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RESUMO

MESSIAS, Rafael da Silva. Respostas bioquimico-fisiol6gicas e agrondmicas
em alface e milho em funcdo da aplicagao de ‘agua de xisto’. 2011. 156f.
Tese (Doutorado). Programa de Poés-graduacdo em Ciéncia e Tecnologia

Agroindustrial. Universidade Federal de Pelotas, Pelotas-RS.

Historicamente, o0s objetivos dos esforgcos agrondmicos tem se focado na
produtividade, através do uso de fertilizantes que, devido aos processos de
producdo, tem se tornado cada vez mais livres de micronutrientes e elementos-
traco, limitando a demanda para as plantas, causando o empobrecimento dos
solos, e consequentemente, limitando a qualidade das culturas. Assim, a busca
por fertilizantes foliares complementares, capazes de biofortificar culturas e lidar
com a deficiéncia de micronutrientes em plantas, tem sido objeto de varios
estudos. Neste contexto, a 4gua extraida do folhelho pirobetuminoso (dgua de
xisto), durante o processo de pirélise para obtencao de 6leo combustivel e outros
produtos, representa uma alternativa segura do ponto de vista ambiental. Neste
estudo, a agua de xisto foi caracterizada fisico-quimicamente e avaliou-se a
seguranca e potencial de sua utilizacdo na agricultura, com ou sem
enriqguecimento com micronutrientes. Os resultados mostraram uma grande
variedade de compostos organicos, nutrientes minerais e elementos-trago neste
subproduto, representando uma matriz complexa que poderia ser de interesse
para a nutricdo e a inducdo do metabolismo primario e secundario das plantas. A
aplicacgéo foliar de diferentes doses de agua de xisto em alface mostrou auséncia
de contaminantes toxicos, indicando a sua seguranca para uso na producao de
alimentos. Além disso, 0 aumento na produtividade e em determinados nutrientes
em alface, assim como a melhoria do crescimento de plantas de milho e o
incremento na produtividade e qualidade de gréos, incluindo metabdlitos primarios
e secundarios, também foram observados devido a aplicacéo foliar de agua de
xisto. O enriguecimento com micronutrientes também mostrou incremento na
produtividade, teor de aminoacidos, bem como no acumulo de alguns minerais em

graos de milho. No entanto, a suplementacdo com micronutrientes ndo aumentou



o teor de carotendides, sugerindo que a 4gua de xisto poderia ser utilizada na
agricultura, sem necessidade de enriguecimento, 0 que representa uma

alternativa adequada para fornecer nutrientes e biofortificar culturas.

Palavras-chave: milho, alface, aplicagéo foliar, &gua de xisto, nutricdo de plantas,

metabolismo primario, metabolismo secundario.



ABSTRACT

MESSIAS, Rafael da Silva. Biochemical-physiological and agronomic
responses in lettuce and maize according to the application of ‘shale water’.
2011. 156f. Tese (Doutorado). Programa de PoOs-graduacdo em Ciéncia e

Tecnologia Agroindustrial. Universidade Federal de Pelotas, Pelotas-RS.

Historically, the aim of agronomic efforts has been focused on yield, using
fertilizers that, due to the production processes, have become increasingly free of
trace elements and micronutrients, limiting the demand for plants, causing soil
depletion, and consequently, limiting the quality of crops. Thus, the search for
foliar supplementary fertilizers, able to biofortify crops and to deal with plant
micronutrient deficiency, has been the subject of several studies. In this context,
the water extracted from shale rock (shale water) throughout the pyrolysis process
to obtain fuel oil and other products represent an environment safety alternative. In
this study, shale water was characterized physical-chemically and evaluated the
security and potential of its use in agriculture delivered with or without
micronutrient enrichment. The results showed a great variety of organic
compounds, mineral nutrients and trace elements in this by-product, which
represent a complex matrix that could be of interest for plant nutrition and
induction of primary ans secondary metabolisms. The foliar application of different
doses of shale water in lettuce showed an absence of toxic contaminants,
indicating its security to use in food production. Furthermore, the increase on yield
and in certain nutrients in lettuce as well as the improvement of maize plants
growth and grains yield and quality, including primary and secondary metabolites,
were also observed by the foliar application of shale water. The enrichment with
micronutrients also shows improvements on yield, amino acids content as well as
of some minerals accumulation in maize grains. However, micronutrient
supplementation did not increase carotenoids content, suggesting that shale water
could be used in agriculture without de necessity of enrichment, representing an

appropriate alternative to provide nutrients and biofortify crops.



Keywords: maize, lettuce, foliar apllication, shale water, plant nutrition, primary
metabolism, secondary metabolism.
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1. INTRODUCAO GERAL

O estudo desenvolvido nesta tese foi intitulado “Respostas bioquimico-
fisiologicas e agronémicas em alface e milho em fungéo da aplicagéo de ‘agua de

xisto’” e esta inserido no contexto do projeto Xisto Agricola que teve seu inicio em
2005 por meio da cooperacdo entre Embrapa Clima Temperado, FAPEG e
Petrobras, visando avaliar a seguranca e potencial de uso de subprodutos da
mineracao do folhelho pirobetuminoso como insumos na agricultura.

O xisto (folhelho pitobetuminoso) € uma rocha de origem sedimentar
formada ha 250 milhdes de anos pela consolidacdo e deposicdo de sedimentos,
especialmente algas e animais marinhos. Este folhelho pirobetuminoso ocorre
desde o Planalto Central Brasileiro até o Uruguai, em faixas estreitas, chegando a
aflorar em algumas regides, como em Sao Mateus do Sul.

A caréncia de novos insumos agricolas, para uso em sistemas de
producdo de base agroecoldgica, especialmente fertilizantes, a elevada
disponibilidade de produtos do processamento do xisto e a sua composi¢ao
quimica, rica em macro, micronutrientes, elementos-traco e compostos organicos,
pressupdem um potencial uso agronémico destes subprodutos como matéria-
prima na formulacdo de fertilizantes sodlidos, liquidos e fitoestimuladores.
Subprodutos solidos, como o calcario de xisto, rico em célcio e magnésio, o xisto
retortado e os finos de xisto, com elevadas concentragdes de carbono organico,
nitrogénio, e enxofre, além de micronutrientes, sdo de interesse agrondémico.

O processamento por pirdlise de cerca de 7.800 toneladas de xisto ao dia
para obtencdo de oOleo e gas combustivel, GLP, nafta e enxofre inclui ainda a
geracéo de até 300 m? dia™ de um subproduto liquido (Agua de xisto) extraido da
rocha pela tecnologia de retortagem, utilizando gas a altas temperaturas,
desenvolvida pela Petrobras (Petrosix®), o qual apresenta ampla gama de
compostos organicos dissolvidos e suspensos (emulsificados), além de macro,
micronutrientes e elementos traco provenientes da fossilizacao de algas durante o
periodo Permiano, co posicdo esta que tem mostrado potencial devido a
importancia destas substancias na nutricdo de plantas. Este co-produto teve seu
licenciamento aprovado pelos 6érgdos ambientais competentes em maio de 2008,

sendo posteriormente registrado no ministério da agricultura, pecuéaria e
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abastecimento (MAPA), primeiramente como matéria-prima para formulagdo de
fertilizantes foliares.

E parte integrante desta tese, uma revisdo bibliografica, abordando as
diferentes estratégias de biofortificacdo na cultura do milho, foco deste trabalho,
incluindo aspectos de sua anatomia, fisiologia e composi¢do quimica, nutricional e
funcional, bem como o estado da arte relativo aos conhecimentos e aplicacdes
das técnicas de fertilizacdo, melhoramento convencional, transgenia e
mutagénese, com foco especial na biofortificacdo de micronutrientes e compostos
fitoquimicos de metabolismo secundéario. A partir desta énfase, esta reviséo foi
reestruturada visando sua publicacdo em periddico especializado sob o titulo
“Biofortification of micronutrients and functional compounds in maize grains”.

Os resultados experimentais obtidos até o momento foram apresentados
em trés artigos. O artigo intitulado “Physical-chemical characterisation of water
from de pyrobituminous shale pyrolysis process and evaluation of its potential use
in agriculture”, apresenta a caracterizacao fisico-quimica da agua de xisto, através
da sistematizacdo de dados obtidos de diferentes periodos de amostragem, bem
como a avaliagdo do seu potencial e seguranga como fertilizante foliar na cultura
da alface. Os resultados mostram a seguranca tanto ambiental quanto relativa aos
alimentos gerados, tendo ainda induzido um maior crescimento foliar das alfaces
tratadas nas doses de 6 e 18 L ha™’, bem como incremento no actmulo de
nutrientes minerais correlacionado com a maior producdo de matéria seca nestas
mesmas doses, sugerindo seu potencial uso na nutricdo de plantas. O segundo
artigo constante nesta tese € intitulado “Isolation of high quality RNA from maize
grain (Zea mays L.)” apresenta as adaptacdes e otimizacbes metodoldgicas
necessarias ao processo de isolamento de RNA de graos de milho devido a
dificuldade relativa a complexa matriz presente nestes graos, onde pode-se
alcancar excelente qualidade e concentragdo do RNA extraido através da
adaptacdo de método baseado no uso de CTAB, o qual apesar de mais laborioso
apresenta baixos custos em relacdo aos kits e extratores comerciais disponiveis
no mercado para este fim. Os resultados obtidos possibilitaram a avaliagcdo da
expressao de genes da via metabolica de carotendides com alto grau de preciséo.
O terceiro artigo, intitulado “Foliar application os ‘shale water’ improves yield and

quality of maize (Zea mays L.)” visou avaliar o efeito da aplicacdo foliar da agua
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de xisto, com ou sem enriquecimento com micronutrientes, no crescimento de
plantas de milho e na produtividade e qualidade de graos de milho. Os resultados
deste estudo mostraram que a aplicacéo foliar de agua de xisto, ao longo do ciclo
da cultura do milho, influenciou o acimulo de minerais e metabdlitos primarios, o
gue resultou em aumento do crescimento vegetativo, da produtividade e de teores
de metabdlitos secundarios, como compostos fendlicos totais e carotendides.

No transcorrer do doutoramento foram ainda realizados outros ensaios
com a cultura do milho onde se testou e otimizou uma formulacdo de fertilizante
foliar & base de agua de xisto e enriguecida com sais de micronutrientes a qual foi
requisitado pedido de propriedade intelectual, estando este em processo de
redacdo final em escritério especializado e, portanto, ndo € constante neste
documento. Além disso, diversos outros estudos realizados com a cultura da
alface (os quais ndo séo parte integrante desta tese) possibilitaram uma maior
compreensao relativa a funcionalidade e mecanismos de a¢cdo da agua de xisto,
acarretando em resultados importantes para a definicdo das estratégias utilizadas
nos experimentos integrantes desta tese. Cabe ainda salientar que o ambito da
proposta de estudo exigiu cuidados experimentais adicionais, bem como uma
maior otimizacdo das metodologias analiticas e procedimentos de amostragem
devido a natureza dos tratamentos, de forma a possibilitar a confiabilidade e

significancia dos dados gerados.
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2. REVISAO BIBLIOGRAFICA

BIOFORTIFICACAO EM MILHO

Os trés cereais mais cultivados (milho, trigo e arroz) provéem mais da
metade da necessidade calodrica animal e humana. Milho e trigo sdo também os
graos mais comumente consumidos por animais (GODWIN et al., 2009). O milho
sozinho é responsavel por fornecer cerca de 15% das proteinas e 20% das
calorias na dieta humana (http://faostat.fao.org/), proveniente de uma &rea
cultivada de 159,5 milhGes de hectares em 2009 (FAOSTAT, 2011). O Brasil,
como terceiro maior produtor mundial de milho, foi responsavel por uma producéao
de 56 milhdes de toneladas de gréos na safra 2009/2010 (CONAB, 2011). Sua
importdncia € evidenciada pelos seus multiplos aproveitamentos, sendo
consumido em uma grande variedade de formas, desde o milho em espiga ou
enlatado, até o creme de milho, o fuba (farinha de milho) e a polenta, e servindo
de insumo para producédo de pelo menos uma centena de produtos, além do uso
de seus derivados em aplicagcbes que vado da industria petrolifera e téxtil a
farmacéutica.

Os cereais, em geral, possuem uma matriz rica em compostos organicos e
minerais com potencial benéfico a salde, atuando diretamente como
antioxidantes (vitamina E, carotenoides e fendlicos), como cofatores de enzimas
antioxidantes (selénio, manganés e cobre) ou ainda como antioxidantes indiretos
(betaina, colina e folatos). Além disso, se consumidos integrais 0s cereais sao
uma boa fonte de &cido fitico, lignina, aminoacidos sulfurados, minerais (como
ferro e zinco), e fibras, moléculas que podem atuar na melhora da capacidade
antioxidante (FARDET et al., 2008).

Estudos epidemioldgicos tém mostrado que o consumo de graos integrais e
de produtos baseados nestes grados resultam em prevencdo a ocorréncia de
doencas cardiovasculares (LIU et al., 1999; ANDERSON et al.,2000;), alguns
tipos de cancer (JACOBS et al., 1995, 1998; KIM et al., 2001), diabetes Tipo 2
(LIU et al., 2000) e obesidade (MISRA et al., 2009). Apesar disto, a atencao dada

ao consumo de graos tem sido pequena quando comparada a de outros vegetais,
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mesmo que oS graos e seus produtos originados estejam na base das piramides
nutricionais de forma a enfatizar sua importancia na alimentacdo. A maioria dos
trabalhos publicados cita frutas e hortalicas como as fontes principais de
compostos fitoquimicos (HALEEM et al, 2008; SOMMERBURGB et al, 1998).
Porém, os grdos contém compostos fitoquimicos que, devido a sua natureza e/ou
forma em que se encontram na matri destes graos, podem complementar aqueles
encontrados em frutas e hortalicas (LIU, 2007). Enquanto as frutas e hortalicas
contém a grande maioria de seus compostos fitoquimicos nas formas conjugadas
livres ou solUveis como glicosideos, os fitoquimicos dos graos podem existir tanto
nas formas livre quanto conjugada soluvel ou ainda em formas complexadas
insollveis. Estes ultimos encontram-se ligados a materiais principalmente da
parede celular, sendo que até 70% dos compostos fendlicos totais presentes no
milho encontram-se nesta forma (SERPEN et al., 2007; ADOM et al., 2003;
ADOM e LIU, 2002; BUNZEL et al., 2001). Este material de parede celular é de
dificil digestdo passando pelo trato gastrointestinal e alcancando o célon, onde
estes compostos podem ser absorvidos e terem sua atividade liberada atuando
localmente como constatado por Adom e Liu (2002) em estudo sobre os efeitos
destes graos no cancer de célon.

Existem razbes para acreditar que o conteddo de muitos metabdlitos
secundarios de defesa das plantas na dieta € menor que o 6timo necessario para
promover melhoras na salude humana, mesmo para aqueles onde teores muito
altos sédo considerados prejudiciais (BRANDT e MOLGAARD, 2001). Assim,
embora a produtividade permaneca o maior foco para a maioria dos programas de
melhoramento e produtores, a qualidade dos grdos é um fator de grande
importancia para a maioria dos cereais, devido a sua abrangéncia na dieta. No
caso do milho, os teores e o balanco de alguns nutrientes essenciais encontram-
se inadequadas, especialmente para populacdes que tem neste cereal sua
principal fonte de alimentagdo. Deficiéncias como dos aminoacidos lisina e
triptofano, minerais traco e precursores de vitamina A tornam o milho uma cultura
de grande interesse em estratégias de biofortificacdo (NUSS e TANUMIHARDJO,
2010). Biofortificacdo € um termo que vem sendo utilizado para abranger as

quatro estratégias mais utilizadas de fortificacdo enddégena incluindo o
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melhoramento genético convencional, a mutagénese, a transgenia, e o uso de
fertilizantes (ORTIZ-MONASTERIO et al., 2007; ZHU et al., 2007).

Como consequéncia, o milho € uma das espécies vegetais mais estudadas
do ponto de vista gendbmico e atualmente, inimeros de seus caracteres
hereditarios e o seu genoma sdo bem conhecidos (SCHNABLE et al., 2009).
Dentre as poaceas, s6 0 arroz ainda possui um maior detalhamento do seu
genoma estrutural e funcional, principalmente em funcdo do menor tamanho deste
e da complexidade genémica do milho (SASAKI e BURR, 2000). Atualmente, o
germoplasma do milho é constituido por populacbes adaptadas, por materiais
exoticos introduzidos e por variedades crioulas (locais), sendo caracterizado por
uma ampla variabilidade genética (ARAUJO e NASS, 2002), gerando o que se
aponta como um excelente potencial para o melhoramento. Na medida em que os
mercados consumidores tornam-se mais exigentes em relacdo ao valor nutritivo e
funcional dos alimentos, a variabilidade genética torna-se um fator fundamental
para se melhorar o potencial, tanto quantitativo quanto em relacdo a qualidade, de
espécies vegetais que compdem nossa nutricdo, direta ou indiretamente
(ALTIERI, 2002).

A criacdo de novas variedades €, portanto, uma ferramenta poderosa para
incrementar compostos de interesse nutricional, bem como aumentar a resisténcia
da planta contra patégenos e pragas (FUJIMORI et al, 2004; ORTIZ-
MONASTERIO et al, 2007). O melhoramento convencional baseado na
variabilidade genética natural do milho tem sido o processo mais utilizado, mas
também o mais lento (NAQVI et al., 2009). Por outro lado, técnicas de transgenia
e mutagénese tem se tornado cada vez mais comuns por terem uma acao mais
direcionada e possibilitarem maior entendimento acerca das rotas biossintéticas
(HUANG et al., 2004; NAQVI et al., 2009; WU et al., 2010). Outra estratégia de
biofortificacdo, por meio da fertilizagdo com nutrientes, também tem sido
intensivamente utilizada na cultura do milho nos ultimos anos, sendo a fertilizacao
foliar complementar uma das técnicas de maior crescimento, contribuindo para
isto o desenvolvimento de hibridos com alto potencial nutricional e o uso de
fertilizantes com altas concentracbes de macronutrientes e baixas de
micronutrientes (COELHO & FILHO, 2006). Esta prética torna-se mais adequada

em grandes comodities e pode ser de baixo custo, uma vez que comumente &
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utilizada concomitantemente com a aplicacdo de herbicidas e/ou inseticidas. Além
disso, a pulverizacao permite a aplicacdo de minerais no momento certo durante o
desenvolvimento da planta, evitando perdas (BRAKEMEIER, 1999).

Com base na grande variabilidade genética, na vulnerabilidade metabdlica
frente a estresses abidticos e no importante aporte nutricional proporcionado pelo
milho, pode-se ter nesta cultura uma das principais fontes de nutrientes e
compostos funcionais do reino vegetal. Neste ambito, esta revisdo discute o
potencial nutricional e funcional dos grdos de milho, seus principais compostos
bioativos em suas diferentes fracoes, relatando os esfor¢os de biofortificacdo que

vem sendo desenvolvidos para esta cultura.

Estrutura anatémica e composicdo quimica geral de graos de milho

Conhecido botanicamente como cariopses, os grdos de milho séo
formados por quatro principais estruturas fisicas: endosperma, gérmen, pericarpo
(casca) e ponta (Figura 1), as quais diferem em composi¢do quimica e também na
organizacdo dentro do grao (Tabelas 1 e 2) (PAES, 2006). Cerca de metade
(42%) da massa seca da planta de milho é oriunda da cariopse. Caracteristicas
genéticas, condi¢cdes edafoclimaticas e estadio de desenvolvimento podem
impactar na composicdo do grao dentro e entre variedades (NUSS e
TANUMIHARDJO, 2010).

Pericarpo (5 - 6%)

Camada de Aleurona (2 - 3%)

Endosperma (80 — 85%)

Gérmen (10 - 12%)

Ponta (1 -2%)

Figura 1. Anatomia do grao de milho e intervalo percentual das principais fragoes.
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O endosperma representa aproximadamente 83% da massa seca do grao,
consistindo-se principalmente de amido (88%), organizado na forma de granulos.
No endosperma estdo também presentes as proteinas de reserva (8%) do tipo
prolaminas. Essas proteinas formam a matriz que envolve os granulos de amido
dentro das células (XU e MESSING, 2008). O gérmen representa 11% do grao de
milho e concentra quase a totalidade das moléculas hidrofébicas (6leo e vitamina
E) e dos minerais do gréo, além de conter quantidades importantes de proteinas e
acucares (PAES, 2006).

Tabela 1. Composicéo quimica proximal das principais fracées de grdos de milho
amarelo integral’.

Lo Endosperma Gérmen Pericarpo
Componente quimico 1
g 100g

Amido 87,6 8,30 7,30
Proteina 8,00 18,4 3,70
Extrato etéreo 0,80 33,2 1,00
Cinzas® 0,30 10,5 0,80
Fibra Bruta 2,70 8,80 86,7
Aclcares 0,62 10,8 0,34

"Fonte: FAO (1992).
%Cinzas refere-se a minerais totais, nutrientes e elementos toxicos.

Tabela 2. Composi¢ao quimica proximal, de vitaminas, minerais e aminoacidos de
gréos de milho amarelo comum?.

Composicdo Proximal | Vitaminas | Minerais |Aminoécidos essenciais
por 100g
Umidade (g) 10,4 | Tiamina (mg) 0,385 | Cacio (mg) 7,00 | Triptofano (g) 0,067
Energia (kcals) 365 | Riboflavina (mg) 0,201 | Fosforo (mg) 210 | Lisina (@) 0,265
Acido Pantoténico
Carboidratos (g) 74,3 | (mQg) 0,424 | Ferro (mg) 2,71 | Metionina (g) 0,197
Proteina (N x 6,25) 9,40 | Vitamina B6 (mg) 0,622 | Potassio (mg) 287 | Fenilalanina (g) 0,463
Lipidios Totais (g) 4,70 | Vitamina B12 (mg) 0 |Magnésio (mg) 127 | Treonina (g) 0,354
Cinzas (g) 1,20 | Niacina (mg) 3,63 | Cobre (mg) 0,31 | Histidina (g) 0,287
Fibras Totais (g) 7,30 | Folato (ug) 19,0 | Zinco (mg) 2,21 | Valina (@) 0,477
AcUcares Totais )
(9) 0,64 | Acido Ascérbico (mg) 0 | Sddio (mg) 35,0 | Isoleucina (g) 0,337
Manganés
Vitamina A (pg) 11,0 | (mg) 0,49 | Leucina (g) 1,155
Vitamina E (mg) 0,490 | Selénio (ug) 15,5

"Todos os valores do National Nutrient Database for Standard Reference, Release 23 (USDA,
2010).

Com os recentes progressos no estudo de graos integrais, a distribuicdo de
fitoquimicos nas diferentes fracbes do grao (farelo, gérmen, e porcdo amilolitica

do endosperma) € de interesse. Porém, sdo escassos na literatura os resultados
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sobre os teores de fitoquimicos e atividades antioxidantes dessas fracbes em
gréos. Alguns estudos com trigo reportam perfis fitoquimicos e atividade
antioxidante de gréo integral (ADOM e LIU, 2002; ADOM et al., 2003), enquanto
outros avaliam apenas o farelo (YU et al., 2003; RONDINI et al., 2004; ZHOU e
YU, 2004) ou a por¢éo amilolitica do endosperma (YU et al., 2004). Resultados
obtidos por Adom et al. (2005) mostram que a maioria dos beneficios a saude,
proporcionados pelos fitoquimicos presentes nos graos integrais, estdo presentes
na fracao farelo/gérmen (Figura 1). O teor de compostos fenolicos (CF) da fracéo
farelo/gérmen, por exemplo, foi 15-18 vezes superior as amostras do
endosperma. Em farinha de gréos integrais de trigo, a fracdo farelo/gérmen
contribuiu com 83% do conteudo de CF total, 79% do conteudo total de
flavonoides, 78% do total de zeaxantina, 51% do total de luteina, e 42% do total
de B-criptoxantina (ADOM et al., 2005).

Nos grdos de milho, os carotendides, substancias hidrofébicas que
conferem a cor aos graos, sdo mais uniformemente distribuidos, com quantidades
significativas também na camada de aleurona e no endosperma vitreo, em
contraste com outros micronutrientes como minerais, elementos trago e polifenéis
(KONOPKA et al.,, 2004). Ja a vitamina E, de maneira geral, localiza-se
principalmente no gérmen dos cereais integrais, podendo ser extraida com a
fracdo lipidica ou perdida durante o processo de refino de 6éleo (CUKELJ et al.,
2010).

MACRONUTRIENTES E MICRONUTRIENTES EM GRAOS DE MILHO

Carboidratos e fibras
Os gréaos integrais sao fontes ricas de carboidratos, incluindo fibras

dietéticas, amido resistente e oligossacarideos. O endosperma da maioria dos
cereais é a porcdo que contém 60-70% de carboidratos, predominantemente
amido, acumulado em amiloplastos.

O amido presente nos gréos de milho é a principal macromolécula do ponto
de vista energético. Porém, nem todo amido € digerido, sendo influenciado pelos

teores das duas classes de amido existentes em milho, amilopectina e amilose. A
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razdo amilose/amilopectina, geralmente proxima a 25/75 no grdo de milho
(ZOBEL, 1988; WILSON et al., 2004), pode afetar a digestibilidade e absorcao do
amido durante o transito intestinal. No entanto, esta razao pode ser alterada por
modificacdes genéticas. O maior determinante na biossintese de amilose € a
enzima amido-sintase-ligada ao granulo (granule-bound starch synthase — GBSS),
enquanto que a biossintese de amilopectina estd sob o controle de nove
diferentes enzimas. Milhos mutantes com o gene waxy (wx) apresentam raz&o
amilose/amilopectina reduzida (0/100) e é considerado altamente digerivel e fonte
atil para manter o controle de glicose em individuos insensiveis a insulina (TSAl,
1974; SCHURE et al., 1983; LIU et al., 1999; SEETHARAMAN et al., 2001). Neste
mutante ndo ha atividade da enzima GBSS. Por outro lado, milho com o gene
mutante amylose extender (ae) aumenta esta razdo para 80/20, originando milho
ideal para certos produtos industriais (YUN e MATHESON, 1993). Milhos com
altos teores de amilose, tais como o mutante ae também tem sido desenvolvidos
por melhoramento convencional (MORITA et al., 1998). O mutante recessivo
sugary (su), por sua vez, interfere na sintese de amido, causando altos niveis de
polissacarideos de cadeia curta e sacarose no endosperma maduro (BOYER e
LIU, 1983). Ja o duplamente recessivo su2-wx proporciona alta digestibilidade e
palatabilidade (THOMPSON, 2000). Outros genes que regulam o teor de
carboidratos no grao incluem dull (du), brittle (bt), e shrunken (sh) (NUSS e
TANUMIHARDJO, 2010).

Além da relacdo amilose/amilopectina, outras caracteristicas que incluem a
forma, tamanho e tipo de gréanulo, associacdo entre o amido e outros
componentes, bem como o método de processamento também podem afetar a
digestibilidade do amido (EZEOGU et al., 2005) limitando ou facilitando sua
absorcdo. A fracdo do amido que resiste a digestdo enzimatica, chamada de
amido resistente, correlaciona-se com alta propor¢céo de amilose (BJORCK et al.
1994) e, apesar de ndo ser absorvido, também apresenta funcdo na saude
humana. No caso dos graos integrais, o amido resistente, juntamente com a
celulose, hemicelulose, lignina, inulina, oligossacarideos e outros constituintes
distribuidos no farelo e em partes do endosperma dos grdos compdem as fibras
dietéticas (LIU, 2007). As fibras dietéticas sdo consideradas como importante

componente da dieta para manutencdo do bom equilibrio energético. Nas
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variedades mais plantadas de milho, a porcentagem de fibras insolUveis é
geralmente 12%, enquanto que das fibras sollveis é menor do que 2% (NUSS e
TANUMIHARDJO, 2010). Esses carboidratos indigeriveis chegam ao colon onde
sao fermentados pela microflora intestinal até acetatos, butiratos e propianatos,
sendo os butiratos preferidos como fonte de calorias pelas células da mucosa.
Estas moléculas sdo os substratos para sintese de 4cidos graxos de cadeia curta,
que tém sido relacionados com a reducéao dos niveis de colesterol LDL e com a
inducdo de atividade antineoplasica (TOPPING e CLIFTON, 2001; SLAVIN,
2003).

Além disso, carboidratos ndo digeriveis aumentam a umidade e o peso
seco das fezes e facilitam o transito intestinal, diminuindo as oportunidades de
mutagénicos fecais interagirem com o epitélio intestinal (OLMO et al., 2007).
Diluem ou ligam-se ainda a &cidos biliares secundarios, 0s quais promovem a
proliferagdo celular, diminuindo assim a probabilidade de ocorrerem mutacoes.
Adicionalmente, a fermentacdo das fibras dietéticas diminui o pH intestinal,
inibindo a conversao de &cidos biliares primarios a secundarios e reduzindo a
solubilidade de &cidos biliares livres, diminuindo assim sua disponibilidade para
exercer atividade co-carcinogénica (SLAVIN et al., 1999; SLAVIN et al., 2003).
Outros mecanismos fisiolégicos de acado relacionados sdo a complexacdo e
eliminacdo do colesterol, modulacdo da atividade hormonal, estimulacdo do
sistema imunolégico, detoxificacdo, reducdo do contetdo calérico e glicémico dos
alimentos e sequestro de radicais livres (LIU, 2007). Resultados de diversos
estudos tém mostrado a acao protetora destas fibras dietéticas contra doencas
cardiacas (PIETINEN et al.,, 1996), alguns tipos de céanceres (KASUM et al.,
2002), obesidade e diabetes (MEYER et al.,, 2000; LIU et al., 2003; KOH-
BANERJEE et al., 2004). Milho com alto teor de amilose tem igualmente um maior
potencial antioxidante do que as variedades tipicas e cerosas, no entanto, as
razdes deste comportamento ainda sdo desconhecidas (LI et al., 2007).

As fibras solluveis (arabinoxilanas sollveis e B-glicanas) sdo conhecidas
por promover um baixo indice glicémico (IG) (FREI et al., 2003; CASIRAGHI et al.,
2006), estando relacionadas com reducéo do risco de diabetes tipo Il e doencas
cardiacas (PEREIRA et al., 2002; TRUSWELL, 2002). Graos ricos em fibras
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soluveis também tendem a aumentar a viscosidade intraluminal alterando o tempo
de absorcao de nutrientes no intestino (MISRA et al., 2009).

As caracteristicas do amido e demais macromoléculas podem afetar o
balanco glicémico. Heaton et al. (1988) compararam a resposta glicémica quando
individuos consumiram gréos inteiros integrais, grdos quebrados integrais, farinha
de graos integrais e farinha de gréos polidos de cereais. A resposta a insulina no
plasma aumentou na seguinte ordem: graos integrais < gréos quebrados < farinha
grossa < farinha de graos polidos. O tamanho da particula influenciou a taxa de
digestdo no caso de trigo e milho, mas nédo da aveia. Além disso, o consumo de
gréos inteiros ou fracionados proporcionou controle da pressdo sanguinea,
reducdo da necessidade de uso de medicacdo anti-hipertensiva e diminuicdo nos
niveis de colesterol no sangue (KAHLON et al., 1993; BRAATEN et al., 1994;
MISRA et al., 2009). Além disso, graos integrais influenciam as variacdes de peso
corpéreo, numa relagdo inversa. O aumento do volume de bolo alimentar, a
diminuicdo da densidade e relativamente baixa palatabilidade destes alimentos
promove maior saciez, resultando em diminuicdo do ganho de massa.

Além de fibras dietéticas e do amido resistente, os graos também contém
quantidades significativas de oligossacarideos, como oligofrutose e inulina, os
quais sdo compostos de estocagem natural de carboidratos em muitos tipos de
plantas. Estes oligossacarideos apresentam efeito similar ao das fibras sollveis
no sistema gastrointestinal, podendo afetar a flora fecal (SLAVIN, 2003). Estudos
em humanos indicam que o consumo de frutooligossacarideos (inulina e
oligofrutose) aumenta a concentracdo de bifidobactéria no intestino e reduz as
concentragbes de Escherichia coli, clostridios e bacter6ides (GIBSON et al.,
1995), atuando, desta forma, como um estimulante de bactérias probidticas no
intestino (LIU, 2007).

Proteinas e aminoéacidos
Embora os cereais (incluindo o milho) ndo sejam considerados fontes com

altos teores de proteinas, possuem teores proteicos suficientes para 0s
requerimentos diarios de adultos (CRISPEELS e SADAVA, 2003). Prolaminas séo
as proteinas majoritarias no milho, sendo as zeinas (a, B, y e d-zeinas) as mais

abundantes.
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A busca por grédos de milho com maiores teores protéicos tem se baseado
em diferentes estratégias. O cluster génico de uma classe de prolaminas de sorgo
(kafirinas), por exemplo, foi incorporado heterologamente em milho por transgenia
(SONG et al., 2001; 2004), visando aumentar o teor destas proteinas no grao. As
geracbes F2 e F3 mostraram aumento nos niveis de proteinas kafirinas.
Caracteristicas gendmicas, bioquimicas e proteémicas do endosperma de milho
tem sido extensivamente discutidas (WOO et al., 2001; CONSONNI et al., 2005),
porém a regulacdo da expressdo das proteinas de reserva durante o
desenvolvimento do gréo permanece nao compreendida. Xu et al. (2010) estudou
a variagcado no teor de alguns compostos durante a maturacédo do grao e observou
gue sementes imaturas possuem alto teor de proteinas com atividade bioldgica
(albumina e globulina), alta atividade antioxidante, alta concentracédo de acucares
redutores e baixo teor de amido e de lipideos totais.

Cereais integrais também séo ricos em alguns aminoécidos, como betaina
(glicina-betaina, um aminoacido N-metilado) e colina, compostos que tém sido
relativamente negligenciados como uma fonte de antioxidantes de cereais. A
betaina € um doador metil para a homocisteina durante sua conversdo em
metionina. Uma alta concentracdo de homocisteina € um fator de risco para
doencas cardiovasculares e pode conduzir ao estresse oxidativo. A betaina é
rapidamente disponivel no trato digestivo como foi demonstrado in vivo em estudo
com alimentacdo de ratos (BARAK et al., 2003). A colina, como um precursor da
betaina, estd igualmente envolvida na defesa antioxidante do organismo
(TESSERAUD et al., 2009). No entanto, a contribuicdo da betaina e da colina
para o sistema antioxidante dos humanos é ainda desconhecida, sendo o milho
considerado uma fonte moderada destas moléculas (KHOLOVA et al., 2010).

Em milho, o acumulo de betaina, que atua como osmdlito no interior da
célula vegetal, é associado a niveis adequados de calcio e potassio e alta
atividade antioxidante, e a resposta ao estresse salino (KHOLOVA et al., 2010).
Porém ainda permanece controverso se a sintese e acumulo de betaina durante
estresses abidticos por seca, salinidade, temperatura, radiacdo UV e metais
pesados, bem como a sintese de prolina constituem uma resposta ao estresse ou
fator de prevencao aos estresses. No entanto, estudos com aplicacao foliar de
betaina ou prolina tém demonstrado ganhos, sobre condi¢cdes de estresse, no
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crescimento vegetativo e na produtividade em muitas culturas (ASHRAF e
FOOLAD, 2007).

O milho e outros cereais integrais, de forma geral, sdo também boas fontes
de aminoacidos sulfurados, como a metionina (um aminoacido essencial) e a
cisteina (um aminoacido ndo essencial que s6 pode ser sintetizado a partir da
metionina). A ingestdo de cisteina contribui para a sintese de glutationa, um dos
principais antioxidantes enddgenos, particularmente no figado (MARIOTTI et al.,
2004). O milho apresenta um teor de cisteina de 1,6-2,3g 100g™ de proteina e de
metionina de 1,4-2,5g 100g™* de proteina (SHEWRY, 2007).

Aveia expressando o gene y-zein de milho resultou no acumulo de y-zeina,
a qual equivaleu a aproximadamente 4% da fracéo total de proteinas, melhorando
a disponibilidade de cisteina e metionina (ZHANG et al., 2003). Em soja, a
expressdo deste mesmo gene aumentou significativamente o conteldo de
cisteina e metionina nas proteinas dos graos (LI et al., 2005). De modo geral, as
proteinas do milho sdo deficientes em alguns aminoacidos essenciais, como a
lisina e o triptofano (WANG, et al., 2008). A lisina € um aminoacido essencial para
humanos, e € mais limitante em cereais. Por isso, devido a importancia do milho
como fonte energético-protéica, tém-se buscado o desenvolvimento de gendtipos
de milho com teores mais elevados destes aminoacidos. Uma das primeiras
tentativas de biofortificacdo do milho foi a geracdo de milho com altos teores de
lisina (milho opaque-2) usando mutagénese (MERTZ et al., 1964). No entanto, a
baixa produtividade (8 a 15% menos que o milho comum), baixa densidade e
textura macia do grdo, o que acarretava em alta suscetibilidade a insetos e
fungos, demandaram novas opg¢bes. Em 1985, a partir do entendimento dos
genes modificadores de textura de endosperma foi possivel desenvolver
genotipos de milho com teor elevado de lisina e de triptofano e com
caracteristicas agronémicas desejaveis. Esses genotipos foram denominados
"milhos de alta qualidade protéica” ou QPM (Quality Protein Maize), tendo sido
criados pela introdugcéo de multiplos genes 02 modulators (mo2) no germoplasma
opaque2, melhorando caracteristicas negativas no fenétipo opaque e mantendo a
qualidade (PRASANNA et al., 2001). No Brasil, o Centro Nacional de Pesquisa de
Milho e Sorgo, da Empresa Brasileira de Pesquisa Agropecuaria (Embrapa Milho
e Sorgo), tem desenvolvido cultivares de milho QPM com o objetivo de gerar
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cultivares comerciais destinadas a alimentacdo humana com caracteristicas de
producdo desejaveis e elevado valor nutricional. Estes milhos QPM apresentam
valores protéicos de até 83% superiores a proteina de referéncia, mostrando-se
similar ao da mistura arroz/feijao (considerada como referéncia) em seu teor de
lisina e triptofano (NAVES et al., 2004). Além disso, milho com alto teor de lisina
(high-lysine) também foi desenvolvido, tendo sido tdo digerivel, em suinos, quanto
as variedades de alto teor de 6leo (high-oil corn) (O’QUINN et al., 2000).

De forma alternativa, o uso de técnica de transgenia para expressao de
genes sense e antisense de zeinas tem demonstrado avancos na reducédo do
acumulo de a-zeinas em milho de uma forma mais pratica e direta quando
comparado ao melhoramento tradicional para desenvolvimento de variedades
QPM, possibilitando ainda o desenvolvimento de plantas transgénicas com
deficiéncia em cada classe de zeinas e consequentemente o0 estudo de suas
funcdes especificas. Como exemplo, a reducao sitio-dirigida da 19kDa a-zeina
resultou em aumento dos niveis de lisina, triptofano e metionina (HUANG et al.,
2004). Outras estratégias baseadas em transgenia tém sido estudadas, incluindo
a expressdao do gene DHDPS (&cido dihidrodipicolinico sintase). No entanto,
apenas apresentou acréscimo significativo de lisina em graos de milho quando
utilizado promotor endosperma-especifico (MAZUR et al., 1999). Tecnologia de
RNA de interferéncia foi utilizada para reduzir a-zeinas em milho (SEGAL et al.,
2003), tendo sido capaz de eliminar a producéo de a-zeinas sem afetar o acamulo
de outras proteinas de reserva. Além disso, proporcionou aumento de lisina no
gréo e reducédo de leucina, alanina e glutamina. Fatores de transcricdo exdgenos
também estimularam a transcricdo de proteinas heter6logas em arroz e trigo,
porém estudos neste ambito ainda ndo foram desenvolvidos em milho. Milhos
transgénicos com o regulador DZS10, permitiram o acumulo de altos niveis de
metionina nos gréos, resultando em alimento animal Gtil, sem a necessidade de
adicdo de metionina sintética (LAl e MESSING, 2002).

Novos estudos na biofortificagcdo do milho com proteinas e aminoacidos
especificos continuam sendo desenvolvidos, incluindo estudos com uso de
fertilizacdo. O acumulo de proteinas parece ser influenciado pela fertilizacdo
mineral, particularmente utilizando nitrogénio (N) (WANG, 2008), zinco (Zn),
molibdénio (Mo) (KALA, 2008) e enxofre (S) (LOSAK et al., 2008). Ferreira et al.
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(2001) demonstraram que fertilizagdo com Zn e Mo aumentaram o teor de
proteinas em gréos de milho. Tsai et al. (1992) mostraram aumento na
concentracdo de proteinas em milho suplementado com N, com deposicdo
preferencial de zeina. Porém, como zeinas sdo pobres em lisina e triptofano, o
balanco de aminoacidos nesta situacdo nao foi favoravel. No entanto, em alguns
casos isto pode ser compensado, pois acréscimo de N pode aumentar o tamanho
do gérmen, o qual apresenta melhor balanco de aminoacidos do que o
endosperma (TSAIl et al., 1992).

Minerais

O aumento crescente na produtividade, e a pureza no processo de
producao de fertilizantes industriais, tem resultado na deple¢éo do solo com perda
de fitodisponibilidade de minerais (RAUT et al.,, 2010; LAL, 2009). Assim, a
deficiéncia de minerais tem se tornado um fator limitante na produtividade e
qualidade de muitas culturas, incluindo o milho. As plantas absorvem esses
minerais principalmente do solo e acumulam em diferentes partes, incluindo o
grao, sendo que o teor de minerais e elementos traco varia grandemente de um
tipo de cereal para outro, assim como em relacdo ao solo onde é cultivado
(CURTIN et al., 2006; ZHAO et al., 2007). Micronutrientes minerais como Zn e
ferro (Fe), assim como selénio (Se), cobre (Cu) e manganés (Mn) apresentam
importante funcdo metabdlica, agindo como cofatores de diversas enzimas
antioxidantes, a superéxido dismutase, por exemplo, € Zn, Cu e Mn dependente.
Ja a glutationa peroxidase e a tioredoxina redutase sdo Se dependentes, e a
catalase é Fe dependente (Hansch e Mendel, 2009).

Apesar da importancia destes minerais na saude humana, a concentracao
de minerais em plantas € comparativamente menor que em alimentos de origem
animal. Isso se deve a dificuldade de absorcdo de alguns minerais via solo e/ou a
perda durante o processamento, principalmente de graos, o que tem resultado em
trés bilhdes de pessoas com deficiéncia de nutricdo de micronutrientes minerais
(WELCH e GRAHAM, 2004), pressupondo a necessidade de Vviabilizar
incrementos no contetdo de minerais, principalmente em cereais, como o milho.
Além disso, alguns minerais sao indisponiveis em vegetais por estarem

complexados, ou por haver moléculas que dificultem a absorcdo. Neste ambito, a
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biofortificacio de minerais € uma estratégia recente que tem apresentado
melhores resultados que a fortificacdo exdgena por suplementacdo de minerais,
requerendo, no entanto, conhecimentos aprofundados de rotas metabdlicas,
processos de absorcéo, transporte e acumulo (WATERS e SANKARAN, 2010).

Uma vez que o acido fitico (hexafosfato de inositol) apresenta
caracteristicas de antinutriente devido a sua capacidade de quelar elementos
traco e minerais, como o0 Zn e o Fe (GLAHN et al., 2002), tornando-os
indisponiveis para absorcédo, a qual necessitaria de hidrolise com a enzima fitase,
ausente em animais ndo ruminantes (URBANO et al., 2000). Estudos visando a
reducdo de &cido fitico em gréos de cereais, como os de milho, tém sido bastante
realizados. Porém, Doria et al. (2009) mostraram que o milho Ipa-1-241, um milho
mutante defeituoso na sintese de acido fitico durante a maturacdo da semente,
apresenta baixa capacidade de germinagdo em comparagcao com o tipo selvagem.
O grao mutante continha aproximadamente 50% mais Fe livre ou de ligag&o fraca,
e mostrou um alto conteddo de radicais livres, principalmente concentrados no
embrido. Além disso, proteinas da semente mutante eram mais carboniladas e o
DNA apresentava mais danos, enquanto que os lipidios pareciam estar mais
peroxidados, sugerindo um papel importante do &cido fitico na protecdo das
sementes contra estresses oxidativos. Neste contexto, a alteracdo dos complexos
de acido fitico por fitases numa pré-fermentacdo como a que ocorre no preparo de
paes a pH5-5,5 (LEENHARDT et al., 2005), parece ser uma alternativa razoavel.
Este procedimento aumenta a biodisponibilidade mineral significativamente,
especialmente a de Fe e de Zn (LOPEZ et al.,2003).

O 4&cido fitico esta localizado principalmente no farelo, mais
especificamente na camada de aleurona, sendo 0 maior composto de estoque de
fésforo em muitos gréos, cerca de 70%, contribuindo entre 1 e 7% de seu peso
seco (DE BOLAND et al., 1975). Se durante muito tempo os fitatos foram tidos
como ploblema (MAZARIEGOS et al., 2006), na atualidade seu potencial
antioxidante € bem conhecido (RIMBACH e PALLAUF,1998). Ele suprime as
reacoes oxidativas catalizadas pelo Fe devido a capacidade quelante, podendo
ser um potente antioxidante in vivo, por exemplo, suprimindo a peroxidagéo
lipidica (GRAF et al., 1987; GRAF e EATON, 1990). O acido fitico pode também

reduzir a incidéncia de cancer de célon e de célculos renais, assim como proteger
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contra doencgas inflamatdrias do intestino (GRAF e EATON, 1990) além de
controlar o teor glicémico do sangue. Outros mecanismos de ac¢ao do acido fitico
também sdo conhecidos, incluindo ativacdo de células imunocompetentes,
participacdo na transducéo de sinais, bem como na divisédo e diferenciacao celular
(BELAL et al., 2009).

Assim, levando em consideracdo os efeitos benéficos do acido fitico na
fisiologia vegetal e na saude humana, mas também a necesidade de melhorar a
ingestado de minerais, uma das alternativas para o aumento da biodisponibilizacéo
de minerais é a ingestdo de grdos integrais, 0os quais fornecem muito mais
minerais que os processados (perdas de 70% de Fe e de 75 a 80% para ambos,
Zn e Mn), o suficiente para compensar o efeito deletério do acido fitico.
Entretanto, ha necessidade de continuidade destes estudos para averiguar a
biodisponibilidade desses minerais e elementos tragco dos gréos integrais, 0s
quais podem suprir as necessidades minerais e contribuir no balanco antioxidante
do organismo (LIU, 2007).

O Zn é fundamental como cofator de transcricdo, na defesa antioxidante e
no reparo do DNA e a sua deficiéncia alimentar pode contribuir para danos e
modificacdes oxidativas do DNA, os quais aumentam o risco de cancer (MAFRA,
2005). O milho apresenta média de 20ug g* de Zn, correspondendo a
aproximadamente 40% do necessario as mulheres ndo gravidas e criancas apos
fase de amamentacdo (BROWN et al.,, 2004). Além disso, aproximadamente
metade dos solos agriculturaveis do mundo € deficiente em Zn para producéo de
alimentos, sendo estes solos associados com a deficiéncia de Zn em humanos
(CAKMAK, 2008). Portanto, varios esforgcos tém sido realizados visando a
biofortificacao de Zn.

O melhoramento convencional € a principal estratégia adotada pelo
programa HarvestPlus (http://www.harvestplus.org/), o qual visa a biofortificacao
de culturas chaves em paises em desenvolvimento, identificando, por exemplo,
caracteristicas relacionadas a alta concentracdo de minerais (Zn e Fe) em
diferentes culturas (trigo, arroz, milho, mandioca, milheto, feijdo e batata-doce) e
introduzi-las em cultivares locais adaptadas. Este programa objetiva incrementos
entre 33 e 100% no contedudo de minerais, dependendo do mineral e da cultura,
sendo que uma cultivar de feijdo com altas concetracbes de Fe ja foi
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desenvolvida. De forma similar, variedades de arroz com 4-5 vezes mais Fe no
grédo apOs processamento também foi gerado pelo International Rice Research
Institute (IRRI) (GREGORIO, 2002).

Nos germoplamas de milho ha grandes variagdes no teor de Zn nos graos,
sendo esta variabilidade bastante explorada em trabalhos de melhoramento
convencional (CAKMAK, 2008; SIMIC et al.,, 2009). Em nivel molecular, no
entanto, pouca informacdo encontra-se disponivel acerca do metabolismo de
acumulo de Zn e de outros micronutrientes. Supde-se que exista uma correlacao
positiva entre o nivel de proteina e os teores de Zn, possivelmente devido a uma
co-segregacao entre seus fatores genéticos (UAUY et al., 2006). Portanto,
esforcos para incremento de proteinas poderiam aumentar os niveis de Zn, por
consequéncia. Milho transgénico com baixos teores de fitase também poderia
aumentar a biodisponibilidade de Zn, apesar de as evidéncias serem
inconsistentes (MAZARIEGOS et al., 2006; MILLER et al., 2007).

Por outro lado, a fertilizagdo tem sido uma boa estratégia para aumentar o
conteudo de zinco em diferentes culturas de cereais. A aplicacdo de uréia
contendo Zn incrementou os niveis de Zn e de proteinas em graos. Apesar de
outros estudos serem necessarios, Martin-Ortiz et al. (2009) mostraram que a
aplicacéo de NPK (nitrogénio, fosforo e potassio) com lignosulfato de Zn pode ser
uma fonte adequada de Zn para a cultura do milho. Além disso, o0 Zn reduz a
absorcdo de fosforo e por fim o acumulo de fitato no grdo, o que tornaria o Zn
mais biodisponivel no trato digestivo (HOTZ e GIBSON, 2007; HOTZ e
MCCLAFFERTY, 2007). De forma complementar, plantas provenientes de
sementes com alto teor de Zn apresentam maior capacidade de adaptacao a
condigbes ambientais adversas (CAKMAK, 2008). Em geral, fertilizagdo com Zn,
tem mostrado melhores resultados em solos pobres em Zn, onde a aplicacéo
foliar deste elemento na cultura do trigo em um estagio de crescimento tardio
aumentou sua concentragdo nos graos em trés vezes. Estes resultados positivos
ocorrem possivelmente devido ao fato de que o Zn apresenta absorcdo
relativamente alta (CAKMAK, 2008).

A deficiéncia de Fe afeta aproximadamente dois bilhdes de pessoas no
mundo (WHO, 2000), o que torna sua biofortificagdo no milho importante. O Fe
apresenta baixa mobilidade no solo, mas aplicagOes de fertilizantes foliares (com
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FeSO, e quelatos -Fe-EDDHA, Fe- EDTA) tem permitido sua absorcéo foliar
(FROSSARD et al, 2000; ZHU et al, 2007). Além disso, o
sinergismo/antagonismo observado entre minerais pode-se mostrar uma
estratégia eficiente. Aplicacéo de N, P e/ou K também pode aumentar a absorcao
de Fe, além de Zn e célcio (Ca) do solo, exceto quando aplicados
excessivamente, pois neste caso resultam em efeito oposto (FROSSARD et al.,
2000). Em arroz, a aplicacdo de N aumentou a concentracdo de Fe nos graos,
mas apresentou efeito adverso para o Zn (ZHANG, 2008). Por sua vez, em graos
de milho, a fertilizacdo com N aumentou os teores de P, K, Ca, Magnésio (Mg), S,
Cu, Fe, Mn e Zn (FERREIRA et al., 2001).

Locus de caracteristicas quantitativas (QTLs — quantitative trait loci) para
acumulo de minerais em graos tem sido mapeados em diversas culturas
(STANGOULIS et al., 2007; NORTON et al., 2010), o que facilita o0 melhoramento
assistido utilizando marcadores moleculares. Estudo relativamente recente
divulgou uma fonte atil de marcadores SSRs e SNP em genes que codificam para
transportadores de Zn e Fe em milho, a qual pode ser utilizada para mapeamento
genético e de associacdo, selecdo assistida e desenvolvimento de plantas
transgénicas com incremento de micronutrientes em milho (SHARMA e
CHAUHAN, 2008). O aumento da expressao de proteinas transportadoras de Zn
e Fe, por exemplo, mostrou o incremento simultaneo de ambos micronutrientes.
Expressdo de genes codificando proteinas de transporte de Zn (familia de
proteinas ZIP) de Arabidopsis thaliana em cevada proporcionou o aumento das
concentragbes de Zn (RAMESH et al.,, 2004). No entanto, uma vez que a
absorcdo de elementos téxicos como o cadmio (Cd) pode ocorrer
concomitantemente com a absor¢do de nutrientes essenciais como Fe e Zn, por
utilizarem os mesmos transportadores, esforcos para incrementar a absorcao
destes nutrientes devem evitar possiveis consequéncias indesejaveis como o
aumento no acumulo de metais pesados (PALMGREN et al., 2008).

Estudos com os fatores de transcricdo NAC de Triticum diccocoides (NAM-B1)
também mostraram aumento na concentracdo de Zn e Fe nos graos,
possivelmente pelo estimulo da senescéncia foliar e remobilizacdo destes
minerais para os grdos (UAUY et al., 2006). Além disso, a superexpressao do

gene Yellow stripe 1 (Ysl), codificando para nicotianamina aminotransferases
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permitiu o aumento no acumulo de Fe (CURIE et al., 2001). Ysl1 pode também
atuar na absorgéo de Zn e Cu (DIDONATO et al., 2004). Superexpressao do gene
para fitase de Aspergillus (PhyA), usando promotor endosperma especifico de arroz
glutelin-1 (Gt-1), em combinacdo com o aumento de ferritina ligadora de Fe de
soja , a proteina de estoque de Fe, aumenta os niveis de Fe e sua
biodisponibilidade em milho (DRAKAKAKI et al., 2005). O aumento de ferritina no
grado resulta em protecdo contra quelatos de metais durante o processo de
digestdo em humanos, aumentando a absorcdo de Fe (LONNERDAL et al., 2006).
Adicionalmente, a recente observacao da influéncia do contetdo de B-caroteno no
aumento da bioacessibilidade destes minerais deve gerar novas estratégias de
aumento na biodisponibilidade de minerais traco (GAUTAMA et al., 2010).

O Ca, assim como o Zn, é um importante cofator e sinalizador molecular,
sendo essencial na cascata de coagulacdo sanguinea. Sua deficiéncia tem
profundo impacto na saude Ossea podendo resultar em raquitismo ou
osteoporose, dependendo da idade (WHO/FAO, 1998). Estratégias de transgenia
para aumento de Ca em vegetais tém focado em aumentar a expressdo de
transportadores secundarios de Ca?*/H* localizados na membrana do vacuolo. O
transportador secundario de Arabidopsis CAX1, importante na homeostase de Ca
em células vegetais, aumentou a biodisponibilidade de Ca em tubérculos de
batata transgénica (PARK et al., 2005), e mais recentemente 0s mesmos autores
observaram um aumento de 25-32% na concentracdo de Ca em alface
transgénica em relacdo ao controle ndo transgénico sem ter afetado parametros
de qualidade sensorial como sabor e crocancia (PARK et al., 2009).

Da mesma forma, o Se, do qual os cereais sao excelentes fontes, € um
elemento trago essencial para a regulacdo do metabolismo antioxidante, tanto em
plantas quanto em animais. Ele funciona como um cofator para glutationa
peroxidase, uma enzima que protege contra danos oxidativos teciduais. Este
mecanismo tem uma agéo supressora na proliferacao celular quando em altos
niveis (SLAVIN, 2003). Em estudo com alimentacdo de ratos utilizando duas
variedades de trigo, uma pobre em Se (23mg kg™) e outra rica em Se (800mg kg’
1, a atividade da glutationa peroxidase no plasma, figado e hemaceas foi
diretamente correlacionada ao conteudo de Se (CIAPPELLANO et al., 1989). A
biodisponibilidade de Se de vérias fragcbes de cereais em alimentacdo de ratos
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também foi bastante positiva (60% para o farelo de trigo e 100% para a farinha de
trigo), além de constatar-se um aumento na atividade da glutationa peroxidase no
figado e nas células vermelhas com uma dieta de Se em torno de 20mg kg™
(REEVES et al., 2007).

A selegéo de variedades de milho com um maior teor de Se, bem como seu
incremento utilizando adubacé&o suplementar poderiam proporcionar melhoras no
potencial antioxidante do organismo. Fertilizacdo com Se talvez seja a
intervencdo com minerais com melhores resultados, ja que selenatos de sédio
sdo altamente moveis, de facil absorcdo e acumulam em uma forma
biodisponivel, selenometionina, inclusive no grdao (BROADLEY et al., 2006; FANG
et al., 2008; LI et al., 2010). A adicdo de Se em fertilizantes a base de NPK tem
sido largamente utilizado na Finlandia e na Nova Zelandia (paises com solos
naturalmente pobres em Se) onde tal pratica tem proporcionado o acimulo de Se
nos graos de diferentes culturas (COMBS, 2001; GOMEZ-GALERA et al., 2010).

Até o momento ndo ha relatos de milhos transgénicos modificados para
aumentar o acumulo de Se. No entanto, devido a sua similaridade quimica com o
S, vérios genes da rota metabdlica do S tém sido identificados como possiveis
candidatos. Nesta mesma rota metabolica o Se é absorvido, acumulado e
volatilizado, sendo uma estratégia de interesse a inibicdo desta etapa de
volatilizacdo, o que promoveria seu acumulo sem afetar o metabolismo do S
(SORS et al., 2005).

METABOLITOS FUNCIONAIS EM GRAOS DE MILHO

Carotenodides
Os carotendides constituem o maior grupo de pigmentos sintetizados pelo

metabolismo secundario, com mais de 600 estruturas ja caracterizadas. Sao
sintetizados por organismos fotossintéticos, algumas bactérias e fungos, sendo
responsaveis, atraveés da dieta, pelas caracteristicas de cor de muitos passaros,
insetos e invertebrados marinhos (FRASER e BRAMLEY, 2004). Nas plantas, sao
essenciais para seu crescimento e desenvolvimento, no processo de fotossintese,

na protecdo contra danos fotoxidativos e como precursores do acido abscisico. A
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presenca de carotenodides em gréos acrescenta ainda valor nutricional na dieta
atuando como precursores de vitamina A e de compostos retindicos essenciais
(GALLAGHER, 2004).

Nos grédos de milho, os carotendides estdo uniformemente distribuidos,
com quantidades significativas na camada de aleurona e no endosperma (Figura
1), ao contrario de outros minerais, elementos traco e polifendis (KONOPKA et al.,
2004).

Os cereais sdo uma importante fonte de carotendides, sendo o milho o que
apresenta os maiores teores com cerca de 11mg de carotendides por quilograma
de massa seca (PANFILI et al., 2004). Os carotendides incluem o a e B-caroteno,
criptoxantinas, zeinoxantina, luteina e zeaxantina (Figura 2), sendo estes dois
dltimos xantofilas encontradas majoritariamente no milho (6-18mg g* de
zeaxantina e 4-8mg g™ de luteina) (DE OLIVEIRA e RODRIGUEZ-AMAYA, 2007).
Essas xantofilas tém ganhado interesse devido a sua associacdo com a saude
ocular (MOZAFFARIEHET al., 2003; MRCOPHTH et al., 2008), uma vez que séo
0S Unicos carotendides encontrados na macula, com funcéo de protecao contra os
radicais livres e os comprimentos de luz azul do ultravioleta proximo (SEMBA e
DAGNELIE, 2003; EICHLER et al., 2002).

Estudos tém igualmente mostrado que a ingestdo de luteina e zeaxantina
na dieta podem reduzir o risco de cataratas e degeneracdo macular relacionada a
idade, causa principal de cegueira entre os idosos (SEDDON et al.,, 1994;
BROWN et al., 1999). Além disso, tanto a luteina e a zeaxantina, como a
astaxantina (com estrutura similar aos dois primeiros), mostraram-se igualmente
eficazes frente a células epiteliais da traquéia de ratos, em relacdo a sua
capacidade antioxidante em combater os danos causados ao DNA pela exposi¢cao
a radiacéo ultravioleta A (UVA), além de influenciar na sua cinética de reparacao.
Por outro lado, efeito adverso foi observado em cultivo celular de linhagem de
neuroblastoma humano que, cultivadas na presenca destes trés carotendides
durante um periodo de irradiagdo de trinta minutos, causou aumento dos danos
no DNA, sugerindo que a efetividade destes carotendides depende de uma série
de fatores como concentracéo, tipo de célula relacionado, tempo de exposicéo a
irradiacdo, além do local na célula e interacAo com outros antioxidantes

(SANTOCONO et al., 2006). J&4 em estudo in vivo, utilizando ratos como modelo
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experimental, observou-se um efeito supressor da luteina, quando administrada
durante a fase promotora da hepatocarcinogénese, em niveis que seriam
similares aos observados em humanos (MORENO et al., 2007).

Outros carotendides, como a-caroteno, [B-caroteno e [-criptoxantina
apresentam atividade pré-vitamina A, sendo que o [(-caroteno apresenta duas
vezes a atividade dos demais por apresentar dois anéis 3 ndo substituiveis. Estes
carotendides séo clivados no limen intestinal para produzir retinol (vitamina A),
um micronutriente essencial para salude humana e para o qual a Organizacao
Mundial da Saude (OMS, 2011) estima que haja mais de 100 milhdes de criancas
no mundo com deficiéncia. A maioria dos casos em paises em desenvolvimento.
Devido a isso, a biofortificacdo através de engenharia metabdlica tem sido de
grande interesse, especialmente visando incrementos de carotendides pro-
vitamina A, sendo o milho uma cultura alvo por representar grande fracao da dieta
nestes paises. No entanto, para ser bem sucedida, esta estratégia requer um
aumento controlado dos niveis totais de carotendides através do aumento do fluxo
biossintético, minimizacdo da degradacdo e otimizacdo do sequestro, além da
necessidade de promover um incremento controlado de compostos especificos,
como o B-caroteno, o que requer amplo conhecimento destas vias metabdlicas.

Em plantas, as enzimas envolvidas na biossintese de carotendides sédo
codificadas no nucleo e enviadas as membranas de cloroplastos, cromoplastos e
amiloplastos, onde ocorre a sintese destes compostos. A rota metabdlica
simplificada da biossintese de carotendides (Figura 2) comeca com a formacao de
fitoeno a partir de geranilgeranilpirofosfato, um passo mediado pela fitoene
sintase (PSY), a qual, por ser a primeira enzima desta via € de vital importancia
na sintese de carotendides. No milho, sdo atualmente conhecidos trés genes que
codificam para essa enzima (psy1, psy2 e psy3), sendo que a carotenogénese no
endosperma esta relacionada predominantemente com o0 gene psyl
(GALLAGHER et al, 2004; LI et al., 2008), sendo que sua expressao correlaciona-
se com os teores de carotendides no endosperma de grdos de milho
(GALLAGHER et al, 2004). Em variedades brancas de milho, assim como em
arroz, observou-se que o fenétipo se deve a um alelo psyl com perda de funcéo,
resultando em auséncia de acumulo de carotendides no endosperma (ALURU et
al., 2008; GALLAGHER et al., 2004). O gene psy2, por outro lado, apresenta altos
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niveis de mRNA em folhas mas parece ter pouca influéncia nos niveis de
carotendides no endosperma (PALLAISA et al, 2003; GALLAGHER et al, 2004),
enguanto que a expressao de psy3 foi observada predominantemente na raiz e no

embrido, tecidos com baixa concentracdo de carotendides (LI et al, 2009).
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Figura 2. Rota metabdlica dos carotendides e algumas das principais enzimas
envolvidas, incluindo fitoeno desaturase (pds), (-caroteno desaturase (zds),
licopeno ¢-ciclase (lyce), licopeno [-ciclase (lycB), e-caroteno hidroxilase
(CYP97C) e B-caroteno hidroxilases (hyd). ABA: sintese de acido abscisico.

Estudos mostram que o gene psyl apresenta-se polimoérfico em diferentes
variedades de milho (PALAISA et al., 2003). A clonagem do gene psyl em milho
através de transposon resultou no produto génico “Yellowl” (Y1), o qual
proporcionou aumento do acumulo de carotendides no endosperma. A analise por
QTL mostrou que psyl e Zds (zetacaroteno-desaturase) estdo associados com
variagcdes no teor individual e total de carotendides. O uso do promotor 27kDa y—

zein ou o promotor modificado “super 27kDa y -zein” igualmente aumentou o



36

acumulo de carotendides, preferencialmente para [(-caroteno, no endosperma
(MARKS et al., 1985; MARZABAL et al., 1998; WU et al., 2010). Mais de 34 vezes
de aumento nos carotendides do endosperma, relativo a variedades brancas, foi
obtido usando “super zein promoter” com a superexpressao de crtB (gene de
Escherichia coli cuja funcdo relaciona-se com a do gene psy) e crtl (gene de
Escherichia coli responsavel por quatro reacfes de desaturacdo, convertendo
fitoeno a licopeno)(ALURU et al., 2008). Além disso, os niveis de carotendides e a
sua composicdo no gérmen e no endosperma sao dramaticamente afetados pelos
niveis de expressao dos genes Icyg (licopeno B-ciclase) e Icye (licopeno e-ciclase)
(HARJES et al., 2008). Fraser e Bramley (2004) mostraram que 0 gene [cye
controla a razdo zeaxantina/luteina, sendo que codifica para uma enzima-chave
no teor de pro-vitamina A em milho (Figura 2). Através de analise de mapas de
associacdo, analise de expressdo génica e mutagénese, Harjes et al. (2008)
mostraram que a variacao no locus para o gene Icye diminui o fluxo do ramo de a-
caroteno aumentando no de [(-caroteno na rota metabdlica de carotendides.
Quatro polimorfismos naturais de Icye explicaram 58% da variagdo nestes ramos
e uma diferenca de trés vezes nos compostos pro-vitamina A.

Vallabhaneni et al. (2009) mostraram que a abundancia de mRNA para 0s
seis genes funcionais que codificam para caroteno hidroxilase (HYD) e dos genes
CYP97C (B-caroteno hidroxilase - P450) e CYP97A (e-caroteno hidroxilase -
P450) em milho variou entre diferentes tecidos da planta de milho e também
durante o desenvolvimento do endosperma. A variabilidade natural no gene para
B-hidroxilase 1 (hydbl) foi capaz de explicar 23% dos teores de B-caroteno no
grao e 37% da razdo de B-caroteno para carotendides totais. Ja a andlise
combinada dos genes hydbl e lyce, explicou 43% e 56% da variacao de fendtipo
de B-caroteno e da razao [3-caroteno/carotenoides totais, respectivamente (YAN et
al.,, 2008). De forma similar, a descoberta do locus para hidroxilase3 (hyd3),
mapeado por QTL, mostrou que trés alelos naturais em variedades de milho
podem explicar mais de 80% da variagdo e aproximadamente 11 vezes a
diferenga em B-caroteno relativo a p-criptoxantina em milho (VALLABHANENI et
al., 2009b). Recentemente, a expressao de outros genes relacionados a rota
metabdlica de sintese de carotendides também foi estudada ao longo do

desenvolvimento do grdo em germoplasmas geneticamente variaveis de milho,
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mostrando que a correlacdo com o acumulo de carotendides pode ser positiva ou
negativa, dependendo do periodo pds-polinizagdo em que é feita esta analise de
correlacdo (VALLABHANENI et al., 2009a).

Esforcos para implantar melhorias no teor ou composicéo de carotendides
em milho, baseados na variabilidade de carotendides individuais em populagfes
crioulas, através do desenvolvimento de novas variedades, tem conduzido a
resultados interessantes (GALLAGHER, 2004). Algumas das variedades
encontradas apresentaram niveis de zeaxantina de até 12 mg kg em peso
fresco, com teores de carotenéides totais em torno de 30 mg kg™ em peso fresco,
sendo promissoras candidatas para programas de melhoramento, visando
inclusive o0 aumento dos nives de B-caroteno, por estarem no mesmo ramo da
rota metabdlica de sintese de zeaxantina (FANNING et al., 2010). Em outros
estudos de caracterizacdo de germoplasmas de milho crioulo tem sido observada
alta variabilidade de carotendides, possibilitando a sele¢do conjunta de algumas
variedades que também apresentaram alto teor de proteinas e lipidios, além de
caracteristicas fenotipicas como textura vitrea para programas de melhoramento
(Berardo et al., 2009).

Visando especificamente a biofortificacdo de carotendides pré-vitamina A,
as estratégias de melhoramento convencional proporcionaram a selecdo de
cultivares com altos teores de carotendides totais (66,6ug g de peso seco) e B-
caroteno (13,6ug g™ de peso seco) (HARJES et al., 2008). Menkir et al. (2008),
avaliando diferentes linhagens de milho amarelo adaptadas a clima tropical,
observaram grandes diferencas nos teores dos principais carotendides (luteina,
zeaxantina, [p-caroteno, pB-cryptoxantina, a-caroteno), além de correlacdes
significativas entre os carotendides que partilham um Unico dos dois ramos
principais da via biossintética dos carotendides, o que tornaria viavel o aumento,
por engenharia genética, dos niveis de multiplos carotenodides simultaneamente.

Variedades de milho doce também mostraram potencial para
desenvolvimento de variedades com altos teores de zeaxantina (FANNING et al,
2010). A cor destas variedades apresentou correlacdo com o0s niveis de
carotendides (0,59-0,70 para zeaxantina, [-criptoxantina, [p-caroteno e
carotendides totais) (FANNING et al, 2010), o que contrasta, no entanto, com 0s
resultados obtidos por Harjes et al. (2005), os quais ndo observaram correlacao
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destes compostos com a cor das variedades avaliadas. Complementarmente, em
estudo realizado na Embrapa Clima Temperado (MESSIAS et al., 2011) foi
demonstrado a expressao diferenciada dos genes psy1l e lutl (o qual codifica para
a enzima caroteno ¢- ciclase) (Figura 2) entre variedades de milho crioulo do sul
do Brasil.

Locus de caracteristicas quantitativas (QTL) (VALLABHANENI e
WURTZEL, 2009) também tém sido estudados em genes que codificam enzimas
da rota metabodlica de carotendides, incluindo a fitoene sintase (psy), fitoeno
desaturase (crtl), licopeno ¢-ciclase (lyce), e licopeno B-ciclase (lycB).

Atualmente, pesquisadores tém estudado a biofortificacdo de multiplos
nutrientes em milho (ALTPETER et al.,, 2005). Por meio de estratégias de
transgenia, recente sucesso foi obtido no incremento de multivitaminas em milho,
chegando a 169 vezes mais [(3-carotene, 6 vezes mais acido L-ascoérbico, e o
dobro de folato no endosperma comparado com o tipo selvagem (NAQVI et al.,
2009). Este milho foi criado usando transferéncia dos cDNA que codificam para os
genes psyl e crtl, relativo a biossintese de 3-caroteno, cDNA de dehidroascorbato
redutase de arroz (dhar) para sintese de vitamina C, e gene para folE de E. coli
para sintese de folato (ZHU et al., 2008).

Estratégias de biofortificacdo por fertilizagdo, na cultura do milho, visando
incremento no teor de carotendides, por outro lado, ndo tem sido muito estudada.
Alguns avang¢os em outras culturas, porém mostram resultados promissores. A
fertilizacdo com Ca* e NO*>", por exemplo, proporcionou 0 aumento do teor de
licopeno e B-caroteno em pimenta (FLORES, 2004). A fertilizacdo com N
aumentou carotendides totais e peso seco de couve (KOPSELL et al, 2007),
sendo que em ambos 0s casos 0s resultados variaram entre cultivares distintas.

Apesar do fato de que mais estudos acerca da toxicidade e influéncia em
outros compostos nutricionais S80 necessarios, 0 uso de estresses abioticos
moderados indicam que a irrigacao de longo prazo (durante 15 dias antes da
colheita) com 5 mM de NaCl pode aumentar o valor nutricional em alface romana,
particularmente em relagao aos conteudos de luteina e (3-caroteno, sem acarretar
em perda na produtividade ou na aparéncia (Kim et al., 2008). Estresses hidricos

moderados também resultam em alteragbes no acumulo destes compostos em
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brécolis (COGO et al., 2011). Porém, até onde sabemos ndo ha dados relativos a
esses efeitos em miho.

Assim, apesar dos estudos apontarem o milho como uma fonte importante
de diversos compostos funcionais de metabolismo secundario, os quais
promovem beneficios a saude, por sua agdo como antioxidantes, os esforcos de
biofortificacdo tém priorizado incrementos de compostos pro-vitamina A através
de engenharia metabdlica e melhoramento convencional. Embora intervencdes
agrondmicas com o uso de fertilizacdo e horménios terem apresentado resultados
promissores, especialmente em culturas suscetiveis a estresses abioticos, tais
praticas ndo tem sido especialmente utilizadas com foco na biofortificacdo de

carotenodides em milho.

Vitaminas Ee C
Como mostrado na Figura 2, o composto geranilgeranil difosfato pode ser

convertido a fitoeno, culminando na sintese de carotendides (a e B carotenes e
xantofilas), ou ser direcionado a rota metabdlica de sintese de tocoferdis.
Vitamina E é o termo genérico para descrever o grupo de oito antioxidantes
lipossolliveis com dois tipos diferentes de estruturas, os tocoferéis e os
tocotrienéis (LIU, 2007). A vitamina E, de maneira geral, localiza-se
principalmente no gérmen dos cereais integrais (Figura 1), podendo ser extraida
com a fracao lipidica ou até mesmo perdida durante o processo de refino de éleo
(CUKELJ et al., 2010). Neste caso, o processamento do milho é um fator que
influencia diretamente nos niveis de vitamina E (FARDET et al., 2008).

No milho os teores de vitamina E variam de 0,3 a 0,7mg 100g™ para a
maioria das variedades, sendo a- e y—tocoferois os Unicos compostos de vitamina
E encontrados em quantidades significativas (0,005% e 0,009% do o6leo total,
respectivamente). Ha relatos de grdos que chegam a 45mg kg™ em peso seco de
tocoferol (PANFILI et al., 2004). Variedades de milho verde apresentam
conteudos de 2,4 a 63,3ug de y—tocoferol g-1 de peso seco. A alta variabilidade
observada na regulacdo da sintese de carotendides e tocoferéis sugere tratarem-
se de alvos promissores para biofortificacao (KURILICH e JUVIK, 1999).

O potencial antioxidante da vitamina E €, atualmente, amplamente aceito,

sendo responsavel pela manutencdo da integridade das membranas lipidicas,
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além de atuar na reparacdo do DNA e em outros processos metabdlicos. Os
tocoferdis e tocotriendis agem doando o atomo de hidrogénio do seu grupo
hidroxila livre para os radicais livres, resultando em uma estabilizacdo por
ressonancia do radical de vitamina E, prevenindo desta forma a oxidacdo dos
lipidios polinsaturados das membranas celulares (TRABER, 2007). Estudos in
vivo mostram que a vitamina E melhora varios parametros do estresse oxidativo
em animais (GOLESTANI et al., 2006) e em humanos (MARTIN et al., 1996).

Outro possivel mecanismo utilizado pela vitamina E refere-se a capacidade
de manter o selénio no estado reduzido, além de inibir a formacdo de
nitrosaminas, especialmente em pH baixo (SLAVIN, 2003). Em ratos pré-tratados
com vitamina E, observou-se um aumento na protecdo contra os efeitos da N-
nitrosodietilamina, um carcin6geno hepatico que causa estresse oxidativo
(BANSAL et al., 2005). Outro estudo mostrou reducao de 8-epi-prostaglandina
F2a no plasma de ratos Zucker obesos, apds estes terem recebido uma dieta
suplementada com vitamina E (LAIGHT et al.,1999). Além disso, estudo com ratos
alimentados com uma dieta de cereais matinais a base de milho mostrou uma
biodisponibilidade de vitamina E bastante satisfatéria (MITCHELL et al., 1996).

O cDNA codificando para o acido homogentisico geranilgeranil transferase
(HGGT - homogentisic acid geranylgeranyl transferase), que catalisa uma etapa
importante na biossintese de tocotrienol, também foi isolado de gréos de cevada,
trigo e arroz. A expressado transgénica de HGGT de cevada em folhas de
Arabidopsis thaliana resultou em maior acimulo de tocotriendis. Ja a inducao da
expressao de HGGT em gréos de milho resultou em aumento maior de seis vezes
no contetdo de tocotrienois e tocoferol. Estes resultados mostram a possibilidade
de aumentar o contetudo antioxidante de culturas pela introducdo de uma enzima
que redireciona o fluxo metabdlico (CAHOON et al., 2003).

Outro composto com apelo para biofortificacdo no milho é o acido L-
ascorbico, precursor de vitamina C. Embora os cereais ndo sejam considerados
uma fonte significativa de acido ascérbico, por serem alimentos componentes da
base da piramide alimentar, o incremento nos teores dessa molécula € uma
alternativa interessante. Ainda que a localizagdo sub-celular da sintese do acido
L-ascorbico ndo esteja completamente elucidada, é sabido que deve ocorrer nas
mitocéndrias e/ou cloroplastos (BASSAM et al, 2010). Uma vez utilizado, o acido
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L-ascorbico pode ser regenerado para sua forma oxidada em uma reacgéo
catalizada pela enzima dehidroascorbato redutase (DHAR). A expressao de
DHAR de trigo em tabaco e milho proporcionou aumento de 32 e 100 vezes na
expressdo de DHAR e 2 a 4 vezes nos niveis de acido ascorbico,
respectivamente. Além disso, os niveis de glutationa, o redutor utilizado pela
DHAR também aumentou (CHEN et al, 2003).

Compostos fendlicos

Os compostos fendlicos sdo produtos do metabolismo secundario das
plantas, derivados da rota metabdlica do chiquimato, a qual culmina com a
sintese de fenilalanina e triptofano. Esses aminoacidos sdo precursores dos
fenilpropandides e, por fim, de flavondides, isoflavonas, pterocarpanos,
estilbenos, cumarinos, fenolaminas, auronas, chalconas, lignanas e ligninas
(TREUTTER, 2010).

Os compostos fendlicos sdo responsaveis por funcdes essenciais no
crescimento e desenvolvimento das plantas, atuando no mecanismo de defesa
contra patégenos, parasitas e predadores, bem como contribuindo para o fenétipo
das plantas. Estudos evidenciam ainda sua ac¢éo, através da dieta de humanos e
animais, na reducdo do risco de desenvolvimento de doencas cronicas (LIU,
2007). Estes compostos possuem um ou mais anéis aromaticos com um ou mais
grupos hidroxila (Figura 3), responsaveis pelo seu potencial antioxidante (RICE-
EVANS et al., 1997). Por outro lado, esses compostos polifendlicos podem
igualmente atuar como pro-oxidantes, podendo induzir apoptose, e desta forma
prevenir o crescimento de tumores (SCALBERT et al., 2005).

No entanto, seus mecanismos de ac¢éo in vivo ainda ndo foram elucidados
completamente. Acredita-se que atuem principalmente como sequestradores de
radicais livres e/ou quelantes de metais de transicao (minerais ou elementos
tracos). Porém, ndo se sabe se sua capacidade de capturar radicais livres &
suficiente para explicar sua atividade antioxidante in vivo, devido a sua
disponibilidade relativamente baixa no trato digestivo (0,3 — 2,6%) (SCALBERT e
WILLIAMSON, 2000). E possivel que este conceito seja uma simplicagdo do seu
modo de acdo. O mais provavel é que as células respondam aos polifendis

principalmente por interacbes diretas com 0s receptores ou enzimas envolvidas
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na transducao de sinal, o que pode resultar em modificacdo do status redox da
célula, gerando uma série de reacdes redox-dependentes (SCALBERT et al.,
2005).

Sabe-se que a digestdo aumenta a capacidade antioxidante dos cereais e
seus produtos (LIYANA-PATHIRANA e SHAHIDI, 2005). As condi¢cbes acidas do
estbmago e a hidrélise enzimatica no duodeno sdo capazes de aumentar a
solubilidade e a atividade dos polifendis presentes no cereal através de uma
hidrolise parcial. Assim, a digestao in vitro com extratos enzimaticos simulando as
condicbes do trato gastrointestinal mostrou que a quantidade de antioxidantes
liberados pela matriz dos cereais para o intestino humano pode ser mais elevada
do que o esperado a partir de medicdes feitas com 0s extratos aquo-organicos
usuais (PEREZ-JIMENEZ e SAURA-CALIXTO, 2005). Nagah e Seal (2005)
igualmente demonstraram a influéncia significativa da digestdo gastrointestinal in
vitro no aumento da liberacdo de antioxidantes dos alimentos a base de cereais
integrais. De forma anéaloga, a digestdo do amido e de proteinas pode também
aumentar a liberacdo de polifendis.

Os &cidos fendlicos ligados covalentemente sdo 6timos carregadores de
radicais livres (SLAVIN, 2003). Células epiteliais do célon podem absorver estes
acidos fendlicos e adquirir protecdo antioxidante, além destes poderem entrar na
circulacdo. Desta forma, alimentos baseados em gréaos integrais proporcionariam
protecdo antioxidante durante um longo periodo de tempo ao longo do trato
digestivo, gerando um ambiente que protegeria o epitélio intestinal de compostos
pré-oxidativos. Os acidos fendlicos apresentam ainda a¢do anticarcinogénica que
envolve a indugcao dos sistemas de detoxificacdo, especialmente as reacdes de
conjugacao fase Il (SLAVIN, 2003). Por exemplo, Wattenberg (1996) classificou
0s acidos caféico e ferulico como agentes anticarcinogénicos que previnem a
formacdo de carcinégenos e bloqueiam sua interacdo com macromoléculas

celulares criticas.
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Outros mecanismos de acado fisiolégica dos graos integrais estao
provavelmente ligados a indugao/repressao de genes particulares via sinalizacéo
celular através de fatores de transcricdo, ativando o Elemento de Resposta a
Antioxidante (LEE et al., 2003; NA e SURH, 2006), o que pode levar a sintese de
compostos antioxidantes como a glutationa (GSH), ou enzimas do metabolismo
da glutationa (MYHRSTAD et al., 2002). Além disso, os polifenéis absorvidos sédo
geralmente metabolizados e conjugados (SCALBERT e WILLIAMSON, 2000). Por
exemplo, quantidades limitadas de acidos ferulico e sinaptico sdo absorvidas e
estes se originam apenas de fracdes livres e sollveis presentes no cereal (KERN
et al., 2003). Por outro lado, o &cido ferulico é esterificado a residuos de
arabinose na parede celular, esta fracdo ligada do &acido ferdlico e outros
polifendlicos pode ser liberada posteriormente no colon através da fermentacéo,
proporcionando sua a¢ao benéfica de forma localizada (ADOM e LIU, 2002).

O milho, assim como outros cereais, constitui uma boa fonte de polifendis.
A maior parte destes compostos localiza-se no endosperma do grdo, sendo as
ligninas e lignanas predominantes na parede celular. Adom e Liu (2002)
encontraram os maiores teores de compostos fendlicos (2,12umol g* de gréo,
sendo 85% na forma complexada) e atividade antioxidante total (157umol g™ de
gréo, sendo 87% na forma complexada). Porém, ao contrario dos demais cereais,
a capacidade antioxidante do milho in vitro ndo € significativamente
correlacionada com seu contetudo de polifendis (FARDET et al., 2008), sendo
necessario novos estudos para buscar correlacionar seus efeitos antioxidantes
com outros tipos de compostos bioativos presentes. A atividade antioxidante dos
cereais integrais € usualmente subestimada in vitro, principalmente devido a
fracdo destes compostos associados com fibras, que no caso dos polifendis do
milho chegam a 87% do total (ADOM e LIU, 2002), o que torna estes resultados
em apenas uma aproximacgédo do seu real efeito antioxidante in vivo devido a
fatores como diferencas de solubilidade e/ou biodisponibilidade destes compostos
com o trato digestivo e 0 metabolismo (FARDET et al., 2008). Porém, a fracdo
solivel em agua dos gréos apresenta também grande relevancia para a atividade
in vivo, pela sua maior disponibilidade no trato digestivo, sendo, provavelmente,
mais susceptivel a efeitos fisiolégicos (GALLARDO et al., 2006). Pellegrini et al.
(2006) demonstraram que a fracdo complexada de dezoito cereais apresentavam,
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em todos 0s casos, maiores capacidades antioxidantes que a dos extratos livres
(extratos soluveis em solventes organicos).

Os compostos fenolicos majoritarios no milho sdo especialmente os acidos
fendlicos como o acido ferdlico, vanilico, cafeico, siringico, sinapico e p-cumarico
(SOSULSKI et al., 1982). O acido ferulico pode existir nos gréos integrais na
forma livre, conjugada solUvel e complexada, sendo esta Ultima responsavel por
até 93% do total deste acido fendlico. No milho esta relacdo € de 0,1:1:100
(ADOM e LIU, 2002), podendo chegar a 2-4% em peso seco da casca do grao
(HOSNY e ROSAZZA, 1997), ou mais de 26-33g de &cido ferulico por kg de
farelo. Porém, muitos desses estudos tém reportado teores de compostos
fendlicos baseados em extracfes usando solucdes aquosas de metanol, etanol e
acetona (VELIOGLU et al., 1998; MILLER et al, 2000; ZIELINSKI e
KOZLOWSKA, 2000). Estas metodologias assumem que longos tempos de
extracdo e/ou amostras mais finamente moidas podem maximizar a extracao
destes compostos dos graos. No entanto, quando muito extraem 0S compostos
fendlicos sollveis, sendo necessarias técnicas de extracdo mais exaustivas, como
a digestao para extracao os fendlicos complexados dos gréos (LIU, 2007).

Como um fator importante a considerar dentro do contexto de
biofortificacdo, o processamento do milho também pode alterar o conteudo de
compostos fendlicos. Dewanto et al. (2002), realizando processamento térmico a
115°C por 25min com a finalidade de enlatamento de milho amarelo comum,
observou um aumento na atividade antioxidante de 44% em relacdo ao milho
fresco, de 550% para o conteudo de &cido ferulico e de 54% para o contetdo de
fendlicos totais, apesar da perda de 25% da vitamina C. O aumento na
concentracdo de fendlicos totais e na atividade antioxidante foi igualmente
relatado por Randhir et al. (2007) durante o processo de esterilizacdo térmica de
graos de milho. Observou-se ainda neste estudo uma inibicdo da atividade da
bactéria H. pylori associada a ocorréncia de Ulcera. Estas mudancas na
funcionalidade em decorréncia do processamento térmico, segundo os autores,
podem ser devido a modificacdes no conteudo e perfil dos compostos fendlicos
totais pela sua oxidag&o ou polimerizagéo.

Biopolimeros de lignina, compostos polifendlicos altamente ramificados,

bY

constituem 30% da biomassa das plantas e pertencem a classe de polimeros
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mais abundante no planeta. As ligninas constituem-se num dos principais
componentes dos graos integrais, correspondendo por 3 a 7% da fracdo do farelo,
tendo sido consideradas por muito tempo como sendo nutricionalmente inertes no
trato digestivo. Todavia, sua estrutura polifendlica Ihes confere potencial
capacidade antioxidante (FARDET et al., 2008).

Lignanas sdo constituintes secundarios de plantas pertencentes ao grupo
dos fitoestrogénios. O grupo inclui lariciresinol, pinoresinol e siringaresinol, além
de secoisolariciresinol e matairesinol (Figura 3), estas Ultimas, majoritarias em
alimentos de origem vegetal, principalmente em cereais como milho, aveia, trigo e
centeio (THOMPSON et al., 1991). Ambas, secoisolariciresinol e matairesinol sdo
convertidas em enterodiol e enterolactona (lignanas presentes em mamiferos)
pela microflora intestinal, sendo possivel que a perda dos radicais metoxi durante
a digestao resulte em reducdo da capacidade antioxidante observada entre os
dois grupos (NIEMEYER e METZLER, 2001). A atividade antioxidante destas
lignanas de plantas tem sido observada em diferentes sistemas modelo em meio
aguoso e lipidico, apresentando reducéo da oxidacéo lipidica (KITTS et al., 1999),
embora seus efeitos sejam menos acentuados que as ligninas sobre danos
oxidativos genéticos, como mostrado em células humanas do colon incubadas
com enterolactona (POOL-ZOBEL et al., 2000). Begum et al. (2004) mostraram
gue ratos conseguem metabolizar as ligninas em lignanas. Em outro estudo, ratos
diabéticos (nefropatia diabética) receberam injecdes administradas por via
subcutanea de 4&cido nordihidroguairético (um antioxidante e inibidor da
lipoxigenase da lignina), durante quatro semanas, mostrando menos disfungéo
renal e estresse oxidativo que os controles (ANJANEYULU e CHOPRA, 2004).

Embora estudos mostrem que ligninas e lignanas tém efeitos antioxidantes
in vivo, particularmente no célon, poucos trabalhos tém sido realizados sobre a
biodisponibilidade destas no intestino, sendo a maioria dos estudos sobre o seu
potencial antioxidante realizados in vitro, ou em células isoladas de mamiferos,
principalmente sobre a sua influéncia nos danos em DNA (lesbes oxidativas)
(COOKE et al., 2002; FARDET et al., 2008).

Buscando incrementos nos niveis de fendlicos em plantas, diversos
estudos tém sido realizados relativos a rota metabdlica de producdo destes
compostos. As enzimas chave desta rota sdo a chalcona sintase (CHS) e
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isoflavona sintase (IFS), conhecida como citocromo P450. A partir destas, a
diversidade estrutural dos flavondides € derivada por substituicdo do esqueleto
basico de carbono através de hidroxilacdo, glicosilacdo, metilacdo, acilacéo,
prenilacao e polimerizacédo (DIXON e PASINETTI, 2010). Porém, as enzimas que
catalizam as reacdes de substituicdo sao frequentemente codificadas por grandes
familias génicas com sequéncias motivo conservadas, o que tem dificultado as
tentativas de melhoramento por transgenia. Além disso, muitas destas enzimas
sao ativas com multiplas classes de flavonéides (PEEL et al., 2009). A localizacao
subcelular de componentes associados com precursores da fenilalanina também
permanece incerta (ZHAO e DIXON, 2010), e pouco é conhecido sobre como sao
mobilizados para fora do vacuolo (GOMEZ et al., 2009).

Desta forma, apesar do apelo por incremento nos teores de compostos
fenolicos em plantas, os relatos na literatura de milho geneticamente modificado
para esta caracteristica sdo escassos. Estudos relativos a utilizacédo de fatores de
transcricdo para inducdo de multiplos genes desta rota metabdlica tém gerado os
resultados mais promissores (GROTEWOLD et al.,, 1998; RHEE et al., 2010;
HICHRI et al, 2011). A maioria dos genes estruturais codificando enzimas
envolvidas na biossintese de antocianinas parecem ser regulados
coordenadamente pelo fator de transcricdo bHLH, que inclui B e R, e que interage
com o gene MYB C1 (CHANDLER et al., 1989; GOFF et al., 1990). Expresséao
ectopica em cultivo in vitro de R e C1 em células de milho ndo pigmentadas
proporcionou biossintese e acumulo de antocianinas devido a expressdo
coordenada da maioria dos genes estruturais (GROTEWOLD et al., 2000). A
expressdo de P (um regulador transcricional do tipo MYB) em células de milho
também induziu a expressdo coordenada de uma série de genes biossintéticos
levando ao acumulo de flavonoides diferentes daqueles regulados por C1/R
(BRUCE et al, 2000; GROTEWOLD et al., 2000). Por outro lado, Dias e
Grotewold (2003) utilizaram um sistema de cultivo celular de milho para investigar
as consequéncia no acumulo de metabdlitos expressando o fator de transcri¢cdo
R2R3 MYB (ZmMyb-1F35), onde observaram que ZmMyb-IF35 nédo induziu o
acumulo de flavonoides, mas induziu o acumulo de &cidos ferulico e clorogénico.
Em soja, genes da rota metabdlica de fenilpropandides foram ativados pela
expressao dos fatores de transcricdo C1 e R de milho nas sementes, resultando
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em pequeno aumento nos niveis de isoflavonas. Por outro lado, a co-supresséo
de flavonona 3-hidroxilase para bloquear o braco de sintese de antocianinas
nesta rota metabdlica, em conjunto com a expressao de C1/R, resultou em altos
niveis de isoflavonas (YU et al, 2003), podendo representar uma estratégia
promissora para biofortificacdo de flavondides em cereais.

Com a mesma finalidade, alguns estudos tém avaliado a diversidade de
variedades de milho crioulas buscando por variedades com maiores teores de
compostos fendlicos. Del Pozo-Insfran et al. (2006) demonstraram que uma das
variedades de milho roxo mexicana apresenta capacidade antioxidante
significativamente maior que variedades roxas e brancas americanas, o que foi
atribuido a suas antocianinas especificas e/ou sua composicao de polifendis.
Lopez-Martinez et al. (2008) avaliando 18 variedades de milhos nativos
mexicanos encontraram, da mesma forma, uma variada concentracdo de
compostos fendlicos, antocianinas e acido ferulico, identificando trés variedades,
todas roxas, que se sobressairam em relacdo ao conteudo destes fitoquimicos.
Da mesma forma, Pedreschi e Cisneros-Zevallos (2007) observaram maiores
teores de antocianinas e compostos fendlicos ndo antocianicos em uma variedade
de milho roxo da regido dos Andes Peruanos. Em hibridos de milho, observou-se
uma igual variabilidade nos teores de compostos fendlicos, o0s quais
apresentaram moderada digestibilidade no intestino delgado de suinos (KLJAK et
al., 2009). Da mesma forma, estratégias de selecéo assistida para incrementar 0s
teores de vitamina E em cereais também tém sido utilizadas, baseados na
variabilidade natural nos teores de vitamina E neste vegetal (ROCHEFORD et al.,
2002).

A fertilizacdo mineral também tem sido utilizada para aumentar o contetdo
de alguns compostos fendlicos, visto que a manutencdo de minerais é pré-
requesito para prover cofatores para muitas enzimas da rota de fenilpropandides.
fons de magnésio (Mg®") e manganés (Mn®"), por exemplo, asseguram o
funcionamento de fenilalanina aménia liase (PAL), de CoA-ligases, e de
metiltransferases (TREUTTER et al.,, 2010). Por outro lado, mostrou-se que a
deficiéncia de Ca*" induziu acimulo de antocianinas em repolho (BASSIM et al.,
1975) e fendlicos totais em Prunus callus (YURI et al., 1990). Deficiéncia de

fosfato por sua vez aumentou o acumulo de acido clorogénico em Helianthus
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annuus (KOEPPE et al., 1976) e de flavononas em frutos de tomate (ZORNOSA
et al.,, 1984). J4 a deficiéncia de boro (B) levou ao acumulo de compostos
fendlicos (SHKOLNIK et al., 1984) em sistema in vivo de calos em uvas, e 0 seu
aumento causou declinio de catequinas e proantocianinas, enquanto que o
acréscimo de AICl; aumentou os conteudos destes flavondides, possivelmente
devido ao estresse causado pelo aluminio (FEUCHT et al., 1999). O acumulo de
compostos fendlicos é frequentemente afetado por altos teores de N, como foi
descrito para aveia (NORAEK et al. 2003), frutas do alperce (RADI et al., 2003),
Vaccinium myrtillus (WITZELL et al., 2004), Pinus elliotti (SAXON et al., 2004),
macd (LESSER e TREUTTER, 2005) e, recentemente, tabaco (TREUTTER,
2010). Por outro lado, em morangos parece que a fertilizacdo excessiva com N
promove o0 acumulo de grandes quantidades de fendlicos (HAYNES e GOH,
1987). Resultados conflitantes foram apresentados por Anttonen et al. (2006) que
mostrou reducdo na concentracdo de fendlicos nesta cultura apds aumento de
fertilizacdo com N. Em Solanum carolinense foi observado aumento de fendlicos
com o aumento da demanda de N. Surpreendentemente, em trigo (Triticum
aestivum) houve aumento de acidos fendlicos sollveis na palha mas reducao no
grao quando submetido a doses elevadas de N (TREUTTER, 2010).

O incremento em teores de compostos fendlicos também pode ser obtido
por meio do acréscimo de Se. Plantas de manjericdo tratadas com 10-50mg dm™
de Se e 3-20mg dm™ de Se aumentaram os teores de antocianinas e compostos
fendlicos totais, respectivamente (HAWRYLAK-NOWAK, 2008). Recente estudo
também mostrou que a fertilizacdo com K pode aumentar compostos como o
acido ascorbico, beta-caroteno em diversas culturas (LESTER, 2010). Fertilizacado
com S em brécolis influenciou conteddo de flavonoides e derivados de acido
hidroxicinamico (derivados de &cido sinapico e ferulico + derivados de acido
cafeoil-quinico) (VALLEJO et al., 2003).

PERSPECTIVAS
O milho, além de ser a base da alimentacdo da populacdo em muitos

paises, € ainda utilizado na producdo de centenas de produtos derivados. Sua

importancia na alimentacdo humana e na ragéo animal e, portanto em toda cadeia
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alimentar, € indiscutivel, tornando-o uma cultura alvo nos esforcos atuais de
biofortificacdo. Pelos estudos citados, percebe-se que o milho € considerado uma
boa fonte de compostos funcionais antioxidantes, com altas concentracfes de
xantofilas, principalmente luteina e zeaxantina, relacionadas a prevencao de
doencas da retina, bem como compostos fendlicos (em especial o acido feralico),
e de diversos outros compostos como a betaina, a colina, e as lignanas, todos
com importante atuacdo no sistema de defesa antioxidante do corpo e, até o
momento, grandemente negligenciados. Além disso, apresenta teores
consideraveis de minerais traco importantes como o Se e de aminoacidos
sulfurados. Por outro lado, deficiéncias como de alguns amino&cidos essenciais e
de carotendides precursores de vitamina A, e a indisponibilidade de alguns
compostos nutricionais como ferro e zinco, tem sido exaustivamente estudados no
intuito de biofortificar ainda mais a cultura.

A fortificacdo e suplementacdo exdgenas, principalmente de minerais e
vitaminas, como por exemplo, a adicdo de ferro e acido félico a farinha de milho,
tém sido extensivamente utilizadas em muitos paises, no entanto, s&o
abordagens caras e de dificil acesso, principalmente em paises em
desenvolvimento. Por outro lado, a fortificacdo enddégena, baseada em técnicas
de fertilizagdo, tem se mostrado mais viavel economicamente e bastante eficaz
em aumentar ndo s6 a produtividade, mas também as concentracfes de minerais
em graos (YILMAZ et al.,, 1997). No entanto, apesar do grande numero de
pesquisas sobre o processo envolvido no incremento da qualidade dos alimentos,
a influéncia da fertilizagdo nestes parametros e os mecanismos pelos quais
acontecem continua incerto e controverso. Além disso, esses efeitos sao
dependentes da cultura, das doses aplicadas e da fonte de fertilizante utilizada
(ZHAO et al, 2004).

Outro gargalo destas intervencdes agrondmicas sdo 0 custo e o0 impacto
ambiental destes fertilizantes, uma vez que grande parte destes é lixiviada,
acabando por contaminar o solo e os lencdis freaticos (SORS et al., 2005).
Portanto, sdo fundamentais novas investigacdes de fontes alternativas e naturais
de fertilizantes, além de formas de aplicacdo capazes de lidar com o gradual
empobrecimento dos solos, maximizando a absorcdo pelas plantas e evitando
contaminagdes (CAKMAK, 2008).
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Da mesma forma, a mencionada variabilidade genética da concentracdo de
nutrientes nos diferentes germoplasmas de milho torna o melhoramento
convencional bastante explorado, apesar do fato de ser uma técnica de longo
prazo. O uso de técnicas de transgenia tem igualmente sido extensivamente
estudado, obtendo resultados promissores, porém carecendo muitas vezes de
uma preocupagdo maior em correlacionar estes resultados com dados de
viabilidade técnica e econbmica, como a influéncia em parametros de
produtividade, tornando dificil avaliar os ganhos reais obtidos (ABBATE et al.
1998; CALDERINI et al. 2006). Além disso, a interacdo com outros parametros de
qualidade desses produtos devido as mdltiplas interrelagBes existentes tornam-se
de dificil avaliacao.

No entanto, o rapido avanco de novas abordagens que vem sendo
desenvolvidas na bioquimica e na biologia molecular, utilizando técnicas como a
transcriptbmica e a metabolémica, abrem a possibilidade de realizacdo de novos
estudos abordando 0s mecanismos que regulam a sintese de compostos
nutricionais e funcionais. Estas novas técnicas possibilitam investigar formas de
modificar o metabolismo, incrementando o contetdo destes compostos no milho,
ou aumentando sua biodisponibilidade, além de possibilitar a verificacdo de
diferentes rotas metabdlicas afetadas por eles (FARDET et al., 2008; REZZI et al.,
2007). Neste ambito, a combinacédo de diferentes técnicas de biofortificacdo &
possivelmente a estratégia que gerara melhores resultados (CHRISTOU e
TWYMAN, 2004; ALURU et al., 2008; NAQVI et al., 2009).

O foco, presente e futuro, no uso de espécies vegetais como biomassa
para producdo de biocombustiveis e biosintéticos, para produgéo de terapéuticos
e produtos industriais, bem como na agregacédo de valor através da melhoria da
nutricdo e funcionalidade dos alimentos € uma perspectiva bastante concreta para
o milho. Do ponto de vista do consumidor, o foco sobre incrementos em nutrientes
e compostos funcionais que proporcionem melhoria da nutricdo e saude, assume
grande relevancia. Desenvolvimento de plantas com essas caracteristicas
melhoradas envolve a superacao de uma série de desafios, incluindo técnicos e
regulamentares e, principalmente, de questdes inerentes a percepcado e as
complexas modificacées que poderao ocorrer (NEWELL-McGLOUGHLIN, 2008).
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3. HIPOTESE

A agua de xisto, por sua composicdo mineral e a presenca de diversos

compostos organicos em sua matriz, possibilita melhora da nutricdo vegetal e

estimulo do metabolismo da planta, com consequiente aumento em parametros de

crescimento e de qualidade, tanto nutricional quanto funcional.

4. OBJETIVO

Caracterizar fisico-quimicamente a agua proveniente do processo de pirélise

do folhelho pirobetuminoso (dgua de xisto) e avaliar sua influéncia no

crescimento, produtividade e qualidade de culturas agricolas por meio de

aplicacoes foliares.

4.1.

Objetivos especificos

Caracterizar fisico-quimicamente a agua de xisto;

Avaliar a seguranca do uso da agua de xisto na producao de alimentos;
Avaliar a influéncia da 4gua de xisto na nutricdo e produtividade de alface
por meio de aplicacdes foliares;

Avaliar a influéncia da agua de xisto no crescimento das plantas e na
produtividade e qualidade de graos de milho por meio de aplicacdes
foliares;

Adaptar e otimizar metodologia para isolamento de RNA de grdos de
milho;

Avaliar a influéncia da agua de xisto enriquecida com micronutrientes no
crescimento das plantas e na produtividade e qualidade de grdos de milho

por meio de aplicacdes foliares.
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5. ARTIGO 1 - “Physical-chemical characterisation of water from the
pyrobituminous shale pyrolysis process and evaluation of its potential

use in agriculture”
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Abstract

Pyrolysis of pyrobituminous shale to extract products such as fuel oil and gas
generates by-products whose compositions suggest their potential usefulness. One of these
by-products is the water that is extracted from shale rock as a result of the high pressures
and temperatures involved in the pyrolysis process (shale water). The chemical
characterisation of shale water shows a great variety of organic compounds, mineral
nutrients and trace elements. This complex matrix is of interest for its potential use in plant
nutrition. Increases in yield and in certain nutrients observed in lettuce treated with
different doses of shale water delivered as foliar fertiliser, as well as the absence of toxic
contaminants, suggest that shale water could be used in agriculture as an appropriate
alternative to traditional fertilisers from both an environmental and a food safety

standpoint.

Keywords: shale water; foliar fertiliser; inorganic composition; organic composition.
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1 Introduction

World reserves of pyrobituminous shale are considered to be an alternative source
of oil, given the shortage of global oil reserves. Brazil has the second largest reserve of
shale behind the United States, followed by Congo, Jordan and Morocco (Dyni, 2006). The
geological Irati Formation is the main reserve currently being exploited in Brazil (Figure
1), with Petrosix® technology enabling the extraction of petroleum derivates from shale

(United States Patent 4253938).

Figure 1. Map of Brazil with an enlarged inset of the Irati Formation. The white ball
indicates Sdo Mateus do Sul in the Brazilian state of Parana, the city where the Petrobras
SIX - Shale Industrialization is located. Adapted from Padula (1969).

Petrobras processes about 7,800 tons of shale daily to generate fuel oil, liquefied
petroleum gas (LPG), fuel gas, shale naphtha and sulphur (S), generating a huge number of
by-products (Nicolini et al., 2011; Petrobras, 2011). This includes approximately 300 m?
day™ of a water that is extracted from shale rock using retorting technology, which uses

extremely hot gas for pyrolysis process. Commonly called shale water (SW), this by-



57

product has potential for use as feedstock in the production of liquid fertilisers. Its wide
range of dissolved and suspended (emulsified) organic compounds, in addition to
macronutrients, micronutrients and other trace elements from fossilised algae during the
Permian Period, have attracted interest because of the importance of these substances in
plant nutrition (Pereira and Mello, 2002).

Historically, agricultural production has been focused on the use of fertilisers that
are based primarily on macronutrients (nitrogen — N; phosphorus — P; and potassium - K)
to increase productivity. Improvements in production processes have allowed these
fertilisers to become increasingly free of trace elements and micronutrients, limiting the
demand for a wider range of these compounds and causing soil depletion as a result of their
intensive use and the high rate of extraction of these nutrients by crops (Lal, 2009; Raut et
al., 2010).

Thus, the search for supplementary fertilisers with a better balance for use in
different agricultural systems has been the subject of several studies (Gomez-Galera et al.,
2010; Zhao et al., 2008). In this context, foliar fertilisation has been one of the most
appropriate additional fertilisation methods to deliver macro- and micronutrients and other
beneficial substances to plants. This practice has shown positive effects on productivity
and resistance to diseases and pests as well as an increase in the quality of different crops.
In addition, a foliar spray that is properly formulated can increase nutrient uptake from the
soil and stimulate plants to translocate more sugars and other exudates (Tariq et al., 2007;
Yaseen et al., 2004).

Currently, the importance of many trace elements for plant and animal nutrition is
well known. The essential trace elements are those needed in small quantities to maintain
the life processes of plants and/or animals, including humans. For most essential trace

elements, low uptake/intake causes deficiency, and high uptake/intake causes toxicity
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(Miller et al., 1991). Nickel (Ni), for instance, was one of the last trace elements whose
essentiality was proven due to its participation in urease, an important enzyme for the
mobilisation of nitrogenous compounds during seed germination (Brown et al., 1987).
Selenium (Se) was also recently proven to be important for the development of plants
(Sepénen et al., 2003) and to human health (Navarro-Alarcon and Cabrera-Vigue, 2008),
although it is not yet considered an essential nutrient, just a beneficial one. However, very
little is known about the function of several other trace elements because of the difficulty
of proving their essentiality: they are needed in only very small amounts by plants
(Marschner, 2003).

Therefore, knowledge of the constituents of SW, as well as their dynamics and
concentrations, is essential to informing decisions concerning the use of this by-product.
This is especially true as a result of the presence of trace elements and organic compounds
in SW, which can be both agronomically beneficial and environmentally harmful. Thus,
SW will require detailed studies to ensure the safety of its use in food production. In this
context, lettuce (Lactuca sativa L.), the leafy vegetable with the highest commercial value
of all those grown in Brazil, is also an excellent biological indicator of food quality,
because it is usually eaten ‘fresh’, and environmental quality, because of its high
susceptibility to contaminants (Lopes et al., 2005). Furthermore, lettuce has a short
cropping cycle and has high rates of nutrient absorption; as a consequence, soils with low
nutrient capacities cannot supply the nutritional demands of this plant. In this context, the
application of foliar fertilisers represents an interesting fertilisation alternative.

Based on the above information, this study aimed to characterise SW, physically
and chemically, through data systematisation obtained in different sampling periods and to

evaluate its potential and safety for agricultural foliar fertilisation in lettuce crops.
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2 Materials and Methods
2.1 Sampling

Shale water was sampled from SIX — Shale Industrialization, located in Sdo Mateus
do Sul (PR), between December 2005 and April 2006. Aiming to obtain a better
representation of any possible variability in the composition of the shale rock and the
industrial process itself, we chose a methodology for collecting that sampled 200 L per day
(divided into subsamples of 50 L at 8:00, 13:00, 18:00 and 23:00 h) from Monday to
Friday in the third week of each month during these five months. From each daily sample
of 200 L, aliquots of 40 L were removed immediately after homogenisation, for a total of
200 L per week. Of these 200 L, 3 L were withdrawn, stored at + 4 °C and protected from
light until analysis. For the characterisation of organic compounds, sampling occurred
during four months. The SW sample used in the experiment with lettuce culture was
characterised separately.
2.2 Experimental design

The experiment with lettuce was executed at Embrapa Clima Temperado, Pelotas,
Rio Grande do Sul, Brazil, in a greenhouse from October to December 2008. The lettuce
seedlings (Vera cultivar) produced were transplanted after 21 days to plastic pots with a
1.5 L volume in a substrate consisting of a mixture of soil and vermiculite (25%). The soil
used was an Ultisol that was sifted and corrected with N, P and K corresponding to 66% of
the recommendation for this culture (CQFS, 2004). The design used randomised blocks
with four repetitions with 8 plants per plot.

Irrigation was performed twice daily, keeping the soil constantly moist in all
treatments. The factor treatment tested was an equivalent dose of SW, as shown in Table 1,
with the following description: control — without the application of SW; SW6 — 6.0 L ha™

SW; SW18 — 18 L ha™ SW; SW54 — 54 L ha™ SW; and As — positive control with 18 L ha’
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! of sodium arsenate at an arsenium (As) concentration ten-fold higher than that found in
the SW, according to the average presented in Table 1. When the spray liquid was prepared
(flow rate of 300 L ha™), all treatments were supplied with 1% mineral oil (Oppa ® BR-
CE) to improve the foliar adhesion of the formulations. When necessary, the pH of the
formulations was adjusted to a physiological pH of 6.0 with diluted solutions of HCI or
NaOH. The applications of the formulations were performed with the use of a pressurised
sprayer (CO;) every ten days starting two weeks after transplanting and ending one week
before harvest. Three partial applications of equal parts from the total dose were performed
during the crop cycle according to the proposed treatments. The harvest of the lettuce was
performed 52 days after transplanting, cutting the 8 plants in each plot at ground level. For
the analysis of organic compounds, subsamples were immediately frozen in liquid nitrogen

and stored at -80 °C until the time of analysis.

2.3 Analytical Methods and Statistical Analyses

Analyses of the pH, total suspended and dissolved solids, electrical conductivity
and density were performed according to standard methods for the examination of water
and wastewater (Eaton et al., 2005).

After digestion, the total inorganic compounds were determined by inductively
coupled plasma optical emission spectrometry (ICP-OES) and mass spectrometry with
inductively coupled plasma (ICP-MS) (Eaton et al., 2005). The determination of mercury
(Hg) concentration was performed by cold vapour atomic absorption spectrometry (CV-
AAS) (USEPA, 1991). The quantification of volatile and semi-volatile organic compounds
was performed by gas chromatography coupled with mass spectrometry (GC-MS). The
determination of total cyanide (CN") was carried out after distillation using a selective

electrode for CN™ (Eaton et al., 2005). For the analysis of SW characterisation results, the
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percentage of samples with values below the detection limit (DL) was calculated. For the
remainder of the samples (those that had values above the DL), the confidence interval was
estimated.

After evaluation of the fresh weight, the dry weights of lettuce plants were
determined using a forced air oven at 65 °C. The results were subjected to an analysis of

variance by Tukey’s test with a confidence level of 5% using SAS software (2004).

3 Results and Discussion
3.1 Physical-chemical characterisation of shale water

Shale water has an alkaline pH of 9.43 + 1.35 (mean + standard deviation) and
presents a translucent, light-yellow colour. The levels of the total dissolved and suspended
solids are 2.45 + 0.15 and 0.52 + 0.01 g 100 mL™, respectively. The electrical conductivity
value is 18.0 + 15.3 S m™, while the density is 0.98 + 0.08 g cm™. The results presented
above enable the use of SW in relation to the salinity and technical requirements of foliar
application. As expected, despite the fact that SW extraction remains closed during the
entire process, we observed variations in the concentrations of the compounds present in
SW between the different collection timepoints (Table 1). These differences occur mainly
because of natural variations inherent in the rock composition and the consequent

necessary adjustments in the extraction process.
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Table 1. The sample size (n), confidence interval for the average values greater than the

detection limit (DL) and relative frequencies of the values below the DL for the inorganic

elements quantified in SW sampling over six months in addition to the values for the SW

used in the lettuce agronomic experiment.

Values confidence

_ Values frequency < DL
Element . mterval > DL __________________________________________________________ SW b

Relative October/2008
n  Average +sd® DL
frequency
mg L™ mg L™ % mg L™
As 25 145%0.22 0 1.19
Cl 25 1.62+0.49 0 0.30
Na 25 5.96+2.76 0 2.74
S 25 311.70 +241.24 0 595.90
Se 25 1.32+0.32 0 0.98
Si 17 1.64+1.99 0 n.a.
Mg L™ gL~ % gL~

Ag 4 0.08+0.11 0.007 84 n.a.
Al 24 80.48 +62.61 5 n.a.
B 25 302.86 +58.72 0 235.60
Ba 25 33.70+11.82 0 n.a.
Ca 25 437.47 +306.19 0 653.20
Cd 1 0.06 0.05 96 n.d.® (<0.05)
Co 8 0.14%0.05 0.03 68 n.d. (<0.03)
Cr 8 3.83%283 1.0 68 n.d. (<1.0)
Cu 17 38.27 £30.43 0.07 32 17.70
Fe 25 176.55 + 65.82 0 130.00
Hg 8 859%8.40 0.05 68 12.00
K 25 393.16 + 107.09 0 100.10
Li 4 0.78+0.18 0.2 84 n.a.
Mg 25 343.32 +204.68 0 158.80
Mn 25 5.19+156 0 3.90
Mo 0 0.5 100 n.a.
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Ni 14 1.07+£0.42 0.04 56 n.d. (<0.5)
P 16 68.53 +47.68 25.0 36 n.d. (<25.0)
Pb 17 1.19+0.39 0.5 32 n.d. (<0.5)
Sn 0o .. 50.0 100 n.a.

Te 7 1.82+0.61 1.0 72 n.a.

Ti 7  29.69 +47.59 2.0 72 n.a.

\% 16 0.78+0.51 0.08 36 n.a.

Zn 25 30.10+12.58 0 17.10

#Standard deviation.
® Chemical composition of SW used in lettuce experiment.

°n.d. — not detected; n.a. - not analysed.

Some chemical elements of agronomic interest that were found at a greater
concentration in the SW also exhibited the greatest variation between sampling, such as
silicon (Si) and S. The latter varied between 250 and 500 mg L™ (Table 1). Generally, the
needs of S for most crops are supplied by fertiliser S carriers, such as ammonium sulphate
(24% S), potassium sulphate (16% S), superphosphate (12% S) and gypsum (15 to 18% S),
which are the most common sources of this nutrient. However, in recent times, with the
more intensive use of soil and fertiliser formulas that are more concentrated and pure,
without S, the response to this element in plant nutrition tends to increase when using
additional fertiliser. Although Si is the second most abundant element in the Earth's crust,
it is quickly depleted in soils with intensive cultivation. This mineral has been shown to
have beneficial effects in plants, including resistance to biotic and abiotic stresses, due to
its accumulation below the cuticle, which decreases damage from fungi and insects as well
as water loss by reducing the opening of the stomata. Silicon therefore promotes increases
in productivity, especially in grasses (Savant et al., 1997). Recently, this element has been
the focus of several studies aiming at its foliar application (Rezende et al., 2009). Despite

SW presenting with relatively low concentrations of Si (Table 1), with a maximum value
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of 0.035%, it could still exert a beneficial effect when delivered as a foliar fertiliser, as was
observed with the foliar application of a Si product supplier using 0.001 to 0.2% Si in its
formula (Goodwin, 2010).

Considerable amounts of sodium (Na) and chlorine (CI) (the latter an essential
micronutrient in the photosynthesis process) were also found in SW (Table 1). The
concentration levels of these minerals in plants determines whether it has a beneficial or
toxic effect as the limit of tolerance is dependent on the concentration of the salt in the
solution, the exposure time and the plant developmental stage. The toxic effect of these
ions is related to the osmotic effect, leading to a water stress condition in plants (Cruz et
al., 2006). However, in optimal doses, moderate water stress has been proven to improve
nutritional and functional value by increasing the vitamin C content and the antioxidant
activity in broccoli (Cogo et al., 2011) and the B-carotene and lutein content in romaine
lettuce without productivity losses (Kim et al., 2008). Moreover, the function of Na in
plants is similar to that of K, which may replace it for certain metabolic and osmotic
functions and acts as an activator of a wide range of enzymes and ATPases (responsible for
transport across the membrane). Sodium may also facilitate the absorption of N, P and K in

some plants (Marschner, 2003).

Selenium is another element of agronomic interest that is found in SW. Studies in
plants suggests that this element has antioxidant properties that activate protective
mechanisms that can alleviate oxidative stress in chloroplasts (Seppénen et al., 2003).
There is also evidence that trace amounts of Se can increase the growth of some plant
species (Xue and Hartikainen, 2000). According to Strawn et al. (2002), soils with shale
and its derivatives usually contain high Se concentrations, making SW a potential supplier
of this element. For human health, Se is also considered essential because the glutathione

peroxidase enzyme is considered to be a structure that plays a vital role against oxidative
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damage in cells (WHO, 1998). Furthermore, studies have shown Se importance in several
biological functions, such as the functioning of the thyroid gland and the cardiovascular
system, in preventing the formation of free radicals and improving immune response
during infection (Navarro-Alarcon and Cabrera-Vique, 2008).

The other mineral elements in SW, such as the essential micronutrients boron,
copper (Cu), iron (Fe), zinc (Zn) and several others, are in low concentrations (Table 1) but
are quite high in number, which could explain the effect of SW on nutrition and
productivity in a previous study with pepper and tomato (Pereira and Mello, 2002).

Among the trace elements present in SW, some are considered potentially toxic
(such as lead — Pb; cadmium — Cd; Hg; As; aluminium, lithium and tin), although many of
these may exert essential functions at low levels (WHO, 1998). New studies continue to
broaden knowledge regarding these trace elements in the diet, such as the role of As
(widely used in pesticides, herbicides and desiccants) as an additive in poultry and pig
feed, where it increases weight gain and protects against enteric diseases, and its
physiological action in the formation of various metabolites of methionine, including
taurine and polyamines (Uthus, 1992). However, in plants, due to chemical similarities
between As and P, these elements can compete with each other, causing a deficiency of P
and interfering with physiological and biochemical processes related to growth (Otte and
Ernst, 1994).

In SW, the predominant form of As is arsenate, AS (V) (corresponding to 90.6% of
the total As measured). AS (V) is approximately sixty times less toxic than arsenite, As
(1) (Duarte, 2006), which corresponds to 0.63% of the total As measured. In SW, the
organic forms of As constitute the remaining 8.8% of the total As measured. In rice, while
the applied arsenate did not affect the plants, arsenite was shown to be phytotoxic (Patra et

al., 2004). According to the EU Commission legislation for fertiliser and organic substrates
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used in agriculture (EU Commission, 2001), as well as Brazilian legislation (Ministério da
Agricultura, Pecuaria e Abastecimento, 2006), the levels of these trace elements in SW are
below the permissible limits.

Polycyclic aromatic hydrocarbons (PAHS) are potentially toxic to the environment,
resulting in absorption and accumulation in the food chain (Nicolini et al., 2011). The
analyses of PAHs (Benz[a]pyrene, Benz[b]fluoranthene, Benz[k]Fluorene, Chrysene,
Acenaphthylene, Fluorine, Anthracene, Benz[g,h,i]perylene, Phenanthrene,
Dibenz[a,h]anthracene, Indeno[1,2,3-cd]pyrene, Pyrene, Anthracene, Fluoranthene,
Naphthalene and Benz[a]anthracene) performed in the SW samples did not detect the
presence of any of the compounds analysed (limit detection of 0.005 mg L™). The

concentrations of the other organic compounds analysed in the SW are shown in Table 2.

Table 2. Organic compounds in SW sampling during four months of the study.

Compound L Quantification
Average (mgL™) £s.d?
Limit

Sulphate 162.2 £ 33.9
Sulfide n.d.° .

. <1.0mgL"
Nitrate n.d.
Clhoride n.d.
Estireno n.d.
Total Cresols 133.82 +20.93 <0.005 mg L
Cyanide 0.36 £ 0.07

BTEX

Benzene n.d.
Toluene 0.125+0.17 L

. <0.001 mg L~
Etilbenzene 0.010 £ 0.009
o-Xilene 0.004 £ 0.003
m.p-Xilene 0.009 + 0.002

Fendis
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2.4-Dimetilphenol 29.33+7.14

Phenol 66.70 £ 5.27

2-Metilphenol 45.96 +5.35

4-Metilphenol 91.89 +11.46

Pentaclorophenol n.d.

2-Metil-4.6 dinitrofenol n.d.

2-Clorofenol n.d. 1
<0.1mgL

2.4-Diclorofenol n.d.

2.6-Diclorofenol n.d.

4-Cloro-3-Metilfenol n.d.

2.4.6-Triclorofenol n.d.

2.4.5-Triclorofenol n.d.

2.3.4.6-Tetraclorofenol n.d.

2-Nitrofenol n.d.

4-Nitrofenol n.d.

“Average and standard deviation of 18 samples.

®4.d.- not detected.

Among the aromatic compounds tested, trace levels of benzene were detected, as
were toluene, ethylbenzene, o-xylene and p-Xxylene as well as simple phenols, 2,4-
dimethylphenol, and cresols. Cresols are methylated phenolic compounds that occur
naturally in the environment; they are found in many foods and are also produced by
microorganisms in the soil and water that degrade organic matter (Dolatto et al., 2010).
Cresols can exist in three forms of chemical structures that are very similar to each other:
o-cresol (2-methylphenol), m-cresol (3-methylphenol) and p-cresol (4-methylphenol).
These forms can be found separated or combined (ATSDR, 2008) and could act as natural
organic complexes that assist in the absorption of the nutrients present in SW if applied to
plants as fertiliser (Botero et al., 2009; Mortvedt, 2001). A recent study by our research

group tested the persistence of these compounds in soil and found that they are quickly
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degraded or remain as non-extractable residues; they therefore do not present a risk of
groundwater contamination (Dolatto et al., 2010). Chlorinated phenols and nitrogenous
phenols, which are considered the most pollutants and toxic aromatic phenolic compounds
(Barreto-Rodrigues et al., 2007), were not detected during the characterisation (Table 2).
The SW samples analysed had an average content of 0.36 mg of CN™ L™* SW.
Cyanide toxicity is related to its ability to inhibit metabolism and be a chemical
asphyxiant, preventing tissues from exchanging O,. However, due to technical and
economic aspects, foliar fertilisers are usually diluted to ratios of 1:100 to 1:400 before
delivery to plants, causing the level of CN™ to be much lower. Moreover, part of the
fertiliser will not be absorbed, and the portion absorbed cannot be translocated to the food
product. Most foods, especially those of vegetable origin, naturally contain trace amounts
of CN’, which are partially removed during cooking (Ortega-Flores, 1991) and the

acceptable daily intake for men is up to 0.5 mg kg™ body mass (Moore, 1990).

3.2 Evaluation of foliar fertilisation with SW on yield and food safety in lettuce

The evaluation of the agronomic effectiveness and safety of SW in food production
was performed by foliar spraying in increasing doses of SW (0, 6, 18 and 54 L ha™). This
evaluation included high doses from the standpoint of technical and economic feasibility,
but these tests were important from the standpoint of environmental and food safety.
Despite the presence of some potentially toxic trace elements in the SW, the analysis of
heavy metals (Hg, As, Cd, Chrome - Cr, Ni, Pb) in the lettuce leaf samples did not detect
their presence at any of the doses tested. Only As accumulation was detected in the
negative control (1.3 mg kg™), where salt containing this metal was sprayed in a dosage ten
times higher than that found in the SW. This result suggests that the levels and/or

bioavailability of these elements are very low in SW. Also, symptoms of toxicity from Na
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and ClI, such as chlorosis and burns on the edges of older leaves, were not observed in this
study for any treatment.

The analysis of the major organic compounds in the SW matrix (phenol, 2-
methylphenol, 4-methylphenol and 2,4-dimethylphenol) also failed to detect the presence
of these compounds in the lettuce leaves (limit of quantification <200 mg kg™). Likewise,
we failed to detect the presence of CN" (limit of quantification <0.5 mg kg™). These data
indicate that SW as a foliar fertiliser, at the doses tested, does not affect the safety of

lettuce as food.

Table 3. Mineral concentration in lettuce leaf samples treated with different SW doses.

Treatments  Control SW6 SW18 SW54 As REF.?
-------------------- Macronutrients (g kg™) --------------------
26.8ab°  252abc  24.5¢ 25.1¢h 27.1a 30-50
P 54a 4.4 ab 4.1 bc 4.5 ab 3.3c¢c 4-6
30.7b 30.3b 53.1a 28.7Db 240D 50-80
Ca 9.70 a 8.50 a 8.80 a 8.80 a 9.0a 15-25
Mg 4.80a 5.30a 5.50a 530a 55a 4-6
S 1.32 ab 1.39 ab 1.66 a 1.08 ab 0.96 Db 15-2.5
-------------------- Micronutrients (mg kg™) -
Cu 8.85b 11.23 a 855D 8.22Db 8.26 b 7-20
Zn 42.50 ab 39.00 b 48.75 a 41.67 ab 39.75 ab 30-100
Fe 142.72 b 200.67 a 152.25 Db 78.67 C 86.67 c 50-150
Mn 80.33b 49.67 bc 163.50 a 64.25 b 21.33¢c 30-150

# Reference values for macro and micronutrients in lettuce leafs. Fonte: CQFS, 2004.
® Average of four replicates for each treatment evaluate after total SW total doses proposed applied.

Equal letters for each variable indicate no significance at 5% level of confidence by Tukey’s test.

The agronomic evaluation of the lettuce showed an increase in yield when applying

doses of SW (6, 18 and 54 L ha™ SW) as compared to untreated controls (Figure 2). The
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fresh weight was significantly higher in the treatment with an equivalent dose of 6L ha™
SW, and the dry weight was significantly higher in both treatments (6 and 18 Lha™ SW).
However, the plants appeared to decrease their dry matter accumulation with the 54L ha™
SW treatment, suggesting a possible inhibitory effect that was concurrent with the decrease
in the absorption and/or soil uptake of Fe, and also a declining trend of K, Mn and Cu,
comparing to SW6 and SW18 treatments (Table 3). Similarly, the application of sodium
arsenate reduced the accumulation of nutrients in the leaves, especially P, S and Mn, as
compared to both treatments with higher dry matter accumulation (the SW6 and SW18
treatments). Consequently, the concentrations of these elements on lettuce plants treated
with arsenate were below the range of values suggested for the development of lettuce,
which significantly affected the yield of this treatment as compared to treatments with SW
application. The mechanism by which high doses of As cause a phytotoxic effect is
possibly the similarity in the chemical structure of phosphate and arsenate, cited below and
observed by the low accumulation of P in this treatment. The arsenate accumulated in this
treatment could be transported across the plasma membrane via phosphate co-transport
systems and may replace phosphate in the ATP molecule, resulting in an unstable ADP-As,
leading to the disruption of energy flow in cells (Meharg, 1994). It is also relevant to note
that the source of arsenic used in this study was sodium arsenate, and despite leaves from
this treatment remained with similar percentage of water than the other treatments, the
negative effects observed could, at least in part, be a consequence of osmotic stress caused

by sodium.
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Figure 2. Fresh weights and dry weights of lettuce plants treated with SW foliar

fertilisations and controls.

The accumulation of K and Mn (Table 3) was significantly increased in the SW18
treatment, while the micronutrients Cu and Fe accumulated more in the SW6 treatment as
compared to the control. Potassium is an essential nutrient to plants and animals and is the
most required nutrient in lettuce. Potassium affects a plant’s efficiency of water use,
translocation of carbohydrates, protein synthesis, enzyme efficiency and resistance to stress
(Mota et al.,, 2001). Manganese (Mn) is a required microelement for growth and
photosynthesis and acts as a cofactor, activating approximately 35 different enzymes
(Gordon, 2007). Iron is also essential for all living cells. This transition metal plays key
roles in electron transfers in both photosynthetic and respiratory reactions in chloroplasts
and mitochondria (Lanqua et al., 2005). In mammals, Fe deficiency is the most common
nutritional disorder in the world, affecting possibly between 4 and 5 billion people, mainly
in developing countries (WHO, 1998). The functions of copper in plants are to metabolise

N and carbohydrates and to synthesise lignin, which is essential for cell wall strength. It
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also affects the flavour and colouring of vegetables, in addition to their storage abilities,
which aids in the prevention of diseases (Williams, 2009). Thus, these nutrients are directly
or indirectly associated with plant growth. The results that are related to nutrient
accumulation in the SW treatments correlate positively with the dry weight evaluation and
likely played a role in the increased yield.

The micronutrients Mn, Fe and Cu, together with Zn, are also the most easily
complexed with organic compounds. The presence of organic complexes produced by the
reaction of metal salts with various organic compounds, such as those found in industrial
by-products already used for this purpose (for example, obtained in the pulp industry), may
act similarly to synthetic chelates, which stabilise the metal ions, increasing availability for
long enough to be absorbed by plants (Mortvedt, 2001). SW was proved to have these
organic compounds (Table 2). However, tests are needed to assess their compatibilities and
efficiencies because it is not possible to accurately define its stability constant due to the
different chemical structures of these products, which are dependent on the nature of these

compounds and their manufacturing processes.

4 Conclusions

Taking into account the long-term characterisation of SW, which showed a large
diversity of nutrients and trace elements, other compounds with possible actions on the
formation of organic complexes, the absence of harmful concentrations of toxic
compounds in its matrix, and the increase in nutrient accumulation and yield that was
provided by the addition of 6 and 18 L ha™ SW to lettuce, SW has potential for use as a
foliar fertiliser in agricultural crops. The use of SW was also shown to be safe from the
standpoint of food production because it did not present any phytotoxic effects at the doses

mentioned above; no acute effects on the development of the lettuce plants were observed
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during the experiment conducted. Thus, the use of SW as a foliar fertiliser, mainly in
agriculturally poor soils, such as those found in southern Brazil, which requires high
amounts of supplementary nutrients, represents an environmentally friendly alternative and
a low-cost strategy for the disposal of this by-product. However, further evaluations are
necessary to provide a better understanding of the action mechanism of SW to better define
the doses for maximum efficiency in the crops of interest, as well as its interaction with

possible nutrients added for enrichment.
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Summary

Most methods available for RNA isolation from plants are inappropriate for grains
and other organs and plant tissues rich in polysaccharides. This is mainly due to the
tendency of polysaccharides to co-purify and to co-precipitate with RNA during isolation,
compromising the use of RNA in subsequent applications. Different methods for RNA
isolation, including commercial reagents, RNA isolation kits, DNA isolation kits, and a
CTAB method adapted on this study were tested in order to identify the most appropriate
for grain maize. In terms of yield, purity and integrity of RNA, the method based on the
use of CTAB (hexadecyltrimethylammonium bromide) was considered suitable for the
isolation of RNA from maize grain. Although other methods used have resulted in RNA
whose cDNA synthesized have amplified the actin gene, they were considered inadequate
due to limitations in terms of purity and / or integrity of RNA that can potentially
compromise the evaluation of gene expression by quantitative PCR.

Key words: Isolation of RNA, grain, maize, CTAB, gene expression, methodology.
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Introduction

The quantity and quality of isolated RNA are crucial for the evaluation of gene
expression, since the use of low quality RNA may compromise the reliability of the results
of these studies, which are expensive, laborious and costly (1-3).

High-quality RNA should be intact and free of contamination with RNases,
proteins, genomic DNA, enzymes and other inhibitory substances for RT-PCR (1-2). RNA
integrity is quickly compromised in post-mortem tissues due to exposition to endogenous
and exogenous ribonucleases, mainly at inadequate temperatures (4). RNA purity is also
compromised by environment contamination and waste solution from RNA isolation,
especially phenolic compounds (5-6). These contaminants may inhibit reverse transcriptase
activity and consequently affect DNA synthesis from isolated RNA (5-6). Therefore, strict
methodological precautions, varying according to the origin of RNA and isolation method
are necessary to obtain good quality RNA (7).

Besides being one of the major crops in the world - 817 million tons in 2009 (8) -
maize is also notable for having high antioxidant activity content (9). Considering that
many of these antioxidant compounds (eg. carotenoids and anthocyanins found in colored
grains) are synthesized directly in the grain, is essential to characterize the expression of
genes associated with the antioxidant compounds accumulation, in order to better
understand this process and use these informations to biofortify this crop by using
metabolic engineering (10).

However, the isolation of RNA from maize grain is notoriously difficult due to its
association with the matrix of the amylo-protein endosperm and high fiber concentration in
the aleurone layer. Thus, co-purification and co-precipitation of polysaccharides, proteins
and sometimes polyphenols present in high concentrations in those tissues normally
compromise the isolation of RNA regarding its yield, purity and integrity (4, 11-13).

Finally, considering that the complete genome of maize has recently been
sequenced (14), to enable studies of gene expression in maize grain, the establishment and
standardization of RNA isolation methods is of paramount importance.

In this study different methods of RNA isolation from maize grains were assessed
for concentration yield, purity, integrity and suitability of the obtained RNA for gene

expression studies aiming to find a simple, efficient and low cost method.
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Materials and Methods

Collection and preparation of grain samples for RNA isolation

Cobs of hybrid maize cultivar 30F53 (PioneerTM) (Zea mays L.), cultivated from
January to April between 2008 and 2009, at Pelotas, RS — Brazil, were collected 24 days
after pollination, in the R4 stage of maize development (15), when the grain were at 72 to
80% moisture content. Cobs were immediately frozen in liquid nitrogen in plastic bags
previously treated with RNase inhibitor (RNase AWAY ™, Invitrogen ™, Cat No. 10328-
011) and kept stored at -70 °C until analysis.

Immediately before the RNA isolation, the cobs were shelled in a frozen state, and
whole grains were homogenized under liquid nitrogen with the aid of a mortar and pestle.
For each method of RNA isolation, aliquots of 100 mg from the homogenized were
prepared in triplicate in 1.5 L microtube (Eppendorf) previously cooled.

RNA Isolation Methods

The methods evaluated on this study were:

M1. PureLink® Plant RNA Reagent (Invitrogen™, Cat. No. 12322-012) (16);

M2. TRIzol® Reagent (Invitrogen™, Cat. No. 15596-018) (17);

M3. NucleoSpin® RNA Clean-up (Macherey-Nagel™, Cat. No. 740948) (18);

M4. Total RNA purification from plant (Macherey-Nagel™, Cat. No. 740949) (19);

M5. Total RNA Extraction Kit - Plant Tissues (Real Genomics™, Cat. No. YRP50 ) (20);
M6. DNeasy®Plant Mini Kit (QIAGEN™, Cat. No. 69104) (21);

M7. PureLink®Plant Total DNA Purification Kit (Invitrogen™, Cat. No. K1830-01) (22);
M8. CTAB (hexadecyltrimethylammonium bromide), adapted from JAOKALA et al. (23).

M1 and M2 consisted of commercial reagents PureLink ® Plant RNA Reagent and
TRIzol ® Reagent, respectively. In M2, 1.2 M NaCl and 0.8 M sodium citrate were
included in the precipitation step to aid the elimination of polysaccharide contamination.
Both methods were performed according to manufacturer's instructions (16, 17).

M3, M4 and M5 consisted of commercial kits for RNA isolation and were
performed according to manufacturer's instructions. M3 is recommended for the isolation
of RNA from cultured cells while M4 and M5 are specific to plant tissues. M4, due to the
high viscosity, was used with lysis buffer (RAP contained in the kit) based on guanidine-
HCI, and centrifugation in a filtration column (11000 x g for 1 min) to allow the flow of
the lysate. M5 was tested with both lysis buffers, RB and PRB. PRB buffer is
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recommended to use with polysaccharide-rich samples. M4 and M5 were performed at
room temperature after lysis solution addition.

M6 and M7, DNA isolation kits, were used for RNA isolation as proposed by
BELEFANT-MILLER et al. (11). In both methods, to remove DNA and preserve RNA,
the RNAse digestion step was replaced by a DNase digestion step.

M8, adapted for maize grains from the method proposed by JAAKOLA et al. (23)
for isolation of total RNA from bilberry (Vaccinium myrtillus), is described below:

Samples (100mg) pre-milled were suspended in 1.25mL of extraction solution (2%
CTAB - hexadecyltrimethylammonium bromide, 2% PVP - polyvinlpyrrolidone, 2 M
NaCl, 100 mM Tris-HCI pH 8.0, 25 mM EDTA and 3.3 % B-mercaptoetanol) pre-heated at
65°C and incubated at 65 °C for 3 min. Then two extractions were made with an equal
volume of chloroform-isoamyl alcohol (24 : 1), homogenized by inversion for 5 min and
centrifuged at 7300 x g for 20 min. The upper phase was recovered and precipitated
overnight at -20 °C with ¥ of 10 M LIiCl. After this period the samples were centrifuged at
18,000 x g for 30 min at 4 °C. The pellet was resuspended at 65 °C for a few minutes in 70
pL of SSTE buffer (1 M NaCl, 0.5 % SDS, 10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0)
and extracted twice with an equal volume of chloroform: isoamyl alcohol (24 : 1). The
upper phase was precipitated with 364 pL of 100 % ethanol and 18 puL of 3 M sodium
acetate pH 5.5, for 1h at -70 °C, followed by centrifugation at 18,000 x g for 20 min at 4
°C. The pellet was washed twice with 70 % ethanol and resuspended in DEPC water with
0.1 mM EDTA.

RNAses and DNA contamination control

To minimize RNase contamination, all places and materials used to manipulate
samples were pretreated with RNAse inhibitor (RNAse Away - Invitrogen ™). Tips and
centrifuge microtubes were heated at 121 °C for 45 min. Equipment and places used for
isolation procedures were DNA decontaminated with 70% alcohol.

Characterization of RNA isolated

The spectrophotometric ratio 260 nm / 280 nm, measured on Hitachi U-1800
spectrophotometer, was used to assess the purity of RNA. Samples with a ratio between
1.8 - 2.2 were considered pure. RNA concentration was calculated using the formula:
[RNA] = 40 pug ml™* x Agxg x dilution factor (24). RNA integrity was assessed visually

after electrophoresis on 1% agarosis gel at 130 V for 40 min, using 6 pL of sample.
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DNAse digestion

For all methodologies, 1.5 pg of total RNA from each triplicate were digested with
1 U DNase and 1 x DNase | Reaction Buffer. After 15 min incubation at 25 ° C, 25 mM
EDTA was added to the reaction and incubated for 5 min at 65 ° C.

RT-PCR

RNA digested with DNase was used for reverse transcription using M-MLV
enzyme (Invitrogen ™, Cat No. 28025013). cDNAs were amplified by PCR (thermocycler
Gene Amp 9700, Applied Biossystems™) as follows: final volume of 25 pL containing 75
ng cDNA, 0.2 mM dNTP, 2.5 mM MgCl2, 10 pmol of each primer, 2 U of Tag DNA
polymerase (Invitrogen ™, Cat No. 10342178), 1 x Taq Buffer. PCR condition were: 2
min at 95 ° C followed by 35 cycles of 60 sat 95 ° C, 60 s at 60 ° C and 60 s at 72 ° C and
final extension of 7 minat 72 ° C.

The primers for the housekeeping gene actin from maize (GenBank J01238.1) were
defined using Vector NTI 11 program. The foward and reverse primers were 5'-
GGAGAACTGGCATCACACCTT-3 'and 5-GACGCAGATTATGTTTGAAACCTT-3,
respectively. PCR products were analyzed on 3% agarosis gel in electrophoresis for 50 min
at 130 V, stained with ethidium bromide and visualized on a UV transilluminator (Vilber
Lourmat, CN-UV/VL).

Statistical analysis

Statistical analysis was performed on SAS 9.1.3 software (SAS Institute Inc.,
USA), using F test in analysis of variance and Tukey test to compare means of treatment,

both at 5 % level of significance.

Results and Discussion
The results of electrophoresis in agarosis gel containing RNA isolated from maize
grains through different methods evaluated in this study as well as spectrophotometric data

are shown in Figure 1.
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Figure 1. Eletrophoresis in 1 % agarosis gel with RNA isolated from hybrid maize cultivar

30F53 (PioneerTM) (Zea mays L.), and its respectively purity and yield. RNA

isolation methods evaluated were: M1. PureLink® Plant RNA Reagent; M2.
TRIzol® Reagent; M3. DNeasy®Plant Mini Kit; M4. PureLink®Plant Total DNA
Purification Kit; M5. Total RNA purification from plant; M6. NucleoSpin®
RNA Clean-up; M7. Total RNA Extraction Kit - Plant Tissues; M8. CTAB

(hexadecyltrimethylammonium bromide). Ladder used: 1 kb Plus DNA Ladder

™

(Invitrogen Cat. No. 10787018). Different letters in RNA vyield indicate
statistical differences by Tukey test (p < 0.05). n.i. — not isolated RNA.

PureLink ® Plant RNA is a commercial reagent recommended for RNA isolation

from different plant tissues, especially those with high levels of polyphenols and sugars.

The reagent is allowed to obtain total RNA with significantly higher concentrations than
the other methods (Figure 1, M1), with a low coefficient of variation (CV = 8.13 %),

demonstrating the reproducibility of the method. However, RNA extracted from corn using

this reagent did not show rRNA bands on agarosis gel with an acceptable profile and

resolution, showing signs of contamination by DNA, which can result in an overestimation

of spectrophotometer readings. The spectrophotometric ratio 260 nm / 280 nm showed
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values below 1.8 (Figure 1, M1), a possible indicator of protein contamination (2). The
viscosity observed in RNA samples obtained by this method made it difficult to pipette and
confirm the hipothesis of contamination, either by residual isolation solutions or
compounds present in the grains, such as carbohydrates, phenols and proteins which could
interfere negatively in subsequent analysis of gene expression (5). Thus, a RNA
purification step would be necessary.

The isolation of RNA using the commercial reagent TRIzol ® Reagent (17) resulted
in lower DNA contamination comparing to other methods, according to electrophoresis
gel. However, this method proved to be difficult to handle due to the formation of a
viscous and water insoluble pellet. Therefore, when the same amount of samples were
applied in two different wells in the agarosis gel resulted in bands with different intensities
(Figure 1, M2), which combined with possible contamination with pigments interfered
directly in the spectrophotometer readings, resulting in non-homogeneous samples
concentration (CV = 35.26). Moreover, 18S and 28S rRNA gel bands did not show a
correct 28S: 18S ratio (approximately 2: 1) (25) suggesting the presence of degradaded
RNA, and therefore not indicated for use in tests based on RNA.

The RNA isolation Kits represent an isolation technology which combines the
selective binding properties of silica gel membrane and the use of fast spin. However, the
Total RNA purification from plant kit was the only RNA isolation kit evaluated which
allowed the isolation of RNA (Figure 1, M5), showing that this strategy is kit dependent.
Nevertheless, this RNA showed low quality, and yield lower than the other methods
evaluated in the study, needing the use of large volume of RNA to amplify housekeeping
gene by RT-PCR (Figure 3). In other RNA isolation kit evaluated, the high viscosity of the
generated extract prevented its flow through the columns provided (Figure 1, M6 and M7).

Another approach evaluated was the use of commercial kits for DNA isolation,
which are quite numerous. Besides being more practical and cheaper than RNA isolation
Kits, this approach represent an interesting strategy to obtain RNA when the RNAse
digestion step is omitted and a DNAse digestion step is added to the end of the process.
But despite BELEFANT-MILLER et al. (11) have obtained high quality RNA from rice
samples using Genomic DNA - Food Samples Extract Kit (Cartagena) which allow its use
in RT-PCR assay, the same result was not obtained with other kits evaluated by these
authors, as well as with the kits tested in the present study. Thus, obtaining RNA through
this strategy proved to be very limited and dependent on the DNA isolation kit used. The
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PureLink ™ Plant Total DNA Purification Kit (22) is based on selective binding of dsSDNA
in a silica membrane in the presence of chaotropic salts. Despite that, this kit was able to
extract RNA efficiently. However, with a much lower quality than usually required for
gene expression analysis (Figure 1, M4). On the other hand, Dneasy ® Plant Mini Kit (21),
which according to the manual, allows the isolation of good quality DNA from various
tissues, including seeds, allowed to obtain pure RNA - spectrophotometer readings
between 1.8 and 2.2 (Figure 1 , M3) - only with lower yield than PureLink ® RNA Plant
method (Figure 1, M1). However, it was not possible to identify the correct proportion of
18S and 28S rRNA bands in electrophoresis, making it difficult to assess the integrity of
these RNAs, one of the parameters necessary to determine its quality.

The method proposed by JAAKOLA et al. (23), use CTAB as detergent buffer in
order to separate polysaccharides from nucleic acids, and PVP and -mercaptoethanol to
reduce phenolic compounds oxidation. This method also allows the separation of sugars
present in samples using lithium chloride precipitation followed by centrifugation.
Changes made in this method provided the achievement of high quality total RNA and
RNA concentrations desirable for gene expression studies. These changes included mainly
the reduction in sample amount and the use of sodium acetate, which, added together to
ethanol makes RNA less hydrophilic, allowing efficient RNA precipitation by increasing
the salt concentration, and consequently resulting in higher yield. Moreover, the reduction
of centrifugation and washing steps and smaller number of different solutions used become
the method less laborious.

Although methods involving multiple steps and reagents, such as CTAB method,
usually result in loss of RNA or even its degradation (13), accurate pippeting and the
maintenance of low temperatures, together with the presence of RNase inhibitor, allowed
to obtain in all samples, RNAs with 260/280nm ratio between 1.8 and 2.2 (Figure 1, M8),
indicating they are relatively free of contamination with proteins, carbohydrates and
phenolic compounds. RNA isolated was also intact (28S rRNA : 18S rRNA = 2:1) (Fig. 1,
M8). Although the yield of total RNA extracted with this method was lower than Dneasy
® Plant Mini Kit (QIAGEN ™) and PureLink ® Plant RNA methods, it was statistically
equal or superior to other methods (Figure 1). In addition, the use of this methodology for
isolate RNA from a larger number of samples (21 samples) resulted in pure RNA, with
260/280nm ratio = 1.91 = 0.11 (mean * standard deviation) and mean concentration =
428.5 mg g, showing to be a highly reproducible method.
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Despite the amplification of the actin gene was detected using RNA samples
derived from all methods tested (Figure 2), except those based on DNA extraction, which
did not allow the RNA isolation, differences in gene expression between methods show the
importance of obtaining an RNA free of contaminants. Both PureLink ® Plant RNA and
CTAB methods showed efficient amplification of the transcript, and the best performance
regarding to quality and amount of RNA.

M8 M1 M3 M4 MS M2 C LD

400 pb
300 pb

200 pb

100 pb

< 80pb

Figure 2. Eletrophoresis in 3 % agarosis gel showing amplification by RT-PCR of the
gene actin, using RNA isolated with different methods: M1. PureLink® Plant
RNA Reagent; M2. TRIzol® Reagent; M3. DNeasy®Plant Mini Kit; M4.
PureLink®Plant Total DNA Purification Kit; M5. Total RNA purification from
plant; M8. CTAB (hexadecyltrimethylammonium bromide). C. Negative
control; LD. 1 kb Plus DNA Ladder™ (Invitrogen Cat. No. 10787018).

Conclusions

The results of this study indicate that the method of isolation directly affects the
quality and concentration of RNA obtained from maize grains. Although more laborious,
the CTAB method proved to be practice and economically feasible, enabling the isolation
of high pure and concentrated RNA from maize grain, without the need of RNA
purification steps, which can be used in gene expression studies.
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7. ARTIGO 3 - “Foliar application of shale water improves yield and quality
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Abstract

The water extracted from shale rock (shale water) throughout the pyrolysis process to
obtain fuel oil and other products, shows a composition based in organic compounds and a
wide range of minerals and other trace elements, important for plant nutrition and
metabolism. Thus, the influence of foliar application of shale water, with or without
micronutrients enrichment, was evaluated in this study, aiming maize grains
biofortification. The application of 21L ha™ of shale water increased growth of maize
plants, beyond yield and quality of grains, indicating its influence in both, primary and
secondary metabolism. On the other hand, the mineral enrichment of shale water had a
positive effect on free amino acids and some minerals accumulation, but with a negative
effect on carotenoid content. The results indicate that shale water has potential to be used
in agriculture without the need of enrichment. The hypotheses concerning the results

observed were discussed.

Keywords: maize, shale water, foliar application, yield, biofortification
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1 Introduction

Nowadays, the search for food with nutritional and functional quality, free of toxic
residues, as well as environmentally friendly produced, is a world-wide tendency. Major
cereal crops are staple foods that have the role to provide great amount of dietary
macronutrients such as carbohydrates, lipids and proteins, micronutrients such as minerals,
vitamins, as well as, like more recently reported, functional compounds, especially
antioxidants, which can improve human health (Wang, 2008). In particular, maize is one of
the major crops cultivated over the world, mainly in developing countries, with a varied
range of consumed forms and utilizations. Because of this, several efforts have been made
to biofortify this crop (Aluru et al, 2008; Gomez-Galera et al, 2010; Zhu, 2007).

Mineral biofortification, especially in cereal grains, that are relatively poor sources
of key mineral nutrients, is an important strategy to deal with the micronutrient soil
deficiency (Gomez-Galera, 2010). This deficiency have been caused by the increase in
agricultural production and purity of industrial fertilizers process, which have been
resulting in depletion of soil and micronutrients phytoavailability reduction (Lal, 2009;
Raut et al, 2010) and, consequently, has become a limiting factor for crop quality and yield
in many agricultural lands worldwide (Treutter et al, 2010). The fertilization with Nitrogen
(N), for instance, could increase several other nutrients, such as phosphorous (P),
potassium (K), iron (Fe) and zinc (Zn) content in corn grains (White and Broadley, 2009),
and foliar application of Zn, mainly on Zn poor soil, could also increase the content of this
mineral in grains (Cakmak, 2008).

On the other hand, maize grains are a considerable source of poliphenols, especially
phenolic acids such as ferulic, caffeic and p-cumaric (Sosulski et al, 1982). It also displays
great natural variation for carotenoid composition, including vitamin A precursor’s o-
carotene, P-carotene, and B-cryptoxanthin, and the xanthophylls lutein and zeaxanthin,
mostly found in its composition (De Oliveira and Rodriguez-Amaya, 2007). These
compounds have an important role as antioxidants and regulators of the immune system,
resulting in prevention of cardiovascular diseases, as well as several types of cancer and
other age-related diseases (Fraser and Bramley, 2004). Due to this and despite their
presence in maize grains, phenolic compounds and, mainly, carotenoids are also important

targets for biofortification efforts, especially vitamin A precursor, because its dietary
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deficiency is related to eye diseases in many development countries that have maize as
their major dietary source.

However, few studies about mineral fertilization have been developed to improve
the content of these compounds. For example, in pepper, the increase in Ca** and NO*
concentrations in the root medium improved lycopene and [-carotene contents (Flores,
2004). Furthermore, quantities of anthocyanins and phenolic compounds were significantly
increased in plants treated with selenium (Hawrylak-Nowak, 2008), and increases in the
amounts of flavonoids and hydroxycinnamic acid derivates were also revealed after sulfur
fertilization on broccoli (Vallejo et al, 2003). Despite of these promising results, they
usually are culture, dose and fertilizer source dependent (Flores et al, 2009). Moreover, one
bottleneck of this agronomic intervention is the cost and environmental impact of solid
fertilizers, generated by the increase in its use, since a great part of them is leached
(Cakmak, 2008). Thus, new investigations on alternative and natural sources of fertilizers
and/or inducing products, capable to deal with gradual poorness of soil, avoid
contaminations, as well as maximize plant mineral uptake and increase quality and yield,
are of great interest.

Foliar fertilization with micronutrients have been intensively used in late years due
to the development of hybrids maize which have high productivity potential but associated
with a high nutritional demand, as well as the use of fertilizers formulas more based on
macronutrients increasingly pure and free (low content) of micronutrients (Coelho and
Filho, 2006). Moreover, spray allows application in the right moment during plant
development, below uniformity in nutrient distribution and increase nutrient absorption,
avoiding losses (Brakemeier, 1999). Foliar fertilization strategies are usually more
adequate on big commodities production and can be costless since generally is used
concomitantly with herbicide and insecticide application. More recently, the use of
bioactive substances, such as chitosan (Abdel-Mawgoud et al, 2010), benzothiadiazole
(Iriti and Faoro, 2003), glyphosate (Shahawy and Sharara, 2011), salicylic acid (Horvath et
al, 2007) and some phytohormones (llias et al, 2007), which can be applied concomitantly
with foliar fertilizer, have also shown promising results in influencing plant growth and
development, playing a role on genes expression, plant defense metabolism, as well as
increasing mineral nutrients uptake (Lauxen et al, 2010).

Shale water (SW), the water from inside shale pyrobituminous rock, which is
extracted during the pyrolysis process to obtain, for instance, fuel oil, sulfur and gas
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(LPG), shows a composition based on several phenols compounds, minerals and trace
elements of interest for plant nutrition, suggesting its use in agriculture, with
environmental and food safety (Messias et al, 2011). This study aims to evaluate the effect
of foliar application of shale water, delivered with or without micronutrients enrichment,

on vegetative growth, yield and quality of maize grains.

2 Methods

2.1 Experimental design and treatments

The maize hybrid (Zea mays) Pioneer 30F53 was grown on field in random plots
constituted by four rows, 10 m long, spaced by 0.80 m and 0.25 m between plants. The
experiment was conducted from January to April, 2010, in Pelotas, Rio Grande do Sul,
Brazil. The experimental area is an Ultisol. The results for soil samples analisys are shown
in Table 1. During sowing, 280 kg ha™ of the formula 10-20-10 (N-P-K) was applied as
basic fertilization (66% of recommended fertilization). Thirty days after germination, the
application of nitrogen at 90 kg N ha™ (66% of recommended fertilization), as urea, was
made. The experiments were composed by six treatments with random blocks design and
five replicates (Figure 1; Table 2), including treatments with shale water delivered with or
without mineral enrichment. Shale water used was previously physical-chemical

characterized (Messias et al, 2011).

Table 1. Average values for soil analysis® of the experimental area use in the experiment.

BS

Clay CEC CEC O.M. pH SMP . P K
% efective pH 7.0 % in water index §m° cdm —mg am? ---
19.67 5.53 9.02™" 1.25* 5.60** 6.20 60.92* 5.13* 58.67**
Ca Mg S Na B Cu Fe Mn Zn
--- cmol, dm™® --- mg dm®

3.30**  2.05*%**  7.35%** 9.17 0.20**  0.43**  162** 347  0.33**

8According to Tedesco et al. (1995).
®Soil fertility diagnosis according to CQFS (2004). Interpretation: *Low, **Medium and ***High.

The formulations were adjusted to pH 5.0 - 6.0 using chloridric acid (Vetec®) when
necessary. A surfactant plus mineral oil was used to increase adherence and homogenize
applications. Treatments applications were conducted using a pressurized sprayer (COy),

set at a flow rate of 100 L ha™. The first two applications occurred during the vegetative
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growth period (V6-V8 and V9-V10), and the third during the reproductive phase (spraying
flowering and pollination, R1), according to Hanway (1966), totalizing the doses described
in Table 2. At the same day, during kernel dought stage (R4, according Hanway, 1966),
three cobs from the useful area of each plot (two central rows), were collected and
immediately frozen in liquid nitrogen and stored at -80 °C until analysis. At physiological
maturity, the remaining cobs and aboveground plants from the useful area were harvested,
weight, and dried at 65 °C to approximately 13% moisture content. Productivity data was

calculated on 13% moisture basis.

Table 2. Description of treatments and doses applied to maize.

Schist Water -
Total dose
applied (L ha)°

Micronutrients added

Description of Treatments Code . a
(concentrations)

Control (Without foliar

application) ¢ ) )
Micronutrients diluted in DW-M1 Zn (8%); Cu (1.5%); Mn (1.5%); 03
Distilled Water® Mo (0.5%); B (0.5%)
Micronutrients diluted in YA iYAY iYAY
SW-M1 Zn (8%); Cu (01.5./0), MrL(l.S %); 75
Shale Water Mo (0.5%); B (0.5%)
Shale water dose 1 SW-1 Without mineral enrichment 75
Micronutrients diluted in
SW-M2 Zn (12%); Cu (0.8%) 75
Shale Water
Shale Water dose 2 SW-2 Without mineral enrichment 21.0

4 DW-M1, SW-M1 and SW-M2 treatments presented 6.3, 6.8 and 6.1% of Sulfur, respectively, coming from
sulfates in salts used (ZnSO,, MnSO,, CuSOy, H3BO3, (NH4)sM0,0,,).
® Divided in three applications containing 1/3 of the total dose each.

© Shale water was substituted to distilled water with the some dose (7.5 L ha™).

2.2 Amino acids composition and carbohydrate content of maize grains

All determinations were made in three analytical replicates on five field replicates
of cobs collected together during kernel dought stage (R4), with an average of 62.6%
moisture.

The free amino acids were extracted from 50 mg of lyophilized maize grains
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samples with 25% acetonitrile in 0.IN chloridric acid solution, and filtered in a 0.45 pm
PTFE syringe after centrifugation of the supernatant at 18.890 g, and analyzed by gas
chromatography (GC-FID, Shimadzu) with a capillary column ZB-AAA using the Ez:faast
kit (Phenomenex®). The carrier gas used was nitrogen, with the flow of the column
adjusted to 2 mL min™ and pressure of 60 kPa. The flow rate valve was split 1:17 and the
injection and detection temperature was 280 and 320 °C, respectively. The injected volume
was 2 uL. The results were expressed in micrograms per gram of dry weight (g g'1 DW).

The starch and the total soluble sugar content in maize grains were quantified by
the method with anthrone (Hodge and Hofreiter, 1962) and their concentrations were
expressed in milligrams of glucose per gram of dry weight (mg g™* DW).

2.3 Mineral composition of maize grains

The mineral composition was quantified by atomic absorption spectrometry (AAS)
(Varian™ AA240FS) from 250 mg of dried maize grains samples digested with 1 mL of
H,0O, and 5 mL of HNO3 in microwave, according to da Silva (2009). The nitrogen, carbon
and sulfur content was carried out on CHN-S analyzer coupled (LECO®). Means value
from three replicates, were expressed in grams per kilogram for macronutrients and
milligrams per kilogram for micronutrients, both in dry weight (mg kg™ DW).

2.4 Assessment of secondary metabolism

For each procedure the lyophilized grain (except for gene expression determination)
samples, collected together at R4 stage, were crushed with mortar and pestle using liquid
nitrogen.

To determine antioxidant activity the methods from Brand-Williams et al (1995)
and Arnao et al (2001) were used. Data were presented as microgram equivalent Trolox
per gram of grain, in dry weight (ug g DW).

Phenolic compounds were quantified by the method from Adom and Liu (2002).
Data were presented as milligrams of chlorogenic acid equivalents per 100 grams of grain
(mg 100 g™* DW).

Total carotenoids content was quantified by the method adapted from Rodriguez-
Amaya and Kimura (2004). Data were calculated based on a B-carotene curve and
presented in ug of B-carotene equivalents per gram (ug g DW).

2.4.1 Transcript accumulation of genes involved in carotenoid biosynthesis
To evaluate the expression of genes phytoene synthase (psyl), carotenoid e-

hydroxylase (cyp97c) and -carotene hydroxylase (hyd3), entire maize grains were crushed
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with mortar and pestle using liquid nitrogen. Two replicates of each sample were subjected
to total RNA isolation using a CTAB modified protocol, previously adapted (Messias et al,
2010). 1.25mL of extraction solution (2% CTAB - hexadecyltrimethylammonium bromide,
2% PVP - polyvinlpyrrolidone, 2 M NaCl, 100 mM Tris-HCI pH 8.0, 25 mM EDTA and
3.3% pB-mercaptoetanol), previously heated at 65 °C, were added to microfuge tubes
containing 100 mg of milled sample, and incubated at 65 °C for 3 min. Then two
extractions were made with an equal volume of chloroform-isoamyl alcohol (24:1),
homogenized by inversion for 5 min and centrifuged at 7300 x g for 20 min. The upper
phase was recovered and precipitated overnight at -20 °C with % of 10 M LiCl. After this
period the samples were centrifuged at 18000 x g for 30 min at 4 °C. The pellet was
resuspended at 65 °C for a few minutes with 70 pL of SSTE buffer (1 M NaCl, 0.5% SDS,
10 mM Tris-HCI pH8.0, 1 mM EDTA pH 8.0) and extracted twice with an equal volume
of chloroform: isoamyl alcohol (24:1). The upper phase was precipitated with 364 pL of
100% ethanol and 18 pL of 3 M sodium acetate pH 5.5, for 1 h at -70 °C, followed by
centrifugation at 18000 x g for 20 min at 4 °C. The pellet was washed twice with 70%
ethanol and resuspended in DEPC (Invitrogen™) water with 0.1 mM EDTA.

The two analytical samples of isolated RNA were pooled and the quality of it was
evaluated by electrophoresis on 1% agarose gel stained with ethidium bromide and by
spectrometry, using A260/A280 and A260/A230 ratio. The concentration was measured in
Qubit® fluorometer (Invitrogen™). One pg of total RNA was digested with 1 U DNAse,
according to manufacturer's instructions (Invitrogen™). Total RNA was used for reverse
transcription using M-MLV  enzyme (Invitrogen™), according to manufacturer’s
instructions. For Real time PCR reaction, specific primers were designed on Vector NTI 11
Program (Invitrogen) or according to literature and all amplicons were designed to be <
150 bp (Table 2). The efficiency of them was previously verified in real time PCR using
serial concentrations of a reference cDNA, was psyl = 92.5 %; cyp97¢ = 98.1 %; and hyd3
=96.5 %.

The PCR conditions used were as follows: final volume of 20 pl containing 150 ng
of cDNA, 3-10 pmol of each primer, 3-5 mM MgCI2, 10 pl Platinum Sybr UDP Mix
(Invitrogen™). The amplification was standardized in 7500 Fast thermal cycler (Applied
Biossystems™) using the following conditions: 50 °C for 20 s, 95 °C for 10 s, followed by
40 cycles of 15 s at 95 °C and 60 s at 60 °C. Melt curve conditions used was: 15 s at 95 °C,
60 s at 60 °C, 30 s at 95 °C and 15 s at 60 °C. The PCR product was subjected to
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electrophoresis on 1% agarose gel for verification of unspecific bands. The housekeeping
genes actin (act), ubiquitin (ubi) and glyceraldehyde 3-phosphate dehydrogenase (gapdh)
were analyzed using the geNorm software package (Vandesompele et al, 2002) and actin
was chosen as control. Results were obtained by the mean of three field and three
analytical replicates of each treatment. The values of relative quantification were generated
according to Pfall (2001) and presented as fold changes.

Table 3. Zea mays selected genes, GenBank access and primers designed to Real time

PCR analysis.
Gene GenBank acess Primer
cyp97c BE552887 F: 5’-GTTGACATTGGATGTGATTGG-3’
R: 5’-AACCAACCTTCCAGTATGGC-3’
psyl AY296446 F: 5’-GACAGATGAGCTTGTAGATGGGC-3’
R: 5-TCAGAGAGAGCGGCATCAAGCA-3’
hyd3 AY844957 F: 5-GGGGATTACGCTGTTCGG-3’
R: 5’-GTGGTGTATCTTGTGCGAGG-3’
act 101238.1 F: 5°-CATGGAGAACTGGCATCACACCTT-3’
R: 5’-CTGCGTCATTTTCTCTCTGTTGGC-3’
Ubi? . F: 5>-GTTTAAGCTGCCGATGTGCCTG-3’
R: 5’-GACACGACTCATGACACGAACAGC-3’
Gapdh® . F: 5’-ACTGTTCATGCCATCACTGC-3’

R: 5’-GAGGACAGGAAGCACTTTGC-3’

& According to Miller et al (2008)

® According to Luo et al (2008)

2.5 Statistical analysis

The results were subjected to analysis of variance between treatments with a
confidence p-level of 1% or 5% by Tukey average test. Spearman’s test was used to
correlate treatments. All statistical analysis was conducted on Systems Analysis Software
(SAS Institute, 2004).

3 Results
3.1 Evaluation of foliar application of shale water on maize growth and yield

The vegetative growth and yield data allowed to observe that SW-2 treatment

showed significantly higher fresh weight and yield values than control (C), with the dry


http://www.ncbi.nlm.nih.gov/nucleotide/168403?report=genbank&log$=nucltop&blast_rank=1&RID=S2M1W45T015
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weight value showing the same behavior (Figure 1A and 1B). More specifically, the foliar
spraying of SW-2 (21 L hec™), delivered without enrichment, showed an average of 16.75
tons hec™ of fresh aboveground biomass and 7.48 tons hec™ of yield, while control,
without any foliar treatment, showed an average of 12.90 and 6.39 tons hec™, respectively.
This increase of 30% in the fresh weight with a corresponding increase of 12% in dry
weight could be of interest if the crop main goal is silage. On the other hand, the
application of 7.5 L hec™ of SW (SW-1) did not increased weight and yield, indicating a
dose dependent effect.

The enrichment of SW with micronutrients (SW-M1 and SW-M2) also showed
yield improvement in relation to control, but not on growth data. Moreover, they showed
similar effects to SW-2 treatment, concerning on the yield. Since these treatments have a
lower dose of SW than SW-2 treatment, they may represent an alternative strategy instead
of using just SW, if yield is the parameter of interest, indicating that micronutrients
supplying affects more grains production than plant growth. This is coherent with findings

that micronutrients could positively influence synthesis and translocation of photo
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Figure 1. A) Fresh and dry weight of maize plants, and B) Yield of maize grains, as follow: Control -
control without foliar spray; DW-M1 - formulation with micronutrients in distilled water (7.5 L ha™); SW-
M1 - formulation with the same micronutrients concentration of DW-M1 in shale water (SW) (7.5 L ha™);
SW - M2- formulation containing Zn and Cu in SW; SW-1 and SW-2 - shale water applied at rates
equivalent to 7.5 L ha™ and 21L ha™, respectively. Different letters represent significant difference at 5%

confidence level by Duncan’s test between treatments for the same dependent variable.

3.2 Evaluation of foliar application of shale water on starch and total soluble sugar
accumulation in maize grain
The treatments with doses of SW (SW-1 and SW-2) and the enriched treatment

SW-M2 showed statistically more starch accumulation with a better conversion rate of
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sugar to starch than the others, at R4 stage (Figure 2A), which is in agreement with the
results of yield for these treatments (Figure 1). At physiological maturity, they also
accumulated the highest contents of starch (Figure 2B); however, only SW-2 treatment
showed high starch/TSS ratio, whereas SW-1 and SW-M2 treatments showed great
amounts of soluble sugars, which could have a negative effect, since these grains stay more
susceptible to insects during storage. Interestingly, grains from control treatment (C)
showed an increased amount of starch at maturity stage, by converting the high TSS
content, observed at at R4 stage, to starch, similar to the accumulation of treatments DW-
M1 and SW-M1.These results indicates that the TSS translocation and/or starch
accumulation processes in treatment C were possibly later than the others that received
foliar applications. Furthermore, it seems that SW contribution in starch accumulation was
higher than micronutrient supplementation, since the starch content was equal or even

higher on SW-1 treatment, without micronutrients enrichment, than SW-M1 and SW-M2.
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Figure 2. A) Starch and total soluble sugars (TSS) content in maize grains at R4 stage, and B) Starch and
total soluble sugars (TSS) content in maize grains at harvest, as follow: Control - control without foliar spray;
DW-M1 - formulation with micronutrients in distilled water (7.5 L ha™); SW-M1 - formulation with the same
micronutrients concentration of DW-M1 in shale water (SW) (7.5 L ha™); SW - M2- formulation containing
Zn and Cu in SW; SW-1 and SW-2 - shale water applied at rates equivalent to 7.5 L ha™ and 21L ha™,
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respectively. Different letters represent significant difference at 5% confidence level by Tukey test between

treatments, for the same dependent variable.

3.3 Evaluation of foliar application of shale water on free amino acids content in
maize grains

The evaluation of free amino acids in maize grains, at at R4 stage, showed that,
compared to control, foliar application with the higher dose of SW (SW-2) resulted in
improvement of alanine, proline, valine and asparagine (Figure 3). However, the same
result was not observed on SW-1 treatment, indicating that the accumulation of some
amino acids is dependent of the dose applied. It is also significant to note the decrease on
the content of some amino acids, mainly lysine, a limiting aminoacid in maize, and
phenilalanine, a key amino acid in the synthesis of proteins and phenolic compounds.

On the other side, when SW was enriched with minerals on SW-M2 treatment, all
free amino acids evaluated (except proline) were increased or equal compared to control.
The same behavior was observed in the amino acids profile comparing the treatments SW-
M1 and DW-M1, showing the influence of the interaction between SW and minerals

supplied.
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Figure 3. Free amino acids content of maize grains collected at R4 stage, as follow: Control - control without

foliar spray; DW-M1 - formulation with micronutrients in distilled water (7.5 L ha™); SW-M1 - formulation

with the same micronutrients concentration of DW-M1 in shale water (SW) (7.5 L ha™); SW - M2-

formulation containing Zn and Cu in SW; SW-1 and SW-2 - shale water applied at rates equivalent to 7.5 L

ha® and 21L ha™, respectively. Data shows means of three field and analytical replicates. Different letters

represent significant difference at 5% confidence level by Tukey test for the same dependent variable.




107

3.4 Evaluation of foliar application of shale water on mineral content in maize grains
The enrichment of foliar treatments with micronutrients (DW-M1, SW-M1 and
SW-M2) significantly increased its levels on maize grains, compared to control. The foliar
fertilization of maize with SW-2 allowed higher accumulation of K, Cu, Fe, Mn and Zn on
grain, compared to control (Table 4). The two doses of SW applied (SW-1 and SW-2) did
not show significant difference in mineral accumulation. The mineral enrichment in SW-
M1 and SW-M2 treatments resulted in the accumulation of Zn in higher concentration than
SW delivered alone. However, SW-M2 treatment inhibited the accumulation of Fe and
affected negatively the accumulation of N and Ca compared to SW-M1 treatment,
indicating an antagonistic effect with the enhancement of Zn in the formulation. SW-M1
treatment increased N, Ca, Cu and Fe content compared to DW-M1, which was probably
an effect of the presence of SW in the formulation, due to the similar significance of many

minerals accumulation between treatments SW-M1 and SW-1.



Table 4. Mineral composition of maize grains treated with foliar fertilizer formulations.
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Mineral N P K Ca Mg S Cu Fe Mn Zn
Treatment® g kg™ mg kg™

REF. - 2.100 2.870 0.070 1.270 - 3.140 27.000 4.850 22.100
Control 10.320 cd® 3.271 a 2185 b 0.069 a 0912 a 1.262 a| 1817 d 13333 ¢ 3350 d 11.970 d
DW-M 10950 bc 2.869 a 2.472 ab 0.044 bc 0816 a 1248 a| 2938 <c 14500 bc 4.600 bc 19.495 bc
SW-M1 12508 a 3.013 a 2864 a 0066 a 0809 a 1303 a| 3300 b 16.650 a 5230 ab 21.462 ab

SW-1 11578 ab 3.147 a 2878 a 0070 a 0.865 a 1315 a| 3550 ab 14150 bc 5.150 ab 18.403 c
SW-M2 10.465 bc 2865 a 2513 ab 0.039 bc 0.726 a 1228 a| 3500 b 13680 ¢ 4.870 ab 22.149 a

SW-2 11.240 bc 3352 a 2934 a 0055 ab 0.848 a 1304 a| 3.780 a 15730 ab 5710 a 18972 c

2 Control - control without foliar spray; DW-M1 - formulation with micronutrients in distilled water (7.5 L ha™); SW-M1 - formulation with the same micronutrients concentration of DW-
M1 in shale water (SW) (7.5 L ha®); SW - M2- formulation containing Zn and Cu in SW; SW-1 and SW-2 - shale water applied at rates equivalent to 7.5 L ha™* and 21L ha™, respectively.

® All values from USDA National Database for Standard Reference. Available in: www.ars.usda.gov/nutrientdata.

¢ Mean of five field and two analytical replicates and statistical significance at 5% level of confidence by Tukey test for the same dependent variable.
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3.5 Evaluation of foliar application of shale water on secondary metabolites content in
maize grains

The liposoluble fraction of antioxidant activity as well as bound phenolics
compounds were higher than hidrosoluble fraction of antioxidant activity and free phenolic
compounds, respectively, in all treatments with foliar applications (Figure 4A and B).
Liposoluble fraction corresponded to about 85% of total antioxidant activity, and it showed
0.51 (p < 0.01 by Spearman’s test) of correlation with total carotenoids (Figure 5A),
among treatments, indicating an important role of these compounds on antioxidant activity
of maize grains. Similarly, hidrosoluble fraction of total antioxidant activity showed 0.56
of correlation (p < 0.01) with free phenolic content.

The liposoluble fraction of antioxidant activity (Figure 4A) and total carotenoids
(Figure 5A) evaluated in maize grains treated with SW-2 were higher than the other
treatments. On the other hand, total phenolic compounds content was significantly
increased in SW-M2 treatment compared to others (Figure 4B), due to the increase in free
and conjugated phenolic content. No significant differences were found in total phenolic
compounds, and their fractions, in function of SW doses applied (SW-1 and SW-2).
However, total antioxidant activity was increased in SW-2 due to the higher activity of
liposoluble fraction, probably related with the increase in total carotenoids in this treatment
(Figure 5A).
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Figure 4. A) Antioxidant activity of liposoluble and hydrosoluble fractions in maize grains sprayed with six
distinct foliar fertilization and harvested at R4 stage. Data are presented in microgram equivalent Trolox per
gram of grain (ug g-1). B) Free and bound phenols in maize grains sprayed with six distinct foliar
fertilization and harvested at R4 stage. Data are presented in milligrams of chlorogenic acid equivalents per
100 grams of grain (mg 100g™). Control - control without foliar spray; DW-M1 - formulation with
micronutrients in distilled water (7.5 L ha®); SW-M1 - formulation with the same micronutrients
concentration of DW-M1 in shale water (SW) (7.5 L ha); SW - M2- formulation containing Zn and Cu in
SW; SW-1 and SW-2 - shale water applied at rates equivalent to 7.5 L ha™ and 21L ha™, respectively. Data
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shows means of five field and two analytical replicates. Different letters represent significant difference at
5% confidence level by Tukey test for the same dependent variable.

Since the carotenoid content was higher on SW-2 treatment, the expression of
genes involved on the synthesis of these compounds were evaluated (Figure 5A). In fact,
the highest carotenoid content on this treatment was directly related to the upregulation of
psyl, hyd3 and cyp97c genes, whose transcript accumulation correlated significantly with
total carotenoids determined among different treatments (86.02%, 83.6% and 74.9%,
respectively). The expression of the key gene of carotenoid pathway psyl was 1.408, 1.321
and 2.157 fold higher than the control in treatments SW-M1, SW-1 and SW-2,
respectively. cyp97c and hyd3 genes were also upregulated in all treatments, except SW-
M1, and were more expressed in SW-2 treatment than the others. In this treatment, there
was also a hyd3/cyp97c ratio of 4.5 folds (Figure 5B). The same association was observed
in the other treatments but with different ratios (C - 3.7 fold; DW-M1 - 3.9 fold; SW-M1 -
3.2 fold; SW-1 - 3.8 fold; and SW-M2 - 3.1 fold), indicating a greater allocation to the
carotenoids metabolic pathway branch associated to the synthesis of P-carotene, [-
cryptoxanthin and zeaxanthin. In summary, there was a close relationship between
transcript accumulation and carotenoid contents, indicating that transcription and

physiological response occurs simultaneously.



112

>

=
o}

Relative Quantification
=
s

o N & o o

2.5 - 48
bed PSY1 | bt | 774|7
2.3 . HYD3 PSY1 HYD3  CYP97C KK
ICYP97C I - 46
2.1 | esfid==Total Carotenoid
- - 44
5 19 I
=
©
2
% * ' I 42 -
g T ' bo
o} / 2
g ’ 40
5 /
2 1 K
Y 4 - 38
- 36
34
Control DW-M SW-mMm1 SW-1 SW-M2 SW-2

Figure 5. A) Total carotenoids content (ug of p-carotene equivalents g™) and the relative expression
compared to control (based on the calculation of Pffal, 2001) of genes encoding phytoene synthase (psyl), -
carotene hydroxylase (Cyp97c) and B-carotene hydroxylase (Hyd3), in maize grains sprayed with six foliar
fertilization and harvested at R4 stage. B) Relative expression of Cyp97c and Hyd3 compared to psyl
expression in maize grains sprayed with foliar fertilization SW-2 (21L SW ha-1). Control - control without
foliar spray; DW-M1 - formulation with micronutrients in distilled water (7.5 L ha™); SW-M1 - formulation
with the same micronutrients concentration of DW-M1 in shale water (SW) (7.5 L hal); SW - M2-
formulation containing Zn and Cu in SW; SW-1 and SW-2 - shale water applied at rates equivalent to 7.5 L
ha™ and 21L ha™, respectively. Different letters represent significant differences at 5% confidence level by
Tukey test. One asterisk indicates treatments that differ from control and two asterisk the treatments that

differ from all other treatments, based on standard deviation between replicates.

4 Discussion

Foliar spraying of fertilizers and/or inductors is an important strategy to biofortify
crops, since it has shown to improve absorption and/or translocation of minerals via xylem,
nutritional and functional compounds as well as enhance vegetative growth and yield
(Brakemeier, 1999; Hawrylak-Nowak, 2008). In this study, foliar application of 21L ha™
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shale water (SW), distributed throughout the crop cycle, induced vegetative growth of
maize plants, possibly by the improvement of plant nutrition and/or influence on the uptake
and accumulation of some minerals, such as K, Cu, Fe, Mn and Zn, compared to control
(Table 4). Some of these minerals, K, Cu and Mn, for instance, play an important role in
photosynthesis (Glinicki et al, 2010; Kirchmanna and Eskilsson, 2010), which could
contribute to explain fresh weight observed in SW-2. It also may provide a better
performance to generate energy and to convert it into structural and storage plant
compounds, whereas a significantly increase in yield, with a positive relationship with
starch content in grains, was observed in this treatment.

Accumulation of potassium (K) is also associated with improvement of nutrients
absorption, since it is responsible for the correct osmotic gradient, and plays a role in the
transport of photoassimilates products in plants. Consequently, the dry weight is directly
affected by the concentration of K (Glinicki et al, 2010). Manganese (Mn), as well, has
shown positive influence in grains yield (Abbas et al, 2011), and its foliar application has
also improved yield and seed quality (Dordas, 2009).

Several other minerals non-assessed in this study, but present in the SW matrix
(Messias et al, 2011), could also have contributed to the observed results, such as, silicon
(Si), whose foliar fertilization has shown beneficial effects in plants, improving yield,
mainly on grass (Resende et al, 2009). Chlorine (ClI) also present in SW composition, is an
essential micronutrient in the photosynthesis process, and sodium (Na) may replace K in
certain metabolic and osmotic functions and may also facilitate the absorption of N, P and
K in C4 plants such as maize, being necessary in the CO, transport to the cells, where it is
reduced to carbohydrates (Fernandez, 2006).

Despite that yield remains the aim of agronomic efforts, quality of maize is also
important, particularly for people whose main source of food is this grain. SW-2
application, besides improving yield, resulted in a higher accumulation of essential mineral
nutrients, whose levels and balance are inadequate in grains, and starch, important to
provide energy in diet, acting in the reduction of cholesterol and stimulating the immune
system among others (Meyer et al, 2000). Total antioxidant activity was also significantly
increased due to the application of SW-2 by inducing high bound phenolic and total
carotenoid contents, both related to the prevention of chronic diseases and cancer (Liu,
2007; Scalbert et al, 2005). The increase in total antioxidant activity, such as observed in

SW-2 treatment, at least in part, was also caused by the increase in Cu, Mn and Zn
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accumulation in grains, which are associated with the activity of superoxide dismutase, an
antioxidant enzyme (Hansch and Mendel, 2009). Studies towards biofortification of
carotenoids in maize, especially those with pro-vitamin A activity (oo and p-carotene,
cryptoxanthin), have also been a focus of great interest (\Vallabhaneni et al, 2009a).

The effect SW-2 treatment on the carotenoid content was directly related to
upregulation of key genes associated to its accumulation in maize grains (Figure 5A) and
whose correlation with total carotenoid content have already been proved by other studies
(Li, 2008; Vallabhaneni, 2009a and 2009b). As far as we know, there are no other reports
evaluating the influence of fertilization on induction of these genes, despite the fact that
they are widely known and studied in maize (Gallagher et al, 2004; Li et al, 2008;
Vallabhaneni et al, 2009b). The induction of transcript levels (approximately two fold
higher than control) occurred both, at the beginning of this metabolic pathway, increasing
psyl expression (coding for the enzyme phytoene synthase) and at the end, increasing
expression of genes encoding for enzymes directly associated to [-carotene, [-
cryptoxanthin and zeaxanthin synthesis (Hyd3), and lutein synthesis (Cyp97c). In all
treatments there was a greater allocation to the production of compounds from metabolic
pathway branch associated to Hyd3 expression instead of the ones associated to Cyp97c
expression (Figure 5B), probably because yellow grain, such as the hybrid used in this
study, usually shows high levels of zeaxanthin/lutein ratio (Zhu et al, 2008).

The well-known growth and differentiation balance hypothesis (GDBH) implies
that there is a physiological trade-off between growth and secondary metabolism imposed
by developmental constraints in growing cells, and by competition between primary and
secondary metabolic pathways in mature cells (Herms and Mattson, 1992; Loomis, 1932).
The SW-ML1 treatment, for example, supported this hypothesis, since increased N
accumulation and yield, without increasing the levels of phenolic compounds. This effect
would occur by competition with phenylalanine. However, with a moderate nutrient
availability both, growth and secondary metabolism increase until the net assimilation ratio
stabilization, when the growth ratio increased over the secondary metabolism. In addition,
as proposed by Glynn et al (2007), sometimes it could have a quadratic behavior involving
a temporal response of secondary metabolism to environmental variation. This kind of
response predicts that secondary metabolite concentration can either increase or decrease
in response to increase in resource availability, depending on the initial physiological
status of the plant and the magnitude of the treatment. So, in a non-equilibrium condition
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(natural environmental variation) with highly dynamic nutrient availability, it is possible
that single temporal measure of secondary metabolism represent a transient status that
never equilibrates, depending on treatment levels employed, when plants are sampled, and
the rate and degree to which plants acclimate to changes in fertility. This trade-off between
secondary and primary metabolism was also observed to be affected by genome
background, environment behavior, plant competition as well as doses of fertilizers in the
study of de La Fuente et al. (2003).

The SW-2 treatment seems to induce a similar behavior, since stimulated growth
and, during reproductive phase this treatment also promotes increase in the levels of
secondary metabolites beyond primary metabolites production. Thus, the positive influence
of SW-2 on both metabolisms could also be, at least in part, associated with the foliar
applications strategy used, since the third application was done during reproductive phase,
providing an extra amount of nutrients, inducing secondary metabolism without negative
interference in starch synthesis from sugar previously accumulated on leaves and
translocated to grain. Similar effects was obtained with foliar fertilization combined with a
growth regulator activity compound (Geneva et al, 2008), suggesting that SW may act as
fertilizer and stimulant of growth and secondary metabolism. Walter and Boyle (2005)
have already observed that yield can increase, decrease or not be affected when a
secondary metabolism is stimulated using a resistance inductor product in plants. Even a
temporary decrease on yield was observed by the use of these inductors followed by a
quick increase one week later. In general, some of these biostimulators substances,
evaluated in several cultures, appears to influence metabolic reactions that stimulate the
growth and development of plants, and may assist in the defense against biotic and abiotic
stresses (Khan et al, 2009) with possible positive effect on yield and on quality of these
crops (Gajc-Wolska et al, 2010). This could explain, at least in part, the better behavior of
maize treated with SW.

It is also relevant to note that usually a negative correlation is observed between
primary metabolites and total phenolic compounds (Glynn et al, 2007). In this study, the
increase in vegetative growth, yield and starch content in fact showed a negative
correlation with free phenolic compounds and hydrosoluble fraction of antioxidant activity
in SW-2 treatment, compared to control. However, they correlated positively with
lipophylic antioxidant fraction and bound phenolic compounds. Glynn et al (2007) also
observed that primary metabolism correlate negatively with total phenolic compounds but
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not with isolated phenols or terpenes. It seems that there is a lack on studies searching this
correlation with bound phenolic compounds, which would be important in maize grains,
since studies show that they can reach 85% of total phenolic compounds (Adom and Liu,
2002), and in this study, for SW-2 treatment, they corresponded to 71% of total phenolic
compounds.

SW also presents in its composition various elements such as Cl and Na that,
depending on the dose applied, could induce moderate non-harmful stress in plants,
causing the increase of secondary metabolic compounds without significantly affecting the
yield effectiveness. Several studies show that moderate water stress, can increases
nutritional and functional value by the induction of hormones as ABA (abscisic acid),
whose role in regulating development of plants in salt stress and water is well established
(Kim et al, 2008; Cogo et al., 2011).

A possible evidence of this hypothesis was found by analyzing the content of free
amino acids in maize grains sprayed with SW-2, which induced higher levels of valine,
asparagine, alanine and proline (Figure 3). These last two amino acids together with
glutamic acid (at levels significantly greater in SW-M2 treatment) are related to stress.
Alanine play a role in the intracellular pH regulation in stress condition, being produced in
large amounts in order to induce the increase of nitrogen to prepare the plant for the return
of normal oxygen status during hipoxya (Miyashita et al, 2007). The accumulation of free
proline in plants is widely observed in different abiotic stresses such as salinity and droght,
acting in the stomata opening regulation of and osmotic processes. Studies show the
influence of this amino acid in the synthesis of phenolic compounds (Ashraf and Foolad,
2007; Kishore et al, 2005), corroborating the data observed in SW-2 treatment.

The enrichment of SW with micronutrients according to maize crop requirement
was tested in SW-M1 and SW-M2 treatments in order to verify if the effect of SW could
be improved by this approach. Indeed, supplementation with micronutrients, including
mainly Zn, allowed increased Zn accumulation in both treatments, representing a great
nutritional and functional improvement, since this mineral is essential as transcript cofactor
and plays a role in the antioxidant defense (Mafra, 2005). However, is important to
evaluate its bioavailability in humans due to the presence of phytate in maize grains. In
plants, Zn, whose absorption could be more effective via foliar application than via soil
(Aref, 2011), have shown a direct relationship with yield (Cakmak, 2008), also observed in
SW-M1 and SW-M2 treatments.
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Nevertheless, SW-M2 treatment appears to have induced an inhibition of uptake
and/or accumulation of N, Ca and Fe, when compared to SW-M1. So, the minerals
concentration in the fertilizer appears to be also significant in relation to possible
synergistic/antagonistic effects, since SW-M2 have higher concentration of Zn than SW-
M1. Despite the current controversy, Reddy et al (2005) also observed an antagonism
between Zn fertilization and Fe accumulation in sorghum crop. Likewise, Hotz (2007)
suggests that great amounts of Zn may reduce the absorption of phosphorus, resulting in
reduction of phytate accumulation, as a secondary effect, which would make Zn more
available. On the other hand, Aref (2011) showed that application of Zn increased the
uptake of Cu in maize grain, which was also observed in this study.

The application of SW-M2 also showed an increase on free phenolic content as
well as hydrophilic fraction of antioxidant activity. However, major efforts on maize grains
are focused on biofortification of carotenoids, which was smaller on this treatment
compared to SW-2 treatment. However, the content of several free amino acids, such as
lysine, leucine, treonine, glutamic acid, histidine, phenylalanine and serine was higher in
SW-M2 treatment than the others. Lysine and glutamic acid, for instance, are important to
pollination, and maybe influenced the great yield obtained in this treatment, being also a
target in maize biofortification due to its essentiality in diet and its deficiency in maize
grains (HUANG et al, 2004).

Summarizing, the results of this study showed that the use of foliar application of
SW-2 influenced mineral and primary metabolites accumulation, which resulted in
significant increase in vegetative growth, yield and nutritional improvement. This
treatment also caused improvement of secondary metabolites, such as phenols and
carotenoids, resulting from some shift of the primary metabolism probably due to the later
application during the reproductive stage (R1). The hypotheses concerning the results
observed were discussed. The enrichment of SW with mineral potentiated its effect
associated with the improvement of free amino acids and some minerals, specially Zn, but
decreased the accumulation of other minerals and carotenoid content and did not affect
significantly other parameters evaluated compared to SW-2. In this context, SW, at an
equivalent dose of 21 L hec™, results in great improvement in maize growth and grain
quality, having potential to be used without enrichment. However, further studies are

necessary to optimize SW doses and better understanding SW mechanisms of action.
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8. CONCLUSOES

Tendo em conta a caracterizacdo, através da sistematizacdo de dados
obtidos em diferentes periodos de amostragem, realizada na agua de xisto (AX), a
qgual mostrou uma grande diversidade de nutrientes minerais e elementos traco,
além de compostos com possiveis agbes para a formacdo de complexos
organicos, bem como a auséncia de concentracdes perigosas de compostos
toxicos em sua matriz. Considerando igualmente o aumento no acumulo de
nutrientes e produtividade, que foi proporcionado pela adicdo de 6 e 18 L ha™ de
AX na cultura da alface, a mesma apresenta potencial para utilizagdo na
adubacao foliar suplementar em culturas agricolas, especialmente em solos que
nao atendam a demanda nutricional das plantas.

Os resultados da aplicacédo foliar de AX na cultura do milho mostraram
que seu uso influenciou o acumulo de metabdlitos primarios, resultando em
aumento significativo no crescimento vegetativo, produtividade e melhoria
nutricional, proporcionando igualmente incremento de metabdlitos secundarios,
tais como fendis e carotendides. O enriquecimento da AX com micronutrientes
potencializou seu efeito associado ao acumulo de aminoacidos livres e alguns
minerais, porém com reducdo no incremento de compostos de metabolismo
secundario e sem afetar significativamente outros parédmetros avaliados em
relacéo a aplicacdo de AX sem enriquecimento na dose de 21 L ha™, tendo a AX,
portanto, potencial para ser utilizada como bioestimulante natural na cultura do

milho.
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10. ANEXOS

Anexo 1. Visédo geral do experimento com a cultura da alface (Artigo 1).
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Anexo 2. Terceira aplicacéo foliar dos tratamentos propostos para a cultura da alface (A) e

detalhe da aplicacéo na folha de alface (B) (Artigo 1).
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Anexo 3. Visdo geral da area experimental com a cultura do milho em dois diferentes
estadios de desenvolvimento (Artigo 3).
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Anexo 4. Fenologia do milho: Estadios de desenvolvimento da cultura. Adaptado de
Magalhdes e Durées (2006), Fancelli (1986) e lowa State University Extension (1993).

Anexo 5. Segunda aplicagéo foliar dos tratamentos propostos para a cultura do milho (A) e
detalhe da aplicagdo na folha de milho (B) (Artigo 3).



