). On determining the statistical parameters for pollution concentration
from a truncated data set. Atmospheric Environment, 10, 975-979.

Lara, T. S., Lessa, J. H. de L., de Souza, K. R. D., Corguinha, A. P. B., Martins, F. A. D.,
Lopes, G., & Guilherme, L. R. G. (2019). Selenium biofortification of wheat grain via
foliar application and its effect on plant metabolism. Journal of Food Composition and
Analysis, 81(October 2018), 10-18. https://doi.org/10.1016/j.jfca.2019.05.002

Lessa, J. H. L., Araujo, A. M., Silva, G. N. T., Guilherme, L. R. G., & Lopes, G. (2016).
Adsorption-desorption reactions of selenium (V1) in tropical cultivated and uncultivated
soils under Cerrado biome. Chemosphere, 164, 271-2717.
https://doi.org/10.1016/j.chemosphere.2016.08.106

Li, H. F., McGrath, S. P., & Zhao, F. J. (2008). Selenium uptake, translocation and speciation
in wheat supplied with selenate or selenite. New Phytologist, 178(1), 92-102.
https://doi.org/10.1111/j.1469-8137.2007.02343.x

Liu, X., Yang, Y., Deng, X., Li, M., Zhang, W., & Zhao, Z. (2017). Effects of sulfur and



sulfate on selenium uptake and quality of seeds in rapeseed (Brassica napus L.) treated
with selenite and selenate. Environmental and Experimental Botany, 135, 13-20.
https://doi.org/10.1016/j.envexpbot.2016.12.005

Lopes, G., Avila, F. W., & Guilherme, L. R. G. (2017). Review Selenium behavior in the soil
environment and its implication for human health. Ciéncia e Agrotecnologia, 41(6), 605—
615.

Matos, R. P., Lima, V. M. P., Windmoller, C. C., & Nascentes, C. C. (2017). Correlation
between the natural levels of selenium and soil physicochemical characteristics from the
Jequitinhonha Valley (MG), Brazil. Journal of Geochemical Exploration, 172, 195-202.
https://doi.org/10.1016/j.gexpl0.2016.11.001

Medic, J., Atkinson, C., & Hurburgh, C. R. (2014). Current knowledge in soybean
composition. JAOCS, Journal of the American Oil Chemists’ Society, 91(3), 363-384.
https://doi.org/10.1007/s11746-013-2407-9

Natasha, Shahid, M., Niazi, N. K., Khalid, S., Murtaza, B., Bibi, I., & Rashid, M. I. (2017). A
critical review of selenium biogeochemical behavior in soil-plant system with an
inference  to  human  health. Environmental Pollution, 234, 915-934.
https://doi.org/10.1016/j.envpol.2017.12.019

Nawaz, F., Ahmad, R., Ashraf, M. Y., Waraich, E. A., & Khan, S. Z. (2015). Effect of
selenium foliar spray on physiological and biochemical processes and chemical
constituents of wheat under drought stress. Ecotoxicology and Environmental Safety,
113, 191-200. https://doi.org/10.1016/j.ecoenv.2014.12.003

Nawaz, F., Ashraf, M. Y., Ahmad, R., Waraich, E. A., Shabbir, R. N., & Bukhari, M. A.
(2015). Supplemental selenium improves wheat grain yield and quality through
alterations in biochemical processes under normal and water deficit conditions. Food
Chemistry, 175, 350-357. https://doi.org/10.1016/j.foodchem.2014.11.147

Ramos, S. J., Faquin, V., de Almeida, H. J., Avila, F. W., Guimaraes Guilherme, L. R., Alves
Bastos, C. E., & Avila, P. A. (2011). Selenate and Selenite on Yield, Mineral Nutrition
and Biofortification With Selenium in Lettuce Cultivars. Revista Brasileira De Ciencia
Do Solo, 35(4), 1347-1355. https://doi.org/10.1590/S0100-204X2012000600014

Reis, H. P. G., Barcelos, J. P. de Q., Junior, E. F., Santos, E. F., Silva, V. M., Moraes, M. F.,
... Reis, A. R. dos. (2018). Agronomic biofortification of upland rice with selenium and
nitrogen and its relation to grain quality. Journal of Cereal Science, 79, 508-515.
https://doi.org/10.1016/j.jcs.2018.01.004



51

Rezende, P. M. de, Gris, C. F., Carvalho, J. G., Gomes, L. L., & Bottino, L. (2005). Adubacao
foliar. 1. épocas de aplicacdo de fosforo na cultura da soja. Ciéncia e Agrotecnologia,
29(6), 1105-1111.

Ros, G. H., van Rotterdam, A. M. D., Bussink, D. W., & Bindraban, P. S. (2016). Selenium
fertilization strategies for bio-fortification of food: an agro-ecosystem approach. Plant
and Soil, 404(1-2), 99-112. https://doi.org/10.1007/s11104-016-2830-4

Schiavon, M., Dall’Acqua, S., Mietto, A., Pilon-Smits, E. A. H., Sambo, P., Masi, A., &
Malagoli, M. (2013). Selenium fertilization alters the chemical composition and
antioxidant constituents of tomato (Solanum lycopersicon L.). Journal of Agricultural
and Food Chemistry, 61(44), 10542—-10554. https://doi.org/10.1021/jf4031822

Schiavon, M., & Pilon-Smits, E. A. H. (2016). The fascinating facets of plant selenium
accumulation — biochemistry, physiology, evolution and ecology. New Phytologist, VVol.
213, pp. 1582-1596. https://doi.org/10.1111/nph.14378

Shabbir, R. N., Ashraf, M. Y., Waraich, E. A., Nawaz, F., & Ahmad, R. (2014). Selenium
(Se) Regulates Seedling Growth in Wheat under Drought Stress. Advances in Chemistry,
2014, 1-7. https://doi.org/10.1155/2014/143567

Singh, M. K., & Prasad, S. K. (2014). Agronomic aspects of zinc biofortification in rice
(Oryza sativa l.). Proceedings of the National Academy of Sciences India Section B -
Biological Sciences, 84(3), 613-623. https://doi.org/10.1007/s40011-014-0329-4

Sors, T. G, Ellis, D. R., & Salt, D. E. (2005). Selenium uptake, translocation, assimilation
and metabolic fate in plants. Photosynthesis Research, 86(3), 373-389.
https://doi.org/10.1007/s11120-005-5222-9

Teixeira, P. C., Donagemma, G. K., Fontana, A., & Teixeira W. G. (2017). Micromorfologia
do solo. In Manual de métodos de anélise de solo (3. ed. rev).

Wang, J., Cappa, J. J., Harris, J. P., Edger, P. P., Zhou, W., Pires, J. C., ... Pilon-Smits, E. A.
H. (2018). Transcriptome-wide comparison of selenium hyperaccumulator and
nonaccumulator Stanleya species provides new insight into key processes mediating the
hyperaccumulation syndrome. Plant Biotechnology Journal, 16(9), 1582-1594.
https://doi.org/10.1111/pbi.12897

White, P. J. (2018). Selenium metabolism in plants. Biochimica et Biophysica Acta - General
Subjects, 1862(11), 2333-2342. https://doi.org/10.1016/j.bbagen.2018.05.006

White, P. J., Bowen, H. C., Marshall, B., & Broadley, M. R. (2007). Extraordinarily high leaf
selenium to sulfur ratios define “Se-accumulator” plants. Annals of Botany, 100(1), 111—
118. https://doi.org/10.1093/aob/mcm084



Wu, Z., Bafuelos, G. S., Lin, Z.-Q., Liu, Y., Yuan, L., Yin, X., & Li, M. (2015).
Biofortification and phytoremediation of selenium in China. Frontiers in Plant Science,
6(March), 1-8. https://doi.org/10.3389/fpls.2015.00136

Yang, F., Chen, L., Hu, Q., & Pan, G. (2003). Effect of the application of selenium on
selenium content of soybean and its products. Biological Trace Element Research, 93(1—
3), 249-256. https://doi.org/10.1385/BTER:93:1-3:249

Zhao, X., Zhao, Q., Chen, H., & Xiong, H. (2019). Distribution and effects of natural
selenium in soybean proteins and its protective role in soybean B-conglycinin (7S
globulins) under AAPH-induced oxidative stress. Food Chemistry, 272(October 2017),
201-209. https://doi.org/10.1016/j.foodchem.2018.08.039



