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RESUMO

Algumas formas orgéanicas de selénio (Se) e alglutogjnolatos (13-
tioglicosidio-N-hidroxissulfatos) sdo conhecidosr @presentarem excelente
atividade anticancerigena, enquanto fosfitg)(Rm sido comercializado como
fungicida e, mais recentemente, também como umaleomentar fonte de
fésforo (P) para as culturas. Objetivou-se nestedes (i) investigar se é
possivel simultaneamente aumentar o acimulo do@stmpanticancerigeree
metil-seleno-cisteina (SeMSCis) sem necessariamafg&r o acumulo de
glucosinolatos quimiopreventivos em brotos de licassBrassicaspp.), e (ii)
avaliar se fosfito pode ser usado como uma fonte gara producdo de gréos
em feijoeiro Phaseolus vulgarisL.). Nos experimentos com brotos de
brassicas, cultivares de seis brassicas amplaroensemidas em todo o0 mundo
(brocolis, couve-flor, repolho, couve-chinesa, mawouve-de-Bruxelas) foram
usadas. Como resultado, foi encontrado que tododrows de brassicas
biofortificados com Se foram aptos a sintetizar aunaular significantes
quantidades de SeMSCis sem, negativamente, afstactoacentracdes de
glucosinolatos quimiopreventivos. Os tipos e quiattes de glucosinolatos
variaram grandemente entre as brassicas estudadageral, 14 diferentes
glucosinolatos foram extraidos dos brotos de brasse identificados pelo
UPLC-MS/MS (cromatografia liquida de ultra-eficiemc acoplada a
espectrometria de massas em série), os quais fatassificados como
glucosinolatos alifaticos, indélicos e aromatic@s brotos de couve-flor
apresentaram maior concentracdo de glucosinolaitzsste os brotos de
brécolis contiveram elevada concentragdo de glf@oirza, um glucosinolato
alifatico que apresenta potente atividade anticdgeea. Em um experimento
de comparacdo com cinco cultivares de broécolis vésificado que brotos e
inflorescéncias (“cabeca”, principal parte comedtiga cultura de brécolis)
apresentaram similares tipos de glucosinolatos,, rhasive consideravel
diferenca nas quantidades acumuladas de cada igloks identificado. Os
brotos de brécolis apresentaram uma concentragroximadamente, seis
vezes maior de glucorafanina que as inflorescéragaplantas de brécolis. E
interessante destacar que uma relacdo antagbnicea acimulo de Se e
glucosinolatos foi verificado nas inflorescénciass ndo nos brotos. Assim, a
biofortificacdo de brotos de brocolis com Se paeuimentar sua atividade
anticancerigena, em virtude da sintese de SeMSélis afetar, negativamente,
0 acumulo de glucosinolatos quimiopreventivos, amtigular a glucorafanina.
Nos experimentos com feijoeiro, o fornecimento der fosfito via foliar e
radicular (ensaios realizados com plantas cultivagla vasos com solugéo
nutritiva e em vasos com um Latossolo de texturdiapéao substituiu o anion



fosfato (P°) na nutricdo de P das plantas. As concentrac@esraulos de P na
parte aérea e raizes das plantas crescidas, adirieste disponibilidade de
fosfato (plantas deficientes em fosfato), foramares com o aumento das
doses de fosfito no meio de crescimento, mas esszentracdo de P adicional
nao foi convertida em maior crescimento ou produwEigraos das plantas. Em
adicao, o fosfito demonstrou ser altamente toxa@ @ producdo de gréos em
plantas de feijoeiro deficiente em fosfato. A atade de fosfatases acidas
vivo das plantas deficientes em fosfato foi consideragete elevada, mas o
fornecimento de pequenas quantidades de fosfitogio de crescimento dessas

plantas ja foi suficiente para reduzir, signifieatnente, a atividade dessas
enzimas.

Palavras-chave: Alimentos funcionaBrassica spp Brotos. Biofortificagéo.
Agentes anticancerigend®haseolus vulgarig. Fosforo. Nutrientes minerais.



ABSTRACT

Some organic forms of selenium (Se) and glucosieslaf-
thioglucoside N-hydroxysulphates) are cancer chemamtive agents, while
phosphite () has been marketed as a fungicide and recently ats a
complement phosphorus (P) source for crops. Aimhi$ study was to (i)
investigate whether it is feasible to simultanepistrease the accumulation of
the anticancer compoundSemethylselenocysteine (SeMSCys) without
necessarily affecting accumulation of chemoprewventglucosinolates in
Brassica Brassicaspp.) sprouts, and (ii) evaluate whether phospimiéy be
used as a P source to yield of bean comnidrageolus vulgarig.) plants. In
the experiments with Brassica sprouts, cultivaosnfithe six most extensively
consumed Brassica vegetables (broccoli, cauliflpwyeeen cabbage, Chinese
cabbage, kale, and Brussels sprouts) were usedadt found that all Se-
biofortified Brassica sprouts were able to synthesind accumulate significant
amounts of SeMSCys without negatively affectingteats of chemopreventive
glucosinolates. Analysis of glucosinolate profitesealed that sprouts of each
Brassica vegetable accumulated different typesaandunts of glucosinolates.
In general 14 main types of individual glucosinekatwere extracted of the
sprouts and distinguished by UPLC-MS/MS, which waesssified as aliphatic,
indole or aromatic glucosinolates. Cauliflower spso had higher total
glucosinolate content and broccoli sprouts conthinigh levels of the potent
anticancer glucoraphanin, an aliphatic glucosimolatn a comparison
experiment with five broccoli cultivars, it was sted that broccoli sprouts and
florets of mature broccoli plants present similatucgsinolate types,
butwith substantial differences imccumulated amount of each individual
glucosinolate. Broccoli sprouts contained approxétya6-fold higher content
of glucoraphanin than florets of mature broccodings. Interesting, antagonistic
relationship between Se and glucosinolate accuronlatvas observed in
broccoli florets but not in broccoli sprouts. Thigows that biofortification of
broccoli sprouts with Se could increase their amoer activity due to the
synthesis of SeMSCys without negatively affectingcuamulation of
chemopreventive glucosinolates, particularly glapdranin. In the experiments
with common bean plants, supply of phosphite vistsdplants grown in pots
with either nutrient solution or weathered tropisall) and foliar spray did not
replace phosphate @ in plant P nutrition. Concentration and accuniakabf
P in shoot and roots of plants exposed to low phatgpavailability (phosphate-
starved plant) was increased with increasing phtesplevels in growth
medium, but this additional P concentration did wotvert into increased
growth or grain yield. Furthermore, phosphite gisoved to be highly toxic to



grain yield of phosphate-starved common bean plémtgivo acid phosphatase
activity of phosphate-starved plants was considegrhigher than that of plants
exposed to adequate phosphate supply, but smaluras@f phosphite in
growth medium was already sufficient to signifidgrdecrease the activity of
these enzymes in Pi-starved plants.

Keywords:Function foodsBrassica sppSprouts. Biofortification. Anticancer
agentsPhaseolus vulgarit. Phosphorus. Mineral nutrients.



2.1
2.2
2.3

SUMARIO

PRIMEIRA PARTE

INTRODUGAO ....coeivieiieiceeeeeeeeee e eeeaes ettt eaenn s

REFERENCIAL TEORICO .....ccooeiieieeieicteeceeee e

Selénio e a salde humana..........cccco e
Selénio e glucosinolatos quimiopreventivos emdssicas.............
Fosfito e sua utilizagdo na agricultura..................oooe e ieeccciennns
REFERENCIAS. ..ottt
SEGUNDA PARTE — ARTIGOS........coiiiiiiiiiiie e

ARTIGO 1 Impact of selenium supply onSe-
methylselenocysteine and glucosinolate accumulation
selenium-biofortified Brassica SProuts............ccovceevevve e vennn.
ARTIGO 2 Assessment of the anticancer compoundse-
methylselenocysteine and glucosinolates in Se-bidiéied
broccoli (Brassica oleracea L. var. italica) sprouts and florets....
ARTIGO 3 Effect of phosphite supply in nutrient sdution on
yield, phosphorus nutrition and enzymatic behavioiin common
bean PhaseolusvulgarisL.) plants.........ccooeviiiiiiiii i,
ARTIGO 4 Phosphite as phosphorus source to grainigld of
common bean plants grown in soils under low or adegte

phosphate availability...............ccocooi

74



11

PRIMEIRA PARTE

1 INTRODUCAO

A atividade anticancerigena apresentada por algfionams orgénicas
de selénio (Se) e, também, por alguns glucosimplgm sido amplamente
explorada emBrassica spp., enquanto produtos baseados em fosfito s&o
atualmente comercializados em varias partes do onwutno fungicidas e
fertilizantes para as culturas.

O selénio (Se) € um elemento traco essencial paraiferos, sendo
constituinte de selenoproteinas, dentre as quartasvésao tidas como
indispensaveis ao metabolismo humano. A deficiédei&e afeta centenas de
milhdes de pessoas por todo o mundo (COMBS, 20a19, que, também,
parece ser relevante em varias regibes do BraBRREIRA et al., 2002;
MAIHARA et al., 2004). Estudos tém apresentado tgmicamente o efeito
benéfico da adequada ingestdo de Se sobre o mestaboto organismo
humano (RAYMAN, 2012). Em adicdo as selenoproteimagras formas
organicas de Se nao proteicas, também, podem exenpertantes beneficios a
saude. Recentemente, grande interesse tem sid@md®nio aminoacid&e
metil-seleno-cisteina (SeMSCis), o qual possui, provadamente, potente
atividade anticarcinogénica (ABDULAH et al., 200BEDINA et al., 2001).

As plantas desempenham um papel fundamental nadugtio de Se
para a cadeia alimentar. Nesse contexto, a bifif@¢&o das culturas agricolas
com Se tem mostrado ser uma técnica Util para aameningestdo desse

elemento na populacdo. Essa técnica ja vem sengtamente explorada em
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varios paises (BROADLEY et al., 2006). Porém, on&e € essencial para as
plantas e a maioria destas apresenta baixa tolaramsse elemento.

As bréassicas Brassica spp.), quando biofortificadas com Se, fazem
parte de um seleto grupo de culturas que podenseaEr este elemento em
concentracdes de varias centenas de microgramagrggoa de massa seca e,
ainda, sintetizam consideraveis quantidades do astopanticancerigeno
SeMSCis. Além das tradicionais partes comestivesssas plantas,
recentemente, os brotos de brassicas tém sido roaissi em diversos paises
por serem ricas fontes de compostos bioativosicp&tmente glucosinolatos
(R-tioglicosidio-N-hidroxissulfatos). Estes ultime&o um grupo de compostos
fitoquimicos, encontrados em plantas pertencentedem Brassicales, que tém
atraido atencdo de pesquisadores por causa defedios benéficos a saude.
Como exemplo, a glucorafanina é um glucosinolatocortmtado em
consideraveis quantidades nos brotos de brécotiseeapresenta excelentes
propriedades anticancerigenas. Estudos tém relajadohd uma interacdo
antagbnica entre acumulo de Se e glucosinolatosplamas de brassicas
(CHARRON et al.,, 2001; RAMOS et al.,, 2011), masdainha poucas
informacdes em relagéo aos brotos.

O anion fosfito (HP(;?‘ e HPGy) é uma forma reduzida do anion
fosfato (HPQ?, H,PO, e PQ*) que vem sendo amplamente utilizado na
agricultura moderna como fungicida e bioestimulafistudos tém mostrado
que o fosfito pode estimular o metabolismo secuadde plantas, resultando
em maior capacidade antioxidante, sintese de disaretabdlitos secundarios
e alteracdes benéficas na parede celular (AVILAIgt2011; MOOR et al.,
2009; OLIVIERI et al., 2012). Contudo, recentememnieodutos a base de

fosfito, também, tém sido comercializados em tosoumdo como fertilizantes.
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Sais de fosfito sdo recomendados como um fertiézaporque contém um
céation que pode ser nutriente de planta, tais démdlH,", C&*, Mg**, CU** ou
Zn** e, especialmente, porque fosfito é uma forma g6 (P). Considerando
gue o P é um dos mais limitantes nutrientes detalam solos de regides
tropicais e subtropicais do mundo, a divulgacdopdedutos baseados em
fosfito, também, como uma possivel fonte de P panaitricdo das culturas é
particularmente interessante para propostas derc@tieacéo. Essa suposi¢do
tem sido suportada pelos relatos de alguns prérabslhos apresentando que
suprimento de fosfito foi benéfico para culturafigientes em P (RICKARD,
2000). Por outro lado, recentes pesquisas témadddique os vegetais néo
utilizam o fosfito como um nutriente de P, embdeaseja bem absorvido pelas
folhas e raizes. Ainda, fosfito tem apresentado rsecivo para plantas
deficientes em fosfato (THAO; YAMAKAWA; SHIBATA, 209;
VARADARAJAN et al., 2002).

O feijoeiro Phaseolus vulgarisL.) € uma das mais importantes
leguminosas de grao para consumo humano e, tantoéisiderado a principal
fonte de proteina em muitos paises de Terceiro BIYGRAHAM; RANALLI,
1997). No entanto, em geral, a sua produtividadensiderada baixa, em razéo
das doencas e da predominancia de solos de béiiialdee natural em regides
tropicais e subtropicais do mundo, as quais sditara, em grande parte, em
paises em desenvolvimento.

No presente trabalho objetivou-se investigar se @ssipel,
simultaneamente, aumentar o acUmulo de Se total e®SEis sem
necessariamente afetar o acumulo de glucosinolgaasiopreventivos, em
brotos de brassicas e avaliar se fosfito podesstaicomo uma fonte de P para

a nutricdo e producdo de graos em feijoeiro.
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2 REFERECIAL TEORICO

2.1 Selénio e a saude humana

Estudos com alimentos enriguecidos e funcionaisegay que fornecem
beneficios especificos a saude, além da nutriccahdtém tido destaque na
literatura internacional. Nesse sentido, pesqusesntes nas areas da medicina
nutricional e alimentagdo de humanos tém dado Emise(Se) um lugar de
destaque.

O Se desempenha uma importante funcéao biolégica aamstituinte
do aminoacido seleno-cisteina, 0 qual esta dirgtlemeelacionado com a
sintese de, aproximadamente, 25 proteinas, as gaaisdenominadas de
selenoproteinas (DRISCOLL; COPELAND, 2003; RAYMAN2012;
STADTMAN, 1996). Vérias selenoproteinas sdo essénpara o metabolismo
do organismo humano, tais como as peroxidasesutiatigha (possui funcdes
antioxidantes), redutases da tiorredoxina (impoet@ara a sintese de DNA) e
desiodases da iodotironina (responsaveis pela agful dos hormonios
tireoidianos em tecidos periféricos) (LARSEN; BERRY995; RAYMAN,
2012; RIAZ; MEHMOOD, 2012; ROTRUCK et al., 1973; WAIRA;
STADTMAN, 1996).

A deficiéncia de Se no organismo resulta em umadiiaa reducdo nas
atividades de selenoproteinas, causando variascaeee desordens, e.g.,
disfuncBes na glandula tireoide, leséo cerebraliémsivel, doencas vasculares
periféricas, doencas osteoarticulares degenerafd@snca de Kashin—Beck),
reducdo drastica da resposta imunoldgica as inéscgdrais (tais como

sarampo, hepatite, gripe e HIV-AIDS), infertilidaden homens, pré-eclampsia
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em mulheres e maior susceptibilidade a vérios tifposdncer (BARRINGTON
et al.,, 1997; BECK et al.,, 2001; BECK; LEVANDER; WMWY, 2003;
COPPINGER; DIAMOND, 2001; IWANIER; ZACHARA, 1995; &R'MAN,
2012; RIAZ; MEHMOOD, 2012; SAPPEY et al., 1994; WWETT et al., 1983;
WU et al., 1973). Em conformidade com o InstitueoMedicina da Academia
Nacional de Ciéncia dos Estados Unidos, a quargidédima recomendada e a
méxima toleravel de Se é 55 e 400 pg'diara adultos (BENDICH, 2001), e
essa faixa de valores tidos como adequados é evadal estreita (TAN et al.,
2002). Apesar da caréncia de Se afetar parte daggdim mundial, enfatiza-se
gue o excesso de Se no plasma sanguineo, tambéencaosar sérias doencas
ou desordens no organismo (ALDOSARY et al., 20121 GHABER, 2003;
RIAZ; MEHMOOD, 2012; YANG et al., 1983).

No mundo, é estimado que entre 0,5 a 1 bilhdo desops sdo
deficientes em Se (COMBS, 2001). No Brasil, també&fo grandes as
evidéncias de insuficiéncia desse elemento na po@alem varias regiées do
pais (FERREIRA et al., 2002; MAIHARA et al., 20C funcdo, em parte, do
baixo teor de Se apresentado na maioria dos sgtailidveis (CARVALHO,
2011; FARIA, 2009; MORAES et al., 2009; SILLANPAAANSSON, 1992).
Recentemente, o IBGE (Instituto Brasileiro de Gafigre Estatistica), em
parceria com o MS (Ministério da Saude) e o MPOGin{®#rio do
Planejamento, Orcamento e Gestdo), publicou a FIDB-2009 (Pesquisa de
Orcamentos Familiares). Nessa publicacdo constafodma detalhada a
concentracdo de Se presente nos alimentos consumidBrasil (INSTITUTO
BRASILEIRO DE GEOGRAFIA E ESTATISTICA - IBGE, 201}, por meio
dessa, foi estimada a ingestdo média desse elerfemsion como dos demais

nutrientes para humanos) pela populacdo do paisfuegéio dos habitos
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alimentares (IBGE, 2011a). Contudo, conforme mmido na prépria POF
2008-2009, as informacdes da composi¢éo de Selintantos foram obtidas
somente na base de dados da Nutrition Data System Research
(UNIVERSITY OF MINNESOTA, 2008), ja que a Tabela aBileira de
Composicédo de Alimentos (UNIVERSIDADE ESTADUAL DEAGIPINAS -
UNICAMP, 2006) ndo apresenta nenhum tipo de infgdoapara esse
elemento. Ressalta-se que o teor e acumulo de Seutimras agricolas e,
consequentemente, nos alimentos estdo diretamaréeionados com a
disponibilidade de Se no solo (ARTHUR, 2003; COMBZ001;
GAMMELGAARD; JACKSON; GABEL-JENSEN, 2011; GIBSON edl.,
2011; HAWKESFORD; ZHAO, 2007; HURST et al., 2013E8KINEN,;
TURAKAINEN; HARTIKAINEN, 2010; NYE, 1975). Assim, @ caso
especifico de Se, os dados de consumo desse etepaatpopulacédo do Brasil
(que constam na POF 2008-2009) devem ser analisadosautela, em virtude
do fato de os solos predominantes no Brasil e rstadBs Unidos exibirem
consideraveis diferencas em seus atributos quinfis@o, mineraldgico e
microbiolégico (PRADO, 2003; SANTOS et al., 2006 NIIED STATES
DEPARTMENT OF AGRICULTURE - USDA, 2013). Provavelnte, a
disponibilidade de Se no solo para as plantas esecpentemente, a
concentracdo de Se nos alimentos pode variar entBeasil e os Estados
Unidos. Conforme supracitado, a grande parte dhs swltivaveis no Brasil
séo deficientes em Se.

Além das selenoproteinas, outros compostos organdm Se nédo
proteicos, também, tém mostrado ter importanteefidos a salide humana.
Mais recentemente, interesse tem sido focado sa®e propriedades

anticarcinogénicas de alguns compostos organicddadms de Se. Embora
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existam pesquisas reportando efeitos quimioprexentie formas organicas de
Se ndo metiladas (RAYMAN, 2012; RIAZ; MEHMOOD, 2Q1RYAN-
HARSHMAN; ALDOORI, 2005), varios estudos tém modwmague as formas
organicas metiladas de Se, especialmente os ardesamonometiladoSe
metil-seleno-cisteina e y-glutamil-Semetil-seleno-cisteina,  apresentam
atividade anticancerigena comprovadamente bem rfla@NG et al., 2001; IP
et al., 2000; IP; GANTHER, 1990; LEE et al., 200MEDINA et al., 2001;
WANG et al., 2009).

Os alimentos sédo as principais fontes de Se parhupmnos. Nesse
sentido, os alimentos de origem animal contém fatmente Se na forma do
aminoacido seleno-cisteina (forma analoga ao amido&isteina). A maior
parte das culturas agricolas (e.g. cereais), ds géa sdo acumuladoras de Se,
apresentam este elemento na forma do aminoacidmacseletionina (forma
analoga ao aminoacido metionina). Um restrito grd@@lantas cultivadas (tais
como as brassicas, cebola e alho), também, contémnées forma dos
aminoacidos Semetil-seleno-cisteina ey-glutamil-Semetil-seleno-cisteina,
estes sdo conhecidos por seus excelentes efeticareimogénicos. A forma
inorganica selenato pode ser encontrada em ceams @m plantas e peixes e,
ocasionalmente, também, na agua (FINLEY, 2006; RAXM2012; SATHE
et al., 1992; WHANGER, 2002).

Em adicdo aos alimentos naturais, outra formardtea € a ingestédo de
Se, por meio de suplementos nutricionais (capsaliaprodutos enriquecidos,
durante seu processamento nas industrias), embajea Jdrios casos de
intoxicacdo de pessoas com Se, em razdo da ingdsts®es suplementos,
conforme recentemente relatados por Aldosary ef28ll2) e Morris e Crane

(2013). O Se, em suplementos alimentares para @uoum humano, é
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comumente comercializado na forma mineral (Se &g, notadamente
selenato ou selenito) ou por meio de levedurasqeecidas (apresentam
predominantemente Se na forma organica selenosmeo Em comparacéo
as formas organicas (particularmente seleno-metioreé seleno-cisteina),
estudos tém reportado que as formas inorganicasSedgpossuem menor
biodisponibilidade para o organismo humano e, aiagaesentam maior risco
de toxidez por ingestdo excessiva (BARCELOUX, 198@\LEY, 2006;
THOMSON, 2004; VEATCH et al., 2005).

Nesse contexto, as plantas desempenham um papddnfiental na
introducdo de Se para a cadeia alimentar (ARO; ALAN; VARO, 1995;
BROADLEY et al., 2006; COMBS, 2001). Estas absorvenfe em suas
formas inorganicas predominantes no ambiente e nvett® para formas
organicas funcionais (ARO; ALFTHAN; VARO, 1995; RIN-SMITS;
QUINN, 2010; SORS; ELLIS; SALT, 2005). Assim, dentas estratégias
atualmente utilizadas para incrementar o Se nalagfo, a biofortificacdo, ou
seja, a adubacao de plantas cultivadas com safedesta sendo difundida,
tanto para alimenta¢cdo humana quanto animal. Bgievém sendo amplamente
abordado nos paises desenvolvidos que apresensams da deficiéncia de Se,
com destaque para a Finlandia (ARO; ALFTHAN; VARI95; EUROLA et
al., 1991; HARTIKAINEN, 2005; VARO et al., 1988).

O selenato (S& anion Se@) e o selenito (S8 anions Se¢ e HSe@

) sdo as principais formas inorganicas de Se eranag no ambiente e,
também, utilizadas nos programas de biofortificad@@ulturas. Naturalmente,
0 selenato é a forma predominante de Se biodispbrdmn solos que
apresentam altos valores de potencial redox (pe * p5), enquanto o selenito

€ a forma de Se biodisponivel que predomina emicdesl de médios valores
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de potencial redox (pe + pH 7.5-15) (ELRASHIDI &t 4987). Quanto a
fertilizacdo do solo, o selenito pode apresentde fimteracdo com as argilas de
grande parte dos solos cultivados das regidesctigpé subtropicais do mundo
(GOH; LIM, 2004; GONZALEZ et al., 2010; HARTIKAINEN2005; HAYES
et al.,, 1987; MOUTA et al., 2008; SAEKI; MATSUMOTOATSUKAWA,
1995); portanto, apresentando menor biodisponddid que o selenato.
Entretanto, este pode ser mais facilmente lixiviadgperfil do solo, podendo
ficar fora do alcance das raizes apés certo tempo.

Na planta, o selenato é absorvido ativamente \dasportadores do
sulfato (S°, anion SG). Esses anions também compartilham, em grande, part
0s mesmos processos de assimilagdo (CHANG etG§;2.1; MCGRATH,;
ZHAO, 2008; SORS; ELLIS; SALT, 2005). Consequenteteg a adubacao
sulfatada interfere diretamente sobre a absorcamienulo de Se (quando
fornecido como selenato) pelas culturas (LYI et 2005; ULRICH; SHRIFT,
1968). Durante a assimilacdo de selenato, que @cpredominantemente, nos
cloroplastos das folhas, a redugéo desse selesiez® ser um passo limitante
na via da assimilacdo de Se, uma vez que a malasglantas tratadas com
selenato acumula relativa quantidade dessa fororgédnica de Se, enquanto a
maior parte das plantas tratadas com selenito daupmedominantemente
apenas Se na forma organica (PILON-SMITS; QUINNI®®SOUZA et al.,
1998). Esse processo de reducdo de selenato #celes vegetais € mediado
por duas enzimas chaves, a sulfurilase do ATP (HE(7.2) e a redutase do
APS (EC 1.8.4.9) (SORS; ELLIS; SALT, 2005). Ja marselenito é absorvido
do solo pelas plantas, por meio de difusédo passit@ambém, ha relatos de que
o0 selenito pode ser absorvido de forma ativa pmrimédio de transportadores

de fosfato (P, anions HPO, e HPQ?). Diferentemente do selenato, assim que
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absorvido, o selenito é quase totalmente assimilatds raizes e,
posteriormente, os produtos dessa assimilacdo dfronganicas de Se) séo
transportados para a parte aérea (LI; MCGRATH; ZHA@D8; SORS; ELLIS;
SALT, 2005).

2.2 Selénio e glucosinolatos quimiopreventivos emassicas

A grande maioria das culturas agricolas (e.g. t®réaclassificada como
ndo acumuladora de Se por ndo apresentar maisfupdl g de Se em sua
massa seca quando cultivada em solos selenifeEl3RY et al., 2000). Essas
culturas, quando biofortificadas com Se, apresentasse elemento,
predominantemente, na forma do aminoacido selerimniga, que exerce uma
funcdo bioldgica essencial. Assim que ingerida paiganismo humano ou
animal, a seleno-metionina é desmetilada e metadutdiao aminoacido seleno-
cisteina, a partir do qual sdo formadas as seletaipas (FINLEY, 2006;
RAYMAN, 2012; SATHE et al., 1992; SCHRAUZER, 2000).

Por outro lado, um seleto grupo de plantas cultisgabde exibir a partir
de centenas até alguns milhares de microgramasdeoiSgrama de massa
seca, sendo essas culturas classificadas como kdoras de Se (TERRY et
al., 2000). Embora espécies de plantas acumuladigr&de, também, possam
conter relativas quantidades de seleno-metionirlas eapresentam Se,
predominantemente, na forma de aminoacidos mesila@ORS; ELLIS;
SALT, 2005). Quando comparado com a seleno-metpnis aminoacidos
metilados de Se possuem menor biodisponibilidadea psintese de

selenoproteinas, mas, varios deles tém recebidwgédeespecial por atuar
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efetivamente contra células cancerigenas (ABDULAHRile 2005; FINLEY,
2006).

As brassicasBrassicaspp.), em geral, sdo boas acumuladoras de Se
(PILON-SMITS; QUINN, 2010; TERRY et al., 2000), apentando
consideravel quantidade desse elemento na fornaadwacido monometilado
Semetil-seleno-cisteina (ROBERGE; BORGERDING; FINLEY2003;
WHANGER, 2002), o qual, comprovadamente, possuiemtet atividade
anticancerigena (ABDULAH et al., 2005; MEDINA et,&001). Essa estavel
forma monometilada de Se é diretamente metaboliZadaetil-senenol por
intermédio das enzimaB-liases e, diferentemente de seleno-metionBe,
metil-seleno-cisteina ndo pode ser incorporada emteipas de forma nédo
especifica (ABDULAH et al., 2005; FOSTER; KRAUS; GAHER, 1986). O
metil-senenol € um composto instavel que age diretdée sobre os metabolitos
carcinogénicos.

Partes comestiveis de varias brassicas (e.g. ispcoluve-flor, repolho,
couve-chinesa, couve e couve-de-Bruxelas) sdo amepl® consumidas em
todo o mundo. Recentemente, os brotos de bras@ictedamente brotos de
brécolis) tém sido comumente utilizados em paissevolvidos para preparo
de saladas frescas, por serem ricas fontes de stmspobioativos,
particularmente glucosinolatos (GU; GUO; GU, 201RJARTINEZ-
VILLALUENGA et al., 2010; NICOLA et al., 2013; WEIMIAO; WANG,
2011; YUAN et al., 2010).

Glucosinolatos (3-tioglicosidio-N-hidroxissulfatof§zem parte de um
grupo de compostos fitoquimicos encontrados, nadgranaioria, em plantas
da ordem Brassicales, podendo exercer notaveisfibesea saude humana
(TRAKA; MITHEN, 2009). Isotiocianatos, fenetil-iSotianatos e indole-3-
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carbinol sdo exemplos de produtos de hidrélisegldgosinolatos que agem no
organismo como agentes quimiopreventivos (BREW.e2809; CARTEA et
al., 2008; KRAJKA-KUZNIAK et al., 2011; LI et al2010; TAROZZI et al.,
2012). Entretanto, nem todos os glucosinolatoshs#iéficos e, ainda, produtos
do metabolismo de alguns glucosinolatos podem caés@s danos a salde.
Por exemplo, o excesso de goitrina (produto dadhsdr do glucosinolato
progoitrina) no organismo causa hipertrofia na dléa tireoide (bécio) (LIU et
al.,, 2012; VERMOREL; HEANEY; FENWICK, 1988). Consemntemente,
uma adequada nutricdo com glucosinolatos requelapépnas o conhecimento
da quantidade total presente no alimento, mas,&amite cada glucosinolato
individualmente.

Atualmente s&o conhecidas mais de 120 diferentéitems de
glucosinolatos, os quais séo classificados emdréades grupos: alifaticos,
ind6licos e aromaticos (BELLOSTAS et al.,, 2007; SUBRBY; GEU-
FLORES; HALKIER, 2010). As brassicas sdo umas dasc@s culturas
agricolas que sintetizam e acumulam glucosinoktosuas partes comestiveis.
Diferentes tipos e concentracdes de glucosinoladms encontrados entre as
brassicas (CARTEA et al., 2008; KUSHAD et al.,, 1Pp9Entretanto,
atualmente ainda h& poucas informacdes a respeitwratos. Alguns estudos
tém relatado que brotos de brocolis apresentamaddesv concentracdes de
glucorafanina, um glucosinolato alifatico com pateatividade anticancerigena
(FAHEY; ZHANG; TALALAY, 1997; KENSLER et al, 2012) A
glucorafanina é precursora direta de sulforafamo,isotiocianato que atua na
inducdo de enzimas da fase Il (GU; GUO; GU, 201Rgt al., 2010). As
enzimas da fase Il, conhecidas, também, como esziheadesintoxicagao,

convertem compostos altamente nocivos (e.g., miaddcarcinogénicos)
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oriundos do metabolismo em formas hidrofilicas enbmenos reativas,
facilitando, assim, a excrecdo desses compostosneow da urina ou bilis
(CHEN, 2012).

2.3 Fosfito e sua utilizacdo na agricultura

A baixa disponibilidade de fésforo (P) no solo pasaplantas é um dos
fatores que mais limita a produtividade das cu#tuegricolas em regides
tropicais e subtropicais do mundo. Nessas regi@emaior parte do &nion
fosfato (P°, anions HPO, e HPQ?*; principais formas de P usadas para
nutricdo de plantas) fornecido ao solo é fixada agglas de forma nao
disponivel para as plantas, ou formam complexoslimeis com 0s ions
aluminio e ferro sob condi¢cbes &cidas (NOVAIS; SMITL999; WISSUWA,
2003).

Na década de 1970, foi verificado que o efeito iitidg da molécula etil-
fosfonato (comercializado na época como Aliette@®-osetil-Al) era resultante
do anion fosfito liberado na planta (FENN, 1989;NRE COFFEY, 1984;
GUEST; GRANT, 1991; MCDONALD; GRANT; PLAXTON, 2001 Assim,

o P na forma de fosfito {2 anions HPO; e HPQ?), também, passou a ser
utilizado na agricultura para propostas fitopatalag. A partir de entéo varios
trabalhos tém demonstrado que o fosfito é eficieat@revencao e controle de
algumas importantes doencas de plantas causadasgamismos classificados
taxonomicamente no filo Oomycota, e.Bremia spp., Peronosporaspp.,
Phytophthoraspp.,Plasmoparaspp. ePythiumspp. (BERTRAND et al., 1977;
COOK; LANDSCHOOT; SCHLOSSBERG, 20009; DERCKS;
BUCHENAUER; CRUGER, 1986; FENN; COFFEY, 1984; ORBIQ\kt al.,
2008; REUVENI; SHEGLOV; COHEN, 2003; SILVA et akp11; SMILLIE;
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GRANT; GUEST, 1989). Esse efeito do fosfito bassiaem dois diferentes
mecanismos de atuacdo. O primeiro € uma acédo tdiet sobre o patdgeno
(COOK; LANDSCHOOT; SCHLOSSBERG, 2009; NIERE; DEANGE;
GRANT, 1994; SMILLIE; GRANT; GUEST, 1989) e o segiané de um modo
indireto pelo qual o fosfito estimula positivamentmetabolismo secundario da
planta, aumentando as respostas de defesa duitamltgdes de estresse bibtico
e abidtico (DANIEL; GUEST, 2005; DERCKS; BUCHENAUERRUGER,
1986; JACKSON et al., 2000). Em acordo com o maglagho indireto, fosfito
foi reportado por ter promovido alteracfes bioquasina periderme e cértex
em cultura da batataS¢lanum tuberosuni.) (OLIVIERI et al.,, 2012),
estimulos na atividade de fenilalanina aménia-li@sena biossintese de
fitoalexinas (NEMESTOTHY; GUEST, 1990), excitac&mbe a atividade de
guaiacol peroxidases em plantas de milbea(mayd..) (AVILA et al., 2011) e
incremento na concentracdo de acido ascoérbico emigs de morangueiro
(Fragaria x ananassduch.) (MOOR et al., 2009).

Em adicdo a aplicacdo na area fitopatoldgica, posdiundamentados
em fosfito vém sendo divulgados como um insumo wedo mista, sendo
também usado como fertilizante e bioestimulante mlanta (THAO;
YAMAKAWA, 2009). Sais de fosfito sdo recomendadosmo fertilizante
porgue eles contém em sua composi¢cao um catiopape ser um nutriente de
planta (e.g., K NH,", C&', Mg®, C#" e zZrf") e, particularmente, o P.
Considerando que a adubacao fosfatada € um daspais empecilhos para a
agricultura dos paises localizados em regidesdaipe subtropicais do mundo,
a divulgacdo de produtos baseados em fosfito, ctemthém uma fonte
nutricional de P para as culturas agricolas € eéstamte para a sua

comercializacdo. Ademais, em geral, ha maior ddiede em registrar um
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insumo agricola como fungicida que como fertilizant

O respaldo cientifico para a consideracdo de @osibmo um
fertilizante de P e, ao mesmo tempo, também, comobioestimulante de
crescimento de planta foi dado pelos resultadopedguisas publicados na
década de 1990 (THAO; YAMAKAWA, 2009). Lovatt (1990relatou que a
deficiéncia de P em citru€itrus spp.) causou alteracbes no metabolismo do
nitrogénio, mas a aplicacdo de fosfito de potassstabeleceu o metabolismo
normal das plantas, assim como 0 seu crescimergomdsma época, essa
autora, também, reportou que a frutificacdo e pgadude abacateird®érsea
americanal.) foram melhoradas com a aplicacdo foliar deifogLOVATT,
1990a). Lovatt e Mikkelsen (2006) relataram quesiifo pode estimular a rota
metabdlica do acido chiquimico, promover altera¢@@snonais e influenciar o
metabolismo de acgucar, resultando em maior intadsidloral, producéo e
melhor qualidade dos frutos (e.g., maior conceétrage sélidos sollveis).
Albrigo (1999), Rickard (2000) e Watanabe (2005nkiém mencionaram
efeitos positivos de fosfito sobre a nutricdo des Broducdo de algumas
culturas.

Por outro lado, recentes trabalhos questionam laagfio de fosfito
como uma fonte de P para as culturas, apesar deeeleem absorvido pelas
raizes e folhas. Em varios desses estudos témelatado que as plantas ndo se
beneficiam do P fornecido na forma de fosfito parseu desenvolvimento e
crescimento e que, ainda, o anion fosfito ndo EEdeoxidado a anion fosfato
em tempo habil para propostas de nutricdo, nemolm (por intermédio da
atividade de algumas bactérias) e muito menos nrantgpl (THAO;
YAMAKAWA, 2009). Além do mais, em condicdes de a@#fncia de P, o

fornecimento de fosfito pode ser nocivo para o Kesdgimento e o crescimento
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vegetal, 0 mesmo ndo ocorrendo em plantas supaitiEcuadamente em fosfato
(FORSTER et al., 1998; THAO et al.,, 2008; THAO; YAMAWA, 2010;
THAO; YAMAKAWA; SHIBATA, 2009; ZAMBROSI; MATTOS;
SYVERTSEN, 2011). Nesse caso, parece que o fqufie inibir a resposta da
planta a deficiéncia de fosfato, tal como a atid@lde fosfatases acidas (LEE et
al., 2005; TICCONI; DELATORRE; ABEL, 2001; VARADARMN et al.,
2002). Nesse contexto, McDonald, Grant e Plaxt@®12 reportaram que o0s
efeitos benéficos de fosfito sobre as culturas podstar relacionados somente
com o controle de patégenos, dentre os quais, sempga desses em reduzidas
proporgdes (sem exibir sintomas visuais) sdo sufies para reduzir a producao
e a qualidade dos produtos agricolas.

Segundo a literatura, entre os seres vivos, apgigasnas estirpes de
bactérias sdo capazes de oxidar fosfito a fosiMdITE; METCALF, 2007).
Em Pseudomonas stutzeWM88, essa oxidacdo é oriunda da expressao do
geneptxD que codifica uma enzima (oxidorredutase) especifiara fosfito
(COSTAS; WHITE; METCALF, 2001). Recentemente, pogionde técnicas
modernas de biologia molecular, foi produzido ligdras deArabidopsissp. que
expressam o gen@xD e, consequentemente, que apresentam a capadedade
converter fosfito a fosfato dentro de seus tecild@PEZ-ARREDONDO;
HERRERA-ESTRELLA, 2012). Esses autores relataraeapinovas linhagens
transgénicas dérabidopsissp. requerem 30 a 50% menor fertilizagdo de P,

quando este nutriente é fornecido como fosfitoaprao fosfato.
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Abstract

Brassica sprouts are widely marketed as functifowds. Here we examined the
effects of Se treatment on the accumulation ofcanter compounde
methylselenocysteine (SeMSCys) and glucosinolatesBiassica sprouts.
Cultivars from the six most extensively consumedsBica vegetables (broccoli,
cauliflower, green cabbage, Chinese cabbage, &abk Brussels sprouts) were
used. We found that Se-biofortified Brassica sp@lt were able to synthesize
significant amounts of SeMSCys. Analysis of gluoosate profiles revealed
that each Brassica crop accumulated different typmsl amounts of
glucosinolates. Cauliflower sprouts had high tajhlcosinolate content and
broccoli sprouts contained high levels of glucowagh, a precursor for potent
anticancer compounds. Although the literature haponmted an inverse
relationship between accumulation of Se and glumbates in mature Brassica
plants, Se supply generally did not affect the ghilcolate accumulation in
Brassica sprouts. We conclude that Brassica velgetaprouts can be
biofortified with Se for the accumulation of SeM3Qyithout negative effects

on chemopreventive glucosinolate contents.

Keywords: Brassica sprouts; Seleniu@emethylselenocysteine;

Glucosinolates; Function food
1. Introduction
Selenium (Se) is an essential trace element for meds and its

deficiency affects 500—-1000 million people worldeidAs a constituent of 25

selenoproteins, Se plays critical roles in a vgrigt physiological processes,
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such as in immune function, antioxidant defenseaesysand thyroid hormone
metabolism (Rayman, 2012). Se is associated wilnoed incidence of viral
infections (e.g. measles, hepatitis, influenza, &td-AIDS), cardiovascular
diseases (e.g. Keshan disease), and degenerate@adicular disorders (e.g.
Kashin—Beck disease) (Rayman, 2012). In additiemh&s been implicated to
act as an anticarcinogenic agent. Although the nte@ELECT trial (the
Selenium and Vitamin E Cancer Preventive Trial)vehthat Se in the form of
selenomethionine (SeMet) does not prevent progtateer in healthy men
(Lippman et al., 2009), a large number of animald&s have clearly
demonstrated the anticancer property of monomdtylaelenoamino acids
(Dong, Lisk, Block, & Ip, 2001; Medina, Thompsona@her, & Ip, 2001).
Monomethylated forms of Se, especiaBgmethylselenocysteine (SeMSCys)
andy-glutamyl-Semethylselenocysteine, are precursors to methyisglevhich
has potent cancer chemopreventive activity (Dongl.et2001; Medina et al.,
2001).

Glucosinolates f{-thioglucoside N-hydroxysulphates) are a group of
phytochemical compounds that have also receivediapattention due to their
effects on human health. Several aliphatic andlendtucosinolate breakdown
products, e.g. isothiocyanates, phenethyl isotl@naye, and indole-3-carbinol,
are known as excellent cancer-preventing agentswBrAronchik, Kosco,
McCammon, Bjeldanes, & Firestone, 2009; Krajka-Kakn Szaefer,
Bartoszek, & Baer-Dubowska, 2011; Li et al.,, 2010). contrast, other
glucosinolate hydrolytic produces, e.g. oxazolidhthione, exhibit adverse
effects on health to cause goiter (Liu, Hirani, Mdtl, Daayf, Quiros, & Li,

2012; Vermorel, Heaney, & Fenwick, 1988). Consetjyemot only the total
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glucosinolate content but also the knowledge of gheosinolate profile that
presents in the food is important for healthy dietaabits.

Brassica Brassicaspp.) vegetable crops are known as chemopreventive
food. They contain many bioactive compounds, swschasotenoids, vitamin C,
folate, soluble fibre, and glucosinolates, with tpotive roles against cancer
(Kim & Park, 2009). While most Se enriched stapteps (such as cereals)
accumulate the proteogenic selenoamino acid SeBletssica plants are a
special group of crops that have high ability tothgsize and accumulate
monomethylated forms of Se, such as SeMSCys (T@ayed, de Souza, &
Tarun, 2000). Consequently, it is proposed thafobfification of Brassica
crops with Se further increases their chemopreverdctivities besides being a
dietary source of a number of other bioactive commgis (Abdulah et al., 2009;
Finley, 2005).

Brassica vegetables are consumed worldwide. ReceBtfassica
sprouts (notably broccoli sprouts) have also beearketed as excellent
functional foods. While edible parts of mature Biaa vegetables have been
studied extensively (Kushad et al., 1999; Lyi et aD05), comparative less
researches have investigated chemopreventive cordpdn Brassica sprouts,
and most of these studies have focused on gludas&soin broccoli sprouts.
Thus, the aims of this work were to evaluate tleatiive forms of Se and the
different types of glucosinolates present in s auft various Brassica crops,
and to investigate whether it is feasible to siam#tously increase of Se and
glucosinolate compounds given the antagonistidicglship between Se and S
metabolism in plants. To this end, we selected gprof Brassica vegetable
crops extensively consumed throughout the worldclvinclude three cultivars

of broccoli Brassica oleraced.. var. italica), three cultivars of cauliflower
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(Brassica oleraceal. var. botrytis), three cultivars of cabbageBrassica
oleraceal. var.capitatgd, three cultivars of Chinese cabbageassica rapa..
ssp.pekinensiy three cultivars of kaleBfassica oleraced.. var. acephalj,
and one cultivar of Brussels sprouBrgssica oleraced.. var.gemmiferg, and
examined the effects of Se treatment on total Sgeod and synthesis of the
anticancer compound SeMSCys, as well as on thdsle¥dotal and individual
glucosinolates, total sulphur (S), and total fredr® acids in these Brassica

sprouts.

2. Materials and methods

2.1 Brassica vegetable crop seeds

Brassica seeds were obtained either commerciallarri$i Seeds,
Rochester, NY) or as gifts. A total of 16 differentltivars were used in this
study, which included three cultivars of broccdirdssica oleraced.. var.
italic, cultivars Packman, Diplomat and GYPSY), thredicafs of cauliflower
(Brassica oleraced.. var. botrytis cultivars Graffiti, Apex and Absolute), three
cultivars of green cabbagBr@assica oleraced.. var. capitata cultivars Bravo,
Blue Lagoon and Early Thunder), three cultivar<Cbinese cabbag@(assica
rapa L. ssp.pekinensiscultivars Tender Gold, Blues, and Autumn 56)géhr
cultivars of kale Brassica oleraced.. var.acephala cultivars Vates, Winterbor
and Blue Ridge), and one cultivar of Brussels sir@rassica oleracea. var.

gemmiferacultivar Oliver).

2.2 Sprout growth and treatments
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Seeds were sown on two sheets of filter paper (3 Wvhatmarfi)
soaked either with MilliQ water (control) or 50 uNkSeQ (Sigma-Aldrich)
solution in Magenta boxes (Bio-World, Dublin, OH)dagrown in a growth
chamber with photoperiod of 16/8 h light/dark amednperature at 22/18C
day/night. Treatments consisted of 16 differentsBiea cultivars at two growth
solutions (water or 50 uM N&eQ) with three replicates. During sprout
growth, an additional 1mL of either water or 50 N&SeQ was added every
24 h. After 7 days, sprouts were harvested, washigtd MilliQ water, and
frozen in liquid nitrogen. The samples were growith mortar and pestle to
fine powder in liquid nitrogen and dried for 48 h a freeze-dry system
(Labconco FreeZoffe 6 litre Benchtop Freeze Dry System Model 77520

lyophilized samples were stored in a desiccatdr & until used.

2.3 Total Se and S Analysis by an Inductively CedpPlasma (ICP) Trace

Analyzer

Freeze-dried samples of 100 mg were weighed irtssgiligestion tubes
and acid-digested in 1.0 mL HN@vith 1.0 mL HCIQ at 120 °C for 1 h and
then at 220 °C until HClIOfumes were observed. Total Se and S contents were
determined using an ICP trace analyzer emissioatispeeter (model ICAP
61E trace analyzer, Thermo Electron, San Jose,aSA)escribed previously by
Lyi, Heller, Rutzke, Welch, Kochian, and Li (2005).

2.4 Determination of SeMSCys and free amino acids
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Analysis of SeMSCys and free amino acids were peréd according to
the method described previously (Ramos, Rutzkegblayaquin, Guilherme, &
Li, 201l1a; Ramos, Yuan, Faquin, Guilherme, & Li,12B) with some
modifications. Freeze-dried tissues (25 mg) welteaeted overnight at 4°C in
50 mM HCI (20:1, viw) and centrifuged at 12,0000g 12 min three times to
remove cell debris. AccQ.Tag derivatives of exiedcbeMSCys and free amino
acids were obtained using the AccQeTag Ultra UPLErivatization kit
according to the manufacturer’'s protocol (WaterspGmation, Milford, USA).
Analysis of the derivatized amino acids was perfmtron an Acquity UPLC™
system (Waters) using an AccQ.Tag Ultra column (X0t x 2.1 mm).
SeMSCys level was calculated based on peak areacalilatation curves
generated from commercial standard (Sigma-AldridRamos et al., 2011b).
Free amino acids were identified and their totaltent was calculated based on
peak area and calibration curves generated with@matid standard H (Pierce)
and commercially available individual amino aci®&gma) according to the

method described previously (Ramos et al., 2011a).

2.5 Analysis of glucosinolates

Extraction of glucosinolates was performed as desdr(Ramos et al.,
2011b) with slight modifications. Freeze-dried tiss (25 mg) were extracted in
1.4 mL of 80% MeOH preheated to 75-80 °C. Aftewipation in water bath for
15 min at 80 °C, the extracts were centrifuged2a900 g for 12 min twice, and
0.8 mL of supernatants were added to DEAE Seph&d2X columns. Then,
140 pL of sulfatase (15 U, Sigma) were added th eatumn and left overnight

in dark at room temperature. Desulfo-glucosinolatese eluted with 0.2 mL of
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80% MeOH and 0.2 mL of water, Speedvac-dried, asdispended in 600 pL
water. The desulfo-glucosinolates were analyzeshidcquity UPLC™ system
(Waters Corporation, Milford, USA) using an HSSd@umn (1.8 um, 100 mm
x 2.1 mm) following the method described previougRamos et al., 2011b).
Individual glucosinolate level from samples wascaddted based on peak area
and calibration curves generated from commerciaigsn standard (Sigma-
Aldrich).

2.6 Identification of individual glucosinolate byCkMS/MS

Identification of each desulfo-glucosinolate wasf@ened on Acquity
UPLC™ system coupled to a Xevo G2 QTof mass speetrer equipped with a
LockSpray source (Waters Corporation, Milford, USABriefly, the
reconstituted desulfo-glucosinolate samplel(» was injected and separated on
HSS T3 column employing a 3-min gradient of 7% @®83acetonitrile in 0.1%
formic acid at flow rate of 500 pL/min (Kushad dt, 4999). The separated
desulfo-glucosinolates were detected by UV absabanh 229 nm and the Xevo
G2 QTof using a standard ion source. The Xevo G2fQW¥as operated in
positive ion, data-dependent acquisition (DDA) muadth a capillary voltage of
2.5 kV, a sample cone voltage of 10 V, and soueogperature at 12@C. The
QTof was externally calibrated using the sodiunmfate ions fromm/z 50 -
1200. The MS and MS/MS data were post-acquisithak mass corrected using
the monoisotopic mass at/z566.2771 Da of the single charged ion of Leucine
Enkephalin.

Identification of desulfo-glucosinolates was based the protonated

precursor ion masses (M+Hand the glucosinolate-specific fragment ions such



51

as an ion generated through the neutral loss ofstigar group (§H100s)

resulting in the fragment ion with the general fatan(M+H-CgH,0s)" and the
metal ion adducts: (M+N&)and (M+K)  (Mellon, Bennett, Holst, &
Williamson, 2002; Zimmermann, Gerendas, & Krumbei2007). The
characteristic loss represented by the general larniM+H-CH1005)" was

found to be the most dominant peak in each of glevant MS/MS spectra,
which is particularly useful for identification oény new precursor ions

belonging to new types of glucosinolates.

2.7 Statistical analysis

All the data were submitted to variance analysiBIQVA, p < 0.05).

Standard errors for all means were calculated.
3. Results
3.1 Total Se and S content in Se-biofortified sggou
Selenium was not detectable in sprouts of all Bcasgegetable crops
germinated in water (control treatment). Howeverosts of all the Brassica

crops studied accumulated Se when they were treaithd50 UM NaSeQ
(Fig. 1a).
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Fig. 1. Content of total Se (a) and total S (b) in 7-d&ygprouts of Brassica

crops exposed to 50 uM b&eQ. Error bars indicate standard deviation (x SD)

(n

= 3).

cv. Diplomat, and 8v. GYPSY;

Cauliflower: 1 = cv. Graffiti, 2 = cv. Apex, and=3cv. Absolute;

Broccoli: 1 = cv. Packman, 2

= cv. Blue Lagaod, 3 = cv. Early Thunder;

Green cabbage: 1 = cv. Bravo, 2

= cv. Blaed 3 = cv. Beijing

Chinese cabbage: 1 = cv. Tender Gold, 2

Autumn 56;

Blue Ridge;

Kale: 1 = cv. Vates, 2 = cv. Winterbor, and 3

Brussels sprouts: 1 = cv. Oliver.
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This Se level was used as it caused no harmfuttsffef Se treatment
on seed germination and sprout growth based opitmirexperiments. N&eQ
was chosen as Se source because selenate is theffaotve form to stimulate
SeMSCys synthesis in Brassica crops (Lyi et al052@nd the major inorganic
Se form used to biofortify crops (Hawkesford & Zha0o07).

In general, the levels of Se accumulation among@udprof different
Brassica crops were similar, although 2-fold vaoiatbetween cultivars was
observed (Fig. la). Brussels sprouts appeared i@ Hass capacity to
accumulate Se than all the other sprouts studiediatfon of total Se content
among sprouts of the three selected broccoli ardivas well as among the
sprouts of the three green cabbage cultivars wetesignificantly different
(ANOVA, p > 0.05). However, significant variation (ANOVA,< 0.05) among
sprouts of cauliflower cultivars, Chinese cabbagkivars, and kale cultivars
was observed. The average total Se content infloaudir cv. Graffiti was 25%
and 34% lower than that in cauliflower cv. Apex and Absolute, respectively.
Similarly, the average total Se content in Chinegdgbage cv. Tender Gold was
28% and 44% lower than that in cv. Blues and cvijigg Autumn 56,
respectively. In kale, cv. Vates exhibited 2.1 arHold higher total Se content
than cv. Winterbor and cv. Blue Ridge, respectively

As an S analog, Se supply affects S uptake anthédason (Broadley,
Brown, Cakmak, Ma, Rengel, & Zhao, 2012; Pilon-Smft Quinn, 2010).
Thus, total S content in sprouts of Brassica cne@s measured. In the absence
of Se, sprouts of the three cauliflower cultivaliscantained high level of total
S content, while sprouts of Chinese cabbage hadively low total S content
(Fig. 1b). Up to 2-fold variation of total S contewas observed between

broccoli cultivars and between Chinese cabbagévetdt The cultivars of the
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other Brassica crops showed similar levels of t&atontent. In all Brassica
cultivars studied, supplementation of Se at 50 pdSHQ did not significantly
affect total S content in sprouts when comparedh Wie controls (without Se

supply).
3.2 Sprouts of Brassica crops accumulate variorgddeof SeMSCys
While sprouts grown in water (control treatment) ntained

undetectable amounts of SeMSCys, all the sprouppliead with 50 pM
Na,SeQ accumulated substantial levels of SeMSCys (Fig. 2)

160

120 -

80 1 &

40

SeMSCys content (ug g DW)

0 - 2
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1
Broccoli Cauliflower Green Chinese Kale Brussels

cabbage cabbage sprouts

Fig. 2. SeMSCys content in 7-day-old sprouts of Brassicpstreated with 50
UM NaSeQ. Error bars indicate standard deviation (x SR) < 3). The

cultivars used are as described in Figure 1 legend.

Variation of SeMSCys content among sprouts of thhasBica crop

cultivars was in general correlated with total Smtent, with some notable
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exceptions. Sprouts of both green cabbage cultimacs Brussels sprouts had
low SeMSCys content in comparison with sproutshef other Brassica crops.
Chinese cabbage accumulated relatively high SeM$Gytent. No significant
difference in the SeMSCys content between sprofitsraxccoli cultivars and
green cabbage cultivars was observed. On the b#rat, sprouts of cauliflower
cultivars exhibited significant difference in SeM@&Ccontent with 26% higher
in cv. Absolute than cv. Graffiti. Large and sigo#nt variation of SeMSCys
content was found between sprouts of Chinese cabloagiivars and kale
cultivars. The average SeMSCys content in Chineddage cv. Tender Gold
was approximately 30% lower than that in either Blues or cv. Beijing
Autumn 56. In kale crop, cv. Winterbor exhibitecband 35% lower average
SeMSCys content than either cv. Vates or cv. Bligg®&

3.3 Sprouts of Brassica crops contain differenfviddal glucosinolates with

various abundances

Glucosinolates in sprouts of the Brassica cropdistuwere separated
by UPLC and identified by MS/MS. A total of 14 ghsinolates were identified
from sprouts of these Brassica crops, which indudeine aliphatic
glucosinolates, four indole glucosinolates, and armmatic glucosinolate (Fig.
3).
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Fig. 3. UPLC elution chromatograms of individual glucodate (as desulpho-
glucosinolate) in 7-day-old sprouts of Brassicapstdndividual glucosinolate:
glucoiberin (1), progoitrin (2), glucoraphanin (3)nigrin (4), glucoalyssin (5),
gluconapin (6), glucoiberverin/4-hydroxyglucobra#si(7), glucobrassicanapin
(8), glucoerucin (9), glucobrassicin (10), 4-metymglycobrassicin (11),
(12), (13).um¥ers 16, 7

(glucoiberverin), 8 and 9 are aliphatic glucositeda numbers 7 (4-

gluconasturtiin and neoglucobrassicin
hydroxyglucobrassicin), 10, 11 and 13 are indolegsinolates; and number 12

is aromatic glucosinolate.
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The aliphatic glucosinolates were glucoiberin (Zmksulphinylpropyl
glucosinolate), progoitrin (2-hydroxy-3-butenyl ghsinolate), glucoraphanin
(4-methylsulphinylbutyl glucosinolate), sinigrin -f2openyl glucosinolate),
glucoalyssin (5-methylsulphinylpentyl glucosinolategluconapin (3-butenyl
glucosinolate), glucobrassicanapin (4-pentenyl ggirmlate), glucoiberverin
(3-methylthiopropyl), and glucoerucin (4-methylthigyl glucosinolate). The
indole glucosinolates were 4-hydroxyglucobrass{dimydroxyindol-3-ylmethyl
glucosinolates), glucobrassicin  (indol-3-ylmethyl luapsinolate), 4-
methoxyglucobrassicin  (4-methoxyindol-3-ylmethyl ugpbsinolate), and
neoglucobrassicin (1-methoxyindol-3-ylmethyl gluicadate). The aromatic
glucosinolate was gluconasturtiin (2-phenylethyliagisinolate). The peaks of
glucoiberverin and 4-hydroxyglucobrassicin were riagped. Contents of six
major glucosinolates identified in sprouts of e&rassica crop are shown in
Figure 4.

In sprouts of the three broccoli cultivars, gluggranin was the
dominant glucosinolate constituting approximately0%/ of the total
glucosinolate content (Fig. 4a). Glucoerucin was #econd most abundant
glucosinolate consisting of approximately 14% of titotal glucosinolate
content. The other four main glucosinolates in balic sprouts were
glucoiberverin/4-hydroxyglucobrassicin, glucobrabsi 4-
methoxyglucobrassicin, and neoglucobrassicin.

Glucoiberin and sinigrin were the dominant gluco&ites constituting
approximately 43% and 35% of the total glucosir@laintent, respectively, in
sprouts of the three cauliflower cultivars (Fig.).4bhe other main individual

glucosinolates in cauliflower sprouts were glucoileein/4-
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Fig. 4. Contents of 6 main glucosinolates in 7-day-oldgps of Brassica crops.
Error bars indicate standard deviation (z SB)}(3). Individual glucosinolate:

glucoiberin (GLS1), progoitrin (GLS 2), glucorapiafGLS 3), sinigrin (GLS
4), gluconapin (GLS 6), glucoiberverin/4-hydroxygorassicin (GLS 7),

glucobrassicanapin (GLS 8), glucoerucin (GLS Qicgbrassicin (GLS 10), 4-
methoxyglucobrassicin  (GLS 11), and neoglucobrassigGGLS 13). The

cultivars used are as described in Figure 1 legend.
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The individual glucosinolate content had large atioh among the
cultivars in sprouts of green cabbage (Fig. 4cjc@iberin and sinigrin were
the dominant glucosinolates in cv. Bravo (approxety25% and 35% of the
total glucosinolate content, respectively) andEarly Thunder (approximately
36% and 41% of the total glucosinolate contentpeesvely). In contrast,
glucoraphanin was the dominant glucosinolate (apprately 26% of the total
glucosinolate content) with considerable amountgladoiberin, progoitrin, and
sinigrin in cv. Blue Lagoon. The other main indiva glucosinolates in green
cabbage sprouts were glucobrassicin and 4-methocggtassicin.

Like sprouts of green cabbage, individual glucositeo content in
sprouts of Chinese cabbage also exhibited largmati@r between cultivars
(Fig. 4d). Gluconapin (approximately 46% of theatoglucosinolate content)
was the dominant glucosinolate followed by progojtglucobrassicanapin, 4-
methoxyglucobrassicin, and neoglucobrassicin inT@nder Gold. Progoitrin,
gluconapin, and 4-methoxyglucobrassicin were presenhigher amounts
(approximately 25%, 32% and 22% of the total glimoiste content,
respectively) in cv. Blues. In cv. Beijing AutumB,5progoitrin and Gluconapin
were the dominant glucosinolates with a proportibmapproximately 35% and
24% of the total glucosinolate content, respecjivel

Glucoiberin and sinigrin were the dominant glucokites with a
proportion of approximately 36% and 31% of the tgfaicosinolate content,
respectively, in sprouts of the three kale culsvéFig. 4e). The other main
glucosinolates in kale sprouts are glucoiberverinydroxyglucobrassicin,
glucobrassicin, 4-methoxyglucobrassicin, and nemaduassicin.

In sprouts of the Brussels sprouts cv. Oliver,gginiwas the dominant

glucosinolate with a proportion of 39% of the toghlicosinolate content (Fig.
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4f). Glucoiberin and glucoiberverin/4-hydroxyglucabsicin also were detected
in considerable amount. The other main individdatgsinolates in sprouts of

Brussels sprouts cv. Oliver were progoitrin, glagdranin, and glucobrassicin.

3.4 Total glucosinolate contents vary among sprotitBrassica crops and are

not affected by Se treatment

The total glucosinolate contents that summarizediatividual
glucosinolates in sprouts of each studied Brassiop are shown in Figure 5.
Sprouts of cauliflower cultivars contained highevdls of total glucosinolates
in comparison with the other Brassica crops, amddhcultivars shared similar
levels of total glucosinolates (Fig. 5).

No dramatic variations in total glucosinolate cors¢ewere observed
among cultivars of the same Brassica crop, with é¢keeption of Chinese
cabbage sprouts, at which the cv. Blues exhibitedchmlower total
glucosinolate content in comparison to the other ¢witivars.

In general, supplementation of 50 uM ,NaQ did not significantly
affect the individual glucosinolate content of h@outs in comparison to the
control treatment, except in Se-enriched sproutsadfiflower (cv. Graffiti and
cv. Absolute) and Chinese cabbage (cv. Tender @oticv. Beijing Autumn
56) (Fig. 4). Concomitantly, Se supply did not dagically affect the total
glucosinolate accumulation in sprouts of these ®cascrops when compared
with the sprouts germinated in water, except thedrd was a significant
increase in total glucosinolate levels in two démver cultivars (cv. Graffiti
and cv. Absolute) and a decrease in two Chineskaggbcultivars (cv. Tender
Gold and cv. Beijing Autumn 56) (Fig. 5).
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Fig. 5. Total glucosinolate content in 7-day-old sprout8massica crops with
and without NgSeQ supply. Error bars indicate standard deviatiols® (h =
3). The cultivars used are as described in Figuegédnd.

3.5 Total free amino acid contents are similar agngprouts of Brassica crops

and not affected by Se treatment

The total content of free amino acids from spraftgarious Brassica
crops was also measured and shown to be in a simitege although some
variation between cultivars of each vegetable @wrigted (Fig. 6). There was
no significant difference in total free amino aciohtent in nontreated sprouts
among three green cabbage cultivars and threeckétlears. On the other hand,
significant difference in content of total free amiacids was observed in

sprouts among cultivars of broccoli, cauliflowedabhinese cabbage.
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Fig. 6. Total free amino acids in 7-day-old sprouts of8iea crops with and
without NaSeQ, supply. Error bars indicate standard deviatior8(® (h = 3).

The cultivars used are as described in Figure dnigg

Selenium supplementation at 50 uM ,SeQ did not dramatically
affect total free amino acid content in sproutsrafst Brassica crops, except
Chinese cabbage (Fig. 6). However, Se supply retitel content of free
amino acids in all three Chinese cabbage cultifiig 6). A reduced level of
total amino acids was also observed in green cabbagBravo and kale cv.

Vates.

4, Discussion

Brassica sprouts have received considerable aitemécently due to
their capacities in accumulating health benefigiitochemical compounds,
especially those with anti-cancer properties. Thiady was designed to
examine the ability of various Brassica crop spsowd simultaneously

accumulate the anticancer agents, SeMSCys andsjhatates.
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Plants differ widely in their ability to accumulage in their tissues and
can be classified into Se-accumulators (such asesspecies of the genera
Astragalus Xylorrhiza and Stanleyep and non-accumulators (most agricultural
plant species) (Broadley et al., 2012). SeveralsSica vegetables may
accumulate hundreds pg Sé BW when grown on soils contained moderate
levels of Se, and they are known as Se secondawymadators (Terry et al.,
2000). In our results, sprouts of various Brassiegetable crops contained
approximately 160 ug'gdW of total Se when germinated in 50 pM,SaQ,
suggesting that the Brassica sprouts accumulatpdrtamt amounts of Se for
human dietary use. However, this total Se levehébin broccoli sprouts is
lower than that found in other parts of mature boticplants when similar
concentration of Se was used (Lyi et al., 2005).

The ability of Brassica species to accumulate ingdgt large amounts of
Se is due to its greater ability to accumulate g#Bley et al., 2012). It is
generally believed that selenate is taken up bgtplérom the soil via sulfate
transporters and assimilated via the sulfur asatioit pathway (Pilon-Smits &
Quinn, 2010). Thereby, Hawkesford and Zhao (2003ticaed that selenate
influx depends primarily upon the level of selenasighe growth medium, on
the availability of sulfate which competes for Uqaat the transporter active
site, on the level of expression of the sulfatengporter genes, and on the
discrimination of the transporters for either sateror sulfate transport.

The Se-biofortified sprouts from all studied Brasscrops were able to
synthesize and accumulate significant amounts ofMSeys, with
approximately 50% of total Se accumulated in spgrdigting SeMSCys. While
there are little data available regarding the aadation of SeMSCys in sprouts

of most Brassica crops, Sugihara, Kondo, Chihargi, Hattori, and Yoshida
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(2004) showed that SeMSCys counts about 75% df $&tan both Se-enriched
broccoli and Chinese cabbage sprouts. It is importa mention that in our
study the total Se and SeMSCys were extracted asakumed by different
methods, which may count for the difference in SEMS to total Se ratio
between our work and that of (Sugihara et al., 200h the other hand, the
total amount of SeMSCys observed in the sproutldBrassica crops may be
considered “expressive” since most agriculturalcig® (e.g. cereal crops) are
not able to accumulate significant amounts of SeSiD their edible parts
(Broadley et al., 2012). Brassica vegetables switke and accumulate
SeMSCys when grown in Se-enriched soils due ta theility to convert the
selenoamino acid selenocysteine into various notepr selenoamio acids, and
this conversion is catalyzed by enzyme selenoaystanethyltransferase
(Broadley et al., 2012). This pathway is restricbedly to a small group of Se-
accumulator crops. (Lyi et al.,, 2005) and (Ramoslet 2011b) found that
SeMCys accumulation in shoot and floret tissuebrotcoli correlates closely
with the expression of the gene for selenocysteiathyltransferase.

The fact that consumption of Brassica crops deesettte incidence of
certain cancer in humans is linked in part to thespnce of glucosinolates
(Bellostas, Kachlicki, Sorensen, & Sorensen, 20@{)r results demonstrate
that sprouts of the Brassica crops studied accumulansiderable amounts of
glucosinolates. Cauliflower sprouts had about twiaenounts of total
glucosinolate content in comparison with sproutsrfiother Brassica crops.

Analysis of glucosinolate profiles from sprouts tife individual
Brassica crops revealed that each crop accumuiiiffedent types and amounts
of glucosinolates in sprouts. Not all glucosinatatare transformed into

biologically active products. Glucoraphanin (anphdtic glucosinolate) is a
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direct precursor of the isothiocyanate sulforaphahat acts as potent
monoinducer of phase Il enzymes in inactivatingicergenic metabolites (Li et
al., 2010). Due to its important role in human keagjlucoraphanin has been
investigated in Brassica plants (Gu, Guo, & Gu, 201Sprouts of various
broccoli cultivars had substantial levels of glagaranin (GLS3), which
consisted of approximately 70% of the total glunokite content. Moderate
amounts of glucoraphanin were also found in sprofitgreen cabbage (except
cv. Early Thunder) and Brussels sprouts cv. Olibet, undetectable in sprouts
of cauliflower, Chinese cabbage and kale cultivaxamined. Glucoerucin
(another aliphatic glucosinolate, GLS9) was theosdc most dominant
glucosinolate in sprouts of broccoli cultivars, limita much smaller proportion
than glucoraphanin. Glucoerucin is metabolized he isothiocyanate erucin
which also exhibits excellent beneficial effectstmman health (Barillari et al.,
2005), including as an anticancer agent (Abbaoail.e2012). It was present at
negligible amount in sprouts of other Brassica sr@fig. 4). Therefore broccoli
sprouts are the best source for providing isottdaeyes for cancer-preventing.

Interestingly, the sprouts of cauliflower and kaldtivars had similar
types and proportion of individual glucosinolatealthough the total
glucosinolate content was much higher in sproutsaafiflower cultivars (Fig.
5). Glucoiberin (GLS1) and sinigrin (GLS4) were thmajor glucosinolates in
sprouts of cauliflower and kale. They also accutedlaabundantly in sprouts of
green cabbage and Brussels sprouts cv. Oliver. breakdown products of
glucoiberin and sinigrin have also been reporteteeffective in suppressing
carcinogenesis, among other benefits to health ltablurtado, Gicquel, &
Esnault, 2012).
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In sprouts of Chinese cabbage, the dominant aliplgiticosinolates
were progoitrin and gluconapin, but their levelsied greatly among cultivars.
We also found relative high level of progoitrin (§2) in sprouts of green
cabbage (except cv. Early Thunder) and Brussetsuspcv. Oliver. Gluconapin
is hydrolyzed to isothiocyanates (Kim et al., 2010) contrast, progoitrin
hydrolysis produces oxazolidine-2-thione (goitrimhiich in excess may cause
adverse effects on health such as goiter (Vern®iral., 1988). Consequently
progoitrin is less desirable than the other gluvdsites (Liu et al., 2012).
Spouts of these Brassica crops also contained leweld of indole
glucosinolates, notably 4-hydroxyglucobrassicin,mdthoxyglucobrassicin,
glucobrassicin and neoglucobrassicin. Both 4-metimalole-3-carbinol and
especially indole-3-carbinol, breakdown productsdeiethoxyglucobrassicin
and glucobrassicin, respectively, were proven tefiieient anticancer agents
(Brew et al., 2009). On the other hand, it was destrated that breakdown
products of neoglucobrassicin may negatively imp#oe activation of
sulforaphane-induced Nrf2 (Haack et al., 2010), clwhinduces phase I
enzymes in inactivating carcinogenic metabolites.

In general, we have showed a large variation ofsygand amounts of
individual glucosinolate among sprouts of the sddBrassica vegetables,
although broccoli, cauliflower, green cabbage, kald Brussels are belonging
to the same speciBiassica oleracea..). This may be justified in part by wide
and complex both gene regulatory network and métapathway that regulate
the metabolism of indole and aliphatic glucosinegain plants, as shown by
Sonderby, Geu-Flores, and Halkier (2010).

Se biofortification in Brassica sprouts generaligl chot affect the

accumulation of total glucosinolates or the proéfeindividual glucosinolates.
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In contrast with our results for Brassica sprouotature Brassica plants treated
with Se have been reported to be accompanied leglaction in glucosinolate
contents, and the magnitude of this decrease maydepending on cultivars
(Charron, Kopsell, Randle, & Sams, 2001; Kim & k)2011; Ramos et al.,
2011b; Toler, Charron, Sams, & Randle, 2007). Furt8e supplementation did
not affect total amino acid content in sprout ofstn@rassica crops except
Chinese cabbage, which may have low tolerance tyea¢ment. Ramos et al.
(2011a) evaluated 30 diverse accessions of letfuaetuca satival.), and
reported that Se supply did not significantly altetal amino acid content in
most cultivars too.

In conclusion, our data show that various Brassipeouts exhibit
different capacity in accumulating the health baniaf SeMSCys and
glucosinolate compounds. Brassica vegetable sparisbe biofortified with
selenium for the accumulation of bioactive seleniithout negative effects on
anticance glucosinolate content and profiles antbiegsprouts of the Brassica
crops studied.. Hence the Se-biofortified Brassjmauts further enhance their
chemopreventive activities. In accordance with thimcept, Abdulah et al.
(2009) shows that Se-enriched broccoli sprouts hbéixhiincreased
chemosensitivity and apoptosis of LNCaP prostate@athan normal broccoli.
This study will be useful for development of nugatical functional foods for

better human health.
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ABSTRACT:

Broccoli (Brassica oleraced.. var.italica) is a rich source of chemopreventive
compounds. Here, we evaluated and compared thet effeselenium (Se)
treatment on the accumulation of anticancer comgsunSe
methylselenocysteine (SeMSCys) and glucosinolatebroccoli sprouts and
florets. Total Se and SeMSCys content in sprouteeaised concomitantly with
increasing Se doses. Selenate was superior toiteefleninducing total Se
accumulation, but selenite is equally effective sedenate in promoting
SeMSCys synthesis in sprouts. Increasing sulfuesiogduced total Se and
SeMSCys content in sprouts treated with selenattendt in those with selenite.
Examination of five broccoli cultivars reveals tlsrouts generally have better
fractional ability than florets to convert inorgare into SeMSCys. Distinctive
glucosinolate profiles between sprouts and flove¢se observed, and sprouts
contained approximately 6-fold more glucoraphahiant florets. In contrast to
florets, glucosinolate content was not affectedSkytreatment in sprouts. Thus,
Se-enriched broccoli sprouts are excellent for Hemgous accumulation of

chemopreventive compounds SeMSCys and glucoraphanin

Keywords: Selenium;Semethylselenocysteine, glucoraphanin, glucosinslate

broccoli sprout, broccoli floret, chemopreventiyeat

INTRODUCTION

Selenium (Se) is an essential trace element formem It is estimated
that between 500-1000 million people worldwide @eéicient in Se ). Se in
the form of selenocysteine constitutes 25 selertepr® in mammals and plays

both structural and enzymatic roles such as glia¢h peroxidases in
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antioxidant functions, thioredoxin reductases irorgdoxin system, and
iodothyronine deiodinases in thyroid hormone meliabo(2). According to the
Institute of Medicine of the National Academy, tiRDA (Recommended
Dietary Allowance) values for Se is 55 ug ddgr adults 8). Deficiency in Se
results in a dramatic reduction in activity of sglproteins in humans, causing
various diseases and disorders such as thyroid glgsfunction, irreversible
brain injury, Keshan disease (cardiomyopathy), eleeed immune responses to
viral infections, and increased risk to various asam ). Apart from
selenoproteins, other (non-protein) selenocompohiasis also been implicated
to have important health benefits. Interest hasifeeused on the anticancer
property of monomethylated selenoamino acid&7)( Although some
selenoproteins may also act as cancer preventigatad®, 4), studies have
shown that monomethylated Se forms, especi@bmethylselenocysteine
(SeMSCys) that serves as precursor to methylselpnskess potent anticancer
activity (4, 6).

Ingestion of Se-biofortified plant foods has beessumed to be
important to decrease Se deficiency in the pomrafi). In general, plants take
up inorganic forms of Se (selenate,Ser selenite, S& applied in soil,
nutrient solution (in hydroponic culture system)l@aves (through foliar spray)
and metabolize them. Given that Se is an analo@salfur (S), Se uptake and
assimilation in plants follow S metabolic pathw#8s9.

Glucosinolates are a group of S-containing phytotgbals largely
found in plants of the order Brassicales. More ti29 different types of
glucosinolates are known. They are classified aghatic (derived from
methionine, alanine, leucine, isoleucine or valin@)dole (derived from

tryptophan) or aromatic (derived from phenylalanimayrosine) glucosinolates
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(10). Many of these phytochemical compounds have cidagreat attention
because of their beneficial effects on human hegalth 19. Glucoraphanin (4-

methylsulphinylbutyl glucosinolate) is an aliphagtucosinolate that is being
widely studied due to its superior anticancer distiv This important

glucosinolate is metabolized to isothiocyanate salfhane, which acts as
potent monoinducer of phase Il enzymes in inadtigatcarcinogenic

metabolites 13, 14.

Broccoli (Brassica oleraceal. var. italica) vegetable is known to
contain large amount of glucoraphanin besides otheemopreventive
glucosinolates 14-17. Furthermore, broccoli is part of a small group o
agricultural crops that accumulate considerable uantso of SeMSCys when
grown in Se containing soild g, 19, thereby increasing its anticancer property
(4, 20. Florets of mature broccoli plants constitute thain edible part of this
crop consumed worldwide. Broccoli sprouts have &lsen consumed because
it is a rich source of bioactive compounds, in igatér glucoraphaninl®, 2.
Early works have shown that there is an inversatimiship between Se and
glucosinolate accumulation in mature broccoli @afit9, 22-23, but little
information is available on broccoli sprouts. Instvork we investigated the
possibility to simultaneously enrich SeMSCys andcglaphanin in broccoli
sprout and floret, the two edible tissues. For,this evaluated the total Se
accumulation, SeMSCys synthesis and glucosinolabéilgs in sprouts and
floret of broccoli exposed to different forms ofonganic Se (selenate and
selenite), as well as the interaction between $earmo obtain a general trend

of changes in broccoli, five broccoli cultivars warsed in this study.

MATERIALS AND METHODS
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Plant Materials and Treatments Seeds of broccolBfrassica oleracea
L. var. italica) cv. GYPSY were obtained commercially (Harris Sged
Rochester, NY). For experiments with sprouts, theds were sown on two
sheets of filter paper (3 mm, Whatrftarsoaked with treatment solutions in
Magenta boxes (Bio-World, Dublin, OH), and growraigrowth chamber with
photoperiod of 16/8 h light/dark period at temperatof 22/18C day/night.
The treatments consisted of one control (MilliQ evat five Se doses (10, 25,
50, 75 and 100 uM) of either selenate £B&0) or selenite (Nz5eQ), and one
treatment with 25 uM of each selenate and seleAitsulfur dosage treatment
consisted of three doses (0.1, 1 and 10 mM) oh&ifNaSQ,) in the presence
and absence of 50 UM Se (either selenate or seleflihe experiment was
conducted in a completely randomized design, arldtraltments were
performed with three replicates. During sprout gigvan additional 1 mL of
either water or solution corresponding to eachttneat was added every 24 h.
After 7 days, sprouts were harvested, washed witlfiQMwater, dried with
paper towels, and frozen in liquid nitrogen. Thengkes were ground with
mortar and pestle to fine powder in liquid nitrogend dried for 48 h in a
freeze-dry system (Labconco FreeZ8né litre Benchtop Freeze Dry System
Model 77520). The lyophilized samples were stored desiccator at 4°C until
used.

In addition, two independent experiments (an expenit with broccoli
sprouts and an experiment with mature broccoli tglanalso were
simultaneously carried out in a completely randadiziesign. Seeds of five
broccoli cultivars (Packman, Diplomat, GYPSY, Méwat and De Cicco) were
obtained either commercially (Harris Seeds, RodredtY) or as gifts. The

experiment with sprouts was conducted as descréime, and treatments
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consisted of five broccoli cultivars exposed tdeit MilliQ water (control) or
25 uM Se (supplied as selenate,8&0). The experiment with mature broccoli
plants was conducted as following. Seeds were soten23-cm-diameter pots
filled with 6 dn? of soil mix (Metro-Mix 360, Sun Gro Horticulturéh a
greenhouse with photoperiod of 14/10 h light/dagkigd at temperature of
24°C. During the plant growth period, soil mix fraach pot was fertilized with
Osmocote® according to nutritional needs of thecbot crop. Treatments
consisted of five broccoli cultivars grown witho(gontrol) or with selenate
(Na:SeQ) supply. When plants just initiated floral prim@gdsix applications
(twice per week for three weeks) of 100 mL of 1.8 iNa,SeQ solution were
performed in each pot, resulting in a final dosafe25 uM Se in each
application (considering 6 dhof soil mix per pot). The application of 25 pM
NaSeQ was chosen based on previous studie2®, 26 and our preliminary
tests for its ability to stimulate SeMSCy synthesithout negative effect on
plant growth. Plants were harvested individuallyewlnheads were fully formed
and at market harvest maturity, and the fresh wisighstem, leaves and florets
were evaluated. Floret samples were collected feawh plant at harvesting
time, washed with MilliQ water, dried with papemntels, and immediately
frozen in liquid nitrogen. Later, these samplesevground with mortar and
pestle to fine powder in liquid nitrogen, freezéedrand stored as described
above.

Analysis of Total Se and S Contents by ICPTotal Se and S contents
were determined using an ICP trace analyzer enmisspectrometer (model
ICAP 61E trace analyzer, Thermo Electron, San J&s&). Freeze-dried

samples of 200 mg were weighed into glass digedtibas, acid-digested, and
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measured for their total Se and S levels as destrifreviously 7). Each
sample was analyzed in triplicate.

Quantification of SeMSCys by UPLC.SeMSCys content in broccoli
samples was analyzed following the method essintaldescribed previously
(19, 27). SeMSCys from 25 mg of freeze-dried tissues waiaeted in 50 mM
HCI (20:1, viw) at 4°C overnight with continuous aking. Following
centrifugation at 12,000 g for 12 min for three dsrto remove cell debris, the
extracted SeMSCys was tagged with AccQ.Tag usimy AbcQeTag Ultra
UPLC derivatization kit according to the manufaetts protocol (Waters
Corporation, Milford, USA). The AccQ.Tag derivativevere analyzed on an
Acquity UPLC™ system (Waters Corporation, MilfordJSA) using an
AccQ.Tag Ultra column (100 mm x 2.1 mm). The condion of SeMSCys in
the samples was calculated based on peak areasa atalibration curve
generated from the commercial standard (Sigma-éiri

Analysis of Glucosinolates by UPLC.Extraction and analysis of
glucosinolates were carried out following the pomiodescribed by Ramos et al.
(19). Approximately 25 mg of freeze-dried tissues weaired in 1.4 mL of 80%
MeOH preheated to 75-80°C and vortexed for 10 Sdw mixtures were
incubated in water bath for 15 min at 80°C and rifeigted at 12,000 g for 12
min twice. The supernatants (0.8 mL) were transfkto DEAE Sephadex A-25
columns. To each column, 140 pL of sulfatase (1%igma) were added and
incubated at room temperature overnight in darksulie-glucosinolates were
then eluted with 0.2 mL of 80% MeOH followed by (il of water. The
eluents were combined, speedvac-dried, and dissdlvés00 pL water. The
samples were analyzed on an Acquity UPLC™ systeratév¥) using an HSS

T3 column (1.8 um, 100 mm x 2.1 mm) and eluted védthmobile phase
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consisting of solvent A (water) and solvent B (108@&g&tonitrile) at a flow rate
of 0.65 mL/min for a total of 6 min. Quantificatiaf individual glucosinolate
from samples was achieved based on peak areas adibaation curve
constructed from commercial sinigrin standard (Sighfdrich).

Identification of Individual Glucosinolate by LC-MS/MS. LC-
MS/MS was performed on Acquity UPLC™ system coupleda Xevo G2
QTof mass spectrometer with a LockSpray source é€WatCorporation,
Milford, USA). The desulfo-glucosinolates from bosiprouts and florets of
broccoli were separated on HSS T3 column (1.8 pingrgn x 100 mm, waters)
and then detected by PDA at UV absorbance of 22&minthe Xevo G2 QTof
using a standard ion source. The Xevo G2 QTof wesated in positive ion,
data-dependent acquisition (DDA) mode. The MS ar®fW5 data was post-
acquisition lock mass corrected using the monojotmass atn/z 566.2771
Da of the single charged ion of Leucine Enkephdtientification of individual
glucosinolate was carried out following the methadsreported28, 29. Each
desulfo-glucosinolate was identified based on thetgmated precursor ion
masses (M+H)and its group-specific fragment ions including tbe with the
loss of a sugar group (M+Hg8:40s)" and the observed metal ion adducts:
(M+Na)"and (M+K)'".

Statistical Analyses. Statistical analyses of the data were performed
using variance analysis (ANOVA) at 5% probabiligyél to test for significant
difference between treatment means. The valuesnelotavere expressed as

means of three replicates with corresponding stahdieviations (+ SD).

RESULTS AND DISCUSSION
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Se Level in Broccoli Sprout Increases with Increasig Se Dosage
Broccoli is a Se and S accumulator. To examine auletiisly the ability of
broccoli to accumulate Se, we first performed tlhsadie analysis in broccoli
sprouts. Sprouts of broccoli cv. GYPSY were gertdidaand grown under
different doses of either selenate or selenitew&g not detectable in broccoli
sprouts germinated in MilliQ water. In contraste ttotal Se content in the
broccoli sprouts increased concomitantly with imsiag doses of both selenate
and selenite from 10 to 100 pM Se in the growthutsmh (Table 1).
Significantly higher levels of total Se content eeaybserved in those sprouts
treated with selenate than selenite € 0.000). For example, the total Se
content in 50 uM selenate and selenite treateduspneas 179 and 98 pg'g
DW, respectively, showing an over 1.8-fold diffecerin total Se content. This
result is consistent with those reported in leadl #loret of mature broccoli
plants {) and others crops( 27, 30-32 showing that selenate is much more
effective than selenite in promoting Se accumutatidoticeably, while the Se
content is much lower in selenite treated leavekfimets than selenate treated
tissues 1), the total Se contents on average were only ar@8% lower in
selenite treated sprouts than selenate treated(dabke 1).

The total Se content in broccoli sprouts simultarsgptreated with 25
UM of each selenate and selenite was about intéanyeid the values obtained
for treatments with 50 uM of selenate and 50 uMaealenite (Table 1). These
data suggest that there was no interaction betveedéanate and selenite in
affecting total Se content in the broccoli sprolriscontrast, previous studies in
leaf tissue of broccoli show that supplementatidnselenite to selenate

treatments inhibits the selenate promoted Se adetiomi (7).
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Table 1. Total Se and SeMSCys content in 7-day-old sprofiisraccoli cv.
GYPSY exposed to different forms (selenate andniteleand various dosages
of Se.

Se form Se dose (uM) Total Se (LYBW)* SeMSCys (uggDW)*  Conversion (%)
10 31.6+1.4 29.2+3.4 40.1
25 80.0+0.1 62.1+2.7 33.7
Selenate
50 178.9+0.9 105.8 +2.3 25.7
(Na:SeQ)
75 2145+0.9 149.2+5.5 30.2
100 263.2+6.0 157.3+2.2 25.9
10 19.9+6.3 19.2+0.5 41.8
. 25 50.0+0.2 68.9+45 59.9
Selenite
50 97.8+1.3 112.7+5.9 50.0
(Na:SeQ)
75 146.1+2.0 149.8 + 3.3 44.5
100 185.3+2.1 167.4 +10.6 39.2
ANOVA° Se form foaiaid NS
Se dose *kkk *kkk
Se form x Se . NS
dose
25 uM
selenate
+ 50 1247+2% 103.9+3.4 36.2
25 uM
selenite

2valuesare averages of three replicates + SD (standaréhtitew). "Calculated using
only the Se (atomic weight = 79) from SeMSCys (malar weight = 182)°NS and
=+* indicate non-significance and significance pk 0.0001, respectivelySignificant
difference p < 0.05) between 25 uM selenate + 25 uM selenitenrert and 50 uM Se
(either selenate or selenite) treatment.

It is noteworthy that 7-day-old broccoli sproutpesged to higher dose
of selenate at 100 uM and selenite at 75 uM and M0Oexhibited toxicity
symptoms with decreased root growth and purpleledons (data not shown).
These symptoms were more evident in treatment ¥thuM selenite, showing

that selenite was more toxic than selenate to bibsprouts.
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Selenate and Selenite Are Equally Effective in Prooting SeMSCys
Synthesis in Broccoli SproutsSeMSCys is a monomethylated form of Se that
has been demonstrated to have strong anticarciitogetivity (4, 6). Among
many crops, broccoli plants are known to have thiityato accumulate high
levels of SeMSCys when grown in Se containing emvirents 18, 19.
SeMSCys was not detectable in broccoli sprouts seghado water (control
treatment). Its content increased concomitanthyvitreasing doses of Se up to
75 UM in growth solution, and it did not differ gitey between treatments at 75
and 100 uM of Se (Table 1). SeMSCys content cdeeélavell with total Se
content (Table 1) at dosage up to 75 uM of Seday~old broccoli sprouts.

Interestingly, unlike the case for total Se cont&a@MSCys content in
broccoli sprouts was not influenced by the Se feupplied. Both selenate and
selenite promote same levels of SeMSCys synthadisdccoli sprouts (Table
1). Thus, although selenate treated broccoli spractumulated higher amounts
of total Se when exposed to the same doses of aeleaand selenite, this
additional Se accumulation did not convert into S€lys. This result disagrees
with that reported for mature broccoli plants ieyous studies, where selenate
is found to be much effective in stimulating SeMSGgccumulation in leaves
and florets than selenit&)( The mechanisms involved in plant Se metabolism
are not similar between the two Se forms. Seleisataken up by roots and
largely transported to shoot where it is assimidafgedominantly in leaf
chloroplasts, while selenite is largely and rapiabgimilated in roots3( 9, 33.
The different localization of metabolism plus tf##MSCys is synthesized in
young tissues may explain the equal capacity ofdoid sprouts to synthesize
SeMSCys when treated with selenate or selenitgpamits are young tissues

that contain both shoot and root tissues.
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Broccoli sprouts exposed to 25 uM of each selermatd selenite
synthesized SeMSCys at the similar level as th#ined in either 50 M of
selenate or 50 UM of selenite treatment (Tablentlicating that there was no
interaction between selenate and selenite in priog@&eMSCys accumulation
in the broccoli sprouts.

Although both selenate and selenite promoted simitvels of
SeMSCys accumulation when sprouts were exposedanme sdosage of Se
treatment, much high rate of conversion of totalrfie@ SeMSCys was observed
in selenite-treated sprouts than selenate-treafgwuts (Table 1). The
conversion rates in 50 uM selenite and selenatgedesprouts were 50% and
25.7%, respectively, showing that selenite is mefficient than selenate in
converting total Se into SeMSCys in broccoli spsout

Total Se Levels Are Reduced by High Dosage of Suléain Sprouts
Treated with Selenate but Unaffected with SeleniteéAs an analog of selenate
(Se@?), sulfate (SF) affects Se accumulation in plan& @). To gain a better
understanding of the interaction between S andwg&ejnvestigated whether
supply of S as sulfate influenced the responsethefsprouts of broccoli cv.
GYPSY to selenate and selenite treatments. Supp$ o growth solution
improved root development of the 7-day-old brocapiouts, which could be
verified visually. Increasing S doses affected [t@a content of the broccoli
sprouts differently depending on the Se form apbp(iEable 2). A low S dose
(0.1 mM) did not dramatically altered total Se @oritin sprouts treated with 50
UM selenate, but medium (1 mM) and high (10 mM) &ed significantly
decreased total Se contents in these sprouts byaP@¥67%, respectivelyp €
0.0001) when compared to sprouts treated only 86tjuM selenate (without S
supply) (Table 2).
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Table 2 Total Se and SeMSCys content in 7-day-old sprotitsroccoli cv.

GYPSY exposed to different Se forms (selenate atenge) and various S

dosages
Se form S dose (mM) Total Se (WYBW)?  SeMSCys (ug §DW)? Conversion (%)
0.0 178.9+0.9 105.8+2.3 25.7
Selenate 0.1 1686 +2.4 995+18 25.6
(50 uM) 1.0 142.5+0.3 64.3+3.8 19.6
10.0 599+04 30.3+138 21.9
0.0 97.8+1.3 112.7+5.9 50.0
Selenite 0.1 112.7+3.1 110.8+3.1 42.7
(50 M) 1.0 116.7 £2.0 114.9+8.6 42.8
10.0 129.1+2.2 1143 +5.3 38.4
CANOVA© sefom e
S dose sk ek
Se form x S dose ok ek

2values are averages of three replicates + SD (atandeviation)"Calculated using
only the Se (atomic weight = 79) from SeMSCys (rolar weight = 182)° *** and

**+x jndicate significance atp < 0.001 and 0.0001, respectively. Data of treatment
without S (0 uM S dose) was copied from the Tablgbd UM Se dose; selenate or
selenite) for comparison, since both Tables 1 aatkZart of the same experiment.

The inhibitory effect of S on Se accumulation iscateported in mature
broccoli plants treated with selenaf.(This antagonistic interaction between
sulfate and selenate seems to be mostly due to etdiop of uptake and
assimilation system, which has been well documei@®, 34-3§. On the
other hand, no inhibition of total Se accumulatiorsprouts grown in 50 uM
selenite was observed with increased levels offplgyTable 2). Increasing S
doses slightly increased total Se content. Thisegme might be due to better
root development of sprouts grown under S supplénrgnich enabled a slight
increase in selenite uptake from growth solutiomtitermore, because sulfate

transporters do not mediate selenite uptake intgle® did not compete for
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transport to interfere with Se uptake. Seleniteéaleen up by plants through
passive diffusion and may use phosphate transga@eB9.

SeMSCys Levels Are Reduced by High Dosage of Sukain Sprouts
Treated with Selenate but Unaffected with SeleniteSprouts treated with 50
MM of selenate contained 35% and 70% lower SeM20gnt when exposed
to medium (1 mM) and high (10 mM) S dose, respettiyTable 2), showing
an inhibition of SeMSCys synthesis in selenateté@asprout. In contrast,
SeMSCys content in selenite-treated sprouts waifiloenced by increasing S
dosage from 0.1 to 10 mM and remained similar betwepntrol and 10 mM S
supply. The effect of S dosage on SeMSCys accuinnlah the 7-day-old
broccoli sprouts was linked with that of total SEw@mulation. Consistently, a
general much high rate of conversion of total $e BeMSCys was observed in
selenite-treated sprouts than selenate-treatedtspfbable 2).

Increasing S dosage was also reported to decreddd8GSys content in
leaves of selenate-treated broccoli plaft The decreased SeMSCys synthesis
of selenate-treated sprouts in response to highs8 tteatments was most likely
to be linked with the reduction of Se uptake, whidminished the Se
availability in the cells.

Different Capacity of Total Se and SeMSCys Accumut@on in
Sprouts and Florets of Broccoli. To investigate the general response of
broccoli to Se, we examined the total Se conterdpirouts and florets of five
broccoli cultivars exposed to Se supply. In thipeximent only selenate was
used as Se source, since this form increased $etand SeMSCys content in
both broccoli sprouts (Table 1) and mature brocplaits ¥) more effectively
than selenite. Both broccoli sprouts and maturedwi plants were exposed to

25 UM of selenate as this concentration of selemafplement did not show
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any toxicity symptom in comparison to control, whiwas verified by visual
inspection of the sprouts and plants, and alsadshfweight of root, shoot and
floret of the mature plants (data not shown). Sligdriable values of total Se

content in sprouts and florets were found amongehmoccoli cultivars studied
(Table 3).

Table 3 Total Se and SeMSCys content in 7-day-old sproutsflanets of five
broccdi cultivars exposed to 25 uM of selenate

Edible part Cultivars Total Se (ud PW)®  SeMSCys (ug §DW)? Conversion (%)
Packman 79.1+53 675+1.8 37.0
Diplomat 71.7+83 732+29 443
Sprout GYPSY 875+5.2 72.3+3.0 35.9
Marathon 85.6 £6.7 70.8+4.7 35.9
De Cicco 58.4+4.6 64.6 +5.1 48.0
 Average 765  ey7 402
CANOVAS s NS
Packman 472.4 £ 64.3 102.6 £ 16.0 9.4
Diplomat 531.1+585 126.8 £ 20.2 10.4
Floret GYPSY 401.1 £50.8 878+54 9.5
Marathon 483.2 £ 80.0 88.5+11.3 8.0
De Cicco 557.6 +82.6 137.1+24.7 10.7
 Average 4891 1086 96
ANOVA NS o

2values are averages of three replicates + SD (atandeviation)"Calculated using
only the Se (atomic weight = 79) from SeMSCys (roalar weight = 182)°NSand *
indicate non-significance and significanceat 0.05, respectively.

Variation in total Se content among accessionsatfine broccoli plants
was reported in previous studyd. In general, florets (average value of 489 ug
g") of mature broccoli plants had approximately @BHhigher total Se content
than 7-day-old broccoli sprouts (average valuefig g') under the treatment

conditions. Exposure time, architecture of the regétem, and other factors
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may have contributed to the difference noted in Sleeaccumulation between
broccoli sprouts and florets. Broccoli plants, adlvas other brassica crops, are
classified as Se secondary accumulators becaugedheaccumulate hundreds
1g Se ¢ DW when exposed to Se-enriched growth metiéa 87.

SeMSCys content in sprouts and florets of variotecdoli cultivars
was examined. SeMSCys level was linked with thatotél Se content, with
some exceptions. SeMSCys content of the sproutrdge value of 70 pg'y
DW) did not vary greatly among cultivars (Table Blpwever, florets of both
cv. GYPSY and cv. Marathon (average value of 88gitgDW) had lower
SeMSCys content than florets of cv. De Cicco (ayersalue of 137 pg™g
DW), while florets of cv. Packman and cv. Diplonethibited intermediary
SeMSCys content (Table 3). In general, much highversion rate of total Se
into SeMSCys was observed in sprouts than floreteeuthe current treatment
conditions.

Variation in SeMSCys accumulation among accessiohsmature
broccoli plants was also reported previoudl9)( The ability of broccoli specie
to synthesize and accumulate considerable amountseopotent anticancer
SeMSCys is related to the activity of several ereyiinom the Se transport and
assimilation pathways( 7-9, 19. In this study, florets of mature broccoli plants
contained around 1.6-fold higher SeMSCys contean tii-day-old broccoli
sprouts. On the other hand, total Se content oétfowas 6.5-fold higher than
that of sprouts, indicating a better fractional ligpiof sprouts to convert
inorganic Se into SeMSCys.

Glucosinolate Profile in Sprouts. The fact that ingestion of broccoli
reduces the incidence of certain cancer in humansosst likely to be linked to

presence of glucosinolate38g]. In this study, glucosinolates from the broccoli
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were separated by UPLC and identified by MS/MS.ofalt of 9 individual
glucosinolates were identified in the 7-day-oldasjts of broccoli cv. GYPSY,
which included five aliphatic glucosinolates andrfindole glucosinolates. The
aliphatic  glucosinolates were  glucoiberin  (3-mesiyphinylpropyl),
glucoraphanin (4-methylsulphinylbutyl), glucoalyssi (5-
methylsulphinylpentyl), glucoiberverin (3-methyitipropyl), and glucoerucin
(4-methylthiobutyl). The indole glucosinolates wetenydroxyglucobrassicin
(4-hydroxyindol-3-ylmethyl), glucobrassicin (inddtylmethyl), 4-
methoxyglucobrassicin (4-methoxyindol-3-ylmethyhd neoglucobrassicin (1-
methoxyindol-3-ylmethyl) (Figure 1).

The aliphatic glucosinolates glucoraphanin and aguacin were the
first and second most abundant, constituting apprately 72% and 13% of the
total glucosinolate content, respectively, in bacesprouts. The sum of the
other 7 glucosinolates consisted of approximatehyy 0l15% of the total
glucosinolates. A previous study also reported tighicoraphanin and
glucoerucin represented more than 70% and 20%eoflticosinolates found in
3-day-old broccoli sprouts, respectivell). Glucoraphanin is a direct
precursor of the isothiocyanate sulforaphane, § yatent monoinducer of
phase Il enzymes that metabolically inactivate ioagens 13). Consequently
glucoraphanin as well as sulforaphane has beemtigdargely investigated in
broccoli specieX4, 16, 39. Glucoerucin also plays an important role for lamm

health (1), and it may also exhibit chemopreventive propsr{l4).
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Figure 1. Typical UPLC elution chromatogram of individualigbsinolates (as
desulpho-glucosinolates) that were found in theay-old sprouts of broccoli
cv. GYPSY. The arrow indicates elution position the internal standard
(sinigrin).  Glucoiberverin  was eluted slightly earl than 4-
hydroxyglucobrassicin and their peaks were oveddpp_etters (A) or (I)
indicate aliphatic or indole glucosinolates, resivety.

Glucoraphanin Content in Sprouts is not Affected bySe and S
Treatment. Considering that glucoraphanin is the dominantmodt important
glucosinolate in broccoli sprouts, we examined éffects of Se and S dosage
on the glucoraphanin content in 7-day-old broccsfirouts. In general,
glucoraphanin content was not considerably affebiethcreasing Se dosage in
growth solutions (Figure 2A). Similar tendenciesevebserved for the content
of the other eight glucosinolates (data not showit}) a few minor exceptions.
Increasing S dosage caused slight (not significeatiations in glucoraphanin

content (Figure 2B). The literature has shown tRafertilization may favor
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glucoraphanin accumulationl®), although an early study reports negative
effects in broccoli sproutsl$). Glucoerucin content also had similar variation
as that of glucoraphanin, while content of glucebiein and neoglucobrassicin
(both are indole glucosinolates) was significar(fty< 0.05) increased under

high S dose (10 mM) as compared to control (datasnawn).
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Figure 2. Glucoraphanin content in 7-day-old broccoli spsoexposed to
treatments with various Se dosage (A) and S dasape absence (control) and
presence of 5uM Na,SeQ (selenate) or N&eQ (selenite) (B). Error bars
indicate standard deviatiom (= 3). Values marked by asterisks indicate
significant difference between selenate and saeamn@atmentsp(< 0.05). In
Figure 2A, 25 Sa + 25 Si represents treatment @&uM selenate + 2M
selenite.

Distinctive Glucosinolate Profiles in Sprouts and Frets of
Broccoli. The glucosinolate profiles in sprouts and florets/arious cultivars
were examined. Similar pattern of individual gluoogate composition was

found among these five broccoli cultivars, and ghecosinolate profiles were

substantially different between sprouts and flo(Etgure 3).
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Figure 3. Contents of seven main individual glucosinolatearified in 7-day-
old broccoli sprouts (A) and broccoli floret (B)mosed to 25 uM of selenate.
Error bars indicate standard deviatiom £ 3). Values marked by asterisks
indicate significant difference between control ssmlenate treatmentp €
0.05). In the selenate treatments, average Se rdent@ tissues were
approximately 75 pggDW in sprouts and 490 pg'dW in florets as detailed
in Table 3. Individual glucosinolate: glucoiberi@L(S 1), glucoraphanin (GLS
2), glucoiberverin/4-hydroxyglucobrassicin (GLS 3)lucoerucin (GLS 4),
glucobrassicin  (GLS 5), 4-methoxyglucobrassicin 8L 6), and
neoglucobrassicin (GLS 7). Numbers 1-5 represemtfithe broccoli cultivars
(Packman, Diplomat, GYPSY, Marathon, and De Cicespectively).

In 7-day-old sprouts of the studied broccoli cdts, glucoraphanin was
the most abundant glucosinolate, accounting anageeover 65% of the total
glucosinolates accumulated (Figure 3A). On the rottend, florets of mature
broccoli plants contained glucoraphanin, glucobcassand neoglucobrassicin

as major glucosinolates, accounting an averageogjppately 30%, 22% and



95

34% of the total glucosinolates (Figure 3B). Altgbu glucobrassicin is
metabolized to indole-3-carbinol that is proverb®a chemopreventive agent
(40), breakdown products of neoglucobrassicin seenmhibit the anticancer
activity of the glucoraphanin hydrolysis produc#d)( Thus, broccoli sprouts
appear to be a better source for accumulating glootates with high
chemopreventive properties. Further, total gluocdsites accumulated (value
that summarizes the accumulation of all individghicosinolates) were much
higher in sprouts than in florets (data not shown).

Selenate Exerts Minimal Effect on Glucosinolate Lex in Sprouts
but Suppresses Glucosinolate Accumulation in Floret The effect of Se on
glucosinolate accumulation was examined in sprand florets of these
broccoli cultivars. In general, the individual ghsinolates in the 7-day-old
sprouts of the five broccoli cultivars were noteatied by 25 uM selenate
treatment (Figure 3A). The fact that Se exertsffeceon glucosinolate content
in sprouts could be due to the fact that thosegdlimolates are pre-existed and
not newly synthesized. Indeed, glucosinolates aife in broccoli seeds and
sprouts 16, 39.

In contrast, florets of selenate-treated plantsititdd approximately
36% (an average value among the five cultivars)elowotal glucosinolate
content than florets of non-treated plants (Fig8RB). This floret result is
consistent with previous studies showing suppressib total glucosinolate
levels by Se treatment in broccoli and rapid-cyglBrassica oleraceglants
(19, 22-25. Thus, it appears that Se exerts a considerdtaet én reducing the
general accumulation of glucoraphanin in floretgyFe 3B). The molecular
mechanism that underlies the inhibition of the ghinolate accumulation in

response to Se treatment is not clarified becdusaretabolic pathways that
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regulate the biosynthesis of indole and aliphaticcgsinolates in plants are
complex (0). In florets, Se competes with or affects sulfuetaolism that
influenced glucosinolate synthesis and accumulatitmugh supplementation
of 25 uM of selenate was found to slightly enhatwtal S accumulation in
florets of these broccoli cultivars (data not show)

In conclusion, the present results show that Sesfeed broccoli sprouts
might be expected to have greater anticancer fctihile to synthesis of
SeMSCys without negatively affecting chemopreventivglucosinolate
accumulation. Distinctive glucosinolate profilestkeen broccoli sprouts and
florets were observed and sprouts contained appaiely 6-fold higher
content of the potent anticancer glucoraphanin tthamt of mature broccoli
plants. Noticeably, a recent work indicates thaad8ica crops supplied with
selenate have the potential to incorporate Sesakenoglucosinolateg?). The
synthetic Se-containing isothiocyanates are redorte be more potent
anticancer inhibitors than their sulfur counterpd4). Under the conditions of
our experiments, when broccoli sprouts and plargsewreated with 25 uM
selenate, a serving size of 7.20 g fresh sproutsl.a? g fresh florets
(considering an average moisture content of 90%bfuth edible parts) will
meet the daily requirement of Se, 55 pg téyr adults 8). This amount of
sprouts provides approximately 50.18 pg SeMSCys &wil2 mg
glucoraphanin (molecular weight = 437), and thisoant of florets offers
approximately 12.16 pg SeMSCys and 0.32 mg glut@min. Thus, Se-
biofortified broccoli that provides adequate levelsanticancer agents could be

an excellent source of chemopreventive compounds.

ABBREVIATIONS USED
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Se, selenium; S, sulfur; SeMSCgemethylselenocysteine

ACKNOWLEDGMENT

FWA is grateful to the CNPg, CAPES and FAPEMIG, fadim Brazil,
for financial support and scholarships. This workswsupported in part by the
USDA-ARS base fund. USDA is an equal opportunitgvister and employer.
Mention of trade names or commercial products is plublication is solely for
the purpose of providing specific information anded not imply

recommendation or endorsement by the U.S. Depattofigkgriculture.

LITERATURE CITED

D Combs, G. F. Selenium in global food systeBrs.J. Nutr.2001, 85,
517-547.

2) Rayman, M. P. Selenium and human hedltincet2012,379 1256-
1268.

3 Bendich, A. Dietary reference intakes for vitamC, vitamin E,
selenium, and carotenoids institute of medicine hivagon, DC:
National Academy Press, 2000 ISBN: 0-309-06935kHitrition 2001,
17, 364.

4) Abdulah, R.; Miyazaki, K.; Nakazawa, M.; Koyanth Chemical forms
of selenium for cancer preventiah. Trace Elem. Med. BioR005,19,
141-150.

(5) Brummell, D. A.; Watson, L. M.; Pathirana, Rayce, N. I.; West, P. J.;

Hunter, D. A.; McKenzie, M. J. Biofortification adfomato Solanum



(6)

()

(8)

(9)

(10)

(11)

(12)

98

lycopersicun fruit with the anticancer compound methylselersbeine
using a selenocysteine methyltransferase from aen&sh
hyperaccumulatord. Agric. Food Chen011,59, 10987-10994.
Medina, D.; Thompson, H.; Ganther, H.; Ip, C.e-S
methylselenocysteine: a new compound for chemoptire of breast
cancerNutr. Cancer Int. J2001,40, 12-17.

Lyi, S. M.; Heller, L. I.; Rutzke, M.; Welch,.RM.; Kochian, L. V.; Li,
L. Molecular and biochemical characterization & Helenocysteine Se-
methyltransferase gene and Se-methylselenocysteymghesis in
broccoli.Plant Physiol.2005 138, 409-420.

Pilon-Smits, E. A. H.; Quinn, C. F. Seleniumtai®lism in plants. In
Cell Biology of Metals and Nutrientsiell, R.; Mendel, R. R., Eds;
Plant Cell Monographs: Heidelberg, 2010; Vol. 13, 25-241.

Sors, T. G.; Ellis, D. R.; Salt, D. E. Seleniumtake, translocation,
assimilation and metabolic fate in planBhotosynth. Res2005, 86,
373-389.

Sonderby, I. E.; Geu-Flores, F.; Halkier, B. Biosynthesis of
glucosinolates - gene discovery and beydmdnds Plant Sci2010,15,
283-290.

Barillari, J.; Canistro, D.; Paolini, M.; Feri, F.; Pedulli, G. F.; lori,
R.; Valgimigli, L. Direct antioxidant activity of yrified glucoerucin,
the dietary secondary metabolite contained in rob¢kguca sativa
Mill.) seeds and sproutd. Agric. Food ChenR005,53, 2475-2482.
Traka, M.; Mithen, R. Glucosinolates, isothianates and human
health.Phytochem. Re009,8, 269-282.



(13)

(14)

(15)

(16)

17)

(18)

(19)

99

Li, Y. Y.; Zhang, T.; Korkaya, H.; Liu, S. LLee, H. F.; Newman, B.;
Yu, Y. K.; Clouthier, S. G.; Schwartz, S. J.; Wichd. S.; Sun, D. X.
Sulforaphane, a dietary component of broccoli/boticsprouts, inhibits
breast cancer stem cel@lin. Cancer. Re2010,16, 2580-2590.
Abbaoui, B.; Riedl, K. M.; Ralston, R. A.; Timas-Ahner, J. M.;
Schwartz, S. J.; Clinton, S. K.; Mortazavi, A. Inkion of bladder
cancer by broccoli isothiocyanates sulforaphane aadicin:
characterization, metabolism, and interconverdibol. Nutr. Food Res.
2012,56, 1675-1687.

Aires, A.; Rosa, E.; Carvalho, R. Effect oftragen and sulfur
fertilization on glucosinolates in the leaves aodts of broccoli sprouts
(Brassica oleraceavar. italica). J. Sci. Food Agric2006, 86, 1512-
1516.

Gu, Z. X.; Guo, Q. H.; Gu, Y. J. Factors imfhecing glucoraphanin and
sulforaphane formation in Brassica plants: a reviéwintegrat. Agri.
2012,11, 1804-1816.

Schonhof, I.; Blankenburg, D.; Miiller, S.; Kmbein, A. Sulfur and
nitrogen supply influence growth, product appeagancand
glucosinolate concentration of broccali. Plant Nutr. Soil Sci2007,
170 65-72.

Roberge, M. T.; Borgerding, A. J.; FinleyW. Speciation of selenium
compounds from high selenium broccoli is affectgdtie extracting
solution.J. Agric. Food Chen003,51, 4191-4197.

Ramos, S. J.; Yuan, Y. X.; Faquin, V.; Guilher L. R. G.; Li, L.

Evaluation of genotypic variation of broccoBrassica oleraceavar.



(20)

(21)

(22)

(23)

(24)

(25)

(26)

100

italic) in response to selenium treatmeht Agric. Food Chem2011,
59, 3657-3665.

Irion, C. W. Growing alliums and brassicassalenium-enriched soils
increases their anticarcinogenic potentided. Hypothese$999,53,
232-235.

Fahey, J. W.; Zhang, Y. S.; Talalay, P. Brdiccgprouts: an
exceptionally rich source of inducers of enzymest fbrotect against
chemical carcinogen®roc. Natl. Acad. Sci. U. S. A997,94, 10367-
10372.

Kim, H. S.; Juvik, J. A. Effect of seleniumrtibzation and methyl
jasmonate treatment on glucosinolate accumulatiobroccoli florets.
J. Am. Soc. Hort. Sc2011,136, 239-246.

Charron, C. S.; Kopsell, D. A.; Randle, W. Mbams, C. E. Sodium
selenate fertilisation increases selenium accuionlaand decreases
glucosinolate concentration in rapid-cycliBgassica oleraceal. Sci.
Food Agric.2001,81, 962-966.

Barickman, T. C.; Kopsell, D. A.; Sams, C. &lenium influences
glucosinolate and isothiocyanates and increasefursuiptake in
Arabidopsis thalianaand rapid-cyclingBrassica oleracealJ. Agric.
Food Chem2013,61, 202-209.

Toler, H. D.; Charron, C. S.; Sams, C. E.; ilanW. R. Selenium
increases sulfur uptake and regulates glucosinatatabolism in rapid-
cycling Brassica oleraceal. Am. Soc. Hort. Sc2007,132, 14-19.

Lee, J.; Finley, J. W.; Harnly, J. M. Effedtselenium fertilizer on free

amino acid composition of broccolBfassica oleraceacv. Majestic)



(27)

(28)

(29)

(30)

(31)

(32)

(33)

101

determined by gas chromatography with flame iomrmatand mass
selective detectiond. Agric. Food Chen005,53, 9105-9111.

Ramos, S. J.; Rutzke, M. A.; Hayes, R. J.;uitadv.; Guilherme, L. R.
G.; Li, L. Selenium accumulation in lettuce gerngpfaPlanta 2011,

233 649-660.

Mellon, F. A.; Bennett, R. N.; Holst, B.; Widmson, G. Intact
glucosinolate analysis in plant extracts by progreeth cone voltage
electrospray LC/MS: performance and comparison Wi@/MS/MS

methodsAnal. Biochem2002,306, 83-91.

Zimmermann, N. S.; Gerendas, J.; Krumbein, Identification of

desulphoglucosinolates in Brassicaceae by LC/MS/bBnaparison of
ESI and atmospheric pressure chemical ionisationfit8. Nutr. Food

Res.2007,51, 1537-1546.

Ramos, S. J.; Faquin, V.; Guilherme, L. R. Gastro, E. M.; Avila, F.
W.; Carvalho, G. S.; Bastos, C. E. A.; Oliveira, Gelenium

biofortification and antioxidant activity in lettec plants fed with
selenate and selenitelant Soil Environ2010,56, 584-588.

Sharma, S.; Bansal, A.; Dhillon, S. K.; DhilloK. S. Comparative
effects of selenate and selenite on growth andhieimical composition
of rapeseedRrassica napus.). Plant Soil2010,329, 339-348.

Chen, L. C.; Yang, F. M.; Xu, J.; Hu, Y.; HQ, H.; Zhang, Y. L.; Pan,
G. X. Determination of selenium concentration aferiin China and
effect of fertilization of selenite and selenate saienium content of
rice.J. Agric. Food Chen002,50, 5128-5130.

Pilon-Smits, E. A. H.; Hwang, S. B.; Lytle, ®.; Zhu, Y. L.; Tai, J. C;

Bravo, R. C.; Chen, Y. C.; Leustek, T.; Terry, NveBexpression of



(34)

(39)

(36)

(37)

(38)

(39)

(40)

102

ATP sulfurylase in Indian mustard leads to increlaselenate uptake,
reduction, and tolerancBlant Physiol.1999,119 123-132.
Hawkesford, M. J.; Zhao, F.-J. Strategiesifmreasing the selenium
content of wheat]. Cereal Sci2007,46, 282-292.

Li, H. F.; McGrath, S. P.; Zhao, F. J. Selemiuptake, translocation and
speciation in wheat supplied with selenate or seleNew Phytol.
2008,178 92-102.

Chang, P.-T.; van lersel, M. W.; Randle, W; Bams, C. E. Nutrient
solution concentrations of MaeQ affect the accumulation of sulfate
and selenate iBrassica olerace&. HortScience2008,43, 913-918.
Terry, N.; Zayed, A. M.; de Souza, M. P.; Tar. S. Selenium in
higher plantsAnnu. Rev. Plant Physiol. Plant Mol. Bi@000,51, 401-
432.

Bellostas, N.; Kachlicki, P.; Sorensen, J.$arensen, H. Glucosinolate
profiling of seeds and sprouts Bf oleraceavarieties used for foodci.
Hortic. 2007,114, 234-242.

Kensler, T. W.; Ng, D.; Carmella, S. G.; Ch#h,L.; Jacobson, L. P.;
Munoz, A.; Egner, P. A.; Chen, J. G.; Qian, G.Ghen, T. Y.; Fahey, J.
W.; Talalay, P.; Groopman, J. D.; Yuan, J. M.; He&h S. Modulation
of the metabolism of airborne pollutants by glugbranin-rich and
sulforaphane-rich broccoli sprout beverages in Qido China.
Carcinogenesi2012,33, 101-107.

Brew, C. T.; Aronchik, I.; Kosco, K.; McCammah; Bjeldanes, L. F.;
Firestone, G. L. Indole-3-carbinol inhibits MDA-MB31 breast cancer
cell motility and induces stress fibers and foadthesion formation by
activation of Rho kinase activitint. J. Cancer2009,124, 2294-2302.



(41)

(42)

(43)

103

Haack, M.; Lowinger, M.; Lippmann, D.; Kipp,.APagnotta, E.; lori,
R.; Monien, B. H.; Glatt, H.; Brauer, M. N.; Weskgn, L. A
Brigelius-Flohe, R. Breakdown products of neogluessicin inhibit
activation of Nrf2 target genes mediated by myras@éderived
glucoraphanin hydrolysis produciol. Chem2010,391, 1281-1293.
Matich, A. J.; McKenzie, M. J.; Lill, R. E.;rBmmell, D. A.; McGhie,
T. K.; Chen, R. K. Y.; Rowan, D. D. Selenoglucosates and their
metabolites produced iBrassicaspp. fertilised with sodium selenate.
Phytochemistry2012,75, 140-152.

Emmert, S. W.; Desai, D.; Amin, S.; Richie Jr,P. Enhanced Nrf2-
dependent induction of glutathione in mouse emkhydibroblasts by

isoselenocyanate analog of sulforaphaBmorg. Med. Chem. Lett.

2010,20, 2675-2679.



104

ARTIGO 3

Effect of phosphite supply in nutrient solution onyield, phosphorus
nutrition and enzymatic behavior in common bean Phaseolus vulgarisL.)

plants

Artigo apresentado na integra, conforme publicaao periédicoAustralian
Journal of Crop Scienc@SSN: 1835-2693). Disponivel em:
http://www.cropj.com/avila_7_5 2003 713_722.pdf




105

This article is published b&ustralian Journal of Crop Scien¢tSSN: 1835-
2693). Available athttp://www.cropj.com/avila_7 5 2003 713 722.pdf

Phosphite supply in nutrient solution on yield, phephorus nutrition and

enzymatic behavior in common beanRhaseolus vulgaris L.) plants

Fabricio William Avila *, Valdemar Faquin®, Allan Klynger da Silva
Lobato?, Patricia Andressa Avild*, Douglas José Marque's Elaine Maria
Silva Guede$, Daniel Kean Yuen Tart

lDepartamento de Ciéncia do Solo, Universidade ¢derLavras, Lavras,
Brazil

’Nucleo de Pesquisa Bésica e Aplicada da Amazomigtsidade Federal
Rural da Amazénia, Paragominas, Brazil

*Agriculture & Natural Resources, Michigan State wémsity, East Lansing,
USA

“Faculty of Agriculture and Environment, UniversitySydney, Sydney, NSW
2006, Australia

*Corresponding author: F.W. Avila (fabriciowilliam#ga@yahoo.com.br / Tel:
+55 3538291252)

Abstract

Aim of this study was to (i) understand the phosphttion used as P source on
growth and grain yield, (ii) measure P concentradod accumulation in shoot
and root, and (iii) evaluate enzymatic behavioucammon beanRhaseolus
vulgaris L.) plants grown in nutrient solution under phogghatarvation.
Experimental design was completely randomised Witbvels of phosphite (0,
16, 32, 64, 128, 256 and 512 uM) and 2 levels afsphate (80 and 800 uM,

corresponding to phosphate-starved plants and phatsgufficient plants,
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respectively) in nutrient solution. Common beannmawere evaluated at 2
different growth stages: flowering and mature gisterges. For plants harvested
at the mature grain stage, two more treatmentsit{adal treatments) were
added: —P = no P supply in nutrient solution; amhi+= all the P (800 uM)
from nutrient solution was supplied only as PhiisT$tudy revealed that growth
and grain yield in plants grown under phosphatevatan presented negative
repercussions on these parameters, in which tredgénvath 64, 128, 256 and
512 pM of phosphite resulted in no-filled grains.onCentration and
accumulation of P in shoot and root of phosphatesstl plants was increased
with increasing phosphite levels in nutrient salati but this additional P
concentration did not convert into grain yield. Tpleosphite application in
phosphate-starved plants promoted a decrease ith plebsphatase (EC
3.1.3.4.1) activity, while catalase (EC 1.11.1.6livaty was increased up to 32
UM of phosphite and was reduced at higher levefshoBphite.

Keywords: Antioxidant enzyme; biostimulant; dry mass; graieguminous;
nutrient solutionPhaseoludbean; phosphate; pod.

Abbreviations: CAT-catalase; P-phosphorus; Phi-phosphite; Pi-paisp

Introduction

Weathered soils such as Oxisols of tropical andrspltal regions of the world
often exhibit low phosphorus (P) availability t@apts, due mainly the high rates
of soil P fixation and formation of insoluble corapes with aluminum and iron

ions under acidic conditions (Wissuwa, 2003). Tmsst P in these soails is
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present in a form that is unavailable to plantsl #ms fact has limited the yield
of agricultural crops in developing countries.

Phosphate (Pi) and phosphite (Phi) are the two Raforms used in
agriculture, in which there are several P formssent¢ in the environment.
Phosphate anion ¢RO;, HPQ? and PQ®) is undoubtedly the major form of P
utilised by plants for their adequate growth andgeltgoment, while Phi anion
(H.PO; and HP@) is effective in controlling some important platiseases,
especially those caused by organisms taxonomicddlgsified in the phylum
Oomycota, such afhytophthorasp. The action of Phi is based on two
mechanisms, being direct through effects on thaqusn, and indirect effects
on the plant, because Phi positively stimulatesabmtsm of plants such as
increasing defense responses during situationsbiafti@ and biotic stresses
(Wilkinson et al., 2001; Reuveni et al.,, 2003; Skeaand Fairman, 2007;
Orbovi et al., 2008; Cook et al., 2009; Silva et al., QQlivieri et al., 2012).

The stimulant effect of Phi on metabolism of plantas reported by
Lovatt and Mikkelsen (2006) who mentioned that Py influence the sugar
metabolism, cause internal hormonal and chemicalngh, and stimulate
shikimic acid pathway, resulting in increased floréensity, and fruit yield and
quality, such as soluble solid content. Since shikiacid pathway, which is a
pathway of plant secondary metabolism, is respémddr the biosynthesis of
several aromatic compounds, there is the presuppoghat Phi may induce the
reinforcement of cell wall polymers with a depasitiof lignin derivatives. In
agreement with these previous reports, Olivieriakt(2012) found that Phi
positively stimulated structural and biochemicahres in periderm and cortex
of Solanum tuberosunMoreover, there was also reported that Phi merease

the activity of phenylalanine ammonia-lyase (PAlgdathe biosynthesis of
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phytoalexins (Saindrenan and Guest, 1995), actiitguaiacol peroxidase in
maize plants (Avila et al., 2011), and content sfabic acid in strawberry
plants (Moor et al., 2009). Hence, in Pi-sufficipfdants, these biochemistry and
structural alterations induced by Phi support thetainolic advantages of Phi
against stress agents such as reducing the inéd#hgome plant diseases, as
already reported here.

Besides being used as fungicides and biostimulast¢gntly Phi-based
products have also been marketed in the world dsiders for foliar spray,
fertigation and direct soil application (Thao andnYakawa, 2009). Phosphite
salts are recommended as a fertilizer becausectirggin a cation that may be a
plant nutrient, such as'KNH,", C&*, Mg®*, CU* or Zrf*, and often Phi is also
marketed as an additional source of P for plantittari. Considering that P is
one of the most common limiting plant nutrientsthie tropics, the divulgation
of the Phi-based products as a possible source &br Rerop nutrition is
particularly interesting for marketing purposes.

Common beafPhaseolus vulgarit.) crop is one othe most important
grain legumedor human consumptiorand it isa major source of protein in
many parts of the world, especially in developimumtries (Graham and
Ranalli, 1997Broughton et al., 2003However its productivity is low in these
regions due to diseases and low soil fertility éallet al., 1998; Hillocks et al.,
2006) Phosphite-based products have been recommendecbiitmon bean
crop as fungicides, plant biostimulants, or P fiedrs, and this is probably due
to susceptibility of this crop to various diseasey] also due to P deprivation of
the tropical soils.

Lovatt (1990a, b) reported that the applicatiorPbf improved fruit set

and yield ofPersea americandavocado), and restored normal growth of Pi-
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starvedCitrus spp Similarly, Albrigo (1999), Rickard (2000) and Vdagtbe
(2005) also mentioned positive effects of Phi oanplP nutrition or yield in
some crops. On the other hand, others studiesihdi@ted that the Phi anion
may not be used by plants as a P nutrient, evamgthd is well absorbed by
leaves and roots (Thao and Yamakawa, 2009). IntiaddiPhi supply may
cause growth depression in Pi-starved plants (®ttemoet al., 2006; Thao et al.,
2008; Thao et al., 2009; Zambrosi et al., 2011}hla case, it appears that Phi
acts as a repressor of plant responses to P steryvdly decreasing acid
phosphatase activity (Ticconi et al., 2001; Varagar et al., 2002).

Several reactive oxygen species (ROS) are contsiyquroduced in
plants as byproducts of aerobic metabolism (Apel ldirt, 2004). Antioxidant
enzymes have an important role in the plant cellpfatection against stress-
induced cell damage caused by formation of freecadsl mainly in the form of
ROS. As a result, it have been related that inerefishe activity of antioxidant
enzymes may improve the growth and yield of thepgrdn agreement with this,
Ramos et al. (2010) related that increased SODG&H activity induced by
supply of low selenium concentrations improved ItH&uce (actuca sativa..)
leaf yield. In Pi-sufficient plants, stimulation eecondary metabolism by Phi
may potentially increase the activities of impottantioxidant enzymes, such as
the catalase enzyme. Nonetheless, there is dilifficient information to test
the hypothesis that Phi may stimulate activity mi@idant enzymes.

The aim of this study was to (i) understand the &dtion used as P
source on growth and grain vyield, (i) measure Pnhceatration and
accumulation in shoot and root, and (iii) evaluatezymatic behavior in
common beanRhaseolus vulgarig.) plants grown in nutrient solution under Pi

starvation.
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Results

I nfluence of phosphite and phosphate on shoot and root

Shoot and root weights of Pi-sufficieRthaseolus vulgarigplants were not
affected by Phi levels in nutrient solution (FigAl B, C, and D). However,
high Phi levels (256 and 512 uM Phi) decreasedtsima root dry weight in Pi-
starved plants. At higher level (512 uM Phi), theses a reduction in shoot dry
weight of 43 and 55% for Pi-starved plants evaldiateflowering and mature
stages, respectively, compared with the controllenfor root dry weights were
showed decreases of 25 and 44% during flowering aradure stages,
respectively. These Pi-starved plants at 512 puMaPRloi exhibited Phi-toxicity
symptoms such as curved and malformed leaves, engbsis in older leaves.
According to this Phi at higher level was toxic fBi-starved plants. Pi-
sufficient common bean plants exhibited much higterot dry weight than Pi-
starved common bean plants, and there was no isigmifvariation of shoot dry
weight between the two growth stages (Fig. 1 A BhdRoot dry weight was
increased in Pi-sufficient common bean plants auneagrain stage (Fig. 1 D),
but interestingly root dry weight did not vary beewn Pi-starved and Pi-
sufficient plants at flowering stage, with the exien of plants grown under
512 uM Phi. In additional treatments, which werepleggl only in plants
evaluated at mature grain stage, no P supply asupply using only Phi (800
UM Phi) decreased the shoot and root dry weigharbynd 93 and 81% (Fig. 1
B and D), respectively, compared with plants grownder 800 uM Pi (Pi-
sufficient plants).
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Fig 1. Shoot dry weight (A and B), root dry weight (C ady and root to shoot
ratio (E and F) at 2 different growth stages (flawe and mature grain stages)
of Phaseolus vulgariplants grown in nutrient solution under 2 phospHavels
(Pi-starved and Pi-sufficient plants) and 6 phospt{Phi) levels + control
(without Phi supply). For plants harvested at nmtgrain stage, additional
treatments are: —P = no P supply in nutrient sotgtand +Phi = all the P (800
uM) from nutrient solution was supplied only as.Phi

Values represent the mean value of 3 replicate®{Sandard deviation). Averages
followed by the same lowercase letter among Piléey@i-starved and Pi-sufficient),
and uppercase letter among Phi levels (controll&812 uM P) for each Pi level, do
not differ among themselves by the Scott Knott'st tp < 0.05). Values marked by
asterisks (*) indicate significant differencgs< 0.05) between the factorial experiment
treatments and the two additional treatments (dP-+dphi). In figure 1D, value marked

by plus (+) indicate significant difference betwetbe two additional treatmentp €
0.05).
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Root to shoot ratios (Fig. 1 E and F) of commonnbplants were not
affected significantly by Phi supply in nutrientliiion. Root to shoot ratio was
3-fold higher in Pi-starved plants than Pi-suffitiglants at flowering stage, but
this ratio did not differ significantly when thegpits were evaluated at mature
grain stage. Interesting, Pi-starved plants anduHieient plants exhibited
higher and lower values of root to shoot ratiopessively, at flowering and
mature grain stages. No P supply and P supply asl?hi in nutrient solution
(additional treatments) increased root to shodt tay around 3.3- and 2.2-fold
respectively, compared with Pi-sufficient plantewgn under control treatment
(Fig. 1 F). In general, both additional treatmesdssiderably increased root to

shoot ratio of the plants at mature grain stage.

Interference induced by phosphite and phosphate on tissue P concentration

and total P accumulation

The values of tissue P concentration and totald@raalation in shoot and root
were evaluated only when the plants were at flawgestage, the stage in which
common bean exhibits high metabolic activity. Tesguiconcentration and total
P accumulation in shoot and root of Pi-sufficielars were not significantlyp(
> 0.05) affected by Phi treatments applied in euatrisolution (Fig. 2 A, B, C
and D). Nevertheless, in Pi-starved plants, shood @aoot exhibited a
progressive increase in tissue P concentration fB#mand 128 uM Phi,
respectively. At the highest Phi level (512 uM Pthigre was a substantial
increase, corresponding to 7.2-fold in shoot and’-fdld in root in tissue P
concentration of these Pi-starved plants (Fig. 2ndl C), compared with the

control. Total P accumulation in shoot and roog(F2 B and D) of Pi-starved
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plants were also increased from 128 and 256 uM fispectively; but the
differences were of smaller magnitude than thosendofor the tissue P
concentrations. At the highest Phi level, the valoétotal P accumulation in
shoot and root of these plants were 4.5- and 8d7dfiigher, respectively,
compared with the control.

Tissue P concentration Total P accumulation
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Fig 2. Shoot P concentration (A), shoot P accumulatior), (Bot P
concentration (C), and root P accumulation (D)l@wéring stage oPhaseolus
vulgaris plants grown in nutrient solution under 2 phospHatels (Pi-starved
and Pi-sufficient plants) and 6 phosphite (Phi)elev+ control (without Phi
supply).

Values represent the mean value of 3 replicate® Randard deviation). Averages
followed by the same lowercase letter among PiléeyRi-starved and Pi-sufficient),

and uppercase letter among Phi levels (controll&812 uM P) for each Pi level, do
not differ among themselves by the Scott Knott& ¢g < 0.05).

At the control treatments (without application ohiPin nutrient

solution), Pi-sufficient plants exhibited much héghtissue P concentration and
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total P accumulation than Pi-starved plants. Howewethe treatment with 512

UM Phi, the tissue P concentration in shoot wakdridor Pi-starved plants, and
tissue P concentration in root did not differ beswéi-sufficient and Pi starved
plants. These effects were mainly due to largecia®e of tissue P concentration

in Pi-starved plants.

Effect of phosphite and phosphate on P nutrition indexes

The indexes of P uptake efficiency, which represkatability to take up the P
from nutrient solution, P utilization efficiencyhdt is the ability to produce
biomass for a given P concentration (Siddigi ands§| 1981), and P transport
from root to shoot, were measured at floweringetaicthe common bean plants
(Fig. 3).

The index of P uptake efficiency of the Pi-suffitigplants did not differ
significantly between control and all the Phi levéFig. 3 A). However in Pi-
starved plants, from 128 uM Phi this index increlaséh increasing the levels
of Phi in nutrient solution. Phosphate-starved fdarown under 512 uM Phi
exhibited 7-fold higher P uptake efficiency tharsRirved plants grown under
control treatment (without Phi supply in nutriemlwgion). In general Pi-
sufficient common bean showed much higher valueB aptake efficiency in
all Phi treatments. In control treatments, for eglanP uptake efficiency of Pi-

sufficient plants was 11.5-fold higher than Pi-géal plants.
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Fig 3. P uptake efficiency (A), P utilisation efficien¢B) and P transport from
root to shoot (C) at flowering stage Bhaseolus vulgarigplants grown in
nutrient solution under 2 phosphate levels (Pivetdrand Pi-sufficient plants)
and 6 phosphite (Phi) levels + control (without Binpply).

Values represent the mean value of 3 replicate®{Sandard deviation). Averages
followed by the same lowercase letter among PiléeyRi-starved and Pi-sufficient),
and uppercase letter among Phi levels (controll&812 uM P) for each Pi level, do
not differ among themselves by the Scott Knott& g < 0.05).
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The P utilisation efficiency index of the Pi-suféat plants was also not
influenced by Phi levels. However for the Pi-starygants, from 32 uM Phi,
this index was considerably decreased with incngashe levels of Phi in
nutrient solution (Fig. 3 B). Phosphorus utilisatiefficiency of Pi-starved
plants grown at the higher Phi level (512 uM Phé)svit2.4-fold lower than that
of Pi-starved plants grown under control treatm@ithout Phi application in
nutrient solution). Considering only the controedtments, P utilisation
efficiency of Pi-starved plants was around 1.7-fbligher than that of Pi-
sufficient plants. But at the higher Phi level tReutilisation efficiency of Pi-
starved plants was around 7.2-fold lower than gfidi-sufficient plants, due to
considerable negative effect of the maximum Phellean this important P
nutrition index.

The index of P transport from root to shoot did waty between the
control and all the Phi levels for Pi-sufficientnemon bean (Fig. 3 C), while in
Pi-starved plants this index was affected signifigaonly in 512 uM Phi. At
this Phi level, P transport from root to shoot é&sfarved plants was slightly
reduced (by 14%), compared with the control. Inegaehthe values of P
transport from root to shoot in the common beamtglavere around 0.8 (about
80% of the total P taken up by plants were trarnspoirom root to shoot), and
there was no significant difference of P transppativeen Pi-sufficient and Pi-
starved plants, with exception of higher Phi lea¢lwhich the value of P

transport of Pi-starved plants was slightly decedas

Modifications produced by phosphite and phosphate on acid phosphatase

activity
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The acid phosphatase activity of Pi-sufficient pdawas not affected with the
Phi treatments (Fig. 4). However for Pi-starvednfdathe application of Phi
levels in the nutrient solution decreased the gaitbsphatase activity in
concentrations of 16 UM Phi, compared with the nbut only from 32 uM
Phi there was significanp(< 0.05) decrease in comparison to control (0 uM
Phi). In Pi-starved plants, the acid phosphatasieitgcof the two higher Phi
levels (256 and 512 uM Phi) was around 48% lowantthat of the control
treatment (without Phi supply). Considering onle tbontrol treatments, the
acid phosphatase activity of Pi-starved plants 8686 higher than that of Pi-
sufficient plants. Nevertheless, in concentratioh®256 and 512 pM Phi the
activity values of this enzyme did not differ beamePi-starved plants and Pi-

sufficient plants.
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—-O— Pi-sufficient

30 A

Phosphatase activity (UM p-nitrofenol g‘1 h‘1)

A | 1

T T
NYCHUS &» &

Phosphite (M)

Fig 4. In vivo acid phosphatase activity in youngest mature lisif® leaf at
flowering stage oPhaseolus vulgariplants grown in nutrient solution under 2
phosphate levels (Pi-starved and Pi-sufficient fglamnd 6 phosphite (Phi)
levels + control (without Phi supply).

Values represent the mean value of 3 replicated £Standard deviation).
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Impact of phosphite and phosphate on catalase enzyme

The values of catalase (CAT) activity in Pi-suféiat plants was affected
significantly only in 512 pM Phi, in which the adty of this enzyme was 71%
higher compared with Pi-sufficient plants grown endontrol treatment (0 pM
Phi) (Fig. 5). Nevertheless, CAT activity of Pissted plants increased
substantially with increasing the Phi levels ul@@ uM Phi, and decreased
progressively in concentrations from 64 uM Phi. §hi-starved and Pi-
sufficient plants exhibited higher CAT activity aoncentrations of 32 and 512
UM Phi, respectively.

500
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—-— Pi-sufficient
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Fig 5. Catalase activity in youngest mature trifoliataflat flowering stage of
Phaseolus vulgariplants grown in nutrient solution under 2 phospHatels
(Pi-starved and Pi-sufficient plants) and 6 phospt{Phi) levels + control

(without Phi supply).
Values represent the mean value of 3 replicate® £S$andard deviation).
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In general, Pi-starved common bean plants exhibitedsiderably
higher CAT activity in concentrations up to 64 pMiPand at the two higher
Phi levels (256 and 512 uM Phi) there was no sicamit differencef > 0.05)

of CAT activity values between Pi-starved and Rfisient plants.
I mpact produced by phosphite and phosphate on grain yield

Grain dry weight of Pi-sufficient common bean ptadid not vary significantly
with any of the levels of Phi in nutrient soluti¢ihig. 6). However Pi-starved
common bean plants exhibited decreased grain dighivelthen grown under 32

UM Phi, and these plants did not produce graingwgnewn from 64 M Phi.
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Fig 6. Grain dry weight at mature grain stage Rifaseolus vulgarigplants
grown in nutrient solution under 2 phosphate le{Bisstarved and Pi-sufficient
plants) and 6 phosphite (Phi) levels + control ifwitt Phi supply). Additional
treatments are: —P = no P supply in nutrient sotgtand +Phi = all the P (800
uM) from nutrient solution was supplied only as.Phi

Values represent the mean value of 3 replicate®{Sandard deviation). Averages
followed by the same lowercase letter among PiléeyRi-starved and Pi-sufficient),

and uppercase letter among Phi levels (controll&812 uM P) for each Pi level, do
not differ among themselves by the Scott Knott& g < 0.05).
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Treatment under 16 uM Phi did not influence thargyéeld of the Pi-
starved plants. Common bean plants grown underduditional treatments (—P
= no P supply, and +Phi = supply of 800 uM of Pyoas Phi) also did not
produce grains. In general, grain yield in Pi-suéfint plants was 4-fold higher
than Pi-starved plants grown under control treatnfeithout supply of Phi in

nutrient solution).

Visual appearance of pod induced by phosphite

Toxicity symptoms of Phi on grain yield of Pi-stadvcommon bean were also

supported by the visual appearance of these plBigs7).

Control 16 32 64 128 256 512
Phosphite (uM)

Fig 7. Toxicity symptoms on grain yield &haseolus vulgarigplants grown in
nutrient solution under low phosphate level (Pingd plants), as affected by 6
phosphite (Phi) levels + control (without Phi syppl

Development of pods in Pi-sufficient plants was aftered by Phi
treatments. On the other hand, Phi-starved commean lexhibited much more

pods per plant in treatments with 64, 128, 256 B2l UM Phi, but these pods
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were small and malformed that resulted in no-fidgdins (Fig. 7). This harmful
effect of Phi on development of pods in Pi-starpdshts was increased with

increasing the levels of Phi in nutrient solution.

Effects promoted by phosphite and phosphate on P concentration and P
accumulation in grain

Fig. 8 shows the values of tissue P concentrati@htatal P accumulation in

common bean grains, from plants harvested at mgtaiga stage.
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Fig 8. Grain P concentration (A) and grain P accumula{Bnat mature grain
stage ofPhaseolus vulgariplants grown in nutrient solution under 2 phosphat
levels (Pi-starved and Pi-sufficient plants) argh6sphite (Phi) levels + control
(without Phi supply). Additional treatments are: =fo P supply in nutrient
solution; and +Phi = all the P (800 uM) from nuttiesolution was supplied
only as Phi.

Values represent the mean value of 3 replicate® Randard deviation). Averages
followed by the same lowercase letter among Pil¢e{®i-starved and Pi-sufficient),
and uppercase letter among Phi levels (controll&812 uM P) for each Pi level, do
not differ among themselves by the Scott Knott& ¢g < 0.05).



122

Tissue P concentration and total P accumulationgrains of Pi-
sufficient plants were not significantly affected &l Phi levels. For Pi-starved
plants, tissue P concentration and total P accuionlavere studied only in the
control treatment (without Phi supply in nutriemgion) and in treatments
corresponding to 16 and 32 uM Phi, since therenehgrain yield in the other
Phi treatments, as well as in both additional tneaits (—P = no P supply, and
+Phi = supply of 800 uM of P only as Phi). Pi-satvplants exhibited
significantly higher tissue P concentration in tirain, when grown under 32
UM Phi, while 16 uM Phi did not alter the tissuedhcentration in the grain of
these plants compared with the control (Fig. 8 Ayditionally, total P
accumulation in grains of Pi-starved plants did venty with the supply of the

two first Phi levels compared with the control (F8gB).

Discussion

In Pi-sufficient and Pi-starved plants regardletshe applied Phi treatments,
we found different root growth responses betweewdring and mature grain
stages. At the flowering stage, shoot biomass weigis much higher at the Pi-
sufficient plants but root biomass weight wasdittltered between Pi-sufficient
and Pi-starved plants, thereby showing that Pissthrcommon bean plants
exhibited increased root growth rate at the experisine shoot growth rate.
These data were confirmed with data of root to shatio at flowering stage, in
which Pi-starved plants exhibited higher root t@ahratio than Pi-sufficient
plants, and plants grown under additional treatsjemtainly under the first
additional treatment (no P supply in nutrient siollf, exhibited higher values

of root to shoot ratio than those of all otherstneents. These increased values
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of root to shoot ratio in Pi-starved plants at fésimg stage is a mechanism for
overcoming P deprivation from growth medium (Ticcenal., 2001; Devaiah
et al., 2007).

For plant biomass weight at mature grain stagephbserved that there
was no significant variation of the shoot biomagsidy from full flowering
stage. But, interestingly, there was consideratdeease in root biomass yield
from full flowering stage to mature grain stagetet Pi-sufficient plants, while
at the Pi-starved plants this increase was noftifgignt. Thus, at the mature
grain stage both shoot and root growth were inegas the Pi-sufficient plants,
while data of root to shoot ratio did not diffegsificantly between Pi-sufficient
and Pi-starved plants. Hence, in this study théuati@n of the plant biomass at
two different periods of time (flowering and matuyein stages) was crucial to
show the variations of shoot and root growth betwé&®-starved and Pi-
sufficient common bean.

Supply of Phi in nutrient solution in general didt affect the tissue P
concentration and total P accumulation in shoait emd grain of Pi-sufficient
common bean plants. These data disagree with tbb3éhao et al. (2009),
which noticed that tissue P concentration in Pfisigint hydroponic lettuce was
increased with increasing the Phi levels in nutreaiution. However we found
that Pi-starved common bean plants exhibited mudhhen tissue P
concentration in shoot and root when grown undgh lithi levels. Although
Phi-starved plants did not produce grains at tiga Rihi levels, increased tissue
P concentration in grains of Pi-starved plants whserved at the second Phi
level. This higher tissue P concentration of Pivad plants grown under high
Phi levels was not due only to “concentration dffdcaused by inhibitory

effect of Phi on growth and yield of the Phi-statvglants) but also due to
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increased uptake of P from nutrient solution, sitaal P accumulation (i.e.
estimation of the amount of P taken up) of thet®iv&d plants did not decrease
with the Phi levels applied (actually the contrargs observed, in which total P
accumulation in shoot and root of Pi-starved plamés increased at the high
Phi levels). In this case, our data of tissue Pcenfration for Pi-starved
common bean plants are in agreement with thosénab et al. (2009) who also
observed that tissue P concentration in Pi-starfrgdroponic lettuce was
increased with increasing the Phi levels in nutrgatution.

We also showed that application of Phi in the gromedium (nutrient
solution) did not influenced the P nutrition indexa the Pi-sufficient common
bean plants, but increased the P uptake efficiemuy, at the same time,
decreased the P utilization efficiency of the Rirgtd common bean plants. In
this study the P uptake efficiency refers to t®Ralaken up by plant per root
weight unit, and the P utilization efficiency refeto the plant’s ability to
produce biomass for a given P concentration acegrthh Siddigi and Glass
(1981). Thus our data showed that the high Phildefrem nutrient solution
enhanced the uptake of P per unit of root massdmitnot improve the P
nutrition of the Pi-starved plants. When only pfaftom control treatments
(without Phi supply) were considered, we observidt tPi-starved plants
exhibited much lower P uptake efficiency (due ter lavailability of P from
nutrient solution) but at the same time these plarhibited higher P utilization
efficiency, compared with the Pi-sufficient planfshis increase of the P
utilization efficiency by Pi-starved common beamrnik was a response to Pi
deprivation from growth medium. Rouached et al.1®0mentioned several
molecular mechanisms that regulate gene expresnmigrlants are modified

during Pi starvation.
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When Phi anion was not added in nutrient solution,vivo acid
phosphatase activity of Pi-starved plants was mighan that of Pi-sufficient
plants. This is also an adaptive mechanism of plambrder to grow better in P-
deficient environment (Tadano et al., 1993), in ekhiacid phosphatase may
hydrolyse organic P compounds within the plant ahizosphere (acid
phosphatase secreted by the roots) and liberatganic P (Haussling and
Marschner, 1989; Tadano et al., 1993; Yun and Kiaepp001; Louw-Gaume
et al., 2010). However, we found thatvivo acid phosphatase activity of Pi-
starved common bean plants was considerably dexteaih increasing Phi
levels in nutrient solution. Thus these datano¥ivo acid phosphatase activity
corroborated the presupposition that Phi aniontaksn up by Pi-starved plants
reducing their acid phosphatase activity, but atsame time these plants did
not utilize Phi anion as a P source for its groaiol development. These data
agree with those previously reported by Ticcoralef2001) and Varadarajan et
al. (2002) who found that the addition of Phi i throwth medium inhibited
mechanisms of overcoming P starvation in Pi-stayeabidopsisand tomato,
such as gene expression and activities of acidgtatase enzymes.

This study showed that, in Pi-starved plants, ea&l(CAT) activity
was considerably higher when Phi was applied inlewels, while medium and
high Phi levels reduced substantially the actifythis enzyme. Antioxidant
enzymes, such as CAT, have an important role inptaet cellular protection
against stress-induced cell damage caused by fiomeat free radicals, mainly
in the form of ROS. Catalase is an important atdiasxt enzyme involved in
ROS detoxification. However, in Pi-sufficient planCAT activity did not vary
in the low and medium Phi levels, while the suppiyhigh Phi level increased

its activity by 71%. This data indicate a possibmeficial effect of Phi on Pi-
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sufficient common bean plants, although growth gnain yield of these Pi
sufficient plants were neither increased nor desgrdaat all the Phi levels.
Recent studies have shown that the Phi anion mdycémolecular alterations
that increase resistance to stress agents, suchtiraslation of guaiacol
peroxidase activity and lignin biosynthesis in rea{Avila et al., 2011), and
structural and biochemical changes in potato tpleeiderm and cortex (Olivieri
et al., 2012). On the other hand, studies thatadbhi effects on antioxidant
enzymes are still rare. In agreement with our ddtagr et al. (2009) found that
soaking strawberry plants in Phi solution resuliedincreased content of
ascorbic acid (compounds known to have antioxigapperties) in the fruits.

In this investigation, we showed that growth andimryield of the
common bean plants grown under adequate Pi suppisufficient plant) were
not affected by Phi levels applied in the growthdimen (nutrient solution).
Although Lovatt and Mikkelsen (2006) reported tldti anion may stimulate
growth of some crop when grown under adequate Rditons, our data
indicated that Phi supply did not provide stimuwation growth and grain yield
of the Pi-sufficient common bean plants grown ungieenhouse environment
conditions and in the absence of pathogens. Ineaggat with these results,
Thao et al. (2009) did not observe a stimulantaeféé Phi anion on hydroponic
lettuce growth.

Nonetheless, grain yield of the common bean plgrae/n under low Pi
supply (Pi-starved plant) was strongly inhibitednfr the low Phi levels, as
shown in our results, although shoot and root gnowit these plants at both
growth stages (flowering and mature grain stagesyehsed significantly only
at the higher Phi level. Thus, besides not bei®y source for common bean

plants, Phi anion was strongly harmful to grainldjief the Pi-starved plants.
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This conclusion was also supported by the visupéetsof the pods of these
plants (Fig. 7). Hence, in this work the evaluatidrthe grain (edible part) yield
was crucial to show the harmful effects of Phi anim yield of the Pi-starved
common bean plants. Although there is little infation in the literature
comparing the effects of Phi supply on grain yigldeguminous crops, there
are some previous studies witliabidopsis vegetables and some others crops
that are in agreement with our data (Ticconi et 2001; Varadarajan et al.,
2002; Lee et al., 2005; Schroetter et al., 2006;dixh et al., 2007; Thao et al.,
2008; Thao et al., 2009). The causes of this hdreffact of Phi anion on Pi-
starved plants are not well understood yet. Thet plasisible hypothesis to date
is that, although Pi and Phi appear to be indisisitable by Pi uptake
transporter sites, plants are unable to metabBliseanion, which, after uptake,
this anion remains stable in the cell compartmeRtgthermore, Phi anion
suppresses some plant responses to Pi deprivatiah, as syntheses of acid
phosphatases, phosphodiesterases, nucleases, gmdffiiity P transporters
(Ticconi et al., 2001; Abel et al., 2002; Varadarajet al., 2002; Lee et al.,
2005; Avila et al., 2011). In agreement with thigolanation, based on the
kinetic studies of the Pi transport system of taoaBY-2 cells, Danova-Alt et
al. (2008) demonstrated that Phi inhibited Pi uetak a competitive manner.
Within the plant, the same authors also showethhjvo **P nuclear magnetic
resonance spectroscopy that there is a intracelddeumulation of Phi in Pi-
starved cells, but the Pi resupply results in adrgfflux of Phi from apoplast
and cytoplasm. Thereby the authors related thatac BY-2 cells
predominantly accumulate Phi in the cytoplasm irstBived cells, but, in
contrast, Phi accumulates almost exclusively irtouoles in Pi-sufficient cells.

Thus the results of Danova-Alt et al. (2008) maiphe explain, in part, the
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harmful effects of Phi in Pi-starved plants, whitePi-sufficient plants these
harmful effects have not been reported. MoreoverRirsufficient plants, Phi
may be benefic such as reducing the incidence ofesplant diseases and
inducing some molecular mechanisms that increasistagice to stress agents,
as has already been showed.

In this investigation, additional treatments weomaucted to confirm
that the Phi anion did not replace Pi anion in camrhean P nutrition. When
data from the second additional treatment (suppB00 uM of P only as Phi)
were compared with those of Pi-sufficient plantgpfdy of 800 uM of P only as
Pi), we verified that growth parameters and graeldyof the plants grown
under second additional treatment were stronglyibitdd. Moreover, the
growth of the plants grown under the second aduifidreatment was similar
with that of plants grown under the first additibti@atment (no P supply in
nutrient solution), and all plants grown in bothddidnal treatments did not
produce grains. These data corroborate those ofetes. (2005) forUlva
lactuca Schroetter et al. (2006) fatea maysThao et al. (2008) foBrassica
rapa, Avila et al. (2011) wittiZzea maysZambrosi et al. (2011) faZitrus spp.
rootstocks, and Hirosse et al. (2012) lipomoea batatasissue cultures. These
authors found that the Phi anion did not replacari®dn in plant P nutrition.
Furthermore they also reported that the use ofaBhéole P source generally
caused a significant reduction in plant growth caregd with the treatments

with either null or insufficient Pi fertilization.

Materials and methods

Experiment localisation, plant material, and seedling obtaining
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Study was conducted in Departamento de Ciénciadlio & the Universidade
Federal de Lavras, Brazil (21°14" S; 45°00' W; 9d5sl). The plants were
grown in a greenhouse environment. Photoperiodi&ds of light. Seeds of the
common bean Rhaseolus vulgarisL.) cv. Radiante were germinated in
expanded polystyrene trays containing 128 compantsrfdled with vermiculite
and irrigated with distilled water. Five days afnergence, seedlings were
transferred to plastic box containing 36 L of opafth-strength modified

Hoagland's solution (Jones Junior, 1983).

Experimental design and treatments

This study was conducted in a completely randomésgubrimental design with

3 replicates, being 7 phosphite (Phi) levels (Q,3% 64, 128, 256 and 512 uM)
and 2 phosphate (Pi) levels (80 and 800 uM, thegeld considered Pi-starved
plants and Pi-sufficient plants, respectively) irtrient solution. Common bean
plants were evaluated at 2 different growth stafesiering and mature grain
stages. For plants harvested at the mature gragestwo more treatments
(additional treatments) were added: —P = no P suipphutrient solution; and

+Phi = all the P (800 uM) from nutrient solutionsxsupplied only as Phi. Each

experimental unit consisted of one common beant planpot.

Plant culture and treatment applications

The 10-day-old young seedlings were selected fqulee leaf size and area and

transplanted to plastic pots containing 3 L of {satength modified Hoagland’s

solution. Five days after transplanting, these tslavere grown in full-strength
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modified Hoagland’s solution with the Phi and Riatments. Phosphite used in
the experiment was obtained by the reaction of phowous acid with
potassium hydroxide, resulting in potassium Phie Tutrient solution was
changed twice each week. The volume of the nutsehition in each plastic
pot was supplemented daily with deionised water@tdvas adjusted to 5.5 (+
0.3) by adding 0.5 M NaOH or HCI. Throughout thepesimental period the

nutrient solution was constantly aerated.

Harvest, biomass yield and phosphorus nutrition

Three replicates of each treatment were harvesteghwplants were at full

flowering stage. Shoot and root dry weight of thpkts were measured, after
drying in a forced air oven at 60 °C until thereswa change in weight, and
their tissue P concentrations determined by coletiyn(Murphy and Riley,

1962) after nitric-perchloric digestion of the plamaterial (Johnson and Ulrich,
1959). Data from shoot and root dry weight, anduisP concentration were
used to calculate total P accumulation in shoot ud, as well as P uptake
efficiency (total P accumulation in plant / rooydut) (Swiader et al., 1994), P
utilisation efficiency [(plant dry wf)/ (total P accumulation in plant] (Siddiqi
and Glass, 1981) , and index of P transport fromt to shoot (total P

accumulation in shoot / total P accumulation implaThe other 3 replicates of
each treatment were harvested when plants wereatatrengrain stage. Grain
dry weight, and grain P concentration and accurnmraih these plants were

also determined.

In vivo acid phosphatase and catalase activities
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All enzymatic analyses were only done in plantsiatad at flowering stage.
Prior to harvest of the plants, one youngest matif@iate leaf was collected
in 3 replicates of each treatment to evaluateirtheivo acid phosphatase (EC
3.1.3.4.1) activity, according to Besford (1980jhwininor modifications (Silva
and Basso, 1993).

Catalase (CAT) (EC 1.11.1.6) activity was performsetording to
Ramos et al. (2010) with minor modifications. Dgriplant harvest, one
youngest mature trifoliate leaf was collected imePlicates of each treatment
and was immediately wrapped in aluminum foil, sulyad in liquid nitrogen
and stored in a freezer, at —80 °C. Posteriorbzdn tissues were homogenised
in a cooled 0.1 mol/L Tris—HCI buffer at pH 7.8 taiming 1 mmol/L EDTA, 1
mmol/L dithiothreitol and 5 ml of 4% polyvinyl pyslidone per gram of fresh
weight. The homogenate was filtered through a nyt@ash and centrifuged at
14000 rpm for 30 min at 4 °C. The supernatant v&eslito measure enzymatic
activity of the CAT by observing #0, consumption at 240 nm for 5 min (Rao
et al., 1997). The reaction mixture (3 ml totalurak) contained 25 mM Tris-
acetate buffer (pH 7.0), 0.8 mM EDTA-Na, 20 mMQ4, and enzymatic assay

was carried out at 25 °C.

Data analysis

Data were submitted to variance analysis (ANOMJAZ 0.05) using SAS

software (SAS Institute, 1996), and when significdifferences occurred the
data were applied to Scott Knott's tept<{ 0.05) (Scott and Knott, 1974). For
plants harvested at the mature grain stage, $tatistomparisons between the

additional treatments, as well as between addititremtment and factorial
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experiment, were evaluated according to Healy (J9S6ndard deviation (+

SD) was calculated for all means (three replicates)

Conclusion

This study revealed that growth and grain yieldPimaseolus vulgariglants
grown under Pi starvation presented negative regsion on these parameters,
in which treatments at 64, 128, 256 and 512 uMré4ilted in no-filled grains.
Concentration and accumulation of P in shoot amd 06 Pi-starved plants was
increased with increasing the Phi levels in nutr@iution, but this additional P
concentration did not convert into increased groertiyrain yield. Application
of Phi in Pi-starved plants promoted a decreasacid phosphatase activity,
while catalase activity had increased up to 32 [hViaRd was reduced at higher

levels of Phi.
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PHOSPHITE AS PHOSPHORUS SOURCE TO GRAIN YIELD OF
COMMON BEAN PLANTS GROWN IN SOILS UNDER LOW OR
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Fosfito como fonte de fésforo para producao de gr&doem feijoeiro

cultivado em solos sob baixa ou adequada disponitibde de fosfato
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ABSTRACT

The effects of foliar and soil applied phosphite grain yield in
common beanRhaseolus vulgarit.) grown in a weathered soil under low and
adequate phosphate availability were evaluated.thie first experiment,
treatments were composed of a 2 x 7 + 2 factodaéme, with 2 soil P levels
supplied as phosphate (40 e 200 mg P® dwil), 7 soil P levels supplied as
phosphite (0-100 mg P dhsoil), and 2 additional treatments (without P dupp
in soil, and all P supplied as phosphite). In theosd experiment, treatments
were composed of a 2 x 3 x 2 factorial scheme, @itloil phosphate levels (40
e 200 mg P dih soil), combined with 3 nutrient sources applied foliar
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sprays (potassium phosphite, potassium phosphadepa@tassium chloride as a
control), and 2 foliar application numbers (singad two application).

Additional treatments showed that phosphite ismPi@ource for common bean
nutrition. Phosphite supply in soil increased thedntent in shoot (at full

physiological maturity stage) and grains, but a #ame time considerably
decreased grain yield, regardless of the soil phetgpavailability. Foliar sprays
of phosphite decreased grain yield in plants grawder low soil phosphate
availability, but no effect was observed in plagtewn under adequate soil
phosphate availability. In general, foliar spray$ phosphate did not

satisfactorily improve grain yield of the commoraheplants grown under low
soil phosphate availability.

Index terms: Phaseolus vulgarigropical soil, foliar fertilizer, plant nutritian

RESUMO

Os efeitos de fosfito aplicado via solo ou foliabrse producéo de graos
em feijoeiro Phaseolus vulgari4..), cultivado em um solo intemperizado sob
baixa ou adequada disponibilidade de fosfato foeamaliados. No primeiro
experimento, o delineamento consistiu de um esqdatodal 2 x 7 + 2, sendo
2 doses de P fornecidas na forma de fosfato (400en®y P drif de solo) x 7
doses de P no solo fornecidas na forma de fodlitb00 mg P di de solo),
mais 2 tratamentos adicionais (sem fornecimentd®deo solo, e todo o P
fornecido na forma de fosfito). No segundo expentog o delineamento
consistiu de um esquema fatorial 2 x 3 x 2, connged de P no solo na forma
de fosfato (40 e 200 mg P drde solo), combinados com 3 fontes de nutrientes
aplicados via pulverizacédo foliar (fosfito de psias fosfato de potassio, e

cloreto de potassio como um controle), e 2 numeeaaplicacdes foliares (uma
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e duas aplicac6es). Os tratamentos adicionais resimlam que o fosfito ndo é
uma fonte de P para a nutricdo do feijoeiro. Odommento de fosfito no solo
aumentou o teor de P na parte aérea (no estagmateidade fisiolégica) e nos
gréos, mas, a0 mesmo tempo, consideravelmenteiveayroducédo de graos,
independentemente da disponibilidade de fosfatess@lo. As pulverizacdes
foliares de fosfito diminuiram a producgéo de gréas plantas cultivadas com
baixa disponibilidade de fosfato no solo, mas e$si&o néo foi observado em
plantas cultivadas com adequada disponibilidadéosfato no solo. Em geral,
as pulverizacbes foliares de fosfato ndo supriradeqaadamente as
necessidades de P pelo feijoeiro.

Termos para indexacdo Phaseolus vulgarissolo tropical, fertilizante foliar,

nutricdo vegetal.

INTRODUCTION

Subtropical and tropical regions of the word oftexhibit highly
weathered soils (e.g. Typic Haplustox) that arerattarized by low natural
fertility, especially by phosphorus (P) deprivatimnplant nutrition. Phosphate
anion (HPOy;, HPQ? and PQ) is major P form metabolized by plants for
their adequate growth and development (Novais angtlg 1999; Ticconi et
al., 2001), while phosphite anion #M0; and HP@) is used as fungicide to
control some important plant diseases, sucRtagophthorasp (Deliopoulos et
al., 2010).

Nevertheless, besides fungicide, recently phosiitaiteed products also
have been marketed as fertilizers for foliar spri@ytigation and direct soil

application (Thao and Yamakawa, 2009). Phosphiles ske marketed as
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fertilizer because they contain a cation that mayplant nutrient, such as’K
NH,", C&*, Mg?*, CU/* or Zrf*, and often phosphite also is recommended as
additional source of P for plant nutrition (Avila &., 2012a). But, phosphite
effects on P nutrition of the crops still are inclusive. It was reported that
supply of phosphite improved avocado yield (Lovdi®90a), and restored
normal growth in phosphate-deficient citrus (Loyelt®90b). Others authors
also mentioned beneficial effects of phosphite midyand P nutrition in some
crops (Albrigo, 1999; Rickard, 2000). In contrabe literature also shows that
phosphite anion does not replace phosphate aniéhnatrition of the plants
(Thao and Yamakawa, 2009), and still some workscatdd that phosphite
supply may cause growth depression in phosphateielef plants (Schréetter et
al., 2006; Thao et al., 2008; Thao et al., 2009d\et al., 2011; Zambrosi et
al., 2011). However, most of the studies that eataldi the effects of phosphite
anion on plant P nutrition were related to Arabiiep vegetables, seedlings,
and some citrus and cereals; but there is stile [knowledge about effects of
phosphite on leguminous grain yield.

Common bean Rhaseolus vulgarisL.) is the most important
leguminous crop in many subtropical and tropicgiges of the world (Graham
and Ranalli, 1997; Broughton et al., 2003). PresipLit was shown the effects
of phosphite on growth and nutrition of common bptants at flowering stage
(Avila et al., 2012a, b). In this study, the aimswi@ evaluate the effects of
foliar-and soil-applied phosphite on grain yieldcommon bean plants grown in

a weathered soil under low and adequate phosphatealaility.

MATERIAL AND METHODS
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The study was carried out at the Soil Science Deyant of the Federal
University of Lavras (Lavras city, Minas Gerais t8teBrazil) using samples of
a low-fertility soil classified as Typic Haplustqgoil Survey Staff, 1999) or
sandy loam dystrophic Red-Yellow Latosol (Embrd}i#)6). Surface soil (0-20
cm depth) was collected from a non-cultivated figlith natural Brazilian
Cerrado vegetation. Later, after sieving througmm- mesh sieve, soil
subsamples were characterized chemically, phygicaid mineralogically

(Table 1), using the same methodology describé&birea et al. (2011).

Table 1. Chemical, physical and mineralogical attributestlod soil (Typic
Haplustox) samples, prior to treatments.

Chemical
pH P K Zn Cu Mn Fe EP Ca Mg Al H+Al T m V  MPAC
———————————————— mg dm™ of §0il------mseemeee M@ L' ceeeeeeeccmol, dm™ of 80il------ —oee-Ypeeer mg kg
54 09 22 05 07 04 274 205 01 01 01 1.7 2 28 133 396
Physical @
Sand Silt Clay OM
5
60 17 23 0.8
Mineralogical @
SiO, AlO; Fe,04 TiO, P,0s Feq Fe, Ct Gb Ki Kr
g kg™! of clay
95.1 974 36.2 6.2 0.0 10.8 0.1 752.0 63.0 0.98 0.71

@ pH in water, EP = P in the equilibrium solution; GMevel of organic matter; T =
cation exchange capacity at pH 7.0; m = aluminutaration index; V = vase saturation
index; MPAC = maximum P adsorption capacity acaogdio Olsen and Watanabe
(1957); Ct = kaolinite; and Gb = gibbsite. Ki = SiAIl,O3; and Kr = SiQ/ (Al,Os +
Fe0s).

Posteriorly, soil samples were transferred intsttapots (6 drhof soil
per pot), and then mixed with Cagénd MgO (stoichiometric ratio of Ca:Mg =
4:1) to raise soil base saturation to 60% of catimchange capacity at pH 7.0.
After 30 days of incubation of the soil, two indedent greenhouse

experiments with common beaRhaseolus vulgarit.) cv. Radiante BRS were
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simultaneously carried out in a completely randedizesign with three
replications. Each experimental unit consisted of @ot containing two
common bean plants, and all measured variables evgressed as mean of two
plants.

In first experiment, whose aim was to evaluatedfiects of phosphite
application in low-fertility soil on common beanapks, treatments were
composed of a 2 x 7 + 2 factorial scheme, withlavels supplied as phosphate
anion (low phosphate availability = 40 mg P 8soil, and adequate phosphate
availability = 200 mg P disoil), 7 P levels supplied as phosphite anion (0;
3.125; 6.25; 12.5; 25; 50 and 100 mg P dsnil), and 2 additional treatments:
without supply of P in the soil, and all P (200 Bxgim® soil) from soil supplied
as phosphite. Treatments were applied as basasidgeand then soil was
homogenized, prior to sowing of the seeds. The mimate levels (40 and 200
mg P dn? soil) were selected based on the growth responsernmon bean in
a preliminary experiment to ensure an inadequateaalequate supply of P for
maximum plant growth. Phosphate anion was supphbsd KHPO, and
NH4H,PQO,, and phosphite anion was supplied asR®&; (monobasic potassium
phosphite). KHPO; was obtained by the reaction ofRD; (phosphorous acid)
with the KOH. All reagents were of pa grade.

In second experiment, whose aim was to evaluatetieets of foliar
application of phosphite on common bean plantsiridements were composed
of a 2 x 3 x 2 factorial scheme, with 2 soil phcsghlevels (low phosphate
availability = 40 mg P difisoil, and adequate phosphate availability = 20(Pmg
dm? soil), combined with 3 nutrient sources suppligd foliar application
(KH,PG;, KH,PQ,, and KCI used as control of K), and 2 foliar apation

numbers (single and two application). Single agpion was implemented
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when plants presented fourth trifoliate leaf staged two applications was
carried out in stage of fourth trifoliate leaf amadiother application in the
beginning flowering stage. Solutions of KBD;, KH,PO, and KCI, all of pa
grade, were sprayed at concentration of 40 uM,gusinmanual backpack
sprayer. Concentration of P equals the used dosappfoximately 3 L of
commercial potassium phosphite to 400 L of watehictv is usually
recommended for growing beans.

In both experiments, pots received application etilfizers as basal
dressing, made up of (in mg drof soil): 126 N, 126 K, 40 S, 6 Zn, 6 Mn, 2.5
Cu, 1.25 B and 0.25 Mo, all added as nutrient gmtstthat were prepared with
pa grade reagents of the following: ¥®D; (K added together with phosphite
treatments from soil), KHPO, (K added together with phosphate treatments
from soil), NHH,PO, (N added together with phosphate treatments fraij so
NH4NOs, (NH,),SO;, KNOs;, MnCl.4H,O0, CuSQ.5H,0, H:M00,.2H,0,
HsBOs; and ZnSQ7H,O. Some of these sources were combined differdotly
each phosphate and phosphite treatment from soitin® the experimental
period, fertilization as top dressing also was $edgpndividually to each pot at
following rates (in mg di of soil): 210 N, 180 K and 42 S, using solutiofis o
KNOs;, NH;NO; and (NH),SQ,. This fertilization was split among into three
applications throughout the experiment. Soil watentent was maintained at
around 60% of the total pore volume by periodic ghiéig of the pots and
adding deionized water to compensate for weighs.l@ommon bean plants
were harvested at full physiological maturity, agrains were separated from
shoot. Plant shoot and grains were dried for 72rhat 60-65°C in a forced
draught oven, weighed (for obtaining the dry massgit) and triturated in a
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Wiley-type mill. Samples of shoot and grains weralgzed for P content
(Murphy and Riley, 1962) after nitric-perchloriaydistion of the plant material.
Data obtained were submitted to variance analygib best p < 0.05)
using the SISVAR software (Ferreira, 2011). Intfegperiment (application of
phosphite in the soil), statistical comparisonsMeein the additional treatments,
as well as between additional treatment and faadtoexperiment, were

evaluated according to Healy (1956).

RESULTS AND DISCUSSION

In first experiment, shoot growth (at full physigloal maturity stage)
and grain yield of the common bean plants were idengbly affected by
application of medium and high phosphite levelshia soil (Typic Haplustox)
(Figure 1).

Supply of low phosphite levels in soil had littifeet (p > 0.05) on the
shoot and grain dry weight of the common bean plgnown under low and
adequate phosphate supply. However, in general fn@clium phosphite levels
(25 mg P drf soil), it was observed lower shoot and grain dsight with
increasing soil phosphite levels, which was exhigit phosphite-toxicity
symptoms such as both curved and malformed leavakies of shoot dry
weight at highest phosphite level (100 mg P3dsnil), in comparison to zero
phosphite level (without phosphite supply), wergndicantly (o < 0.001)
decreased by 65 and 53% for plants grown underaiogvadequate phosphate

availability, respectively (Figure 1a).
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Figure 1. Shoot dry weight (a) and grain dry weight (b) omenon bean grown
under 2 phosphate levels (phosphate-starved = 40Pmdm® soil, and
phosphate-sufficient = 200 mg P dmoil), and 7 phosphite levels in the soil.
Without P = without supply of P in the soil. Onhhgsphite = supply of
phosphite (200 mg P dfrsoil) as source de P. The bars represent theasthnd
error of the meann(= 3). *** and ns (non-significant) corresponding o<
0.001 andgp > 0.05, respectively.
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In addition, values of grain dry weight of the pgkrgrown under
adequate phosphate availability were significarjly< 0.001) 35% lower at
highest phosphite level than those at zero phaosgbitel, and plants grown
under low phosphate availability did not producaigrat two higher phosphite
levels (50 and 100 mg P dhsoil), thus showing 100% of decrease of the grain
yield in comparison to zero phosphite level (Figiig.

The literature shows that some previous studies &snd harmful
effects of phosphite anion on plants grown underpbosphate availability, but
no harmful effects have been reported when thisramias applied in plants
grown under adequate phosphate availability (Ticeorl., 2001; Varadarajan
et al., 2002; Lee et al., 2005; Schroetter et28l06; Devaiah et al., 2007; Thao
et al., 2008; Moor et al., 2009; Thao et al., 208@ja et al., 2011). However,
most of these studies were based in Arabidopsigetables, seedlingsitrus,
and some cereals, but there is still little infotima on the effects of phosphite
on leguminous plants, especially on grain yieldeguminous. Moreover, these
works studied effects of phosphite on plants gramisoils of low phosphate
sorption capacity (soils of temperate regions o thorld) or in nutrient
solution, and also applied phosphite via foliaragprbut studies that relate
effects of phosphite on plants grown in weathereds sof tropical and
subtropical regions of the workdill are rare (Avila et al., 2012a).

Additional treatments also affected considerablg tirowth (at full
physiological maturity stage) and yield grain ofrtoon bean. No P supply and
P supply only as phosphite (200 mg Ptsoil), decreased by 96% and 100%
the weight of shoot and grains (there was not predgrains in additional
treatments), in comparison to those of plants growder adequate phosphate

availability (200 mg P difisoil) and without phosphite supply (Figure 1)wits
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not observed significanp(> 0.05) difference of shoot and grain yield betwee
the two additional treatments. Thus, data show piatsphite anion did not
replace phosphate anion in P nutrition for graield/iof common bean. These
results are in agreement with those reported fberotrops, such adlva
lactuca (Lee et al., 2005), maize (Schroetter et al., 2006la et al., 2011),
Brassica rapaThao et al., 2008), citrus rootstocks (Zambrosile 2011), and
sweet potato tissue cultures (Hirosse et al., 2012)

In second experiment, it found that foliar sprayoigphosphite affected
only the shoot growth (at full physiological matyrstage) and grain yield of
the common bean plants grown under low phosphagddahility, while no
effect was verified for common bean plants growdlamadequate phosphate
availability (Figure 2). In comparison to contraidapotassium phosphate spray,
regardless of foliar application numbers (singlel@ation timing and two
application timings), shoot and grain dry weightswet significantly j§ > 0.05)
influenced by potassium phosphite spray when comipeam plants grew under
adequate phosphate availability in the soil. Howgfer plants grown under
low phosphate availability, shoot and grain dry gitiwere significantly f <
0.05) limited by foliar-applied phosphite.

The toxic effect of phosphite anion on plants defit in phosphate
anion also was found by others authors, as alresdycommented. The causes
of this effect are not well understood. There is llypothesis that plants did not
metabolize phosphite anion, and this anion may ragspsome plant responses
to phosphate deficiency, such as synthesis of fftadapes and P transporters
(Ticconi et al., 2001; Varadarajan et al., 2002jldet al., 2011).
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Figure 2. Shoot dry weight (a and b) and grain dry weigharid d) in common
bean grown under 2 phosphate levels (phosphateestatants = 40 mg P din
soil, and phosphate-sufficient plants = 200 mg P gwil), 3 nutrient sources
supplied via foliar application (potassium chlorids a control, potassium
phosphite, and potassium phosphate), and 2 fafiplication numbers (single
and two applications). The bars represent the atdnetror of the meam & 3).
*** * and ns (non-significant) corresponding < 0.001,p < 0.05 andp >
0.05, respectively.

In relation to results from potassium phosphateyspit was found that
foliar-applied phosphate did not alter shoot groetidl grain yield of the plants
grown under adequate phosphate availability in b However, although
shoot growth was not influenced, the grain yieldtaf plants grown under low

phosphate availability was a little highgr € 0.05) with two foliar sprays of
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phosphate, but this increase was not sufficientctonpensate the low
productivity caused by phosphate deficiency ingbié Therefore, several foliar
sprays of phosphate may be necessary to adeqeatedct a plant P deficiency
(Faquin, 2005); this has been economically impecatiiAvila et al., 2012b).

The values of P content in shoot (at full physiaday maturity stage)
and grains of the common bean plants were condiljeracreased from
medium phosphite levels in the soil (in generalnfr@5 mg P dm soil),
regardless of the soil phosphate availability (FégB).

Shoot P content of the common bean plants growremtoiv and
adequate phosphate availability was, respectivélyand 2-fold higher at
maximum phosphite level than that at the zero phibsdevel (Figure 3a).
Besides the “concentration effect”, caused by ghovetduction of the plants
(Faquin, 2005), this relevant increase in shootoRtent of the plants at the
maximum phosphite level also was due to uptake hafsphite from soil by
plants. Probably the common bean plants took upspgihite anion from sail,
since medium and high soil phosphite levels wemsid®rably toxic for plant
growth. This supposition is confirmed by resultsbbot P content in additional
treatments. While shoot P content in the first addal treatment (without
supply of P in the soil) was much lower than thatthie second additional
treatment (all P from soil was supplied as phog)hihe shoot dry weight did
not vary between both additional treatments (i tisise there was not influence
of “concentration effect” in shoot of plants grovim the second additional

treatment), showing that common bean takes phasphibn from soil.
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Figure 3. Shoot P content (a) and grain P content (b) inmmombean grown
under 2 phosphate levels (phosphate-starved ptad8 mg P di soil, and
phosphate-sufficient plants = 200 mg P dsoil), and 7 phosphite levels in the
soil. Without P = without supply of P in the sddnly phosphite = supply of
phosphite (200 mg P dfrsoil) as source de P. The bars represent theasthnd
error of the meann(= 3). *** and * corresponding t@ < 0.001 andp < 0.05,

respectively.
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In agreement with this study, Thao et al. (2009pdbund increase in P
content of hydroponic lettuce with supply of phagphin nutrient solution.
Moreover, in this work, grain P content of the ptagrown under adequate
phosphate availability was 1.5-fold higher at maximphosphite level than that
at zero phosphite level (Figure 3b). For plantsagrainder low soil phosphate
availability, grain P content at level of 25 mg ftsoil (maximum phosphite
level in which there was grain yield of the defitigplants in phosphate) was
1.3-fold higher than that at the zero phosphitellev

Unlike the supply of phosphite in weathered soilg cor two foliar
sprays of potassium phosphite did not influencenii@antly (p > 0.05) P
content in shoot (at full physiological maturityage) and grains of the common
bean plants grown under low and adequate phospvaitability in the soil,
when compared with the foliar sprays of potassiumoride or phosphate
(Figure 4). However, in this study, foliar sprayk phosphite reduced shoot
growth and grain yield, as already was commenteolwBg that common bean
plants taken up the foliar-applied phosphite, beté¢ was not variation in shoot
and grain P content.

Foliar sprays of potassium phosphate also did Ibet significantly o >
0.05) P content in shoot (at full physiological mritiy stage) and grains of the
common bean plants, regardless of the soil phospénadilability (Figure 4).
These results are in agreement with those obtalbye€onte e Castro and
Boaretto (2001) who found that three foliar apgima timing of phosphate did
not affect P content in grains of common bean gramder field conditions.
Finally, in both experiments, in general plantsa@sed to phosphate starvation
exhibited lower P content in shoot (at full phyemical maturity stage) and

grains, showing that low phosphate availabilitynireoil decreased the P uptake
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by the common bean plants and, consequently, redihedr shoot growth and

grain yield.
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Shoot P content
Three-way factorial ANOVA
Foliar application numbers (FAN) ns
Foliar treatments (FT) ns
Soil phosphate levels (Pi) ***
FANXxFT ns
FAN x Pi ns
FT xPi ns
FANxFT xPi ns

Grain P content
Three-way factorial ANOVA
Foliar application numbers (FAN) ns
Foliar treatments (FT) ns
Soil phosphate levels (Pi) ***
FANXFT ns
FAN x Pi ns
FTxPi ns
FANx FT xPi ns

Figure 4. Shoot P content (a and b) and grain P contenhdcdy in common
bean grown under 2 phosphate levels (phosphateestatants = 40 mg P din
soil, and phosphate-sufficient plants = 200 mg P gwil), 3 nutrient sources
supplied via foliar application (potassium chlorids a control, potassium
phosphite, and potassium phosphate), and 2 fafipliation numbers (single
and two applications). The bars represent the atdnetror of the meam & 3).
*** and ns (non-significant) corresponding to < 0.001 andp > 0.05,
respectively.
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CONCLUSIONS

Phosphite is not adequate P source to common lbepn ¢

Supply of medium and high phosphite levels in weetl soil
decreased grain yield of common bean, regardlessilophosphate availability.

Foliar sprays of phosphite decreased grain yieldhef plants grown
under low soil phosphate availability, but no effeeas observed in plants
grown under adequate soil phosphate availabilitiusT foliar sprays of
phosphite in common bean crop to other purposeas fangicide) require
adequate plant phosphate nutrition.

Either one or two foliar sprays of phosphate did matisfactorily
improve grain yield of the common bean plants gramder low soil phosphate

availability.

ACKNOWLEDGEMENTS

The authors are grateful to the CNPq, CAPES andEMIB, all from
Brazil, for the financial support. The first authatso thanks CNPq for a

postgraduate fellowship.

LITERATURA CITADA

ALBRIGO, L.G. Effects of foliar applications of umeor Nutriphite on
flowering and yields of Valencia orange treBsoceedings of the Florida
State Horticultural Society, Tallahassee, v.112, p.1-4, 1999.



157

AVILA, F.W.; FAQUIN, V.; ARAUJO, J.L.; MARQUES, D.J RIBEIRO
JUNIOR, P.M.; LOBATO, AK.S.; RAMOS, S.J.; BALIZA).P. Phosphite
supply affects phosphorus nutrition and biochemiesponses in maize
plants.Australian Journal of Crop Science Lismore, v.5, n.6, p.646-653,
2011.

AVILA, F.W.; FAQUIN, V.; RAMOS, S.J.; PINHEIRO, G... MARQUES,
D.J.; LOBATO, AK.S.; OLIVEIRA NETO, C.F.; AVILA, RA. Effects of
phosphite and phosphate supply in a weatheredcabgbil on biomass
yield, phosphorus status and nutrient concentration common bean.
International Journal of Food, Agriculture and Environment, Helsinki,
v.10, n.2, p.312-317, 2012a.

AVILA, F.W.; FAQUIN, V.; LOBATO, AK.S.; BALIZA, D.P.; MARQUES,
D.J.; PASSOS, AM.A.; BASTOS, C.E.A.; GUEDES, E.M.Growth,
phosphorus status, and nutritional aspect in cominean exposed to
different soil phosphate levels and foliar-appligthosphorus forms.
Scientific Research and Essay$.agos, v.7, n.25, p.2195-2204, 2012b.

BROUGHTON, W.J.; HERNANDEZ, G.; BLAIR, M.; BEEBE,.SGEPTS, P;
VANDERLEYDEN, J. BeansRhaseolusspp.): model food legum&lant
and Soil, Dordrecht, v.252, n.1, p.55-128, 2003.

CONTE E CASTRO, AM.; BOARETTO, A.E. Adubacao falido feijoeiro
com nutrientes, vitamina bl e metionirgcientia Agraria, Curitiba, v.2,
n.1, p.117-121, 2001.

DELIOPOULOS, T.; KETTLEWELL, P.S.; HARE, M.C. Fungalisease
suppression by inorganic salts: A revi@vop Protection, Guildford, v.29,
n.10, p.1059-1075, 2010.

DEVAIAH, B.N.; NAGARAJAN, V.K.; RAGHOTHAMA, K.G. Plosphate
homeostasis and root development in Arabidopsissgnehronized by the



158

zinc finger transcription factor ZAT&lant Physiology Rockville, v.145,
n.1, p.147-159, 2007.

EMPRESA BRASILEIRA DE PESQUISA AGROPECUARIA - EMBRA.
Centro Nacional de Pesquisas de Sdkistema brasileiro de classificagédo
de solos 2. ed. Rio de Janeiro, Embrapa Solos, 2006. 306p.

FAQUIN, V. Nutricdo mineral de plantas Lavras: UFLA/FAEPE, 2005.
182p.

FERREIRA, D.F. Sisvar: a computer statistical asislysystem.Ciéncia e
Agrotecnologia Lavras, v.35, n.6, p.1039-1042, Nov./Dec. 2011.

GRAHAM, P.H.; RANALLI, P. Common bearPhaseolus vulgarit.). Field
Crops Research Amsterdam, v.53, n.1-3, p.131-146, 1997.

HEALY, M.J.R. The analysis of a factorial experimhewith additional
treatmentsJournal of Agricultural Science, Cambridge, v.47, n.2, p.205-
206, 1956.

HIROSSE, E.H.; CRESTE, J.E.; CUSTODIO, C.C.; MACHBINETO, N.B.
In vitro growth of sweet potato fed with potassiyshosphite. Acta
Scientiarum. Agronomy, Maringa, v.34, n.1, p.85-91, Jan./Mar. 2012.

LEE, T.M.; TSAI, P.F.; SHYU, Y.T.; AND SHEU, F. Theffects of phosphite
on phosphate starvation responsed)bfa lactuca(Ulvales, chlorophyta).
Journal of phycology, Lawrence, v.41, n., p.97882, 2005.

LOVATT, CJ. A definitive test to determine whethgtosphite fertilization can
replace phosphate fertilization to supply P in thetabolism of ‘Hass’ on
‘Duke 7'. California Avocado Society Yearbook Temecula, v.74, p.61-
64, 1990a.



159

LOVATT CJ. Foliar phosphorus fertilization of cigby foliar application of
phosphite. In: Citrus Research Advisory Committ&el)( Summary of
Citrus Research Riverside, CA: University of California, 1990b2p-26.

MOOR, U.; POLDMA, P.; TONUTARE, T.; KARP, K.; STARST, M.;
VOOL, E. Effect of phosphite fertilization on grdwtyield and fruit
composition of strawberriesscientia Horticulturae, Amsterdam, v.119,
n.3, p.264-269, Feb. 2009.

MURPHY, J.; RILEY, H.P. A modified single solutiomethod for the
determination of phosphate in natural watekaalytica Chimica Acta,
Amsterdam, v.27, n.1, p.31-36, 1962.

NOVAIS, R.F.; SMITH, T.J.Fésforo em solo e planta em condicdes
tropicais. Vigosa, MG: DPS/UFV, 1999. 399p.

OLSEN, S.R.; WATANABE, F.S. A method to determine pahosphorus
adsorption maximum of soils as measured by the ipaliglsotherm.Soil
Science Society of America JournalMadison, v.21, n.2, p.144-149, 1957.

RICKARD, D.A. Review of phosphorus acid and itstsals fertilizer materials.
Journal of Plant Nutrition , New York, v.23, n.2, p.161-180, 2000.

SCHROETTER, S.; ANGELES-WEDLER, D.; KREUZIG. R.; BRUG. E.
Effects of phosphite on phosphorus suplly and gnosftcorn Zea mayks
Landbauforschung  Volkenrodxe. Fal Agricultural Resarch,
Braunschweig, v.56, n.3-4, p.87-99, Sept. 2006.

SOIL SURVEY STAFFSoil taxonomy: a basic system of soil classificatio
for making and interpreting soil surveys 2.ed. Washington: US
Department of Agriculture, 1999. 869p.

SOUZA, R.F.de; AVILA, F.W.; FAQUIN, V.; POZZA, A.M.; CARVALHO,
J.G.; EVANGELISTA, A.R. Carbonate-silicate ratia feoil correction and



160

influence on nutrition, biomass production and duabf palisade grass.
Scientia Agricola Piracicaba, v.68, n.5, p.526-534, Sept./Oct. 2011

THAO, H.T.B.; YAMAKAWA, T.; SHIBATA, K.; SARR, P.S; MYINT, A K.
Growth response of komatsunfaréssica rapavar. peruvirids) to root and
foliar applications of phosphat@lant and Soil Dordrecht, v.308, n.1-2,
p.1-10, July 2008.

THAO, H.T.B.; YAMAKAWA, T. Phosphite (phosphorousid): Fungicide,
fertilizer or bio-stimulatorBoil Science and Plant Nutrition Tokyo, v.55,
n.2, p.228234, 2009.

THAO, H.T.B.; YAMAKAWA, T.; SHIBATA, K. Effect of phosphite-
phosphate interaction on growth and quality of bypdnic lettucel(actuca
satival.). Journal of Plant Nutrition and Soil Science Weinheim, v.172,
n.3, p.378384, 2009.

TICCONI, C.A.; DELATORRE, C.A.; ABEL, S. Attenuatio of phosphate
starvation responses by phosphite in Arabidopfiant Physiology
Rockville, v.127, n.3, p.963-972, Nov. 2001.

VARADARAJAN, D.K.; KARTHIKEYAN, A.S.; MATILDA, P.D;
RAGHOTHAMA, K.G. Phosphite, an analog of phosphstgpresses the
coordinated expression of genes under phosphatevastan. Plant
Physiology Rockville, v.129, n.3, p.1232-1240, July 2002.

ZAMBROSI, F.C.B.; MATTOS JR., D.; SYVERTSEN, J.FaRt growth, leaf
photosynthesis, and nutrient-use efficiency ofusitrootstocks decrease
with phosphite supplyJournal of Plant Nutrition and Soil Science
Weinheim, v.174, n.3, p.487-495, 2011.



