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RESUMO

Nos dltimos anos, h& crescente preocupacéo deipadqres quanto a
gualidade nutricional dos produtos agricolas colkidem decorréncia do
incremento da producéo de graos e diminuicdo dwsdale nutrientes e outros
elementos nos mesmos. Como consequéncia, obsenmssdaixa qualidade
nutricional dos produtos que comp8em a dieta béslea populagéao,
principalmente em paises em desenvolvimento. Didedee cenario, justifica-se
0 interesse pelos estudos da biofortificagéo, palesnutricdo e a deficiéncia de
micronutrientes sdo dois dos maiores desafios @gsiado século. O presente
trabalho foi dividido em dois artigos, o primeirakalhou-se com “seedlings”
de 20 acessos de trigo e, cujos objetivos forgnavéliar os efeitos da aplicacéo
de Fe, Zn e Se, no crescimento e acumulo de nigsie(ii) estudar os efeitos
dos tratamentos e suas interacdes com os demaigntes e (iii) definir
potenciais linhagens a serem utilizadas para hififacéo agrondmica. Ja no
segundo artigo, trabalhou-se com plantas de tB@@cessos, até a producao de
gréos e objetivou-se: (i) avaliar os efeitos ddcapdes de Zn e Zn+Se, nos
parametros agronémicos e teores de nutrientes,a{@liar os efeitos dos
tratamentos e suas interacdes com outros nutriemigzarte aérea e graos e, (iii)
com base nos resultados anteriores, definir gusaBcessos sdo mais indicados
para estudos de campo, visando a biofortificac@mdresultados, de forma
geral, verificou-se que o germoplasma brasileirgtnooi-se diversificado e com
potencial para o melhoramento genético e agrongnpiam 0 enriquecimento
com esses elementos. Os teores dos elementos avanema parte aérea e
gréos de trigo, mas vale ressaltar que ha difeseatpostas dos acessos, devido
a sua genética. Ademais, tanto em “seedlings” cemaograos, a aplicacdo de
selenito mostrou-se mais restritiva ao crescimentdesenvolvimento desses
germoplasmas de trigo que a de selenato, indicgndppara a biofortificacéo
da cultura do trigo, o melhor seria a utilizaciofdetes ligadas ao selenato.
Além disso, para o primeiro trabalho, verificouepge as plantas foram mais
susceptiveis quando submetidas a doses de uMOde Fe, no entanto
incrementos foram observados em todos os acesst@slds com Zn. Como
recomendacao para biofortificacdo com Fe sdo idd&as acessos: EMB 14;
EMB 34; EMB 38 e BRS 264; para Zn os acessos naismendados s&o:
EMB11; EMB 20; EMB 38 e BRS 264; e para Se os acesdicados seriam:
EMB 10; EMB 14; EMB 38 e BRS 264. Para o segundpegrento,
considerando-se os parametros agrondémicos, aciauiatrientes e a interacéo
entre eles, os acessos recomendados seriam: BRBR® 254; BRS 264,
EMB 19 e EMB 33 para biofortificacdo com Zn e ogssos: Brilhante, BRS
264; Supera EMB 7; EMB 20; EMB 26; EMB 30 e EMB para Zn+Se.



Entretanto, ressalta-se que cada espécie aprasmaataesposta a determinado
nutriente e/ou elemento, experimentos envolvend@sweulturas e espécies que
compdem a dieta de popula¢des sdo recomendadoggsmavolvimento dessa
técnica e amenizacédo de problemas relacionadagigasga alimentar.

Palavras-chave: Micronutrientes. Seguranca alimeMariabilidade genética.
Selenato. Selenito.



ABSTRACT

In recent years, there is a growing concern aldwanutritional quality
of agricultural harvests, because selected appesadbr grain production
increase have resulted in a decrease of nutrientdsl in many crops. As a
consequence, there is a low nutritional qualityhef products that are staple diet
compounds of the population, especially in develgmountries. This scenario
justifies the current global interest on bioforition studies, as malnutrition
and micronutrient deficiency are two of the gretdmllenges of the century.
This study was divided into two experiments, thstfivorked with 20 wheat
accessions in seedlings stage and whose objegiimes (i) evaluate the effects
of Fe, Zn and Se applications on growth and nutgencentration; (ii) to study
the effects of treatments and their interactionthwither nutrients and; (iii)
define potential accessions to be used for agronmdidfortification. In the
second experiment we worked with wheat plants,@ssions, until the mature
grain and aimed: (i) to evaluate the effects ofafm Zn+Se addition in the
agronomic parameters and nutrient accumulatiohaotsand grain; (ii) to study
treatment effects and their interactions with othatrients in shoot and grain,
and; (iii) based in the previous results, defineclhaccess is most suitable for
field studies aimed at biofortification. As a rasih general, it was found that
the Brazilian germplasm showed to be diverse aadgmted a great potential for
genetic and agronomic enrichment with these elesneftte content of the
elements increased in wheat shoots and graing isutoteworthy that there are
different responses of access due to their gerotyaiiation. In addition, for
both seedlings and grains, the application of siglenas more restrictive to
wheat growth and development than selenate. Thisltréndicated that for
biofortification of wheat crop it would be best tose selenate sources.
Furthermore, for the first work, we found that wheaedlings in general were
less tolerable to high Fe exposure (1840), but benefits from increased level of
Zn supply. In consideration of the nutrient concatidn, plant growth and the
interaction with other nutrients for the potenti&increasing nutrient contents in
grains among these wheat lines, EMB 14, EMB 34, EB@8Band BRS 264
appeared to be appropriate for a biofortificationgpam with Fe; many lines
such as EMB 11, EMB 20, EMB 38 and BRS 264 for &n¢l EMB 10, EMB
14, EMB 38 and BRS 264 for Se. For the second éxeet, taking into
consideration the agronomic parameters, nutriemtertt, and potential of
increasing nutrients in these wheat lines we iridithe accessions BRS 207;
BRS 254; BRS 264; EMB 19 and EMB 33 for biofort#tion with Zn; many
lines such as Brilhante; BRS 264; EMB 7; EMB 26 &hdB 30 appeared to be
appropriate for Zn+Sefand Brilhante; BRS 254; Supera; EMB 20 and EMB
33 for Zn+Se@ However, as each species has a specific resgonsatrient



and / or element, experiments involving other aelstand species that are staple
food are recommended for developing this techniguerder to overcome
current issues related to food safety.

Keywords: Micronutrients. Food security. Geneticiability. Selenate. Selenite.
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PRIMEIRA PARTE

1 INTRODUCAO

A crescente producdo de alimentos para satisfazensumo mundial
fez com que a busca por produtividade elevadatessd, em alguns casos, na
perda de qualidade nutricional, principalmente apdsRevolucdo Verde.
Portanto, surge um novo desafio para a agricutjueaconsiste em melhorar a
gualidade nutricional dos alimentos visando a gatrihumana, principalmente,
quanto aos micronutrientes, ferro (Fe), zinco (n¥elénio (Se). Embora a
producdo de alimentos tenha acompanhado o credcimeopulacional,
problemas de deficiéncias nutricionais atingem dgamparte da populagéo
mundial, especialmente mulheres gravidas, adoleszercriancas.

Estima-se que, aproximadamente, um ter¢co da pdmlagfra com
algum risco de deficiéncia de Fe e que, quase anengsopor¢do, pode ser
deficiente em Zn. Segundo a Organizacdo da NacGedas] além das
supracitadas, as deficiéncias de iodo (), Se amiita A sdo as que causam
maior preocupacdo em paises em desenvolvimentaingigal razdo é que,
nesses paises, a maioria das pessoas possuemetaneodiposta por alimentos
de origem vegetal. Além disso, a biodisponibiliddde minerais nos vegetais é,
geralmente, baixa quando comparadas aos alimeatasigem animal. Desse
modo, surge a necessidade de novas estratégiapnoanaver aumentos nos
teores e/ou biodisponibilidade de micronutrientes alimentos. Aumentar os
teores de nutrientes em culturas como arroz, trigiho, soja e feijao seria um
grande passo para a solucdo do problema, ja gas esburas séo as principais
fontes desses nutrientes em muitas popula¢cdesegerecsntram sob algum tipo
de risco de deficiéncia nutricional.

Nutricdo de plantas e saude humana séo temasvdel@lmterface e nédo

devem ser analisados isoladamente. A grande maidda elementos
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comprovadamente essenciais aos homens e aos amémdem desempenha
funcbes importantes no metabolismo vegetal e, enitomucasos, seus

mecanismos de acdo sdo similares. A escolha dassese deve ao fato de que
pesquisadores em Ciéncia do Solo, aliados a ocitéasias, podem e devem
produzir alimentos com qualidade e em quantidadeneio de novas técnicas,
mantendo a sustentabilidade do solo e suprindemsitdas da sociedade.

Nos dultimos 100 anos, a agricultura brasileira sgmegou grande
desenvolvimento, obtendo expressivos aumentos edutividade. Tal fato, sé
foi possivel devido as inovacgdes tecnolégicas, esjyisas e a difusdo das
mesmas. Sem desmerecer outros fatores, as pesequiséertilidade do solo,
principalmente as de uso eficiente de corretiviestdizantes, se destacam entre
as mais importantes. No entanto, solos do Brasikyem baixa fertilidade
natural, decorrente da génese do solo e alto grantemperismo que ocorre nas
regibes tropicais. Como consequéncia, reporta-baixa disponibilidade de
nutrientes (e.g. nitrogénio, fésforo, potassiocical magnésio, boro e Zn) e,
portanto, sérias limitacdes a producdo de alimeméssas areas. Apenas como
exemplo, o uso adequado de corretivos e fertilemardorrespondem a um
aumento de 50% na producao e produtividade. Poyrirsgrvencdes no sistema,
por meio do manejo da fertilidade do solo se fazessario para o adequado
suprimento das plantas, com esses nutrientes, ensequente garantia de
elevadas produtividades. Adicionalmente, a adic@ fertilizantes pode
aumentar os teores de nutrientes nas plantas @nfwiadicionar quantidades
maiores dos mesmos na cadeia alimentar.

A cultura do trigo possui grande importancia nagedi. Estima-se que,
cerca de 30% da populacdo mundial, alimenta-seagom produto derivado
dessa cultura e, portanto, estudos que a envolamfundamentais para o
desenvolvimento agricola e sustentavel de paisee oBrasil. Ressalta-se, que

mesmo importando quase 50% do trigo, 0 governailbirastem estimulado
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pesquisas e incentivando produtores a aumentarémeas cultivadas visando a
autossuficiéncia do pais com esse grdo. As integaghtre micronutrientes
podem afetar a absorcdo e a biodisponibilidade,upta série de fatores. Os
elementos em estudo, Se e Zn, ndo pertencem aoanyeapo peridédico e nem
competem pela absorcdo das plantas, mas sera gieehdcdo entre eles?
Havera efeito sinérgico para absorcéo de plantas@sEivel biofortificar essas
culturas, com esses elementos?

Sabe-se que pesquisas envolvendo variacdo genéécaspécies
cultivadas e biofortificacdo ainda sdo escassadasted disso, para tentar
responder a algumas dessas questdes, objetivaesk trabalho], avaliar o
efeito de Zn e Se, bem como a interacdo entre eshkamentos, em

germoplasmas brasileiros de trigo.
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2 REFERENCIAL TEORICO

2.1 Por que biofortificar plantas?

As plantas sdo o comeco da cadeia alimentar e dosnea absorcéo de
nutrientes e seus acumulos no tecido vegetal premawelhorias nas dietas
animais e humanas (PALMGREN et al., 2008). A d@asiderada adequada
para seres humanos é composta por, pelo menosjt@@ntes, sendo a maior
parte desses fornecida por vegetais, principalmesrteais que, se produzidos
em areas deficientes, produzem graos com teoreseqmados e/ou
desbalanceados para a ingestdo humana ou animaDWRAY, 2009; WHITE;
BROADLEY, 2005, 2009). Por si s6, essa seria un@arbado para intensificar
os estudos de biofortificacéo, seja ela genéticagnonémica.

A produgdo sustentavel de alimentos seguros etimosrié um objetivo
da agricultura moderna. Contudo, nos ultimos aeefgrcos se concentraram
em aumentar a produtividade das culturas. Porémualdade das mesmas foi
deixada de lado e a concentracdo de minerais t@maoelevante, pois grande
parte da populagdo mundial sofre com a desnutegdeficiéncia de ferro (Fe),
zinco (Zn), selénio (Se), iodo (l) e vitamina A (WEH; GRAHAM, 2002;
WHITE; BROADLEY, 2009; WORLD HEALTH ORGANIZATION -WHO,
2002). Zhang et al. (2012) afirmam que o aumento peadutividade, sem
qualidade nutricional, pode agravar a desnutrigd@xplicacdo seria a baixa
concentracdo de determinados nutrientes no gramalemeg produzido
(GARVIN; WELCH; FINLEY, 2006; ZHANG et al., 2012Rara exemplificar,
pela Figura 1, apresentam-se os efeitos do aum@mt@rodutividade e a
diminuic&o nos teores de Fe e Zn, em plantas ge ¢ria variagdo nos teores de
Fe, Zn e Se, nos ultimos 100 anos (GARVIN; WELCHNLEEY, 2006).
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Figura 1 A) Teores de Fe e Zn em plantas de tngdumcao da produtividade;
B) Teores de Fe, Zn e Se, em plantas de trigoiltiosos 100 anos.
Adaptado de Garvin, Welch e Finley (2006).

A biofortificacdo € o processo pelo qual ocorreumanto do teor de
nutrientes, em produtos agricolas a serem collg@fasposterior a essa etapa, na
industrializacéo, visando o enriquecimento do prodinal com determinado
elemento (GOMEZ-GALERA et al, 2010; WELCH, 2005; HWE;
BROADLEY, 2005). Culturas biofortificadas podem tem caracteristicas
agrondmicas e nutricionais melhores em relacdouasngo passaram por esse
processo (WELCH; GRAHAM, 1999). A biofortificacd@zf sentido, pois é

parte de um enfoque que considera um sistema ahmartegrado, visando
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reduzir a desnutricio e tem como alvo a populaciis mecessitada. E
cientificamente viavel e efetiva em termos de @sg dolares por pessoa,
além de complementar outras intervencdes para wot®rdas deficiéncias de
Fe, Zn, |, Se e vitamina A. Ainda, devem-se comasideos beneficios
(viabilidade, vigor das mudas, estandes mais uniésy melhor uso da agua e
mais resisténcia a doencas) e retornos econdmisogradutores (BOUIS et al.,
2011; BOUIS; WELCH, 2010; WELCH, 2005). E, portantoprimeiro passo
gue possibilitard uma melhoria na nutricdo e sadeldamilias carentes de
maneira sustentavel (HARVASTPLUS, 2004). Para auanens teores de
nutrientes em plantas, € preciso compreender oseggos fisiologicos e
moleculares que fundamentam os estudos em Nutiididieral de Plantas
(CAKMAK, 2008; GRUSAK, 2002; WHITE; BROADLEY, 2009)

A fortificagdo industrial bem como a suplementagir meio de
medicamentos tem sido um dos melhores processas @acontrole de
deficiéncias de micronutrientes em criancas, em twanundo. No entanto, os
altos custos e riscos de intoxicacdes causadosimarsuperdose sdo maiores
nesse caso (ZANCUL, 2004).

O restrito acesso das populacdes aos alimentaseioanicronutrientes,
a presenca em proporc¢des inadequadas de inibidaetnutrientes nas dietas,
além da baixa biodisponibilidade dos minerais, s@nisas atribuidas as
deficiéncias desses elementos na populacdo (FOOD ASRICULTURE
ORGANIZATION OF THE UNITED NATIONS - FAO, 2000; LON; BA;
SMITH, 2004). Estima-se que trés bilhdes de pessgaesentam alguma
deficiéncia de Fe, Zn, I, Se e vitamina A (GRAHAWELCH; BOUIS, 2001;
WHO, 2002). De acordo com ©openhagen Consens@608, deficiéncias de
Zn e vitamina A sdo e devem ser tratadas como igaides em paises em
desenvolvimento (www.copenhagenconsensus.com)arRortesses elementos

estdo como prioridades no combate a desnutricioamam GRAHAM;
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WELCH; BOUIS, 2001). Outros minerais, como calda), magnésio (Mg) e
cobre (Cu) podem ser deficientes na dieta de algupopulacbes (WELCH,;
GRAHAM, 2004; WHITE; BROADLEY, 2005).

O Brasil ainda ndo possui resultados confiaveisestdd assunto, além
disso, as diferencas econ6mica e social entre asog® que aqui vivem,
dificulta um estudo mais abrangente que correlacioda a populacao nacional.
Assume-se que a deficiéncia de Fe € a mais geraatali principalmente entre
criancas e gestantes, além disso, as deficién@agrd e Se devem ser
semelhantes ao padrdo internacional, ou seja eaooise deficientes
(MORAES, 2008).

2.2 Zinco (Zn) em solos, plantas e humanos: um histco de deficiéncias

2.2.1 O Zn nos solos

O Zn é um metal de transicdo com numero atbmicgé&fencente ao
grupo Il B, da tabela periddica. E 0 23° elementisnabundante na crosta
terrestre e apresenta-se sob a form¥,Zsendo adsorvido na superficie das
particulas do solo com argilas, matéria organiégidos de Fe (MALAVOLTA,
2006). Os teores medios desse elemento nos satostesm-se entre 60 e 89
mg kg' (BROADLEY et al., 2007; KABATA-PENDIAS, 2011). Cando, 0s
valores na solugcdo do solo sédo baixos e estaautiegtte relacionados com a
textura do solo, pH, matéria organica, atividaderafiiana e concentra¢cfes de
fosforo e elementos catidnicos (ALLOWAY, 2009).

Os valores naturais de Zn, nos solos, variam dedaa@mdm a rocha de
origem e de fontes de deposi¢Bes, tais como vylafigsimadas naturais e
deposicdo de poeira. Contudo, as atividades amémicas e o cultivo

continuado desses solos tém aumentado de formaédeoisel os teores de Zn
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nos mesmos (ALLOWAY, 2008; BROADLEY et al., 200Blém disso, é
sabido que préticas agricolas podem aumentar osstele Zn nos solos (e.g.
adubacdo, calagem, rotacao de culturas, cultivanmie plantio direto), embora
outras, tais como calagem e adubacao fosfatadarpoagravar a deficiéncia
(GRAHAM et al., 2007). Rassalta-se que outros &gopodem afetar a
disponibilidade de Zn nos solos, como por exempltaixa de disponibilidade
de Zn encontram-se entre pH 5,0 e 6,0; solos ansreyesentam menor poder
tampéo, portanto se receberem doses de correticopte for elevado a 6,0,
pode-se desenvolver deficiéncia; pode ocorrer abilimacdo de Zn pela
matéria orgéanica, coléides do solo e por microgans; baixas temperaturas e
excesso de umidade podem agravar a deficiénciagntanto os sintomas
desaparecem posteriormente (ABREU; LOPES; SANTOS872LOPES, 1999;
LOPES; GUILHERME, 1994). Embora as melhorias no @@mndos solos
tenham sido adotadas pelos agricultores, estingaes®0% dos solos cultivados
com graos sao deficientes em Zn (ALLOWAY, 2008,200

Adicionalmente, solos de regides tropicais possai¢afixacdo de P, do
que resulta a necessidade do uso de adubac¢Oemdesfaorretivas, que podem
induzir a deficiéncia de Zn (ALLOWAY, 2009; LOPE$999; RAIJ, 2004).
Recentemente, tem-se atribuido grande importanicibigdo ndo competitiva e
interacbes entre P e Zn em solos, onde incremaat@slubacdo de P induzem
ao sintoma de deficiéncia de Zn nas folhas. Contadaim efeito de diluicdo de
Zn nas plantas, que ocorre devido a maior proddedmatéria seca provocado
pelo acréscimo de P (ALLOWAY, 2009; KABATA-PENDIAS2011;
MALAVOLTA, 2006).

2.2.2 O Zn nas plantas: teores, mecanismos de abs®o e atuacéo
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A essencialidade de Zn para as plantas foi detadairem 1926 em
estudo realizados com plantas de beterraba e gire(S®MMER; LIPMAN,
1926).

O Zn é o segundo elemento mais encontrado nosisngas e 0 Unico
metal a participar dos seis grupos enzimaticos (BBCEY et al., 2007).
Devido a essas caracteristicas, esta envolviddmese dos acidos nucléicos,
DNA e RNA, sendo ainda um cofator enzimatico que atos mecanismos de
transcricdo que compdem enzimas essenciais paessaroento e diferenciacdo
celular (HANSCH; MENDEL, 2009; MAYER; PFEIFFER; BER, 2008).
Sendo assim, 0 Zn é um elemento crucial para variosessos metabélicos na
planta, tais como a fotossintese, sintese proteiaautencao da integridade da
membrana, metabolismo de auxina e reproducéo. Aléso, atua na reducéo a
formacgéo de radicais livres por atuar em inibidaresio a NADPH oxidase,
indutor da metalotioneina, integrante da Cu-Zn-Séfte outras (CAKMAK,
2000; HANSCH; MENDEL, 2009; MAYER; PFEIFFER; BEYER(O08).

A absorcdo de Zn pelas plantas é feita na formandfe contudo ainda
discute-se se a absorcdo é passiva ou ativa, ertafrahos relatem que a
absorcdo do elemento é feita metabolicamente (ALEOW 2008;
MALAVOLTA, 2006). A concentracdo desse nutrientes nplantas varia
conforme a espécie, contudo os teores para a maias espécies variam de 20
a 120 mg kg de matéria seca (MALAVOLTA, 2006). Os teores faim
considerados adequados para as cultivares nacidadrggyo variam entre 20 e
40 mg kg' (MALAVOLTA, 2006; MALAVOLTA; VITTI; OLIVEIRA, 1997 ).
Scheeren et al. (2011) avaliaram 180 cultivarestrig@ em trés locais e
verificaram que os teores médios desse elementgndos foi de 32 mg Ky
sendo a faixa de variac&o entre 21 e 55 myg kg

Os sintomas tipicos da deficiéncia sao relatadosocencurtamento de

internddios e producéo de folhas novas pequenasiticas e lanceoladas. Os
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sintomas de toxidez séo raros e, no geral, sdotagjss como sendo diminuicao
da area foliar, seguida de clorose (MALAVOLTA, 2006ALAVOLTA;
VITTI; OLIVEIRA, 1997). Assim como descrito anterivente, o pH,
adubacgbes com P, baixos teores de Zn e elevadasmimatdes de elementos
catibnicos sao fatores limitantes a absorcdo dopZmmovendo a deficiéncia
desse em plantas.

O efeito da deficiéncia de Zn, em solos e plantasrre em todo o
mundo. Contudo, estudos evidenciam a resposta atgapl quando adubadas
com Zn (CAKMAK, 2008; GRAHAM; WELCH; BOUIS, 2001)jue varia de
acordo com a espécie e gendtipo (ALLOWAY, 2008; GAKK, 2008).
Segundo os autores, genoétipos eficientes consegbsorver Zn de solos com
baixos teores, produzindo mais matéria seca e .gRmsoutro lado, plantas
cultivadas em solos deficientes nesse elementonpdde sua produtividade
reduzida drasticamente (ALLOWAY, 2008).

Plantas de trigalurum cultivadas em solos com baixos teores de Zn
disponiveis, apresentaram menores concentracéegplgutas cultivadas em
locais onde a disponibilidade desse nutriente eli@amiCAKMAK; PFEIFFER,;
MCCLAFFERTY, 2010). A aplicacdo de Zn foliar e/ow solo, em trigo,
aumentou a produtividade e elevou os teores dagsiente nos gréos de 11
para 22 mg kg, a combinacéo Zn foliar e aplicacio no solo el@veos teores
para 27 mg kj (CAKMAK et al., 2010). Hussain et al. (2012) vaifram que a
aplicacdo de Zn em solos aumentou a producéo @s,gréconcentracéo de Zn
nos graos e a bioacessibilidade em 29%, 95% e ®pectivamente. Os
autores observaram que aplicac@es foliares e ems,sain diferentes épocas -
perfilhamento e inicio do florescimento -, podermantar os teores de Zn nos
graos, contudo, quando aplicado no solo essesstraam inferiores a 9 mg kg
' de zn.
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2.2.3 O Zn e seus efeitos na nutricdo humana

A essencialidade do Zn em humanos foi determinadal @55, ao se
relacionarem problemas cuténeos a decorrente @edici de Zn (MAFRA;
COZZOLINO, 2004). Tal qual ocorre para plantas, m & essencial para o
organismo de animais, incluindo o homem, desempelthfuncdes metabdlicas
e fisiolégicas para o crescimento e desenvolvimeontmal dos organismos. O
Zn atua como agente anti-inflamatério, no sistenxédativo, prevenindo
doencas como: cancer, distarbios neuroldgicos egd@eautoimunes. Além
disso, estudos mais aprofundados relacionadosiciéteia de Zn, bem como
sobre a forma de suplementacdo com esse eleméntoesessarios (CESAR;
WADA,; BORGES, 2005; JOMOVA; VALKO, 2011; MAFRA; CGZLINO,
2004).

Em paises em desenvolvimento, a deficiéncia desinlistada como o
quinto fator de risco para a saude humana, loge apgébagismo, e no mundo
encontra-se na 112 posicdo (WHO, 2002). Em gesatacde 1,4% das mortes
no mundo sédo atribuidas a caréncia de Zn, send6 ig$ homens e 1,5% nas
mulheres (WHO, 2006). Contudo, as informacdes peitss da deficiéncia de
Zn, em ambito mundial, ainda sdo escassas e n&o precisas (HESS et al.,
20009).

No Brasil, os valores diarios de ingestao paratagdorrespondem a 11
e 8 mg did, respectivamente para homens e mulheres (MAFRAZZTDINO,
2004). De acordo com os dados da Pesquisa de art@srfamiliares 2008-209
(POF 2008-2009), ha uma prevaléncia de inadequagd% para homens e
22% para mulheres. Vale ressaltar que esses vdlmas determinados em
funcdo de habitos alimentares da populacdo nacidfmlentanto, os valores

relacionados a Zn foram obtidos a partir de dadoteramericanos e da tabela
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brasileira de composicdo de alimentos (INSTITUTO ABREIRO DE
GEOGRAFIA E ESTATISTICA - IBGE, 2011).

Os trés fatores responsaveis pela deficiéncia deinpaises de baixa
renda, sdo a ingestdo inadequada na dieta ou umE diomposta,
principalmente, de vegetais. Outros fatores podegnavar essa deficiéncia,
principalmente em criangas onde hd amamentacdobaixa quantidade de
nutrientes e sob o risco de doengas, que induzemerdas excessivas ou
prejudicam a utilizacdo de Zn em estados fisioldgicomo o crescimento, a
infancia e a gravidez (HESS et al., 2009; MAFRA; ZZOLINO, 2004). E
sabido que Zn e cadmio (Cd) possuem interacde®lEs plantas e animais, no
entanto, autores divergem a respeito se essasirs@@icas ou antagbnicas
(KABATA-PENDIAS, 2011). Dados recentes mostram qpessoas que
apresentam baixa renda, sdo fumantes e/ou enceséraam contato com a
fumaca desses cigarros sdo mais susceptiveisxcagéo por Cd (TYRRELL
et al., 2013). No entanto, com uma diversificachmentar e incrementos de
alimentos com maiores teores de Zn, pode ocorrer menor toxidez causada
pelo Cd, em parte da populagéo, devido ao antagoréstre Zn e Cd.

2.3 Selénio (Se) em solos, plantas e humanos: untgmcial preocupagéo

2.3.1 O Se nos solos

O Se pertence ao grupo dos calcogénios (grupo 1#beda periddica) e
estd naturalmente presente sob 5 formas de oxiddEERNANDEZ
MARTINEZ; CHARLET, 2009; ZHANG et al., 2008). Osaees disponiveis
desse elemento nos solos séo baixos, na faixed8e=Q,,5 mg k'@]. Entretanto,
areas seleniferas podem apresentar concentracea de 1.200 mg Ky
(KABATA-PENDIAS, 2011).
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Assim como relatado para o0 Zn, os teores de Selns8&o controlados
principalmente pelo material de origem. Contudotrasu fatores como pH,
potencial redox, a forma quimica ou espécies de $extura e mineralogia do
solo, o teor de matéria organica e a presenca e dompetitivos exercem
influéncia nesses teores (KABATA-PENDIAS, 2011; QMHU; SU, 2012). Os
aumentos nas concentracdes de Se nos solos ocdeeidp a deposicOes
atmosféricas, principalmente em areas litorineagsom altas atividades
vulcénicas, volatilizagdo e queima de vegetacdensé&rrosas e atividades
antropogénicas, tais como industrializacdo e ages via fertilizantes
(KABATA-PENDIAS; PENDIAS, 2001). O principal progmea de fertilizacdo
de Se, em solos, ocorreu entre os anos de 1988M O Finlandia onde, em
area de producao de gréos, foram aplicadas, \tiiztemte, doses anuais de 8 g
ha' e 3 g hd de selenato de s6dio para producdo de grdos agpast
respectivamente (ARO; ALFTHAN; VARO, 1995).

Em condic6es naturais, as principais formas deiS® selenito (S8 e
selenato (S&). O primeiro é adsorvido na superficie das pae&do solo com
maior afinidade que o segundo, especialmente ero il e na presenca de
oxido de Fe e matéria organica. Dessa forma, miselé menos biodisponivel
gue o selenato, sendo esse mais solUvel, movellméante disponibilizado para
a absorcéo de plantas em solos neutros a alcg{AdsATA-PENDIAS, 2011).

Estima-se que as formas de Se adsorvidas peldicaho na faixa de 15
a 40% do seu teor total e que 0 Se organico varid d 22% do teor total
(KABATA-PENDIAS; PENDIAS, 2001). A adsorcdo de S solos pode ser
reduzida por fosfatos e sulfatos, especialmenteatos ricos em 6xidos de Fe e
Mn (KABATA-PENDIAS, 2011; KABATA-PENDIAS; PENDIAS2001).

Os teores de Se em solos brasileiros sdo baixqpse @ode evidenciar a
caréncia desse elemento em algumas regides dRERREIRA et al., 2002).

Para determinar os teores de Se em solos de cateaibnas Gerais e Goias,



27

sob vegetagcdo nativa (n=90) e duas profundidadeX0¢th e 80-100cm),
Carvalho (2011) verificou que os teores desse aelBmariaram entre <22 a 81
ug kg'. Vale ressaltar que esse bioma corresponde a 238ed total do pais e
onde se concentram as principais areas agricolpsidoEm amostras de solos
coletadas no estado de Séo Paulo (n=58), camada2@em, Gabos (2012)
verificou que os teores de Se nesses solos varianam <0,08 a 1,61 mg kg

sendo que a média ficou proxima a 0,19 mg de Se.

2.3.2 O Se nas plantas: teores, mecanismos de alg&ore atuacao

Para plantas, o Se ndo tem sua essencialidade @aadpy no entanto,
ha extensos relatos a respeito do seu efeito lsenéEncontram-se, por
exemplo, estudos relatando que, em baixas con¢éesaesse elemento pode
aumentar a atividade antioxidande nas plantashéeva uma maior producéo e
produtividade (DJANAGUIRAMAN et al.,, 2005; LI; MCGRTH; ZHAO,
2008; RAMOS et al., 2010).

O Se do solo determina a sua concentracdo em grémsdos vegetais
(LI et al., 2008). Apesar disso, a quantidade den&e solos e nas culturas
depende de uma série de fatores como, por exemgbddgicos, geograficos,
pH do solo, potencial redox, matéria organica, aatigpes idnicas - como
ocorre com o sulfato - umidade, temperatura e taxto solo (CUBADDA et
al.,, 2010). Alias, tanto a absorcdo quanto o acdndelsse pelas plantas nao
dependem apenas do teor no solo, mas também da foom que o elemento se
encontra (LI et al., 2008). O Se é absorvido pelastas tanto na forma de
selenito como de selenato. A absorcdo do primairdésde forma passiva e,
provavelmente, os transportadores de fosfato estdmlvidos, enquanto o
selenato é absorvido de forma ativa e utiliza aasortadores de sulfato nos
processos (LI; MCGRATH; ZHAO, 2008; ZHU et al., 200
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As culturas respondem diferentemente a adubac¢Oes sedenato e
selenito. Para a maioria das culturas, o selemasanta aspectos menos toxico
que o selenito (LI; MCGRATH; ZHAO, 2008; ZHU et,a2009). Aplicactes de
Se em vasos com solo na forma de selenato de sddidpses maiores que 2,6
mg kg', mostraram-se toxicas para o trigo, pois reduzicaorescimento em
10%, quando comparadas com a dose controle de 8,&kgh (LYONS;
STANGOULIS; GRAHAM, 2005). A aplicacdo de um grad& Se por hectare,
em solos do Reino Unido, aumentou a concentraca® giara 26 ng kde Se
em graos de trigo (BROADLEY et al., 2010). Segundcautores, a aplicacéo
de 10 g de Se por hectare aumentaria em 10 vezencantracdo de Se nos
gréos de trigo, considerando-se 0s niveis atuass satns da Gra-Bretanha.
Aplicacdes foliares na Australia - até 330 @ da Se - ndo foram toxicas para o
trigo (LYONS et al., 2005). No entanto, Ducsay &élo (2006) afirmam que a
dose de 10 g Hade Se é suficiente para se elevar a niveis datigfa os teores
desse elemento, para a cultura do trigo.

Devido a sua importancia e essencialidade para mmsnaplicacdes de
Se, visando a biofortificagdo agronémica de plantésn sido amplamente
difundidas na literatura, nos ultimos anos (LYOI2810; LYONS et al., 2005;
LYONS; STANGOULIS; GRAHAM, 2003).

2.3.3 O Se e seus efeitos na nutricdo humana

Ao contrario do que acontece para as plantas, @ 8ssencial para
animais e humanos. Sua essencialidade foi comprosad 1957, quando esse
promoveu a defesa hepética de ratos deficientegitamina E (ZENG, 2009).
O Se presente na dieta animal, incluindo a do hgnmiem sua origem nos
vegetais e graos, seja pelo consurito faturd’ ou pelo consumo de carnes
(BITTERLI; BANUELOS; SCHULIN, 2010).
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Estima-se que 15% da populacdo mundial seja deficiem Se e a
principal razéo é a baixa ingestdo desse nutrgWiti TE; BROADLEY, 2005).
Portanto, é grande o interesse de pesquisadoressemos envolvendo esse
nutriente e seus efeitos para a salde humanametigl. Sabe-se que o Se atua
como cofator enzimatico e no controle da eliminagéaadicais peréxidos do
organismo. Além disso, possui atividades anti-m#gbdrias, quimio-preventivas
e antivirais (PAPPAS et al., 2008).

A baixa ingestdo de Se esta ligada ao desenvoltimde doencas
cardiomiopéticas (doenca de Keshan-Beck), hipatdismo e reducdo da
atividade do sistema imunolégico. No geral, essanchs séo relatadas em
areas onde as concentracdes desse elemento nes&olbaixas, como China,
Tibete e Sibéria (ELLIS; SALT, 2003; ZENG, 2009démais, a suplementagéo
com Se diminuiu a incidéncia de céncer de colostpta e pulméo. Contudo,
mais estudos s@o necessarios para que se compnaveourelacao entre o Se e
o cancer em humanos (WHANGER, 2002). Por outro,ladd®e tornou-se
conhecido por seus efeitos toxicos em animais eahom(ELLIS; SALT, 2003;
FORDYCE et al., 2010).

No Brasil, ndo existem levantamentos sobre a @efith de Se na
populagdo, mas reporta-se que 0s teores ingeragjas aixos em relacdo ao
padréo internacional (MORAES, 2008). No entant®GF 2008-2009 inferiu,
para esse nutriente, os niveis de ingestdo digm@ma adultos e os valores
encontram-se entre 98 e {§ dia’, respectivamente para homens e mulheres.
Assim como acontece para Zn, os teores de Se na 20082009 foram
determinados a partir da ingestdo média desse elereen funcdo dos habitos
alimentares e nos teores desse elemento presemtésse de dados norte-
americana (IBGE, 2011). Para o Se, esses dadogjuénser analisados com
certa ressalva, pois 0s teores desse elementinrentdcao entre os dois paises,

s&o muito diferentes. A ingestdo diaria recomend&dse deve ser 56 dia’,
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contudo, concentracdes inferiores a;@dial tém sido reportadas (ZENG,
2009). Portanto, para prevencdao, indica-se a adigdee elemento em dietas,
via suplementacdo em sais inorgéanicos, principaineelenato de sodio, ou
formas orgéanicas enriquecidas com Se (LYONS; STANGIS; GRAHAM,
2003; WANG et al., 2011). Além disso, vale ressaftae a disponibilidade
desse nutriente pode variar de acordo com a forimerah e/ou idnica (WANG
et al., 2011).

2.4 InteragBes Zn x Se em plantas, humanos e anirsai

Interacbes entre micronutrientes podem afetar aorgds e a
biodisponibilidade, por uma série de fatores. Elgime quimicamente
semelhantes podem concorrer por sitios de tramsgerproteinas, mecanismos
de absorcdo e por compostos quelatizantes, facititaou ndo a absorcéo
(SANDSTROM, 2001). Embora n&o sejam quimicamemtalaies, Zn e Se sdo
essenciais para o bom funcionamento do organisimeahe realizam funcdes
semelhantes, a de antioxidantes (BETTGER, 1993).

Em humanos, a interagfes Zn x Se tém sido amplenestidadas nas
areas biomédicas (BLESSING et al., 2004; DANSCHEROLTENBERG,
2005). Blessing et al. (2004) estudando os efai®scompostos de Se na
atividade de proteinas do DNA (“zinc fingers”), Miearam que essas proteinas
sdo altamente reativas com compostos oxidanteede §ue poderia afetar a
expressao génica, reparacdo do DNA e, consequantenuena desestabilidade
gendmica. Estudos revelam ainda que a metatiodetnadada pela glutationa
peroxidase, com presenca de formas orgénicas desufjgerindo assim um
controle da reagao redox por esse metal (JACOB; MBR/ALLEE, 1999).

Para animais, os efeitos de Zn, Se e a sua condair{dg x Se) foram

avaliados em ratos sob diabetes induzida e constiigue a suplementagéo de
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dietas com Zn, Se e a combina¢do Zn x Se aumentesq facilitou a absorcéo
de glicose, preveniu o estresse oxidativo, redwaziperoxidacdo lipidica e
preservou as funcBes hepaticas nos ratos (UKPERE&RD, 2010). Por outro
lado, House e Welch (1989) verificaram, em solugétitiva, que em plantas
de trigo submetidas a doses de Zn e Se, os teorpsirdeiro ndo afetaram o
segundo e vice-versa. Os mesmos autores, ao estudabioacessibilidade de
Zn e Se em ratos, alimentados com o trigo, verditaque Se possui efeito
antagonico na absorcdo de Zn e o contrario tambéwbtervado. A literatura
relata ainda que o Se inibe a taxa de crescimentordores de cancer em ratos,
contudo, a aplicagdo de ZnGhibe o efeito protetor do Se contra os tumores
(NORDBERG; ANDERSEN, 1981; SCHRAUZER; WHITE; SCHNHR,
1976).

2.5 Ferro (Fe) em solos, plantas e humanos: os ptemas além do solo

2.5.1 O Fe nos solos

O Fe é um metal de transicdo com nimero atdmic@@tencente ao
grupo VIII, da tabela periddica. E o segundo matals importante € um dos
principais constituintes da crosta terrestre, sexsdim, 0 micronutriente com os
maiores teores em solos, em torno de 5% (KABATA-BERS, 2011;
MALAVOLTA, 1980). No entanto, em solos brasileirossses teores podem
ultrapassar a 10%. Dessa forma, quando a defiei@éeciFe aparece é devida a
uma diminui¢do da disponibilidade ou na absorcaécepela falta do elemento
(MALAVOLTA, 1980).

Em solos, esta presente nas formas de materiaigos (e.g. silicatos,
oxidos e carbonatos), secundérios e adsorvidosnpeéria organica ou argilas.

As concentragdes na solucdo do solo sdo baixagagrags predominantes sdo
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Fe'% Fe(OH)?% Fe(OH)"; Fe(OH) e Fé* (ABREU; LOPES; SANTOS, 2007).

De forma geral, a disponibilidade de Fe é maiorsetos com baixo pH, sendo
que aumento de uma unidade de pH reduz a dispdaittd de Fe em 1000
vezes. Além disso, fatores como: baixos teoresejefesenca de P, Cu, Mn e
Zn; matéria organica e encharcamento podem redudisponibilidade desse
elemento (MALAVOLTA, 1980, 2006).

De certa forma, a coloracdo dos solos esta relagd@ooom a presenca
de 6xidos de Fe. Por exemplo, as coloracdes ammariaegides temperadas se
devem a presenca de goetita - Oxidos mais hidrgtagloquanto as cores
vermelhas, mais comuns em regifes aridas, sdoadeaithematita — 6xido néo
hidratado (DECHEM; NACHTIGALL, 2006).

2.5.2 O Fe nas plantas: teores, mecanismos de alggar e atuacao

A essencialidade de Fe para as plantas comecou8dr, tjuando
Eusébe Gris observou que a aplicacdo de Fe reduziorose em folhas de
parreirais. Apesar disso, a determinacdo dessérigrifoi feita em 1860 por
Julius von Sachs, em experimentos conduzidos enuc&wl nutritiva
(ROMHELD; NIKOLIC, 2007).

A principal funcdo do Fe é a de componente eniimé&endo que a
maioria participa de processos de oxirreducdo. Adésao, o Fe participa dos
dois principais grupos proteicos, as hemoproteindg participam de processos
da respiracdo (e.g. catalase, peroxidase, superdisinutase e citocromos) e
Fe-S proteinas, atuando em processos fotossirgétic@e.g. ferredoxina,
nitrogenase e sulfato redutase) (DECHEM; NACHTIGALL2006;
KOBAYASHI; NISHIZAWA, 2012; ROMHELD; NIKOLIC, 2007)

A absorcéo de Fe ¢ feita sob as formas dos {oRsHeE e guelatizado.

Contudo, a eficiéncia de absorcao desse elemetitdigada a forma como ele
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encontra-se presente em solos e na eficiénciaizesram reduzir o Fépara
Fe? (MALAVOLTA, 2006). Aparentemente, esse processo féito
metabolicamente e ha dois mecanismos diferenteshedes, um especifico
para dicotileddneas (Estratégia ) e outro paramgraas (Estratégia II)
(BROADLEY et al., 2012; DECHEM; NACHTIGALL, 2006; ®BAYASHI;
NISHIZAWA, 2012). Ainda, elevadas concentracBesrddais catibnicos (e.g.
Cu, Mn e Zn) podem reduzir a disponibilidade depBea as plantas devido a
inibicdo competitiva (BROADLEY et al., 2012; MALAVIOTA, 2006).

As concentracdes desse elemento na planta variaacatdo com a
espécie, no entanto, para a maioria os teores ganeae entre 10 a 1.500 mg
kg' de matéria seca (DECHEM; NACHTIGALL, 2006; KABATRENDIAS,
2011). Por se tratar de um elemento pouco mévelarda, os sintomas tipicos
de deficiéncia aparecem em folhas novas, as quaiacterizam-se por
apresentarem uma rede verde fina das nervuras wswilendo amarelo-claro. O
gue é explicado pela baixa sintese de clorofileom a evolugdo dos sintomas,
as folhas podem apresentar um branqueamento (MAUAVO) 2006;
MARSCHNER, 1995).

Em decorréncia dos elevados teores de Fe encostmad® solos,
principalmente os brasileiros, problemas relatigo®xidez sdo mais comuns
gue os de deficiéncias, sobretudo em solos solagdiw. Entretanto, em solos
alcalinos, a presenca de metais catibnicos e agdabacom excesso de P séo
fatores limitantes a absorcéo de Fe, promovenddici&@cia desse em espécies
vegetais (ABREU; LOPES; SANTOS, 2007; DECHEM; NAQBALL,
2006). Por esses motivos e os diferentes mecanistaoabsorcdo de Fe
(Estratégia | ou Estratégia Il), recomendacBesdidacdo, principalmente via
foliar, sdo indicadas.

Trabalhos envolvendo adubagdo com Fe sdo escassns geral,

envolvem temas relativos a biofortificacdo ou a iiddde desse nutriente nas



34

plantas. Scheeren et al. (2011) avaliaram 180veudis de trigo em trés locais e
verificaram que os teores médios desse elementgndos foi de 33 mg Ky
sendo a faixa de variacdo entre 22 e 56 mf Egn experimentos de casa de
vegetacdo, com trigo, foi verificado que 77% doféietranslocado da parte
aérea para 0s graos, na maturacdo (GARNETT; GRAH2Z0A5). Além disso,
aplicacdes foliares de Fe indicam o incrementordduygividade nos teores e no
transporte desse nutriente, na parte aérea e aos (EAKMAK; PFEIFFER;
MCCLAFFERTY, 2010; HABIB, 2009; ZHANG et al., 2010)

2.5.3 O Fe e seus efeitos na nutricdo humana

Assim como descrito para Zn e Se, o Fe também én@sa$ para
humanos. Esta envolvido em atividades metabélicaszanaticas, crescimento
celular, reacbes da cadeia respiratéria, sinteseNie e funcdes do sistema
imunoldgico.

Estima-se que 60% da populacdo mundial seja cadesse nutriente, 0
gue a torna a principal preocupacao e a mais euda que se refere a saude
humana (GURZAU; NEAGU; GURZAU, 2003; WHITE; BROAIRLY, 2009;
WHO, 2006). O sintoma mais comum dessa deficihai@anemia, mas também
afeta o crescimento e o desenvolvimento, o sisiemae e as funcdes neurais
(ARREDONDO; NUNEZ, 2005; WHITTAKER, 1998). Dentres grincipais
grupos de risco encontram-se as mulheres gravidedm-nascidos, criancas e
adolescentes (WHO, 2002).

Assim como descrito anteriormente para Zn e Segfigi@ncia de Fe
também ocorre devido aos baixos teores bioacesgivesentes nos alimentos
que compdem a dieta basica (LYNCH, 2011). Aindaraa quimica presente,
as células mucosas e da parede do intestino, bema aoquantidade ingerida,
influenciam nos teores adquiridos do elemento (GARZNEAGU; GURZAU,



35

2003). No entanto, politicas publicas visando dgeecimento de farinhas e
féculas de cereais com esse nutriente vém sendenrmaptadas em diversas
partes do mundo, principalmente em paises em dasenento (MANNAR,;
GALLEGO, 2002), fato que ndo ocorre para Zn e Se.

No Brasil, de acordo com dados da POF 2008-2009niesis de
ingestdo de Fe para adultos encontram-se entre 43,1 mg di3,
respectivamente para homens e mulheres. Mais umadestaca-se que a
composi¢do de Fe nos alimentos foram determinadaacdrdo com habitos
alimentares e utilizando-se as tabelas norte-aareaie nacional de composi¢éo
de alimentos (IBGE, 2011). A ingestéo diaria recodaela para homens é de 8
mg kg' e para mulheres 18 mg djano entanto, se a mesma é gestante ou
lactante os valores s&o, respectivamente, 27 e 9dimjb (BORTOLINI;
FISBERG, 2010). Segundo os autores, o céalculo meshadultas levaram em
consideracdo as perdas referentes ao periodo . féPd@ra gestantes,
consideraram-se as perdas basais de Fe, tais condepwmsitados no feto e
tecidos relacionados e para a expansao da massendeglobina. Para as
lactantes, os calculos basearam-se no fato de @p@s seis meses de
aleitamento, a menstruacgao retorna ao ciclo normal.

Para prevencdao, indica-se a adicdo desse elenrandetas, bem como
ingestao de carnes e vitaminas A e C que sdotéalilies da absor¢cédo de Fe
(BORTOLINI; FISBERG, 2010). Ressalta-se ainda, gaepresenca de
antinutrientes (fosfatos, fitatos e polifendis)foama quimica e a quantidade
absorvida afetam a disponibilidade de Fe (BORTOLIRISBERG, 2010;
GURZAU; NEAGU; GURZAU, 2003).

2.6 A cultura do trigo
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Dentre os cerais, o trigd@i{ticum aestivumé a cultura mais importante
(PENG; SUN; NEVO, 2011), ndo s6 por ser a primespécie domesticada pelo
homem, mas também por compor 30% dos carboidratesemtes na dieta
humana (SHEWRY, 2009; WELCH et al., 2005).

O primeiro cultivo triticola ocorreu na regido doediterraneo ha,
aproximadamente, 10 mil anos atrds, quando o hordeiwou de viver
exclusivamente da caca e coleta de alimentos. DPel@aacom 0s autores, 0S
primeiros cultivos foram compostos por plantas dalgds €inkorn e
tetraploides émmey, selecionadas a partir de populagbes selvageds se
procuraram as melhores caracteristicas produtivgsartir desse momento, 0
cultivo de trigo se intensificou e o melhoramentnético propiciou grande
evolugdo nas cultivares e produtividade da cultdtaalmente, as linhagens
hibridas hexaploides correspondem a 95% do trigivado no mundo
(SHEWRY, 2009; TOUSSAINT-SAMAT, 2009).

O trigo é o segundo cereal mais produzido no mundem condicdes
ideais, lavouras de clima temperado, produzemad®t hd (BRASIL, 2013;
BRUM; HECK, 2005; SHEWRY, 2009). Por outro lado,lagouras brasileiras
possuem produtividades médias entre 3 e 4't(B®RUM; HECK, 2005). No
Brasil, o trigo é cultivado durante o inverno enpaivera, ocupando trés regides
do pais: Sul (RS, SC e PR), Sudeste (SP e MG) gdC@aste (MS, GO e DF).
O cultivo desse cereal em areas do cerrado vencerrds e s6 é possivel,
principalmente pelo uso da irrigacdo (CAIERAO, 20DRALMAGO et al.,
2013) e melhoramento genético feito na EmbrapaaGes:.

A estimativa da producdo mundial para o ano de 20d8 701 milh&es
de toneladas, sendo os principais produtores Chrida e Russia (FAO, 2013).
Segundo a FAO (2013), o consumo mundial dessel@essenta crescimento
de 2,1% ao ano, enquanto a producdo 1,5%. A procugéional, para o ano de

2013, esta estimada em 6 milhdes de toneladasydgeran déficit entre 4 e 5
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milhdes de toneladas, em relacdo ao consumo (COMPANACIONAL DE
ABASTECIMENTO - CONAB, 2013). Em 2009, o Ministérata Agricultura
criou politicas de incentivo para producéo de ttigando a autossuficiéncia do
pais nesse cereal e, um aumento gradativo na p@rodoc verificado no ano
seguinte. No entanto , o préprio ministério estmaento anual de 1,3% no
consumo nacional (BRASIL, 2011). No ano de 201&¢sapde néo figurar entre
0s maiores produtores de trigo, o Brasil ocupo8%dugar no comércio mundial
desse cereal (FAO, 2013).
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3 CONSIDERACOES GERAIS

Temas referentes a seguranca alimentar estéo tlorsenfrequentes na
literatura cientifica mundial, destacando-se, demtles, a biofortificacdo, a
qualidade alimentar e a contaminacdo de alimentosnpetais e compostos
organicos. Portanto, faz-se necessario que o B@amilo grande produtor de
alimentos do mundo, esteja atento as questbesf foiincipalmente no tocante
a qualidade dos produtos produzidos.

Nas duas etapas desse trabalho, foram abordadosasape
biofortificacdo com Fe, Zn e Se na cultura do trigoltura da qual o pais
importa quase 50% do total consumido. Os impaatosais desse trabalho
serdo,a priori, internos; 1) na qualidade de vida dos brasileivisto que as
cultivares utilizadas sdo nacionais e, 2) na balawgnercial agricola nacional,
uma vez que toda a nossa produc¢do é aqui consurittetanto, vale ressaltar
que, para varias culturas ha a tendéncia que segag qualidade do produto
colhido. Assim, num futuro bem préximo, acreditagse, para gréos destinados
ao consumo humano, minimamente processados owtimai - casos de trigo,
milho, soja, arroz, feijao, etc. - as empresas cemea pagar por qualidade e os
nutrientes presentes podem ser o diferencial a fhwagricultor brasileiro.

Estudos envolvendo biofortificacdo com elementoaa#, Ca, Mg, B,
Cu, Fe, Mn, Zn, Cr, Se e | sdo necessarios, naoaapgara contribuir com a
gualidade do produto final, mas também pensandefeit®s benéficos a saude
humana. Ressalta-se que, além de enriquecer osnadisncom determinados
elementos, faz-se necessario reduzir a quantidadaitihutrientes (e.g. fitatos,
polifendis, fibras e metais téxicos ), fator tdo portante quanto o

enriguecimento com alguns nutrientes.
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Para serem adotadas politicas publicas de interessenal, como é o
caso da biofortificacdo, sdo necessérias outragdaedais como: mapeamento
da deficiéncia de nutrientes na populacdo braaileidistribuicdo geografica
dessas, além de incentivos a agricultura regioash mue se desenvolvam
produtos adaptados a determinada regido. Entretasdmo mencionado
anteriormente, ha evidéncias de que a populaciildira seja carente nos
elementos abordados nesse trabalho, o que justficgualquer esforco
envolvendo o enriguecimento de culturas com alglamaentos.

Finalmente, o Instituto Brasileiro de Geografia stafistica (IBGE)
lancou a Pesquisa Nacional de Salde 2013 (PNSyxpbes como esta a salde e
o0 estilo de vida do brasileiro. Ser8o escolhiddsatariamente, 25% dos
entrevistados, maiores de 18 anos, para coletaedi@das antropométricas e de
presséo arterial. Além disso, serdo coletados aasode sangue e urina onde se
analisardo diabetes, colesterol, anemias, doemgmdsre sodio. Uma questédo
pode ser levantada: Nao seria um bom momento paemalisar os teores de
nutrientes nessas amostras que estdo sendo cefet@u@ndo sera realizado
outro sistema de coleta de abrangéncia naciona gae se tenham essas
informacfes? Mais uma vez, pesquisa e politicaigallehcontram-se distantes,
0 que gerard um enorme atraso para solucdo deeprabl nutricionais dos

brasileiros.
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Abstract

Micronutrients are essential for human health andial for plant survival. The
capacity of food crops in acquiring mineral nuttgeaffects plant growth and
potentially the yield and nutrient content in ediltissues/organs. In this study,
we selected 20 wheafiiticum aestivuni.) accessions and evaluated genotypic
variations of the young seedlings in response ém ifFe), zinc (zZn), and
selenium (Se) treatments. Wheat accessions exthithifferent growth responses
to these minerals and possessed various abilitiesc¢cumulate them. Wheat
seedlings in general were less tolerable to exoésBe and benefits from
increased levels of Zn supply. They were sensttiveelenite and profited from
selenate treatment at low dosages. Limited miriatatactions were observed
between Fe or Zn with other nutrients. In contrastenate supply enhanced Fe,
Zn, sulfur (S), molybdenum (Mo), magnesium (Mg),lcaam (Ca) and
manganese (Mn) content in wheat seedlings, supgoits beneficial role in
promoting plant growth; Selenite supplement reduéedS, Mo, Mg, Ca and
Mn levels in the plants, consisting with its deteimtal role in inhibiting seedling
growth. Based on nutrient content accumulated, tpowth, and mineral
interaction, a number of accessions such as EMBrBBBRS 264 appeared to
be excellent lines for breeding wheat cultivarshwitetter plant health and

potential to accumulate essential micronutrienidible grains.

Keywords

Wheat {riticum aestivum L, iron, zinc, selenium, mineral interaction.
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1. Introduction

Micronutrient malnutrition is a well-known human didn problem,
which affects more than 3 billion people in the Mdrl]. Deficiencies in iron
(Fe), zinc (zn), and selenium (Se) are common astimated to affect
approximately 60%, 30%, and 15%, respectively,hef world population [2].
Biofortification of crops with enhanced mineral ¢emt provides a
complementary strategy in conjunction with dietatiyersification, mineral
supplementation, and food fortification to addréss worldwide micronutrient
deficient problem [2,3]. Micronutrients are impartanot only for human health,
but also for plant nutrition. Fe and Zn are esséntiicronutrients for the
survival and proliferation of all plants. Althoughe essentiality of Se to plants
has not been established yet, Se is considerededidial element in promoting
plant growth in some plant species [4,5].

Iron is indispensable for a variety of cellular dtions in plants,
participating in photosynthesis, respiration, cafbryll biosynthesis, DNA
synthesis, and hormone synthesis [6,7]. Fe isehersl most abundant metal in
soils and has extremely low solubility, especiaflyaerated alkaline soils [8].
Plants develop two distinct strategies for iron uksitjon [7]. Graminaceous
plants, such as wheat, use Strategy |l to acquirdy secreting Fe-chelator
compounds, mugineic acid family phytosideropho¥#hile low Fe availability
causes leaf interveinal chlorosis, excess levéteofs toxic to plants, believing
to be due to the generation of oxidative stresg].[Bncrease of Fe content in
plants by fertilization is not very effective due Ee insolubility in soil and low
mobility of Fe in phloem [10].

Zinc serves as a cofactor in over 300 enzymes and structural
component in many proteins, including a large numdderanscription factors
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[6,11,12]. It is estimated that approximately 5084h@ cereal-grown area in the
world have Zn-deficient soils. Zn level is depertdem available Zn pools and it
status in plants directly correlates with plantwgita crop yield and nutritional
quality [13]. Zn toxicity in crop plants are raracaZn fertilization has been
shown to be an effective approach to enhance Zgiden leaves and in grains
[10,13].

Selenium is uptake by plants from soils mainly elersite (Se@?) and
selenate (Segd). Selenate is transported by an active processsti@ediated by
sulfate transporters. Selenite uptake appears darqeassively and phosphate
transporters are believed to be involved in thiscpss [5,14]. Most crops are
sensitive to Se and respond differently to Seand Se@? fertilizations. While
Se at high dosages inhibits plant growth, a nurobstudies have demonstrated
that Se at low dosages enhances plant growth [[L55Esenium shares similar
chemical properties with sulfur (S) and uses Skeptnd assimilation pathways
[5]. Thus, it is not surprised to find that higlvéds of Se fertilization suppress S
accumulation [17]. However, studies have shown memyistic instead of
antagonistic relationship between Se and S metabcdit low dosages of Se
supplement [18].

Wheat is the major staple crop that provides apprately 30% of food
source for a large number of people worldwide. lonprg the nutritional quality
of wheat grain is highly important to help combhe tglobal micronutrient
deficiency problem. Toward this goal and to gaibedter understand mineral
nutrition in wheat plant, we evaluated the genatyg@riation in response to the
supplement of Fe, Zn and Se, the three trace elsrmdrose deficiencies cause
a major health problem worldwide. It is known thénts with high nutrient
value in the leaf tissues can improve their grovahd consequently with a
potential to increase yield as well as mineral enhin edible grains [2,3]. We

examined 20 wheat accessions from the wheat bigeaimgram at Embrapa
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Cerrados CPAC, Planaltina, Brazil. The effects ef En, and Se supply on
wheat seedling growth and nutrient content weregtigated in order to provide
the information for selection of wheat accessiorith Bubstantial capacity to
acquire minerals and for crop biofortification witthese micronutrients.
Interactions among nutrients are known to impaenphutrient status, plant
health and vyield [19,20]. The effects of Fe, Znd & treatments on other
nutrient accumulation in these wheat germplasm \ats@ examined to provide

a general view of mineral interactions in wheanfda

2.1 Wheat germplasm, seedling growth, and minegaktment

A population of bread wheaT(ticum aestivuni.) was selected from
Embrapa Cerrados (CPAC) breeding program (Plamal®O, Brazil) and used
in this study. This population included 20 accessiof 15 varieties and 5
cultivars. These lines were selected because they high grain production in
Central Brazil and contain good quality to breadustry. Their origin and
pedigree are listed in Table 1. Seeds of each wyed@kty or cultivar were
surface-sterilized in 0.5% NaOCI for 15 minutes)sed in distilled milli-Q
water, and germinated in a chamber &C2for 3 days on moistened filter paper.
The uniform 3-day-old young seedlings with rootsapproximately 3 cm long
were transplanted into 2.2 L pots containing medifiJohnson’s nutrient
solution for wheat [21], which consisted of 1 mM R 1 mM Ca(NQ),, 0.05
mM NH4H,PO,, 0.25 mM MgSQ, 0.1 mM NHNO;, 12.5 uM HBO;, 0.1 uM
NaMo0O,, 0.1 uM NiSQ, 0.4 uM MnSQ, 1.6 uM CuSQ 96 uM Fe(NQ)s;, 10
UM ZnSQ, 128 uM HHEDTA, and 2 mM MES buffer (pH 6.0). Zng@nd
Fe(NQy); were equilibrated with HHEDTA (N-2-
hydroxyethylethhylenediamine-N,N’,N’-triacetic agicbefore adding to the
nutrient solution. FHEDTA was used as micronutrient buffer.
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Seedlings were grown with aeration in a greenhais20C (+2°C)
under 16-h day length. Four days after transpthete plants were either grown
in the nutrient solution (control) or exposed te thutrient solution with addition
of 54 uM Fe(NQ)s (totaling 150 uM Fe), 40 uM ZnSA50 UM Zn), 10 uM
Na:SeQ or 10 uM NaSeQ. The additional Fe and Zn concentrations were used
to achieve a final 50% free Fe activity (in consadi®n of potential Fe toxicity)
and maximal free Zn activity in the culture soladbased on the calculation of
using the GEOCHEM-EZ program [22]. A concentratainlOuM of selenate
and selenite was commonly used in nutrient solstifmm non Se accumulator
[14,15]. The solutions were changed twice each wéekowing 10 days of
treatments, a total of 400 plants (20 lines x @ttreents x 4 repeats) were
harvested individually and washed in distilled wat8hoots and roots were
separated and dried at 65°C for 72 h.

2.2 Mineral analysis

Total mineral contents in the samples were detacthinsing an
inductively coupled plasma-emission spectrometeodgh ICAP 61E trace
analyzer, Thermo Electron, San Jose, CA). IndiMidiieed shoot sample (200
mg) was weighed and pre-digested with 4 mL of cotreged HNQ/HCIO,
(60/40% v/v) at room temperature overnight. The damwere then heated to
120°C for 2 hours, followed by at 195°C for 30 miihe samples were cooled to
room temperature and diluted with milli-Q water 20 mL. Blank and an
internal standard Yttrium was used to substantlaeaccuracy of the analytical
results obtained. The experimental samples wergaped and analyzed
following a rigid quality assurance/quality cont(@A/QC) to ensure accurate

and reliable analytical data.
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2.4, Statistical analysis

All quantitative data on plant growth were minenaitrient contents
were subjected to statistical analysis by one weyyais of variance (ANOVA).
The data were submitted to variance analysis bytut-Knott test at a level of
5% of probability, using the statistical analysi$tware SISVAR [23].

3. Results

3.1. Wheat accessions possess different growtlomesg to mineral treatments

Fe, Zn and Se are not only essential for humaritioatr but also exert
profound effects on plant growth and developmenB,[®]. To examine the
growth responses of these 20 selected wheat agnest the application of
these minerals, the shoot and roots of each wireatMere separately harvested
and dried. Their biomasses were measured.

As shown in Figure 1A, these wheat lines exhibitgn to 2-fold
difference in their shoot biomass when they grethécontrol nutrient solution.
They responded differently to the additional suppiyFe and Zn as well as to
supplement of selenate (S&Pand selenite (Sed) in the nutrient solution (g
0.05). When the wheat lines were exposed to aaditibe, a general inhibition
of shoot growth was observed in most of the lifesur lines (EMB 30, EMB
34, Brilhante, and Supera) appeared to toleratétiadlal Fe supply with no
inhibition on their shoot growth, and two linee(iEMB 38 and BRS 264) were
benefited by additional level of Fe fertilizationtwvenhanced growth (Fig. 1A).
Zn fertilization has been shown to enhance plaotvtyr [13]. When the wheat
lines were exposed to additional Zn, an enhancerérghoot growth was

observed in half of these lines and an up to 2-foltease in biomass was
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noticed in line EMB 19 and EMB 30 (Fig. 1A). Slightippression of plant
growth was observed in four lines (EMB 9, EMB 10/ 15, EMB 26). Plants
respond differently to different form of Se andeselte is generally less toxic
than selenite to plant growth [14,18]. When thebeat lines were grown in the
nutrient solution containing 10 uM B&eQ, the plant growth was unaffected in
some lines, and enhanced (EMB 7, EMB 14, EMB 19BEBO, EMB 38 and
BRS 264) or suppressed (EMB 15, EMB 20, EMB 26, ER® EMB 34, BRS
207, BRS 254, Supera) in the other lines (Fig. H9wever, when the wheat
varieties and cultivars were exposed to 10 pM3¥&; a general inhibition of
plant growth was observed in nearly all lines exdime EMB 5 and line EMB
30. An average of 36% suppression of growth wasceet These results
indicate that wheat lines exhibited genetic vasiafior shoot growth in response
to mineral treatments. Each line responded diffyeto Fe, Zn and Se
treatments, indicating a different capacity in Uptaassimilation and use of
these nutrients within the plant.

Root dry matter of these wheat lines in responsé&dp Zn and Se
treatments were also investigated. A similar respgpattern as shoot growth
was observed for root growth of these wheat linegmthey were exposed to
various mineral treatments (p 0.05, Fig. 1B). Fe supplement at the dosage
applied generally inhibited root growth, while aitatial Zn supply stimulated
root growth. Se@¥ treatment had minimum effects on root growth imedines
and increased the root biomass in half of the dthes. A general reduction of
root growth was observed in S¢Qreated plants, consisting with that selenite is

more toxic to plant growth than selenate.

3.2. Wheat accessions exhibit a range of capacitythe accumulation of

minerals
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To examine the responses of wheat cultivars aniéties to additional
Fe and Zn as well as to different form of Se treatinthe total mineral content
in the wheat seedlings were determined by ICP. Wwheat lines accumulated
different levels of Fe when they grew in the nuttisolution (Fig. 2A). An up to
3-fold variation was observed between wheat lirmuulating high and low
level of Fe. The supplement of additional Fe caumedncreased level of Fe
content in half of these lines and an over 50%ease of Fe content was found
in line EMB 10 and line EMB 11. The results shovggghetic variation among
these wheat lines in term of Fe concentration apacity to accumulate Fe.

Zinc concentration also exhibited an over 2-foldiatton among these
wheat lines (Fig. 2B). The supplement of additiofaldramatically increased
Zn content in all lines. An up to 3-fold enhancemeihzZn level was observed,
indicating high capacities of these wheat linegatke up and accumulate Zn.
The total Zn levels showed over 2-fold differencbstween accessions
containing high and low levels of Zn. Wheat acamssiderived from parental
crossing with BRS 264 showed high capacity to acdata Zn.

Selenium was undetected in seedlings of the wiveeg that grew in the
control nutrient solution. When the seedlings @sthwheat lines were exposed
to SeQ? and Se@? the total Se levels showed 4- and 2-fold diffeeen
respectively, between lines containing high and level of Se (Fig. 2C). The
SeQ*treated wheat seedlings contained a range of 3-ftdd more total Se
than the Se@-treated ones, consistent with previous reports hants
accumulate more Se when treated with SeBan Se@?[14,18].

3.3. Interaction among mineral elements

To investigate whether supplement of one elemeriéctfd the

accumulation of macronutrients (P, K, Ca, Mg, andagd micronutrients (B,
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Cu, Fe, Mn, Mo, and Zn), we measured these mimaratent in response to Fe,
Zn, SeQ? and Se@” treatments and examined their interactions. A ggne
overview of these mineral element interactions hese wheat lines is
summarized in Table 2. P and K along with N areghigary macronutrients
and high demand by plants. In general, P levehdidchange much in response
to Fe, Zn and Se treatments in most of the whaastl{Fig. 3A). The same is
true for K level (Fig. 3B). Ca level was increasachalf of these wheat lines
following treatments with Fe and Zn, and in ovelf lid them with Se@?
treatment. Ca content was dramatically suppresge8ei? in all accessions
with an average of 33% reduction (Fig. 3C). Mg eantwas enhanced by Fe
and Se@? in about half or over half of these lines, respety, and inhibited by
SeQ? treatment in half of the lines (Fig. 3D). S lewehs not affected by
additional Fe and Zn supply in these wheat linég. BE). Se is known to effect
S uptake and assimilation [5]. S concentration di@snatically enhanced with
an average of 200% increase by $&6@t the dose applied for all wheat lines and
inhibited by Se@? in majority of these wheat lines (Fig. 3E).

Examination of micronutrient content in these whéeeds revealed that
in general B level did not change much in respdadee, Zn and Se treatments
(Fig. 3F). Cu level was also not affected by Fe,afd Se treatments in almost
all the lines (Fig. 3G). While Fe content in modieat lines was increased by
additional supply of Fe to the nutrient solutior, IBvel was stimulated by SgO
2 supplement in over half of the wheat lines (Fidd).3Fe content was
suppressed by Zn treatment and was unaffected ®y*3eeatment in majority
of the lines (Fig. 3H). Mn level was enhanced irowbhalf of wheat lines
exposed to Zn and Sg®and dramatically reduced when plants were treated
with SeQ? with an average of 43% reduction (Fig. 31). Mo cemtration was
generally not affected by further addition of Felain, but enhanced with an
average of 71% increase by S&@h all wheat lines and suppressed by $&6i0
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about half of the lines (Fig. 3J). Zn content waanthtically enhanced with
additional Zn supply in all wheat lines (Fig. 3K)Vhile Zn level was not
generally affected by Fe application, Sé@aused a slight increase of Zn in half
of the wheat lines, and suppressed by Sé®majority of the lines (Fig. 3K).

4, Discussion

The new focus of plant breeding programs has besrévelopment of
genotypes with high nutrient content [10,24]. Gandhctors along with
physiological factors determine crop nutrient uptaknd subsequently the
potential productivity and quality of food crops)cathese factors vary among
plant species, cultivars, tissues and organs [2,Bd4] and Zn are essential
micronutrients for plant growth and development.dfel Zn deficiencies are
widespread among plants grown in calcareous sbilsir deficiencies lead to
serious loss of crop production and nutritionalligyiaWhile Se is considered to
be non-essential for plants, Se at low dosages @esmplant growth.
Exploration of germplasm variation and understagdifiphysiological basis in
response to Fe, Zn and Se treatments are criticéréeding crop varieties with
better capacities to utilize these minerals noly dot better plant health and
growth, but also for a potential of better cropritignal quality [13,25,26].

The wheat accessions examined exhibited 2-foldewiffce in their
capacity in utilization of nutrients for shoot amdot growth. An overall
correlated shoot and root growth was observed Wigse accessions. While
only a few lines showed tolerance to additionakls\of Fe, a general inhibition
of shoot and root growth by excess Fe was obseilezke results are consistent
with other reports showing that wheat varieties ehalifferent capacity in
utilization of Fe and high dosages of Fe supprésst growth [25,27,28]. When

these wheat lines were exposed to additional Zplgupn enhanced shoot and
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root growth was observed in half of wheat accessi@n fertilization has been
shown to enhance plant growth [13]. Wheat plantdvetied with six Zn doses
(0, 0.025, 0.05, 0.1, 0.2 and 0.4 mg Zn'lapil) increase shoots and roots dry
matter [29], while wheat seedlings grown under 2figilent conditions reduce
the shoot and roots biomass [30]. Up to 2-fold whgenotypic variation in
utilization of Zn was observed here, which is aglde with previous studies
[30]. Wheat accessions responded differently tiediht forms of Se. While the
growth of these wheat lines was either stimulatgifiseessed or unaffected when
exposed to 1QM SeQ?, a general suppression of growth was found folhawi
treatment with the same concentration of $ehese results are consistent
with previous studies showing that S&Qs less toxic than Se® to plant
growth [14,15]. Genetic variations among crop gdasm in response to SgoO
treatment are also reported in previous studidekFét al. [31] showed that
SeQ? treatment causes a reduced growth in Polish whedtan increased
biomass in Finnish wheat. Although wheat lines leited genetic variation for
shoot growth in response to Fe, Zn and Se treatnesich line responded
differently to these mineral treatments, showindiferent capacity in uptake,
assimilation and use of these nutrients.

The wheat accessions exhibited 2- to 4-fold vanain total Fe, Zn, and
Se content. The additional Fe and Zn supply ine@&® and Zn levels in half
and all wheat lines, respectively, indicating ageof capacity of wheat lines in
accumulating these mineral elements. Enhanced Welslefollowing Fe
treatment in some plants were also described prslid25,27,28]. Similarly,
increased Zn concentration following Zn supply weleserved in wheat [32].
SeQ? supply was more effective than S&0n inducing Se content in wheat
seedlings. Plants treated with Sé@ontained over 4-fold more total Se than

those treated with same concentration of Se@hese results are consistent
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with previous reports that plants accumulate m@evBen treated with selenate
than selenite [14,18].

Interactions among mineral elements affect plartient status and
consequently plant health and yield [19,20]. Despif numerous studies,
nutrient interactions are complex and still notlwelderstood. Here we showed
that the primary macronutrients P and K levels wggrerally not affected by
additional Fe and Zn supplement and Se treatmeheige wheat lines, although
Zn has been shown to reduce P transfer from raothtoots but enhance the
transfer from shoots to grain in other studies [38] contrast, interactions
between other macronutrients with Fe, Zn and Se wbiserved. Ca and Mg
interacted positively with Fe, Zn and S&0n half of these wheat lines. Ca
content was dramatically suppressed by Seid nearly all lines, showing
strong antagonistic interaction. No general intéoacbetween S and Fe or Zn
was noticed. S status in plants is known to bectdtk by Se supplementation
[17,18,34]. The S levels were dramatically enhanfoedall wheat lines at the
SeQ? dosage used, demonstrating a synergic interabtoneen Seg¥ and S.
Similar results were observed in lettuce @rdbidopsiswhen Se was supplied
at low dosages [18,35]. On the other hand, SefDppressed S accumulation in
most of the wheat lines with antagonistic relatldpsas demonstrated in other
studies [14,18,36].

Micronutrients in plants have gained a lot of dftenrecently due to
their essential roles in plant growth and their tabaotion to human health
[2,3,37]. Micronutrients B and Cu exhibited no iatetion with Fe, Zn and Se in
majority of these wheat lines. In contrast, Fe llénenost of these wheat lines
was reduced by additional Zn supplement with angontistic effect between Fe
and Zn. The result is consistent with those stugiesving interaction between
Fe and Zn [20]. Fe content in these wheat seediagsgenerally enhanced by

SeQ? treatment, showing a synergistic effect of selenaeatment on Fe
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accumulation. A slight enhancement in Fe conter8&@? was also reported in
wheat [31]. Mn and Mo contents were also enhange®éQ? treatment but
suppressed by Sg®in half of these wheat lines. Interaction betw&mnand
Mo is also reported in previous studies [34]. Nedibly, strong antagonistic
interaction between Mn and Sg¥and synergistic interaction between Mo and
SeQ? were observed in all these wheat lines. Interghtinvhile interaction
was observed between Fe and Zn with additional ifiplement, Zn levels in
wheat seedlings appeared not affected by additibeatreatment in all these
wheat lines. Previous studies in wheat plants sthatvFe application decreased
Zn uptake [19,20]. The discrepancy might be duthéonutrient status of wheat
plants growing in nutrient solution vs. in soil. shght increase and a general
suppression of Zn level by Sgband Se@?, respectively, were observed. Zn
concentration is also found to be enhanced in whén selenate is applied
[31]. It appears that supplement of S8@t proper dosages caused synergic
effects on the accumulation of several mineralserehs supply of Se®
reduced the content of these elements in majoritghe wheat lines. The
synergic or antagonistic effects of different Senfe may contribute to the
increased or decreased wheat seedling biomasséwsese Seq¥ or SeQ@?
treated plants.

5. Conclusions

Plant mineral status affects plant growth and hegbtentially the
yield and nutritional quality in edible tissue. Byxamination of these selected
wheat accessions, we found that the wheat accessbowed genotypic
variations in response to Fe, Zn and Se treatmdittgs, the study will be
helpful in selecting and developing cultivars wiktetter plant health and
potentially high ability for consequent accumulatiof essential micronutrients

in wheat grains. Moreover, we found that wheat kegsl in general were less
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tolerable to high levels of Fe exposure, but besdfom increased levels of Zn
supply. While the wheat seedlings showed suppregsmsth when exposed to
SeQ? they exhibited positive response to $&@eatment, likely owing to the
synergistic effects of Se® in stimulating other mineral element uptake for
better plant health. Se®exerted strong synergic interactions with S and Mo,
whereas SegF had strong antagonistic interactions with Ca and Wheat
seedlings. In consideration of the nutrient conedian, plant growth and the
interaction with other nutrients for the potentifincreasing nutrient contents in
grains among these wheat lines, EMB 14, EMB 34, EB@8Band BRS 264
appeared to be appropriate for a biofortificatiangpam with Fe; many lines
such as EMB 11, EMB 20, EMB 38 and BRS 264 for &n¢l EMB 10, EMB
14, EMB 38 and BRS 264 for Se.
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Table 1
List of the 20 wheat accessions including 15 vesgeaind 5 cultivars in the
study.
Varieties Parents Cultivars Parents
EMB 1 BRS 207 / CPAC 91161 Brilhante Brilhante =840 /
BR 24
EMB 5 CPAC 8947 /| CPAC 8886 BRS 207 Seri 82 / PF 81
EMB 7 Brilhante / CPAC 961114 BRS 254 BRS 264*3NA75
EMB 9 BRS 207 / CPAC 9548 BRS 264 Buck Buck / Ctardf
TUI
EMB 10 BRS 207 / CPAC 9548 Supera PF9099/0OR 1
EMB 11 CPAC 93175/ Graneiro Inta
EMB 14 CPAC 93175/ Graneiro Inta
EMB 15 CPAC 93175/ Graneiro Inta
EMB 19 BRS 207/ TB 951
EMB 20 IAPAR 17 / BRS 264
EMB 26 CPAC 96306 / CPAC 9985
EMB 30 CPAC 96306 / CPAC 9985
EMB 33 PF 81627 / BRS 264 // PF
990607
EMB 34 Taurum/ BRS 207 // PF 8190/
BR 18
EMB 38 PF 013452 / BRS 207

"The varieties that have the same parents reprdiarent lines selected
from F2 crossing.



71

Table 2
Overview of interactions between elements in theatltines and their increase/decrease percentages.

Nutrient Interactions

Treatment
K Ca Mg S B Cu Fe Mn Mo Zn
Fe - - Yl sl - - - - - -
Zn - - % - - - - D % -
SeQ? - - I I I* - - I Y2l I 7
SeQ? - - D* YD D - - - D* 1D D
Nutrient interactions (average %)
Fe 3.8 8.3 17.0 12.7 3.1 -40 45 399 82 -22 7 8
Zn -1.0 47 10.0 -2.5 9.3 1.8 -72 -19.2 23 12.1 415

SeQ” -5.8 0.2 215 18.6 199.7 0.6 57 238 213 713 329
SeQ? 34 -14 -333 -106 -23.2 2.1 9.7 55 -43.11 -14.44.1

() Increase level, (D) Decrease level and, (-pffect.
*strong antagonistic or synergistic interaction waserved in nearly all wheat lines examined.

Negative numbers represents a reduction in théemtittoncentration.
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Abstract

Humans require many micronutrients for metabolisaintenance and these
can be provided in an appropriated diet. The lowditary intake and poor
dietary diversity are reported as the mainly reasfam this micronutrient
malnutrition in human. Zn and Se are not only alédr human, but also
exert profound effects on plant growth and develepmin this study, we
selected 20 wheaf fiticum aestivunl.) accessions and evaluate genotypic
in response of enhancements in Zn and Se in culsotation. Plant
micronutrient status affects plant growth and poadly the yield, as well as
nutritional quality in edible parts. Taking into rzideration the agronomic
parameters, nutrient content, and potential ofdasing nutrients in these
wheat lines we indicate the accessions BRS 207; B&RIS BRS 264; EMB
19 and EMB 33 for biofortification with Zn; manynks such as Brilhante;
BRS 264; EMB 7; EMB 26 and EMB 30 appeared to bpregriate for
Zn+SeQ; and Brilhante; BRS 254; Supera; EMB 20 and EMB f8B
Zn+SeQ.

Keywords: Selenate, selenite, biofortification, nutrient aonrtt Triticum

aestivum L
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1. Introduction

Micronutrient malnutrition is a well-known humandiia problem,
which justifies any effort concerning food enrichmhevith such elements.
Nowadays, nearly 3 billion people worldwide areeaféd by micronutrient
deficiencies, including iron (Fe), zinc (Zn), iodifl), and selenium (Sé)*.
Earlier agricultural programs, e.g., the 1960°s é@reRevolution, have
focused on increasing grain production, withoutipgyattention to nutrient
and vitamin contents in most crops. Consequentiy, rtew challenges for
agriculture in the world are quality and safetystfple food™. Genetics and
physiological factors determine the nutrient uptaltel consequently the
productivity and quality, yet these factors areljkto change among plant
species, cultivars, tissues and orgdfis Some studies suggest that it is
possible to increase the nutrient content in plavitie maintaining high
plant yields ®® Moreover the nutritional value of many crops da@
increased via mineral fertilization with importamsitrients such as Zn, Se,
copper (Cu) and nickel (Ni) In fact, improving the micronutrients content
of many important crops using different biofortiton strategies has been
the subject of many studié&*°

Zinc (Zn) is an essential element for plants, husnand animals.
This element plays roles in over 300 enzymes ardcisfactor in thousands
of proteins, including transcription factors™ At least 50% of grains areas
in the world are under Zn-deficient soils, and Zmatss in plants are
correlated with plants growth, nutritional qualitgnd crop yiel8™
Germplasms have different capacities to accumulatéents showing the
possibility to enhance staple food quality with soessential element$ In
wheat grains, at least a 2-fold variation in Zn aamtration have been
observed”*®>. However, Zn concentration in cultivated wheatoiwer than
primitive and wild wheat lines, suggesting moregmbial for plant breeding
8

Selenium (Se) is an essential element for humadsaaimals and



83

also an important component of antioxidant systé$ In plants, Se has
shown beneficial effects’, but the essentiality is not determinate. Plants
uptake Se from soils mainly as selenite ($8Cand selenate (Sg®).
Selenate is actively transported in a process rtedtliay sulfate transporters
while selenite is passively transported and it édidved that phosphate
transporters preside over the procé&g’ Wheat grains cultivated in
different Australian soils showed 144-fold variatim Se concentration, but
much of this variation was associated with spatlation in soil selenium,
but much of this variation was associated with igbatariation in soil
selenium™*,

Wheat is the major staple crop that provides agprately 30% of
food source for a large number of people worldwigkants with increased
ability to acquire mineral elements improve thaiowth, and consequently
increase yield as well as mineral concentrationsdible grains*°. From
the wheat breeding program at Embrapa Cerrados CPR@altina, Brazil,
we selected 20 wheat accessions to evaluate thetygén variation and
nutrient interaction in response to Zn and Se ®mphts. The effects of Zn
and Se fertilizations on wheat grains and nutr@nttent were investigated
in order to provide the information for selectiohwheat accessions with
substantial capacity to acquire minerals and fapdbpiofortification with
these micronutrients. Interactions among nutrianégsknown to impact plant
nutrient status, plant health and vyielt® The effects of Zn and Se
treatments on other nutrient accumulations in theseat germplasms were
also examined to provide a general view of min@mgdractions in wheat

plants.

2. Materials and methods

2.1 Wheat germplasm and plants growth
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For this study a population of bread whedtiticum aestivurL.)
was selected from the Embrapa Cerrados breedirgrgoro(Planaltina, GO,
Brazil). This population included 20 accessionshwit5 varieties and 5
cultivars (Table 1), which are important cultivansd lines with potential to
grown in Brazil.

Seeds of each wheat variety or cultivar were serferilized in
0.5% NaOCI for 15 minutes, rinsed in distilled m{l water, and
germinated in a chamber at’C8for 3 days on moistened filter paper. The 3-
day-old young seedlings with roots of approximat8lycm long were
transplanted into 10.0 L pots containing nutrientuson. The nutrient
solution consisted of 1 mM KNO1 mM Ca(NQ),, 0.05 mM NHH,PO,,
0.25 mM MgSQ, 0.1mM NHNO;, 12.5 uM HBOs, 0.1 uM NaMoQ,, 0.1
UM NiSQ,, 0.4 pM MnSQ, 1.6 puM CuSQ@ 96 pM Fe(NQ); 10 uM
ZnSQ, 128 uM HHEDTA, and 2 mM MES buffer (pH 6.0). Zng@nd
Fe(NGy)3 were equilibrated with HHEDTA (N-2-
hydroxyethylethhylenediamine-N,N’,N’-triacetic agibbefore adding to the
nutrient solution. The BHEDTA was used as micronutrient buffér

Wheat plants were grown with aeration in a greeshat 15-20 °C
under 16-h day length. When plants started blooniing treatments were
applied. These plants were either grown in nutrigsltition (Control) or
exposed to the nutrient solution containing, 50 ERSQ, (Zn), 50 uM
ZnSQ, + 10 pM NaSeQ (Zn+SeQ) and 50 uM ZnSQ+ 10 pM NaSeQ
(Zn+SeQ). The speciation program GEOCHENvas used to calculate the
solution activity. The nutrient solution was chadgevery week. A total of
240 plants (20 lines x 4 treatments x 3 replicatesx)e harvested at maturity
and washed in distilled water. Shoots (includingngg), roots and grains
were separated and dried at 65°C for 72h. Flagekeavere collected to

determinate the mineral content in shoots.

2.2. Nutrients content in flag leaves and grains
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Total mineral contents in the samples were detexthinsing an
inductively coupled plasma-emission spectrometesd@h ICAP 61E trace
analyzer, Thermo Electron, San Jose, CA). IndiVidineed flag leaves (200
mg) and grain (500 mg) samples were weighed andigested with 4 mL
(10 mL) of concentrated HNHCIO, (60/40% v/v) at room temperature
overnight. The samples were then heated to 120°Q fwurs, followed by
195°C for 30 min. The samples were cooled at reamperature and diluted
with milli-Q water to 20 mL. All samples were anadd in triplicate. Blank
and an internal standard yttrium were used to suliste the accuracy of the
analytical results obtained. After that, we caltedhthe Zn efficiency of
lines to shoot and grain dry matter and contenteueh normal (control) to
Zn addition (50uM). We also calculated the Zn accumulation (%) tairgs
and shoots of these wheat accessions.

The experimental samples were prepared and anafglleting a
rigid quality assurance/quality control (QA/QC) &msure accurate and

reliable analytical data.
2.3. Statistical analysis

All quantitative data on plant growth and mineratrient contents
were subjected to statistical testing by one wawlais of variance
(ANOVA). The data were submitted variance analysjsthe Scott-Knott
test or Test F, for Se content, at a level of 5%pudbability, using the
statistical software SISVAR.
3. Results and Discussion

3.1. Grains production

Micronutrients, such as Zn and Se, are not onlgiatdor humans,

but also wield intense effects on plant developmién? To examine the
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responses of Zn, Se and their interaction in thesected germplasms,
individual parts of each wheat line were separalelgvested and died and
their biomasses measured.

These wheat lines showed up to 4-fold differenceshiir grain
production when comparing the treatments appliethé nutrient solution
(the values ranged from 6.1 to 31.3<p0.05) (Figure 1A). When these
wheat lines were treated with additional Zn, 88, a general tolerance was
observed in most of the lines. Enhancements wesereed of up to 37% in
these lines. However, four lines (EMB 15, EMB 3®®8207 and BRS 264)
appeared not to tolerate Zn supplementation andeth@ slight reduction in
their grain production. Zn fertilization has beemwn to enhance plant
growth and grain yield, along with an increase mkiZoavailability in grains
82627 Although Se is considered to be non-essentialpfants, Se at low
dosages promotes plant growfi? When plants were treated with
additional Zn and different forms of Se, singulasponses were noticed.
Grain production in wheat lines grown in culturdusion with selenate in
the presence of Zn (Zn+Sg@showed a general suppression in comparison
with those plants that received 50 uM Zn (Fig. 1Id@vertheless, in 3 wheat
lines (EMB 30, BRS 207 and BRS 264) enhancementg wbserved in
grain yield at an average of 12%, 90% and 23%, ewspely. Previous
studies have reported genetic variations among gesmplasm in response
to SeQ treatment®. A response pattern similar to Zn+Se@as observed
for wheat plants exposed to Zn and selenite (Zn+Bg0< 0.05, Fig. 1A).
However, a general reduction was observed in cosgamwith Zn-treated
plants, showing that selenite is more toxic thaferse, which is in
accordance with results reported previod&fy.

The grains weight of 100 seeds in response of thésat lines to
Zn and Se supplementation were also researcheé gethetic variation in
these germplasms was observed (Figure 1B). Wheratwpkants were
treated with Zn, most of the lines responded paadlitior were unaffected as

to their grain weight of 100 seeds. A 21% averaggglt increase was
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observed. These results are in agreement with tlepseting yield increases
following Zn fertilization®?”. Most of the wheat lines treated with Zn+SeO
showed a decrease in the grain weight of 100 sétalsever 3 lines (EMB
5, EMB 30 and BRS 264) presented enhancementsyveaiage of 14%,
when SeQ@ was applied with Zn. A previous work showed noeeffon
production yield in winter wheat receiving liquidr ogranular Se
fertilization®® diverging from the results found in this presenorikv
Generally, grain weights were not affected when S&@® was applied in
nutrient solution. Nevertheless, 5 lines (EMB 5, 19, 26 and 30) increased
the grain weight of 100 seeds, an average 16%.eTtessilts suggest that Zn
increases the number of grains and, despite Seg beiore toxic and
reducing the grain production, when applied with iZmakes the grains

heavier.

3.2. Different capacity of wheat accessions to eatrate nutrients in shoots

(flag leaves)

The total nutrient content was investigated in whksaves in
response to the addition of Zn and different foraisSe, selenate and
selenite application. Wheat plants exposed to reats showed different
capacity to concentrate minerals in shoots (flaayés) (Figure 2). When
additional Zn was applied in culture solution, tha content in leaves
increased in all lines (Fig. 2A). The Zn level ipase observed was up to 4-
fold, implying a high capacity of these lines t&ddan and accumulate Zn.
Increases in Zn concentration following Zn additivere observed in wheat
seedlings and potatt*3 SeQ in presence of additional Zn did not affect,
enhanced or suppressed the Zn content in wheatdeashowing the
different capacity of these lines to uptake andnaitste Se'®'®. However,
some lines (EMB 1, EMB 14, EMB 19 and BRS 264) @ased the Zn
content in the flag leaves up to 1-fold when $e@s supplied in nutrient

solution. Plants exposed to Zn+Se§howed a general inhibition of Zn
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content, exhibiting the highest selenite toxicifjhese results agree with
those reported in previous worR&* Despite this evidence, some lines
increased Zn content in leaves and, the cultivalh&mnte enhanced the Zn
concentration to over 4-fold. Differences in Fe,, Z0u, Mn and Se
concentrations and mineral localization in hard veieat genotypes and
Triticum species have been reported previoasiy®

Se was not detected in shoots (flag leaves) of tivezs that grew
under the Control and Zn in nutrient solution treamts (Fig. 2B). However,
when these wheat lines were exposed to,38W Se@with additional Zn,
the total Se content exhibited different capaaitygoncentrate Se, while the
SeQ-treated showed increases in Se content up todl-fulants Se@
treated enhanced up to 2-fold. Wheat plants exptis&$Q contained over
41-fold more than Sefireated wheat plants, consistent with previous
reports that plants accumulate more Se when tregihdSeQ than Se@

18,28,34

The interactions and effects on nutrient conteatvezll-documented

and Zn is known to influence P assimilation ancakpt®??

as is reported for
Se and S°. The P content in wheat plants was relatively tstest among
wheat lines in the Control treatment (Fig. 2C). Heer, Zn-treated plants
showed unaffected, increased or inhibited P cont€héese results are in
agreement with those reported for potatfe©n the other hand, a general
inhibition of P content in wheat leaves was obsgrire Se-treated plants.
SeQ had lower effect on P content than Se8uggesting a possibility of
phosphate transporters in this procésg

Sulfur content was rather consistent among wheesligrown in
culture solution and had a response pattern sirtold® content when they
were exposed to Zn. However, when $e@s applied, S content increased
for all wheat accessions to over 12-fold, exhilgitanstrong stimulation of S
by selenate at the dose added. A 3-fold variatio8 levels was observed in
these wheat accessions. S deficient wheat plaotedased the Se content in

grains up to 6.4-fold’. By contrast, the S contents were reduced in pedr|
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wheat accessions when the plants were;$e@ted. These results confirm
that Se forms imposed opposite effects on S coritentheat plants, as

shown in other studie§?®

3.4. Different capacity of wheat accessions to eotrate nutrients in grains

To investigate the responses of wheat lines totiaddi Zn as well
as to different Se forms, the total mineral contentwheat grains were
determined. The wheat accessions showed diffelsgraaity to concentrate
Zn when they grew in culture solution (Fig. 3A).eTEn supplementation
increases the Zn content in all wheat lines. Ine@eain Zn concentration
following Zn fertilization were observed in whe&t?. When SeQ was
added in the culture solution, the plants were festéd, increased or
suppressed as to the Zn levels<(p.05). An average increase of 27% in Zn
concentration was observed. On the other hand, ndaibifion of Zn
concentration was detected in almost all accessibngheat grains SeP
treated, except lines EMB 9 and EMB 20. These tgsaobnfirm the
differences among lines, pointing out the genotytes could be used in
plant breeding, taking into account specific Zngédrcontents, e.g., that
establish by HarvestPlus Program at 33 mg Zh(kgvw.harvestplus.org).

Se was undetected in wheat grains under ControZanmeatments
in culture solution and showed a 2.4-fold differetetween lines with high
and low Se levels in Se-treated plants (Fig. 3B). general, plants
accumulate more Se when Sa®added in nutrient solution than Se®he
small differences between Sg@nd SeQ found in this study agree with
those reported in rice Se-treated graffisHowever a high suppression
occurs in grains in comparison with leaves (Fig),2&®jyreeing with those
results found for rice and whedt®® By contrast, Se levels that were
analyzed in cultivated spring wheat crop showedng&e content higher
than shoots$®*° Broadley et af* reported that 10 g Se haould increase

10-fold the Se concentration in wheat grain.
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Phosphorous content in wheat grains was relativapsistent
among wheat lines in culture solution. Zn-treatetieat plants were
unaltered or showed a slight suppression in graievels for nearly all
accession except cultivars BRS 254 and BRS 264 (p05) (Fig. 3C).
Interactions between these two elements have kgmnted in the literature
1622 When Se was applied in nutrient solution withitiddal Zn, a general
inhibition was observed. While Se@did not affect or it inhibited P content
in some lines, the Se@reated increased in P content (EMB 7, EMB 9,
EMB 20 and Supera, $0.05). These results suggest that Sis@nore toxic
than Se@to P levels, confirming the results found for lesmva which
phosphate transporters act on this proc&Ss

A similar pattern of P content result was found $olevels in wheat
plants for all treatments (Fig. 3D). While Seéxhibited enhancements, did
not affect or resulted in a low suppression, Seftdwed a general inhibition.

These results confirm the affinity of selenate veitiiphate transport§*°

3.3. Zn efficiency of wheat accessions Zn and &xtetd

To evaluate the Zn efficiency we considered thattnent control as
Zn deficient. In this study, an extreme geneticedsity was found for Zn
efficiency ratios, which showed different respondes the lines and
treatments. Apparently, Sge@eated plants showed the biggest mean values
for shoot and grain dry matter and Zn concentrat@itoots of wheat Se©
treated plants improved the Zn efficiency and, untihés treatment the
highest means values of 100%, 96% and 129%, regelctvere observed,
for Zn, Zn+SeQ@ and Zn+Se@ (Table 2). The line EMB 20 was more
efficient in using Zn, however this line showed theest shoot dry matter
production value, 31% in comparison with the can{data not shown).
These results are similar to those reported fodoitlp tetraploid and
hexaploid wheat'. A response pattern similar to shoots was obsefaredn

efficiency in grain production, while Zn and Zn+Seghowed mean values
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of 88% and 109%, the Zn+Se@eatment showed 114%. In spite of the
higher values for Zn efficiency, the lines of the+8eQ treatment that
showed highest in Zn efficiency, showed the loweatues for grain
production. Wheat experiments, in Zn-deficient soishowed seed Zn
content enhancements, however the high Zn effigiemas not associated
with high dry matter or Zn efficienc¥.

The Zn efficiency for nutrient concentration in sk®and grains has
a similar pattern as the abovementioned (Tabldd8yever, in 50uM Zn,
the line having the highest Zn efficiency was EMB Bhen we evaluated
the grain concentrations, the most efficient Zn lise was EMB 11
Zn+SeQ-treated, which showed the lowest Zn concentrat@loes. Despite
SeQ reducing the shoot and grain production, the higla efficiency was

observed under this treatment.

3.4. Interaction among nutrients in wheat grains Znd Se-treated

To examine the effect of Zn and Se addition in whe@ins,
cultivated in culture solution upon the accumulatf the other minerals,
we measured treatment responses in terms of thveekoncentration of a
number of minerals (Supplementary Figure S1). Addime treatments in
culture solution resulted in a slight reductiorPirconcentration in all wheat
lines (Fig. S1A), which agrees with similar resutesported for wheat
seedlings in culture solutioff. The P-Zn interaction is well-known and
documented and Zn supplementation decreases B liewgrains and vice-
versa'®? In spite of the P-Zn interaction, the treatment+ZeQ showed
the lowest values for relative P concentrationlinast all lines. On the other
hand, this treatment increased the Zn concentrdtiothe grains, which
explains the P reduction due to the antagonism dmivihese nutrient§*
(Fig. 3A). In general, K concentrations (Fig. S18) Ca (Fig. S1C) were
not affected by the treatments. The relative comaian of Mg (Fig S1D) in

wheat grain was similar to those reported for PfuBlconcentration the
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grain showed different response in each treatnvehite half of the lines Zn-
and Zn+SeQ@treated showed a small enhancement in the relative
concentration of S, Zn+SeQ@educed S concentration in all lines, with the
exception of EMB 30 (Fig. S1E). S and Se have &gya interactiorf®*®
but Se added with Zn was not sufficient to increabe S content in grains.
When we examine micronutrients, they showed differesponses in each
treatment. Boron (Fig. S1F) was not affected byoZise addition, whereas
the nutrients Cu (Fig. S1G), Fe (Fig. S1H), Mn (F#41) and Mo (Fig. S1J)
had suppression in their relative concentration rwhige treatments were
applied. The treatment Zn+Sg@as apparently more toxic to Mn levels in
wheat plants. In general, Zn supplementation irsge&n concentration in
all treatments and lines (Fig. S1K). A two-fold liease was observed in
some lines. Apparently, some lines, like EMB 59730 and BRS 264, were
stimulated with Se@addition, showing different germplasm responses an
the possibility to work these elements together. tm other hand, SeO

decreases Zn concentration in most lines.

Conclusions

The treatments affected the mineral status andtguglowth and
yield in wheat tissues. These wheat lines showatbtgpic variations in
response to Zn, Zn+Sge@nd Zn+Se@treatments exhibiting differences in
Zn efficiency. Thus, the study will be useful tovdp and select cultivars
with better plant ability to concentrate micronetris in edible parts. Taking
into consideration the agronomic parameters, mitigentent, and potential
of increasing nutrients in these wheat lines wecetg the accessions BRS
207; BRS 254; BRS 264; EMB 19 and EMB 33 for bitifaration with Zn;
many lines such as Brilhante; BRS 264; EMB 7; EMB éd EMB 30
appeared to be appropriate for Zn+geénd Brilhante; BRS 254; Supera;
EMB 20 and EMB 33 for Zn+SeQ

Abbreviations
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Fe, iron; Zn, zinc; Se, selenium; I, iodine; Cu,pper; Ni, nickel;
HsHEDTA, N-2-hydroxyethylethhylenediamine-N,N’,N’-&rtetic  acid;
MES, 2-(N-morpholino)-ethane sulfonic acid; JSaQ, sodium selenate;
Na;SeQ, sodium selenite; Zn+SgQzinc (50 uM) + selenate (1QuM);

Zn+SeQ, zinc (5QM) + selenite (10 uM); QA/QC, quality
assurance/quality control; P, phosphorous; S, suky Potassium; Ca,
Calcium; Mg, Magnesium; B, Boron; Fe, Iron; Mn, Mgmese; Mo,

Molybdenum.
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Figure captions

Figure 1. Effect of treatments on grain dry matter (A) andigiht of 100
grains (B) in wheat varieties and cultivars. Valghswn are mean + SE (n =
3). Different letters above the column indicatenffigant difference at px
0.05 by Skott-Knott test.

Figure 2. Effect of treatments on Zn (A), Se (B), P (C) &¢D) content in
wheat shoots. Values shown are mean + SE (n = ifferént letters above

the column indicate significant difference at p.05 by Skott-Knott test.

Figure 3. Effect of treatments on Zn (A), Se (B), P (C) &¢D) content in
wheat grains. Values shown are mean + SE (n = Bferbnt letters above

the column indicate significant difference at 0.05 by Skott-Knott test.

Supplemental Figure S1Relative content of nutrients in wheat grains 0f 2
lines in response to Zn and Zn+Se treatments. Tdiative nutrient
concentrations were calculated by dividing the mahe&ontents following
nutrient treatment with those in control solutiéh(A), K (B), Ca (C), Mg
(D), S (E), B (F), Cu (G), Fe (H), Mn (I), Mo (Jh@& Zn (K). Values shown
are mean + SE (n=3). Different letters above tHama indicate significant

difference at p< 0.05 for treatments.
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Table 1 — List of wheat accessions used in theraxeat (15 varieties and 5

cultivars).
Varieties Parents Cultivars  Parents
EMB 1 BRS 207 / CPAC 91161 Brilhante Brilhante = PF 86BR 24
EMB5  CPAC 8947/ CPAC 8886 BRS 207 Seri 82/ PF 813
EMB 7 Brilhante / CPAC 961114 BRS 254 BRS 264*3 / ANA 75
EMB 9 BRS 207 / CPAC 9548 BRS 264 Buck Buck / Chiroca // TUI
EMB 10 BRS 207/ CPAC 9548 Supera PF 9099 /0OR 1
EMB 11 CPAC 93175/ Graneiro Inta
EMB 14 CPAC 93175/ Graneiro Inta
EMB 15 CPAC 93175/ Graneiro Inta
EMB 19 BRS 207/TB 951
EMB 20 IAPAR 17/ BRS 264
EMB 26 CPAC 96306 / CPAC 9985
EMB 30 CPAC 96306 / CPAC 9985
EMB 33 PF 81627/ BRS 264 // PF 990607
EMB 34 Taurum/BRS 207 // PF 8190 / BR 18
EMB 38 PF 013452 /BRS 207

"The varieties that have the same parents reprefféetent lines selected

from F2 crossing.
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Table 2 — Effects of the treatments on the Zn fisgaency (%) of shoot and

grain dry matter of wheat accession.

Dry matter (%)*

Shoot Grain

Accessions Zn Zn+Se0 Zn+SeQ Zn Zn+SeQ Zn+SeQ
EMB 1 81 103 94 67 94 83
EMB 5 63 91 92 66 99 89
EMB 7 99 110 92 102 121 95
EMB 9 77 121 132 71 134 131
EMB 10 49 69 55 80 121 117
EMB 11 87 61 204 99 96 177
EMB 14 141 137 142 68 89 81
EMB 15 115 92 111 128 157 139
EMB 19 80 94 71 48 82 45
EMB 20 106 129 322 97 114 132
EMB 26 82 136 120 98 154 95
EMB 30 113 105 117 127 114 127
EMB 33 85 94 115 46 65 82
EMB 34 59 54 66 54 95 64
EMB 38 146 92 183 88 109 142
Brilhante 86 91 89 81 120 120
BRS 207 167 68 135 137 75 121
BRS 254 92 55 81 83 96 82
BRS 264 167 101 210 137 111 175
Supera 105 118 142 92 135 187
Mean 100 96 129 88 109 114

*The values are means of 3 replicates.
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Table 3 - Effects of the treatments on the Zn aadation of shoot and grain

concentrations of wheat accession.

Zn accumulation (%)*

Shoot Grain
Accessions Zn Zn+Se0 Zn+SeQ Zn Zn+Se@ Zn+SeQ
EMB 1 110 50 40 51 54 69
EMB 5 30 31 56 63 47 75
EMB 7 26 39 64 62 52 98
EMB 9 40 28 43 61 47 62
EMB 10 30 34 83 53 59 80
EMB 11 30 36 116 51 64 116
EMB 14 71 35 41 41 39 58
EMB 15 27 26 74 59 67 68
EMB 19 49 22 83 64 60 94
EMB 20 45 37 52 57 59 62
EMB 26 31 26 51 42 45 73
EMB 30 23 24 31 67 59 81
EMB 33 154 130 108 34 32 41
EMB 34 49 43 74 45 51 72
EMB 38 28 25 26 62 70 85
Brilhante 59 55 11 63 62 82
BRS 207 18 32 24 48 85 77
BRS 254 29 27 77 61 67 75
BRS 264 25 13 26 78 57 72
Supera 25 29 14 63 79 79
Mean 45 37 55 56 58 76

*The values are means of 3 replicates.
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Figures
Fig. 1
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Figure 1. Effects of treatments on grain dry maff€r and weight of 100

grains (B) in wheat varieties and cultivars. Valshsewn are mean + SE (n

3). Different letters above the column indicatenffigant difference at

0.05 by Skott-Knott test.
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Fig. 2
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Figure 2. Effects of treatments on Zn (A), Se (B), P (C) &(D) content in

3). Different

letters above the column indicate significant didfece at p< 0.05 by Skott-

Knott test.

wheat shoots (flag leaves). Values shown are me3Ek £n
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Fig. 3
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Figure 3. Effects of treatments on Zn (A), Se (B), P (C) &(D) content in

wheat grains. Values shown are mean + SE (n = BferBnt letters above

the column indicate significant difference at 0.05 by Skott-Knott test.
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Supplemental figure S1.
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Supplemental Figure.Relative content of nutrients in wheat grains 6f 2

lines in response to Zn and Zn+Se treatments. €lative nutrient content
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were calculated by dividing the mineral contentdlofeing nutrient
treatment with those in control solution. P (A)(B), Ca (C), Mg (D), S (E),
B (F), Cu (G), Fe (H), Mn (1), Mo (J) and Zn (K).alles shown are mean +
SE (n=3). Different letters above the column intkcsignificant difference

at p< 0.05 for treatments.



