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RESUMO
Dissertacdo de Mestrado
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Universidade Federal de Santa Maria, RS, Brasil.
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CULTIVARES DE BATATA ( Solanum tuberosum L.)
EXPOSTAS AO CADMIO

AUTOR: Jamile Fabbrin Goncgalves
ORIENTADOR: Fernando Teixeira Nicoloso
Data e Local da Defesa: Santa Maria, 21 de feveosr2008.

Em muitos solos agricolas, a concentracdo de caftdd esta acima dos niveis naturais
devido, principalmente, as acdes antropogénicatano a liberacdo desse metal a partir de
fontes industriais e agricolas. Logo, se torna s&r@® o estudo da toxicidade e acumulo
deste metal em plantas utilizadas na alimentacam @batataSolanum tuberosum L.). Este
estudo foi conduzido com o objetivo de identifi@arcaracterizar aspectos fisiolégicos e
bioquimicos da toxidez do Cd tais como analisesr@scimento, conteldo de nutrientes
minerais e estresse oxidativo de duas cultivardsatkga, Asterix e Macaca. Em condi¢céo de
cultivo in vitro, as plantulas foram expostas a cinco concentrag®&sd (0, 100, 200, 300,
400 e 50QuM) por 22 dias para avaliagéo de efeitos em par@sele crescimento e nutricao
mineral. Em sistema de cultivo hidropdnico, as fplas foram expostas a quatro
concentragbes de Cd (0, 50, 100, 150 e @) por 7 dias para avaliacdo de efeitos em
aspectos de crescimento, nutricAo mineral e tamirastresse oxidativo. Em ambas as
condi¢cbes de cultivan vitro e em hidroponia, as plantulas de batata de ansbeslta/ares,
Asterix e Macaca, apresentaram reducdo da alturpad® aérea, nimero de segmentos
nodais, nimero de folhas e nimero de raizes pehem o dos niveis de Cd no substrato. Os
resultados relacionados, principalmente, ao comngrimradicular e a producdo de biomassa
fresca de ambas as cultivares de batata cresciasndas as condigbes de cultivo, permitem
inferir que a cv. Macaca foi mais sensivel ao Cdyde a cv. Asterix, quando cultivadias
vitro. Entretanto, no sistema hidrop6nico foi verificadena resposta contraria. A
concentracdo de Cd nas raizes e na parte aérdantlelas da batata crescidas tamaitro
guanto hidroponicamente aumentou progressivamentacdrdo com o incremento de sua
concentragdo no meio de cultivo. Embora o contedeoCd nos tecidos das plantulas
cultivadas em hidroponia tenha exibido comportaménear, nas plantulas crescidasitro

foi observado uma comportamento erratico destex EEsfposta erratica, possivelmente, seja
devido ao incremento da biomassa seca observadoneasres concentracoes e a forte
inibicdo desta nas maiores concentracoes de Cdgdfal, os macro e micronutrientes ndo
tiveram sua absorcdo e acumulacéo alteradas pelo n&l plantulas cultivadas
hidroponicamente. Entretanto nas plantulas culéisad vitro, altas concentracbes de Cd
causaram drasticas redugfes no conteudo destésntegrminerais. Em adi¢do, a cultivar



Macaca apresentou aumento no conteudo de algurismes$ somente quando cultivaida
vitro e exposta as menores concentracdes de Cd, canolmocom os resultados encontrados
em relacdo ao estimulo da producdo de biomassa Aepeesenca de Cd em sistema de
cultivo hidropénico diminuiu o contetdo de carotded somente na cultivar Macaca, bem
como reduziu a atividade da enzima aminolevulirsidratase e o conteudo de clorofila em
ambas as cultivares, indicando que o Cd interfegativamente em processos relacionados a
fotossintese em plantulas de batata. O Cd aumesstoiveis de malondialeido na parte aérea
e nas raizes de ambas as cultivares, bem como taunm@nontetdo de grupamentos carbonil
na parte aérea de ambas as cultivares na condmtragis alta de Cd. O aumento na
concentragcdo de peroxido de hidrogénio em plantigalsatata submetidas ao Cd indica que
este metal alterou a producdo de espécies reatvasxigénio conduzindo a peroxidacéo
lipidica das membranas e a oxidagdo protéica neddasulas. O Cd causou alteracdes na
atividade de enzimas antioxidantes como a catalassuperdxido dismutase, além de alterar
a concentracdo de moléculas antioxidantes ndo-atizas, como o acido ascorbico e grupos
tidis ndo-protéicos em plantulas de batata. Agajfes observadas no sistema de defesa
antioxidante e no contetado de nutrientes mineras mlantulas de batata expostas ao Cd
indicam que este metal promoveu estresse oxidatidesequilibrio no balango nutricional
nesta espécie, o que contribui para os efeitogimegabservados em relagdo ao crescimento
da batata.

Palavras-chave:batata, cadmio, crescimento, estresse oxidatiunigio mineral
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CADMIUM

AUTHOR: Jamile Fabbrin Goncgalves
ADVISER: Fernando Teixeira Nicoloso
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In much agricultural farmland, cadmium (Cd) concatibns are above the natural levels
mainly due to anthropogenic actions such as mis@ldtion from industrial and agricultural
sources. Therefore, it is necessary to study theitp and accumulation of this metal in
plants used as food sources such as the pofatan(m tuberosum L.). This study was
carried out with the objective of identifying antatacterizing physiologic and biochemical
aspects of Cd toxicity such as growth analysisenaihnutrient content and oxidative stress of
two potato cultivars, Asterix and Macaca. The vitro plantlets were exposed to five
concentrations of Cd (0, 100, 200, 300, 400 and B@pfor 22 days to evaluate the effects
on growth parameters and mineral nutrition. In kyelroponic system, the plantlets were
exposed to four concentrations of Cd (0, 50, 180 & 200uM) for 7 days to evaluate the
effects on growth parameters, mineral nutrition ariative stress. In both systemsyitro
and hydroponics, both potato cultivars, Asterix &ndcaca, showed a reduction in shoot
length, number of nodal segments, number of leauss number of roots with increasing Cd
levels in substrate. The results mainly relatedot length and to the production of fresh
biomass of both potato cultivars grown in both egs allow us to infer that cv. Macaca is
more sensitive to Cd than cv. Asterix when growrvitro. However, in the hydroponic
system, the opposite was verified. Cd concentrationroots and shoot of potato plantlets
grown eitherin vitro or hydroponically increased progressively withreasing Cd levels in
substrate. Although Cd content in the potato tissgrewn in hydroponics exhibited a linear
behavior, in the plantlets grownvitro the increase in Cd content showed an erratic behav
This may be due to the fact that an increase inbibygnass was observed at the lowest Cd
level, whereas a strong reduction of biomass wasrebd at the highest Cd level. In general,
macro and micronutrient content was not altere@€tyn the plantlets grown hydroponically.
However,in vitro, high Cd concentrations caused drastic reductiortie content of these
mineral nutrients. In addition, the Macaca cultisapwed an increase in the content of some
nutrients only when cultivateioh vitro and exposed to low Cd levels, corroborating wité t
results observed for dry biomass production. Thesgmce of Cd in the hydroponic system
decreased the carotenoid content only in the Macadavar, however it reduced the
aminolevulinate dehydratase activity and chloroplgdntent in both potato cultivars,
indicating that Cd interferes negatively in proessselated to photosynthesis. Cd increased



malondialdehyde levels in the shoot and roots dh hmtato cultivars, and increased the
carbonyl groups in the shoot of both potato cuisvat the highest Cd level. The increase in
the hydrogen peroxide concentration indicates Mataltered the production of reactive

oxygen species leading to lipid peroxidation of thembranes and to protein oxidation in

these plantlets. Cd caused alterations in the igcti¥ antioxidant enzymes such as catalase
and superoxide dismutase, besides altering theegbof non-enzymatic antioxidants such as
ascorbic acid and non-protein thiol groups. Therations observed in the antioxidant defense
system and mineral nutrient content of potato [#asiexposed to Cd indicate that this metal
promoted oxidative stress and a nutritional imbedain this species, which contributed to the
negative effects observed in relation to its growth

Key-words: cadmium, growth, mineral nutrition, oxidative sisgpotato
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APRESENTACAO

Os resultados que fazem parte desta dissertacaapsésentados sob a forma de
manuscritos, 0s quais se encontram no item RESUIO®3DAs secdes Materiais e Métodos,
Resultados, Discussao dos Resultados e ReferéidiagBaficas encontram-se nos préprios
manuscritos e representam na integra este estudo.

Os itens DISCUSSAO e CONCLUSAO, dispostos apdés asuscritos, contém
interpretagdes e comentérios gerais referentesiangscritos contidos neste estudo.

A REFERENCIAS BIBLIOGRAFICAS referem-se as citacdgse aparecem nos
itens INTRODUCAO, REVISAO BIBLIOGRAFICA e DISCUSSA@esta dissertacao.
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1 INTRODUCAO

A poluicdo ambiental por metais pesados tem aumentauito devido as acdes
antropogénicas tais como as atividades industei@gricolas, as quais foram intensificadas
no final do século dezenove e inicio do séculoev(iBENAVIDES et al., 2005). No Brasil,
ndo existem estatisticas da extensdo da contamimacdolo, mas sabe-se que esta ocorre em
todo o territério nacional, existindo, apenas eno $&aulo, em torno de 2.000 locais
potencialmente contaminados (ALVES, 1996).

Os insumos ou subprodutos utilizados com finalidadeetiva ou nutricional na
agricultura séo, de fato, importantes fontes deacnimacdo com metais pesados, em especial,
os fertilizantes fosfatados, os quais contém metasartir da rocha que os originou ou dos
ingredientes usados na industrializacdo deste (G@®EBt al., 2005). Além disso, se sabe que
as rochas fosfatadas usadas na producdo doszéentds sdo as maiores fontes de cadmio
(Cd) em solos agricolas (MORTVEDT, 1987).

Entre os metais pesados, o Cd € um dos mais inmp@stpara se considerar, uma vez
gue este metal é facilmente absorvido pelas raz&anslocado para diferentes partes das
plantas (LI et al., 1995). Por este motivo, o camnento sobre as interagbes entre as plantas
e 0s metais como o Cd é muito importante ndo sgaranca do meio ambiente, mas também
para reduzir os riscos a saude humana associasosacatroducdo destes elementos na
cadeia alimentar (BENAVIDES et al., 2005).

O Cd pode causar muitas mudancas morfolégicaspldiiggcas, bioquimicas e
estruturais nas plantas incluindo reducdo do aresdo, principalmente radicular
(GONCALVES et al., 2007), inibicdo da fotossintesénducdo de disturbios nutricionais
(OUZOUNIDOU et al., 1997) bem como ocasionar estresxidativo através de um
desequilibrio entre o sistema antioxidante e ayg@d de espécies reativas de oxigénio, as
guais danificam varias moléculas e estruturas axs) prejudicando o metabolismo celular
(SHAH et al., 2001; SINGH et al., 2006).

Em vista disso, o estudo das respostas fgtdS e bioquimicas da batata
(Solanum tuberosum L.) exposta ao Cd é muito importante, pois estpa® quarto lugar em
volume de producdo mundial de alimentos, sendoradpesomente pelo trigdrrticum
aestivum), pelo milho Zea mays) e pelo arrozQryza sativa) (FAO, 1998). Além disso, sabe-
se que o Cd que & acumulado nos tubérculos daabptate representar uma proporcao

significativa do total de intoxicagbes causadas gste metal em humanos (STENHOUSE,
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1992). E, semelhante ao que vem sendo observadoutvas plantas, as cultivares de batata
parecem diferir com relagéo a sua habilidade emmatau 0 Cd (DUNBAR et al., 2003).
Contudo, existem poucos estudos com relac&arias aspectos do metabolismo
oxidativo e nutricional da batata quando expost&@d@, embora os efeitos téxicos do Cd nos
sistemas bioldgicos ja tenham sido relatados poios/dautores, os mecanismos da sua

toxicidade ainda ndo estdo completamente esclaecid

2 OBJETIVO GERAL

Avaliar o crescimento, 0 estresse oxidativo e aigad mineral de duas cultivares de

batata $olanum tuberosum L. cv. Asterix e Macaca) expostas ao cadmio.

3 OBJETIVOS ESPECIFICOS

- Caracterizar o efeito do Cd no crescimento desdudtivares de batata submetidas a
diferentes condi¢cbes de cultivo, cultivovitro e em sistema hidroponico.

- Caracterizar o efeito do Cd sobre o sistema sidémte enzimatico e ndo-enzimatico de
duas cultivares de batata crescidas hidroponicamensua relagdo com o contetdo de
pigmentos fotossintéticos (clorofila e carotendjdpsroxidagéo lipidica e oxidagéo protéica.

- Caracterizar a acumulagao e a distribuicdo de @é alguns nutrientes minerais em duas
cultivares de batata expostas ao Cd em difereptasigbes de cultivo, cultivan vitro e em

sistema hidropdnico.
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4 REVISAO BIBLIOGRAFICA

2.1 Batata

A batata é uma planta dicotileddnea, pertencentlandlia Solanaceae, género
Solanum, o qual contém mais de 2.000 espécies, das qaapmnais de 150 produtoras de
tubérculos. Entre as cultivadas, a que possui maiportancia econbmica é a espécie
Solanum tuberosum, que é cultivada em, pelo menos, 140 paises (FEREl al., 2003). Esta
planta € um vegetal perene, embora habitualmejateskivada como bianual na Regido Sul
do Brasil. O plantio da safra é recomendado envjellagosto, e a safrinha é em fevereiro e
marcgo (BISOGNIN, 1996). Sua parte aérea é herb&osa altura variavel entre 50 e 70 cm,
podendo, entretanto, alcancar até 1,5 m na fadea@uciclo vegetativo da cultura pode ser
precoce (< 90 dias), médio (90 — 110 dias) ou lof¥yd 10 dias), dependendo da cultivar
(PEREIRA et al., 2003).

A batata é originaria da Cordilheira dos Andes gpaco quarto lugar em quantidade
de producao sendo superada apenas pelo trigo, endinmz (FAO, 1998). O cultivo da batata
no Brasil foi intensificado na década de 20, selmoje considerada a principal hortalica do
pais, tanto em area cultivada como em preferétioiemtar (LOPES & BUSO, 1997). Esta
planta é um dos alimentos mais consumidos no muudejdo a sua composicéo,
versatilidade gastrondmica e tecnoldgica, assimocpaio baixo preco de comercializacéo
dos tubérculos (COELHO et al., 1999).

A quantidade de produtos industrializados a baskatia tem crescido nos ultimos
anos em nivel mundial, incluindo o Brasil, prindipante para produtos que podem ser
consumidos diretamente, como chips e batata palhprodutos para serem preparados, como
batatas descascadas e cortadas em palitos resfoaduré-fritos congelados (ZORZELLA et
al., 2003).

A producao de batata concentra-se nos Estados mEsMerais, Sdo Paulo, Parana e
Rio Grande do Sul, sendo estes Estados respong@veaproximadamente 98% da producao
nacional (IBGE, 2004). A cultura da batata se desee sob uma variedade de altitudes,
latitudes, e condi¢Bes climaticas, desde o nivehdoaté 4000 metros de elevacdo (DAVIES
et al., 2005) além de tolerar uma acidez moderadalo, produzindo bem na faixa de pH 5,0
a 6,5 (PREZOTTI et al., 1986).

Segundo estimativas, em 1994, a area plantadatadd=do Rio Grande do Sul ficou

assim distribuida: 80% com a cv. Baronesa, 10% aonv. Macaca e 10% com outras



19

cultivares. Ja em 2000, as estimativas foram deosnda 50% para Baronesa, cerca de 30%
para Asterix e 20% para outras cultivares (Mackttmalisa, Elvira, Achat, etc.). Na Regiao
Central, praticamente, ndo se planta mais a cvorgasa, devido, principalmente, a
dificuldade de comercializacéo, visto que, entréaatas de periderme rosada, a Asterix e a
Macaca tém demonstrado melhor aceitagdo no meroadaedes de supermercados, apesar
das dificuldades de manejo da brotacdo da cv. iksteraparéncia externa dessa cultivar é
melhor em relagdo a cor, ao brilho e a uniformidabecomparacéo a cv. Baronesa. Quanto a
Macaca, os principais nichos de colonizacédo sae@ées de colonizacdo alema, onde as
suas qualidades culinarias sdo muito apreciadeRERA et al., 2003).

A cultivar Asterix é originaria da Holanda e apmseplantas altas, com trés a cinco
hastes e boa cobertura do solo. O ciclo € médidut¥sculos tém formato alongado, olhos
raros, periderme rosa e predominantemente aspaps amarelo-clara. A brotacdo é tardia.
E susceptivel & requeima e as viroses, e possuamesisténcia a pinta-preta. Apresenta alto
potencial produtivo, com elevada percentagem dértulbs graidos. Sob estresse hidrico
apresenta desuniformidade no formato dos tubérciHomuito sensivel a sarna-prateada
(Helminthosporium solani). O teor de matéria seca é de médio a alto e aafritura de
palitos e salada (PEREIRA et al., 2003).

A cultivar Macaca é originaria do Brasil e as péssao de porte baixo, com habito de
crescimento ereto e fechado. O ciclo € curto. Taudés redondos e achatados, olhos rasos,
com periderme rosa escura e aspera, e polpa biaisa. sensibilidade ao esverdeamento. A
brotacdo € bastante precoce. E uma cultivar sugeep requeima e a pinta-preta e
medianamente resistente as viroses. O teor deianaéia € de médio a baixo, sendo boa para
puré e regular para fritura de chips (PEREIRA et24l03).

As plantas de batata sdo expostas a varios tipageetes ambientais como o Cd,
tanto acidentalmente, pelos compostos poluenteemes no ar, no solo e na adgua quanto
deliberadamente através de pesticidas e de regaekdo crescimento (GICHNER et al., no
prelo). De interesse particular para este trabalbdfato do Cd acumulado nos tubérculos de
batata poder representar mais de 50% do totalrdaegidacdes desse metal em humanos
(STENHOUSE, 1992) e que os vegetais, em geral,asamior fonte de exposicdo nédo-
ocupacional ao Cde (SATARUG et al.,, 2003); logota®ma necessario o estudo sobre a
acumulacdo de Cd e as respostas fisiologicas euibmzps a este metal em plantas
agrondmicas tais como a batata, o milho, o arramntate (ycopersicon esculentum) e o
feijdo (Phaseolus vulgaris), entre outras. Entretanto, ndo existem muitdsathes a respeito
da toxicidade do cadmio em plantas de batata.
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REID et al. (2003) relataram que as raizes baseasrf as principais fontes de Cd para
todos os tecidos da batata, e que estas raizesbadmatm para aproximadamente 85% do
cadmio acumulado nos tubérculos. Neste mesmo h@bals autores descobriram que a
periderme do tubérculo acumulou altas concentragée3d, mas que a absorcédo deste metal
pelo tubérculo foi limitada. Estes mesmos pesqoisssd descrevem a batata como um
excelente sistema para o estudo do movimento der@dima planta, devido a enorme
importancia do floema em fornecer nutrientes abérttulos.

DUNBAR et al. (2003) confirmaram a importancia doefma no transporte dos
elementos minerais e do Cd aos tubérculos e goellsante ao que vem sendo observado em
outras plantas, as cultivares de batata (Kenneb@tlweash) aparentemente diferem com
relacdo a sua habilidade em acumular o Cd, emlssas @liferencas ndo sejam consistentes.
Além disso, estes pesquisadores relataram queseniifa entre as concentracdes de Cd nos
tubérculos das cultivares de batata ndo poderilassociada as diferencas em relacdo ao
crescimento ou a maior absorcdo de Cd pela plamt@o cum todo, pois claramente as
diferencas devem estar associadas com a variagéietribuicdo do metal entre os tubérculos

e as demais estruturas da planta.

2.2 Cadmio

O cadmio (Cd) é o principal contaminante ambieatain dos mais toxicos entre os
metais pesados (CHEN & KAO, 1995). O Cd é um elémewdo essencial que tem sua
concentragdo aumentada no ambiente devido asat@sdhumanas como a mineracdo, a
aplicacao de fertilizantes, a utilizacdo de adubacém lodo de esgoto e de efluentes
industriais contaminados, a fabricacdo de batelasutomoveis, as aplicacdes militares e
aeroespaciais, entre outros (PRASAD, 1995). Sdiamante poluidos por Cd contendo cerca
de 100 mg kg deste metal foram encontrados em paises como aaGhia Franca
(ALLOWAY & STEINNES, 1999; KABATA-PENDIAS & PENDIAS 2001; WANG et al.,
2001)

Existente na crosta terrestre em baixas concemtsa@htre 0,15 e 0,20 mg " kg
1), este metal associa-se geralmente ao zinco, rmeafde depdsito de sulfito, de cor prata
clara, ductil e mole. Apresenta peso molecular 412, namero atébmico 48, com ponto de
fusdo e ebulicdo iguais a 3%L e 767,2C respectivamente, e densidade de 8,64° g/m
(BERNARD & LAUWERYS, 1984).

O Cd penetra facilmente pela raiz podendo chegap atilema através tanto da via
simplatica quanto apoplastica (SALT et al., 199%). processo de absor¢do, a membrana
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plasmatica das células das raizes desempenha up@tamte funcdo, prevenindo ou
reduzindo a entrada deste metal na planta (BENAWAIREal., 2005). Entretanto, exemplos
de mecanismos de exclusdo ou reducdo da absorcuwaemas superiores sao limitados
(BENAVIDES et al., 2005). O potencial de membraaa délulas da epiderme radicular, o
gual é negativo no interior celular e pode exced@d mV prové um gradiente favoravel para
a absorcdo de cations através dos transportademsdirios (HIRSCH et al., 1998).
Entretanto, as paredes celulares da camada daséllendoderme agem como uma barreira
para a difusdo de solutos via apoplasto para ensstvascular (BENAVIDES et al., 2005). A
maioria dos metais pesados associados a pareddarcedsta ligada a acidos
poligalacturdénicos, cuja afinidade varia de acardim o metal (ERNST et al., 1992).

Diversos fatores podem afetar a absor¢do de Cdpfaaita tais como a concentracao
de metal no meio, as condi¢des de crescimento, dopideio, a presenca de matéria organica
e a espécie estudada (BROWN & BECKETT, 1985). Tambg genstipos da mesma espécie
podem responder diferentemente quanto a capacidadabsorver e transportar metais
pesados dentro do organismo vegetal (GABBRIELLIaét 1990; LIU et al., 2007).
Normalmente, o Cd absorvido é retido em maior qdadé no sistema radicular e pouca
guantidade é transportada para os tecidos superS8f#OLT et al., 2003; MISHRA et al.,
2006; TIRYAKIOGLU et al., 2006). Este confinamerdo metal no sistema radicular pode
ser devido & imobilizacdo do Cd na parede celMBEXQCHIA et al., 2005) e aos carboidratos
extracelulares (WAGNER, 1993) ou a um eficientdisstfo do Cd nos vacuolos (NOCTOR
et al., 1998).

Pelo fato do Cd ser facilmente absorvido pelasesaéas plantas e translocado para
seus diferentes 6rgaos (PRASAD, 1995), este métabae grande risco a saude humana
através da sua introducdo na cadeia alimentar €Li&)., 2007). Além disso, o Cd possui uma
meia-vida biologica longa (cerca de 30 anos) em amas (COTZIAS et al, 1961,
NORDBERG & KJELLSTROM, 1979). Por esse motivo, &feiadversos a salde podem
aparecer mesmo apos a redugdo ou cessacao a érpasiCd, como enfizemas pulmonares,
desmineralizacdo 6ssea, destruicdo dos eritroeitodncer (LEWIS et al., 1972; JARUP et
al., 1988; GHOSHROY et al, 1998). Sob exposicdénica, o Cd € acumulado
principalmente no figado e nos rins (NORDBERG & MHR, 1975; KLAASSEN et al.,
1999)

No caso das plantas, a presenca de Cd pode cdtesac@es tanto enziméticas quanto
metabdlicas resultando em muitas mudancas mor&@sgifisiologicas, bioquimicas e
estruturais (BENAVIDES et al., 2005) tais como &igho do crescimento (AN, 2004;
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WOJCIK & TUKIENDORF, 2005), inibicdo da germinacédas sementes (RASCIO et al.,
1993), desbalanco hidrico (BARCELO et al., 1986nhmmo distlrbios na absorcdo e na
distribuicdo dos nutrientes minerais (ZHANG et 2002). O Cd tem um forte efeito sobre a
nutricdo mineral das plantas visto que a absoregoddparece estar relacionada a competicéo
pelos mesmos canais transmembrana que absorventrentes minerais tais como Ca, K,
Mg, Cu, Fe, Mn e Zn, 0s quais sdo necessariosarescimento e desenvolvimento normais
das plantas (RIVETTA et al., 1997; CLEMENS, 20ntretanto, os resultados a respeito do
efeito do Cd sobre os elementos essenciais sa® roaittroversos. Acredita-se que estas
contradicbes sejam devido a diferengcas nos métaldocultura, espécie e genotipos
estudados, 6rgdos analisados, idade da plantacd@m condicbes de experimento incluindo
o suporte fisico das plantas, os niveis de nugseatde Cd no meio, temperatura e tempo de
exposicao ao contaminante (RAMOS et al., 2002; D@NE., 2006).

Além disso, o Cd pode interferir na fotossintese qgausar varios danos ao aparelho
fotossintético. O Cd pode danificar a cadeia fatdédca de elétrons, conduzindo a um
aumento na producéo de oxigénio singlé®,) e de radical superdxido §{ (ASADA &
TAKAHASHI, 1987), causar diversas mudancas ultr&ruégrais nas folhas afetando o
desenvolvimento dos cloroplastos (OUZOUNIDOU et &P97; VITORIA et al., 2001),
interferir no contetdo de carotendides (DRAZKIEWIEBASZYNSKI, 2005; MISHRA et
al., 2006) e, principalmente, reduzir o conteudaldeofila (CHUGH & SAWHNEY, 1999;
DONG et al.,, 2005; MOBIN & KHAN, 2007). Esta redac&o conteudo de clorofila &
atribuida a inumeros fatores como a desorganizdgéaloroplastos incluindo a diminuicao
no numero de membranas fotossintéticas, o estmeddativo, 0 aumento da atividade da
lipoxigenase, a degradacdo da clorofila bem comioitacdo da sintese desta molécula
(SOMASHEKARAIAH et al., 1992; MISHRA et al., 2006).

Em relacdo a sintese de clorofila, a enzéraaninolevulinato desidratasg&-ALA-D)
desempenha uma importante fungéo uma vez que &reatalisada por esta enzima faz parte
da rota de biossintese dos compostos tetrapirsdiomo a clorofila (JAFFE et al., 2000). A
8-ALA-D catalisa a condensacgédo assimétrica de dualeamas de acido aminolevulinico
(ALA) formando o composto monopirrélico porfobiligénio (PBG) (GIBSON et al., 1955).
Experimentos realizados por MORSCH et al. (2002phatestraram que a atividade desta
enzima em plantulas de rabaneRaghanus sativus) foi significativamente inibida tantm
vitro quantoin vivo na presenca de metais pesados, tais como o CdIEG2Ret al. (2007)

demonstraram que o Cd inibiu fortemente a atividaded-ALA-D em experimentos
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realizados com sojd&{ycine max). Segundo estes autores e REYTER & TYRRELL (2080),
inibicdo dad-ALA-D pode levar a uma acumulagcéo do seu substmtdLA, o qual pode
contribuir endogenamente para um aumento nos ndeigspécies reativas de oxigénio
(EROs).

Em adicdo, se sabe que a exposi¢cdo das plantasedas induz estresse oxidativo
pelo fato destes estarem envolvidos em varios tg@®smecanismos que geram EROs
(STOHS & BAGCHI, 1995). As EROs sao formas parceibte reduzidas do oxigénio
atmosférico (@ (HALLIWELL & GUTTERIGE, 1999) que tipicamente naisam da
excitacdo do @formando o oxigénio singletd@,), ou da transferéncia de um, dois, ou trés
elétrons para o Opara formar, respectivamente, o radical superoxiffo,), o peroxido de
hidrogénio (HO;) ou o radical hidroxila (HQ (DAT et al., 2000; ASADA, 1999). Estas
espécies ocorrem naturalmente nos organismos aesdlporque sédo gerados durante
processos metabolicos normais como a respiracdotessintese (ASADA & TAKAHASHI,
1987). Entretanto, tornam-se extremante danosasdquacorre um desequilibrio entre o
sistema antioxidante e a producéo destas espéueyer que todas as EROs quando em alta
concentragdo sao toxicas para o organismo podemdtaroproteinas, lipidios, &cidos
nucléicos e conduzir a alteracdes na estrutura ngdks celulares (HALLIWELL &
GUTTERIDGE, 1999). Um dos efeitos mais danososER®s nas células € a peroxidacdo
lipidica da membrana plasmatica e a oxidacdo dateipas por estes processos terem sido
observados em diversas planta expostas ao Cd (CHA&OHI., 1997; SHAH et al., 2001,
MISHRA et al., 2006; RELLAN-ALVARES et al., 2006]MG et al., 2006; GONCALVES
et al., 2007).

O Cd pode ocasionar estresse oxidativo (HENDRY ¢€t, al992;
SOMASHEKARAIAH et al., 1992). No entanto, em costeacom outros metais de transicéo
como o Cu e o Fe, acredita-se que o Cd néo irgetiietamente sobre a producéo de EROs
(via reacOes de Fenton ou de Haber-Weiss) (SALB88L Os metais como o Cd, sem
capacidade redox, podem ressaltar o estado présuridpor reduzirem a quantidade de
glutationa reduzida (GSH), ativando sistemas degrted de calcio e afetando processos
mediados pelo ferro (PINTO et al., 2003).

Em resposta a essa agressdo, as plantas expostad desenvolveram algumas
adaptacdes como a inducdo de um sistema antiogidientiefesa ndo-enzimatico, que inclui
componentes de baixa massa molecular tais comatigl reduzida (GSH), acido ascérbico
(AsA), carotendides e-tocoferol (GRATAO et al., 2005). Existem numeroscabalhos

descrevendo uma deple¢do do conteudo de GSH pelenCdarias espécies de plantas
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(BALESTRASSE et al., 2001; BENAVIDES et al., 200Bpr outro lado, um aumento neste
conteudo foi observado em raizes e folha®lamgmites australis (IANNELLI et al., 2002;
PIETRINI et al., 2003). Quando expostas a concedas elevadas de Cd, as plantulas de
pepino Cucumis sativus) exibiram um aumento do contetdo de acido asadibiicando o
envolvimento deste na resposta antioxidante aceStarespécie (GONCALVES et al., 2007).
TIRYAKIOGLU et al. (2006) observaram um aumentottade AsA quanto de grupos tios
nao-protéicos (NPSH) provocado pelo Cd em diferemendtipos de cevadadrdeum
vulgare). Cultivares de trigoT. durum) apresentaram uma forte redug¢é@o do contetdo de AsA
na parte aérea e um aumento de grupos —SH nas tpiaado crescidas na presenca de Cd
(OZTURK et al., 2003). SING et al. (2006) relatarame as raizes e folhas &acopa
monnieri apresentaram uma diminuicdo no conteddo de AslerdEmte do tempo de
exposicdo e da dose de Cd, ja o conteudo de NP&i¢rdou nas folhas e mostrou um
aumento seguido de decréscimo nas raizes.

Os vegetais também possuem um sistema de enzin@xidantes capazes de
remover e neutralizar as EROs. Dentre estas enzamiisxidantes destacam-se a catalase
(CAT), a ascorbato peroxidase (APX) e a superOxiiemutase (SOD), entre outras
(SCANDALIOS, 1993). A enzima SOD ¢ a principal dedficadora de radicais superéxido e
sua agao enzimatica resulta na formacéo A& &l G,. O produto HO; ainda é toxico quando
em altas concentracdes e precisa ser convertidd €rem reacdes subsequentes realizadas
pela CAT e vérias classes de peroxidases como a(BEXAVIDES et al., 2005; GRATAO
et al., 2005). A ativacéo ou a inibicdo destasrmaazidepende ndo somente da intensidade e
da duragdo do estresse, mas também do tipo deotecida idade da planta estudados
(SGHERRI et al., 2001), por isso existem muitadagées nos resultados encontrados na
literatura. A diminuicdo na atividade da SOD peld @m sido observada em feijao
(SOMASHEKARAIAH et al., 1992)Helianthus annus (GALLEGO et al., 1996), e ervilha
(Pisum sativum) (SANDALIO et al., 2001) assim como aumento enileav(DALURZO et
al., 1997) eAlyssum (SCHICKLER & CASPI, 1999). A diminui¢do da ativicada CAT pelo
Cd tem sido observada em feijao (SOMASHEKARAIAHagt 1992),P. aureus (SHAW,
1995), ervilha (DALURZO et al., 1997),emna minor (MOHAN & HOSSETTI, 1997) e
Amaranthus lividus (BHATTACHARJEE, 1998) bem como aumento égropyron repens
(BREJ, 1998) e rabanete (VITORIA et al., 2001). ® &imentou a atividade da APX em
Brassica juncea (MOBIN & KHAN, 2007) e milho (RELLAN-ALVAREZ et al 2006)
enquanto em pepino (ZHANG et al., 2002) e c&féffea arabica) (GOMES-JUNIOR et al.,
2006) houve uma reducéo da atividade. GONCALVES.2007) observaram que plantulas
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de pepinocexpostas a 100, 400 e 100D Cd apresentaram aumento da atividade da SOD e
da CAT e diminuigdo da APX. Segundo estes autoMESHRA et al. (2006), a diminuicao
da atividade da APX aparentemente foi compensaldaapenento da atividade da CAT uma
vez que ambas possuem func¢des similares degradango,.

Além do sistema antioxidante ndo-enzimatico e eaétom, outro mecanismo de
defesa desenvolvido pelas plantas para conferombalerancia a exposicdo ao Cd envolve a
formacdo de peptideos ricos em cisteina, conhecido® fitoquelatinas e metalotioneinas
(LOZANO-RODRIGUES et al., 1997). As metalotioneirs#® codificadas geneticamente,
enquanto as fitoquelatinas sdo sintetizadas enzemag¢nte (COBBETT, 2000), mas ambas
séo capazes de complexar o Cd. As fitoquelatinasndgenham uma importante fungcéo na
exclusdo da toxicidade do Cd de processos celutaesiveis tanto por quelar o metal no
citoplasma quanto por realizar a deposi¢cdo desteandolo (WOJCIK & TUKIENDORF,
2005). De fato, estudos tém mostrado que o vadtioltocal de acumulacao de alguns metais
como Zn e Cd (ERNST et al., 1992; WOJCIK & TUKIENBS, 2005) e que a acumulagéo
de Cd e fitoquelatinas no vacuolo envolve um trartgpor ABC (HALL, 2002). Além disso,
varios estudos tém demonstrado a relagdo entreidagde de Cd e a producdo de
fitoquelatinas em diferentes espécies de plantA {SX RAUSER, 1995; STOLT et al.,
2003; WOJCIK & TUKIENDORF, 2005; MISHRA et al., 26D Associa-se também, o
aumento do contetdo NPSH ao aumento da sintestodaeiatinas (GONCALVES et al.,
2007).
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5 RESULTADOS (MANUSCRITOS)

Os resultados desta dissertacdo estdao apresergalldsrma de trés manuscritos, 0s quais se

encontram aqui organizados.



5.1 MANUSCRITO |

Crescimentoin vitro de plantulas de batata em diferentes doses de caidm

Artigo submetido a revista
CIENCIA RURAL
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Crescimentoin vitro de plantulas de batata em diferentes doses de caidm

In vitro growth of potato plantlets in different doses of admium

Jamile Fabbrin Gongalveé&ernando Teixeira Nicolodd.iana Veronica Rossatdoseila Maldanér

Luciane Almeri TabaldiEtiane Caldeira SkrebskRilson Antdnio Bisognif

RESUMO

Devido, principalmente, as a¢gfes antropogénicascteno a industrializacdo e o uso de insumos
na agricultura, os niveis de cadmio tém aumentadoniitos solos agricolas. O presente trabalho
objetivou caracterizar o efeito do cAdmio no crestitoin vitro de duas cultivares de batata. Segmentos
nodais de plantas previamente estabelecidagro das cultivares Asterix e Macaca foram submetidas a
doses de cadmio de 0 (controle), 100, 200, 300e480uM em meio de cultivo MS suplementado com
30g L* de sacarose, 0,1g'lde mio inositol e 6g T de agar. Avaliou-se o nimero de raizes aos 15 dias
apos a inoculagéo (DAI) dos explantes, o nimersedenentos nodais e de folhas, a altura da paea,aér
0 comprimento das raizes e a matéria seca e foescaaizes e da parte aérea, aos 22 DAI (final do
experimento). O cadmio afetou negativamente o tnesto das cultivares de batata, exceto em matéria
seca das raizes, na cv. Macaca, e matéria seatdaaprea, em ambas as cultivares nas menores dose
Sinais de escurecimento dos segmentos nodais entmme numero de raizes adventicias foram
observados nas duas cultivares nas trés maiores diescadmio e, somente nas duas maiores doses,
foram observados clorose e murchamento foliar. Asvares Asterix e Macaca de batata sdo sensiveis

ao cadmio, porém a cv. Asterix apresenta menoitskdade.
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Palavras-chave:Solanum tuberosum, metal pesado, clones, toxicidade.

ABSTRACT

Levels of cadmium have been increasing in manycafjural soils mainly due to the
anthropogenic actions, such as industrializatioth ase of inputs in the agriculture. The presentkwor
aimed at characterizing the effect of cadmiumroxitro growth of two potato cultivars. Nodal segments
of plants previouslyn vitro established of cultivars Asterix and Macaca warenstted to cadmium
concentration of O (control), 100, 200, 300, 400 &0QuM in MS culture medium supplemented with
30g L of sucrose, 0.1gt of myo-inositol and 6g t of agar. Number of roots was evaluated at 15 days
after inoculation (DAI) of the explants. Numbermddal segments and leaves, shoot length, rootHengt
and fresh and dry mass of roots and shoot wereia@eal at 22 DAI (end of the experiment). Cadmium
negatively affected the growth of the two potatdiicars, except the dry matter of the roots, in the
Macaca, and dry matter of the shoot, in both cattvat the lowest levels. Darkening of nodal segsen
and an increase in the number of aerial roots wbserved at three highest Cd doses for both crativa
and, only at the two highest doses chlorosis awpthglrof leaves were observed. The potato cultivars
Asterix and Macaca are both sensitive to cadmium,the cv. Macaca is more sensitive than the cv.
Asterix.

Key words: Solanum tuberosum, heavy metal, clones, toxicity.

INTRODUCAO

A batata Solanum tuberosum L.) é uma planta dicotileddénea pertencente a farSiilanaceae. A
sub-espécituberosum é a mais importante economicamente sendo prodagigi@elo menos, 140 paises
(PEREIRA et al., 2003). A batata ocupa o quart@iugm volume de producdo mundial de alimentos
(323 milhdes de toneladas), sendo superada sompelatérigo, milho e arroz (FAO, 2007). O cultivo da
batata no Brasil foi intensificado na década des2ddo hoje considerada a principal hortalica ds, pa

tanto em area cultivada (cerca de 145.000 h&)asmmo em preferéncia alimentar (IBGE, 2007).
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Em muitos solos agricolas, a concentracdo de cafuipesta acima dos niveis naturais devido,
principalmente, as acdes antropogénicas tais coliberacdo desse metal a partir de fontes industeia
agricolas. Isso se deve ao fato de que os insumasiliprodutos utilizados com finalidade corretiva o
nutricional na agricultura também podem contribcimo uma fonte de contaminagdo com metais
pesados (CAMPOS et al., 2008 rochas fosfatadas usadas na producdo doszientdis s&o as maiores
fontes de contaminagdo com Cd em solos agricol@RMWEDT, 1987).0 Cd acumulado nas plantas
pode interferir em varios processos fisiolégicas;lidando a produtividade agricola (PAGE et al72)9

O conhecimento sobre as interagcfes entre as planta metais pesados € muito importante, ndo
s6 a seguranca do meio ambiente, mas também phrzrres riscos associados com a introducdo desses
elementos na cadeia alimentar (BENAVIDES et alQ®)0Entre os metais pesados, o Cd € um dos mais
importantes para se considerar, pelo fato de s#imfante absorvido pelas raizes e translocado para
diferentes partes das plantas (TIRYAKIOGLU et 2006). A exposicéo a altas doses de Cd tem sido
relacionada a efeitos carcinogénicos, mutagénicoteratogénicos para muitas espécies animais
(DEGRAEVE, 1981).

O Cd acumulado nos tubérculos de batata pode ezppeesmais de 50% do total das intoxica¢des
desse metal em humanos (STENHOUSE, 1992). E, samellao que vem sendo observado em outras
plantas, as cultivares de batata podem diferir celatdo a sua habilidade em acumular o Cd, emisora a
diferencas genéticas ndo sejam consistentes (DUN&AIR, 2003).

O objetivo deste trabalho foi caracterizar o efdiboCd nocrescimentaon vitro de duas cultivares

de batata, Asterix e Macaca, com a finalidade giéndui-las quanto a sensibilidade a este metal.

MATERIAL E METODOS

O experimento foi desenvolvido no Laboratério detBtnologia Vegetal do Departamento de
Biologia da Universidade Federal de Santa MariaSM}: Foram utilizadas as cultivares Asterix e
Macaca de batata provenientes do banco de germuplds Programa de Genética e Melhoramento de

Batata da UFSM.
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Segmentos nodais provenientes de plantulas conaf%ld cultivo foram previamente inoculados
em meio de cultivo MS (MURASHIGE & SKOOG, 1962) ptementado com 30g™Lde sacarose, 0,1g
L de mio inositol e 6g T de agar (utilizado como meio basal). Segmentosisddcm) sem folhas
foram inoculados no meio de cultura adicionadoideocdoses de Cd (0, 100, 200, 300, 400 eu500
na forma de cloreto de cadmio monohidratado (gd&D). Em cada frasco de cultivo foi adicionado
50mL de meio e 10mL de solucdo de cadmio, com phkétajo para 5,5 + 0,1 e autoclavados
separadamente. Os frascos de cultivo (8,0 cm deedii@, 13,0 cm de altura e um volume de 653,13)cm
contendo seis explantes foram mantidos em salarecimento com temperatura de°@5+ 1,
fotoperiodo de 16 horas e intensidade luminosa5gen®! n* s, obtido por lampadas fluorescentes
frias.

Avaliou-se 0 numero de raizes aos 15 dias apGscalacdo (DAI) dos explantes. Avaliaram-se o
namero de segmentos nodais e de folhas, a altupartka aérea, o comprimento das raizes (TENNANT,
1975) e a matéria seca e fresca das raizes e tha g@ea aos 22 DAI (final do experimento). O
delineamento utilizado foi o inteiramente casua@acom seis tratamentos e cinco repeticbes. Ossdad
foram submetidos a andlise de variancia de duasevigste de separacdo de médias Tukey 5%, com o
auxilio do software cientifico — NTIA, desenvolvigelo Centro Nacional de Pesquisa Tecnoldgica em

Informética para Agricultura (EMBRAPA, 1997).

RESULTADOS E DISCUSSAO

Os resultados obtidos demonstraram que em todearg@veis de crescimento analisadas houve
interacdo entre as doses de cadmio e as cultidastesix e Macaca de batata.

O numero de raizes da cv. Asterix foi reduzido tnds maiores doses de cadmio (300, 400 e
50uM), j& a cv. Macaca apresentou essa reducdo somasteluas maiores doses (Figura 1a). Em
50uM de Cd, houve uma reducédo de 65% e 94% no nuneeraiges das cultivares Asterix e Macaca,
respectivamente. Na auséncia de Cd (controle) eéodas as doses de cadmio no meio de cultivo, a cv.

Asterix apresentou maior numero de raizes compearaeda cv. Macaca. Os efeitos do Cd no
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crescimento do sistema radicular das plantas véwmosestudados em vérias espécies, constituindo um
dos parametros mais sensiveis em relacdo a toodeidasse metal (SCHUTZENDUBEL et al., 2001).
WOJCIK & TUKIENDORF (2005) relataram que plantasndiho crescidas em solugdo nutritiva por um
periodo de 14 dias na presenca de 5 auB08e Cd apresentaram reducdo no niumero de raiszaita

No presente estudo, pdde-se, visualmente, percgigehouve um aumento no nimero de raizes aéreas
adventicias em ambas as cultivares de batata 8asnaiores doses de Cd, fato que sugere um
mecanismo de defesa da planta contribuindo pararoaiar retengcdo do metal no sistema radicular.
Além disso, alguns trabalhos relatam que as raleegrias espécies como trigo (OUZOUNIDOU et al.,
1997), milho (WOJICIK & TUKIENDORF, 2005Bacopa monnieri (MISHRA et al., 2006) e cevada
(TIRYAKIOGLU et al., 2006) tratadas com Cd podemesggntar sinais visiveis de escurecimento, o que
nao foi observado em batata.

Todas as doses de Cd testadas no meio de cudduairam a altura da parte aérea de ambas as
cultivares de batata (Figura 1b). Em p0de Cd, houve uma reducgéo de 79% e 99% na allupade
aérea das cultivares Asterix e Macaca, respectiveemeéd cv. Macaca apresentou maior altura em
comparacao a cv. Asterix no controle e nas duarasrdoses de Cd, enquanto na maior dose, a cv.
Asterix foi superior em altura em relacdo a cv. Mac Em diferentes gendtipos de cevada crescidos
hidroponicamente durante duas semanas, a present2Qdv de Cd reduziu o comprimento da parte
aérea (TIRYAKIOGLU et al, 2006). Resultados seraeths foram observados em trigo por
OUZOUNIDOU et al. (1997) e em alho por ZHANG et(20005).

O numero de segmentos nodais da cv. Asterix sof@ucdo somente nas duas maiores doses de
Cd, enquanto na cv. Macaca essa reducao foi oloseevpartir da dose 200 de Cd (Figura 1c). Em
500uM de Cd, houve uma reducédo de 56% e 99% no nungeesegmentos nodais das cultivares Asterix
e Macaca, respectivamente. A cv. Macaca apresema@r nimero de segmentos nodais em comparacao
a cv. Asterix no controle e em 10d de Cd, enquanto nas duas maiores doses, a @r.pAkli superior
em numero de segmentos nodais em relagdo a cv.cRlaDAANTAS et al. (2001) verificaram que o

encurtamento dos internés na presenca de alumimialguns porta-enxertos somaclonais de macieira
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resultou em uma altura média menor. No presentaltra, verificou-se que o Cd reduziu o nimero de
segmentos nodais em ambas as cultivares de batqie, também pode estar relacionado a uma reducgéo
da altura da parte aérea em ambas as cultivarém Aisso, observaram-se sinais visiveis de oxidagao
(escurecimento) dos segmentos nodais nas trésesnaloses de Cd. Segundo HIRANO & HIJII (1998),
de plantas tratadas com aluminio, esse escure@no@atrre principalmente em apices radiculares e é
atribuido & oxidacéo de fendis, o que pode seradaugor diminuigcdo do pH.

O numero de folhas da cv. Asterix sofreu redugdmemnte nas duas maiores doses de Cd,
enquanto na cv. Macaca esta reducao foi observauatia da dose 3QM de Cd (Figura 1d). Em
50uM de Cd, houve uma reducdo de 55% e 99% no nuneefollites das cultivares Asterix e Macaca,
respectivamente. A cv. Macaca apresentou maior raime folhas em comparacdo a cv. Asterix no
controle e em 1Q@M de Cd, enquanto nas duas maiores doses, a @atriA&ii superior em nimero de
folhas em relacdo a cv. Macaca. Sintomas visivaicamtes como clorose e murchamento foliar, foram
observados em ambas as cultivares de batata, someshduas maiores doses de Cd. Segundo LEITA et
al. (1995), quando a concentracdo de Cd se toevadd nas plantas, h4 um declinio metabdlico, com
perda da turgidez foliar e fechamento estomatabpassivo. WOJCIK & TUKIENDORF (2005) relatam
gue plantas de milho apresentaram murchamentooffesfmais velhas, além de clorose e necrose das
folhas mais jovens quando crescidas na presen€ddEm trigo foram observadas clorose e curvatura
foliar (OUZOUNIDOU et al., 1997). Além disso, a todade de Cd pode causar queda foliar (SOARES
et al., 2005; TIRYAKIOGLU et al., 2006).

O comprimento radicular da cv. Asterix sofreu mghua partir da dose 2081 de Cd, por outro
lado, a cv. Macaca apresentou essa reducdo emdasdbses de Cd testadas (Figura 1e). EmMGie
Cd, houve uma reducao de 92% e 99% no comprimexdicular das cultivares Asterix e Macaca,
respectivamente. Nao houve diferenca entre asvards de batata para essa variavel. De acordo com
DRAZKIEWICZ & BASZYNSKI (2005), a inibicdo da elomgédo radicular € uma das principais

respostas das plantas a exposicdo ao Cd, e ocarserapidamente que outras respostas fisiologicas e
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tem sido reportada em diversas espécies de plaatas;omo trigo, milhoBrassica pekinensis e B.

chinensis (OUZOUNIDOU et al., 1997; WOJCIK & TUKIENDORF, 260LIU et al., 2007).
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padréo da média. Letras mailsculas indicam diferemgpificativa entre as doses de caddmio para anmesitivar de batata

(P<0,05). Letras minuUsculas indicam diferenca figativa entre as cultivares de batata para a medose de cadmio

(P<0,05).
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A razao entre o comprimento de raizes e da pargaatimentou em 1(0M de Cd para a cv.
Asterix, isso se deve ao fato de que nessa dos€ddecorreu uma reducéo levemente maior do
comprimento da parte aérea em relacdo ao da raizolro lado, nas duas maiores doses de Cd em
ambas as cultivares houve uma reducdo desta relag§erindo que o comprimento da raiz é mais
afetado pelo Cd que a altura da parte aérea enufaamle batata (Figura 1f).

Todas as doses de Cd testadas no meio de cultluznem a matéria fresca radicular de ambas as
cultivares de batata (Figura 2a). Em pPDde Cd, houve uma reducéo de 87% e 95% na mditésica
das raizes das cultivares Asterix e Macaca, ragpewtnte. A cv. Macaca apresentou maior producéo de
matéria fresca radicular em comparacdo a cv. Astasi controle e nas duas menores doses de Cd,
enquanto nas trés maiores doses, a matéria frasceaites da cv. Asterix predominou em relacdo a da
cv. Macaca. A matéria fresca da parte aérea faizidd a partir da dose 200 de Cd em ambas as
cultivares (Figura 2b). Em 5 de Cd, houve uma reducédo de 82% e 83% na mdtésiea da parte
aérea das cultivares Asterix e Macaca, respectinané\ cv. Macaca apresentou maior producdo de
matéria fresca da parte aérea em comparacao astarixAno controle e nas duas menores doses de Cd,
enquanto na dose 4001 de Cd, a cv. Asterix apresentou maior matériactaeda parte aérea em relacdo a
cv. Macaca. Reducdo da matéria fresca da parte adtas raizes pela presenca de Cd no meio deacultu
também foi observada eBacopa monnieri (MISHRA et al., 2006), trigo (OUZOUNIDOU et al.927)

e milho (WOJCIK & TUKIENDORF, 2005).

A producdo de matéria seca radicular da cv. Asfleiixeduzida a partir da dose 200 de Cd,
entretanto, a cv. Macaca apresentou um incremenpraducdo de matéria seca radicular na menor dose
de Cd testada (1Q®1 de Cd) com uma drastica reducéo a partir da 806eM de Cd (Figura 2c). Em
50uM de Cd, houve uma reducdo de 88% e 94% na matéca das raizes das cultivares Asterix e
Macaca, respectivamente. A cv. Macaca apresentdar meoducdo de matéria seca radicular em
comparacao a cv. Asterix no controle e nas dua®masmloses de Cd, enquanto nas doses 300u&v400
de Cd, a cv. Asterix apresentou maior producédo al€nia seca das raizes em relacdo a da cv. Makaca.

producdo de matéria seca da parte aérea das wmstidaterix e Macaca apresentou um incremento na
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menor dose de Cd e nas duas menores doses, respettie. Apds esse incremento, a matéria seca da
parte aérea de ambas as cultivares decaiu drastitanfFigura 2d). Em 5081 de Cd, houve uma
reducdo de 73% e 70% na matéria seca das raizesalteares Asterix e Macaca, respectivamente. A cv
Macaca apresentou maior producdo de matéria seqmrtla aérea em comparacdo a cv. Asterix no
controle e nas duas menores doses de Cd, enquadtse 400M de Cd, a cv. Asterix apresentou maior
producdo de matéria seca da parte aérea em redad@cv. Macaca. O efeito positivo causado no
crescimento vegetal por baixas doses de cadmicsidmpobremente discutido na literatura. De acordo
com KENNEDY & GONSALVEZ (1987), baixas doses de mém hiperpolarizam a membrana
plasmatica da superficie radicular, aumentandamasspotencial transmembrana, o qual € uma foate d
energia para a absorgcdo de cations. Além diss@dmio induz genes relacionados a proliferacdo das
células de mamiferos, os quais poderiam aumentaestimento (BEYERSMANN, 2002). A resposta
temporéria dos organismos de estimulo ao crescingbgixas doses de muitas substancias toxicas esta
geralmente relacionada ao efeito hormético. A heemepresenta uma resposta de supercompensac¢ao do
crescimento devido a um desequilibrio na homeosiasetecidos (CALABRESE & BLAIN, 2005).
BARAZANI et al. (2004) verificaram que houve umiamento na matéria seca radicular de plantulas de
Allium schoenoprasum expostas a 50 e 26M de Cd. Além disso, TIRYAKIOGLU et al. (2006)
relataram que diferentes genétipos de cevada apaeam reducdo na producdo de matéria seca tanto na
parte aérea quanto na raiz, corroborando com astadss apresentados neste trabalho e em outras
pesquisas (SOARES et al., 2005; LIU et al., 2007).

Em ambas as cultivares de batata, a razao entagésianseca das raizes e da parte aérea diminuiu
em todas as doses de Cd testadas, exceto na dipdd @6 Cd para a cv. Asterix. Isto se deve ao fato de
gue nessa dose de Cd ocorreu uma reducdo simitaatiia seca radicular e da parte aérea em relacéo
ao controle (Figura 2e). A diminuicdo desta relagd@@ere que a biomassa radicular foi mais sevetamen
afetada que a biomassa da parte aérea em ambasdtieares de batata. MISRHA et al. (2006) e

TIRYAKIOGLU et al. (2006) sugerem que as raizes g@os afetadas pelo Cd devido ao fato desse



orgdo ser o primeiro local de exposicdo a esse |metaonseqientemente, acumularem Cd em

guantidades muito maiores na raiz em comparacaot@ erea.
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Figura 2 - Matéria fresca da raiz (A) e da parte@a¢B), matéria seca da raiz (C) e da parte dErea razéo entre matérias
secas da raiz e da parte aérea (E) aos 22 diasadpodsulacdo (DAI) das plantulas de batata, culés Asterix e Macaca,
submetidas a cinco doses de cadmio no meio dergultlédias+ desvio padrdo da média. Letras mailsculas indicam
diferenca significativa entre as doses de cadnma panesma cultivar de batata (P<0,05). Letras snilés indicam diferenca

significativa entre as cultivares de batata pareeama dose de cadmio (P<0,05).
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Os sintomas toxicos observados nas plantas cudtivad presenca de doses elevadas de metais
pesados podem ser devido a uma variedade de idésragn nivel celular (HALL, 2002). A toxicidade
pode resultar tanto da interferéncia do metal mi@sé protéica quanto a ligacdo desses metaig@ossg
sulfidrilas nas proteinas, afetando a estrutucamssequiientemente, a atividade catalitica (STIBOR@VA
al., 1987; VAN ASSCHE & CLIJTERS, 1990), pelo fatas enzimas serem um dos principais alvos dos
metais pesados. A interacdo entre os grupos ligaldae enzimas e 0os metais define sua toxicidade, e
inibicAo enzimatica pode ser devido ao mascaramelt® grupos cataliticamente ativos ou a
desnaturacao protéica (DAS et al., 1997).

O excesso de metais pesados também pode estinfolanacdo de espécies reativas de oxigénio,
gue sao produtos normais de varias rotas metabddiga sdo realizadas em diferentes compartimentos
celulares (BENAVIDES et al., 2005). Entretanto, solndicGes de estresse, a formagédo pode exceder a
capacidade celular antioxidante, gerando assim situacdo de estresse oxidativo por reagirem com
varias biomoléculas como proteinas, acidos nudéedipidios (BENAVIDES et al., 2005). Um dos
efeitos mais danosos das espécies reativas denaxigé&s células é a peroxidagdo lipidica da menabran
plasmatica, afetando a permeabilidade dessa estraficonseqientemente, conduzindo a uma reducéo
no contetdo de agua das plantas (BARCELO et #86)19

A ocorréncia desses sintomas no crescimento vepetd estar relacionada com a deficiéncia
multipla de varios nutrientes essenciais a formagddtiplicacdo e funcionamento de cloroplasto®e a
efeito fitotoxico do Cd na extensibilidade ou séstede material de parede celular (BARCELO &
POSCHENRIEDER, 1992; BRECKLE & KAHLE, 1992). Alémisdo, o cadmio pode afetar varios
processos ligados a fotossintese, tais como biessinde clorofila, atividade dos fotossistemas e

transporte de elétrons (STOBART, 1985; MURTHY et #990).



39

CONCLUSAO
O aumento das doses de Cd no meio de cultivo afetascimentan vitro das plantulas das cvs.
Asterix e Macaca, indicando que ambas as cultivdeelsatata sdo sensiveis a esse metal. Entretanto,

cv. Asterix apresenta menor sensibilidade ao Cdedegédo a cv. Macaca.
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Abstract

In order to evaluate the effect of cadmium (Cd)idiby, two potato Solanum
tuberosum L.) cultivars, Asterix and Macaca, were cultivatedth in vitro and in
hydroponic experiments under controlled conditiand submitted to increasing levels
of Cd (0, 100, 200, 300, 400 and 508! in vitro and 0, 50, 100, 150 and 20® in
hydroponic culture). At 22 and 7 days of exposor€d, for then vitro and hydroponic
experiment, respectively, the plantlets were sepdrento roots and shoot, which were
analyzed for biomass as well as Cd, and macroK@md Mg) and micronutrient (Cu,
Fe, Mn and Zn) contents. In the hydroponic expenimiiere was no reduction in shoot
and root dry weight for any Cd level, regardlesshefpotato cultivar. In contrast, in the

in vitro experiment, an increase in biomass production atserved at low levels of
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Cd, while higher Cd levels caused a marked decré&z$eontent in shoot and roots of
both potato cultivars increased with an increasienel of Cd in the hydroponic
experiment. In contrast, in the vitro experiment, Cd content increased when compared
to the control, but the response was not lineathénpresence of Cd, in general, the
macronutrient content in thien vitro cultured plantlets decreased in both roots and
shoot, regardless of the potato cultivar, with éleeption of K and Mg in the shoot of
Macaca, which increased at 100 and R80 Cd. In contrast, the macronutrient content
in the hydroponically grown plantlets was generallyt affected by Cd, with the
exception of K, which decreased in the shoot ohlpmitato cultivars at 150 and 2QM

Cd. In general, the micronutrient content in thevitro cultured plantlets decreased in
both roots and shoot, regardless of the potatovaultwith the exception of Cu, Fe and
Zn in the roots of Macaca, which increased at 10@® 200uM Cd. In contrast, the
micronutrients in the hydroponically grown plansietere generally not affected by Cd,
with the exception of a decrease in Fe contenhenroots of Macaca and a decrease in
Cu and Mn contents in the shoot and roots, resmdytiof both potato cultivars. An
element-, cultivar-, organ- and growth medium-dejeen response to Cd toxicity was

observed in the potato plantlets.

Key words: cadmium toxicity, growth, essential edams,Solanum tuberosum.

1. Introduction

Cadmium (Cd) pollution in agricultural farmland Haecome a serious problem
in many parts of the world, due to industrial degpshent and the heavy use of chemical
fertilizers, pesticides and herbicides, which praEserious threats to human health

through the food chain (Liu et al., 2003). Thera isoncern that consumption of foods
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containing relatively high levels of Cd may lead ¢bronic toxicity (Jackson and
Alloway, 1992).

Although plants do not require Cd for growth andprosluction, the
bioaccumulation index of Cd in plants is high andynexceed that of many essential
elements (Kabata-Pendias and Pendias, 2001). Téwt of the interaction between Cd
and essential metals on uptake and distributioaraps is a public concern and may
provide clues to explain the nature of Cd accunmutat crops (Liu et al., 2003). These
interactions may cause severe nutrient deficierntb@iswould alter the nutrient balances
of plants exposed to Cd, resulting in physiologitisbrders as well as the reduction of
growth and yield, thus affecting their productivi@Zhang et al., 2002).

Many studies have reported that Cd influences ffteke and translocation of
nutrients in some crops, such as wheat (Zhang,e2@02), rice (Wu et al., 2006) and
tomato (Dong et al., 2006). However, contradict@sults have been found, which may
be attributed to species or cultivar differencagteractions between cultivars and
metals, and between metals within plant tissues €tial., 2003). Thus, further studies
are needed to investigate the interactions betwagarents and contaminants in order to
encourage selection for enhanced uptake effici@fdesirable elements and reduction
in uptake of undesirable ones (Liu et al., 2003).

Since vegetable foods are the most important soofceéon-occupational
exposure to Cd for humans (Satarug et al., 20G3)s inecessary to study Cd
accumulation in crops such as potato. Potato plardsexposed to various types of
environmental agents, either accidentally, by coumgs present in polluted air, soil or
water, or deliberately, as in the case of agricaltypesticides and plant growth
regulators (Gichner et al., 2008). Moreover, altffopotato ranks as the most important

vegetable in terms of planted area and productioBrazil (Lopes and Buso, 1997), to
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our knowledge, no research concerning the effecCafon the nutritional status of
potato plantlets has been reported.

In this work, the accumulation and distribution 68 and some essential
elements were examined following the treatmentwaf potato cultivars, Asterix and
Macaca, with Cd in both hydroponic amd vitro culture systems maintained under

controlled conditions.

2. Materialsand Methods

2.1. Plant materials and growth conditions

Potato plantletsSolanum tuberosum L.) for tissue culture were obtained from
the Potato Breeding and Genetics Germplasm Prodsaiaersidade Federal de Santa
Maria, RS, Brasil. Two potato cultivars widely pled in southern Brazil, Asterix and
Macaca, were used in this study. Nodal segmen dih long) without leaves were
micropropagated in MS medium (Murashige and Sk&8§2), supplemented with 30 g

It of sucrose, 0.1 g'lof myo-inositol and 6 g'i of agar.

In vitro experiment: Nodal segments (1.0 cm long) without leaves frauanty-
five-day-old plantlets growmn vitro were inoculated in MS medium, supplemented
with 30 g I* of sucrose, 0.1 g*lof myo-inositol, 6 gt of agar, and one of five Cd
treatments: O (control), 100, 200, 300, 400 and |90 To each cultivation flask (8.0
cm of diameter, 13.0 cm of height and a volume 58.62 cn) were added 50 ml of
MS medium and 10 ml of Cd solution, both of whicereradjusted to a pH of 5.50+0.1

and then autoclaved. After 22 days of Cd exposb@eplantlets per replicate (each

treatment consisted of three replicates) were nahglbarvested.



48

Hydroponic experiment: fifteen-day-old plantlets growim vitro were transferred
into plastic boxes (10 I) containing polystyrenatps with holes used as a physical
support for the plants; the roots were submergemhimerated full nutrient solution of
low ionic strength. The nutrient solution had tbdofving composition (mg™): 85.31
N; 7.54 P; 11.54 S; 97.64 Ca; 23.68 Mg; 104.75 ¥6.16 CI; 0.27 B; 0.05 Mo; 0.01
Ni; 0.13 Zn; 0.03 Cu; 0.11 Mn and 2.68 Fe. Evapetadnd transpired water was
continuously replaced with distilled water and tharient solution was completely
renewed every week. The solution pH was adjustéd30+0.1 daily by titration with a
0.1 M solution of HCI or NaOH. After two weeks ofaptlet acclimatization, Cd was
added to the nutrient solution as CgB4O at final concentrations of 0 (control), 50,
100, 150 and 20QM. Moreover, calculations (based on initial ion centrations) with
software “Visual Minteq” showed that approximateB4% of the nominal Cd
concentration should have been in the monomerim f@lata not shown). After 7 days
of Cd exposure, 24 plantlets per replicate (eagattnent consisted of three replicates)
were randomly harvested.

Bothin vitro andex vitro cultured plantlets were grown in a growth chamdder
25+1°C on a 16/8 h light/dark cycle with 35 pmol?rs® of irradiance by cold
fluorescent lamps. At the end of the experimetis,pdantlets were gently washed with
distilled water and then divided into roots andatho

The levels of Cd utilized in the present study walpeve the toxic thresholds of
many plants in the environment. However, the hydmpandin vitro culture systems
were designed to study basic phytotoxic effectsl, mmt to mimic situations found in

agricultural or natural ecosystems (Hernandez.e1898).

2.2. Biomass, Cd and mineral nutrient content determination
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The roots and shoot of potato were oven-driecb& 60 a constant mass for the
determination of biomass as well as Cd and mactb raicronutrient accumulation.
Dried plant tissues (0.01-0.1 g) were ground amgested with 4 ml of concentrated
HNOs;. Sample decomposition was carried out using airfgedtlock Velp Scientifica
(Milano, Italy). Heating was set at 130°C for twaubs. Plastic caps were fitted to the
vessels to prevent losses by volatilization. Theteat of Ca, K, Mg, Cu, Fe, Mn, Zn,
and Cd was determined by inductively coupled plagmigcal emission spectrometry
(ICP-OES) using a PerkinEImédptima 4300 DV (Shelton, USA) equipped with a
cyclonic spray chamber and a concentric nebuli@er.and macro and micronutrient

contents were calculated based on their concemtratid potato biomass production.

2.3. Satistical analysis

The experiments were carried out in a randomizedkbtlesign. The analyses of
variance were computed for statistically significdifferences determined based on the
appropriateF-tests. The results are the means + S.D. of at Ewee independent

replicates. The mean differences were comparedinglthe Tukey test (p<0.05).

3. Reaults

3.1. Biomass and Cd content in roots and shoot

Biomass and Cd content in roots and shoot of pqiltotlets grown under two
different culture systems and supplied with différ€d levels are shown in Table 1.

In the plantlets growm vitro, root dry weight (RDW) in Asterix was reduced at
Cd levels exceeding 1QM. In contrast, RDW in Macaca was increased atiM0Cd,

while at the three highest levels of Cd, it wasrdased. Macaca presented greater
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RDW at 0, 100 and 200M Cd when compared with Asterix, which showed aatge

RDW than Macaca at 300 and 4@ Cd. Shoot dry weight (SDW) in Asterix
increased at 100M Cd, while at levels exceeding 1Q0M, it was reduced. On the
other hand, in Macaca SDW was increased at 100286d.M Cd, while at levels

exceeding 20QuM, it was reduced. Moreover, SDW was greater in &¢acthan in

Asterix at 0, 100, 200, and 4001 Cd (Table 1).

In the hydroponically grown plantlets, there wasatteration in shoot and root
dry weight of either potato cultivar at any levdl @d, and there was no difference
observed between the cultivars (Table 1).

In plantlets growrbothin vitro and hydroponically, root and shoot Cd content

of both potato cultivars was higher in Cd-exposleshttets than in the control (Table 1).

3.2. Macronutrient content in the shoot

Figure 1 shows the content of Ca, K and Mg in theos of potato plantlets
grown under both systems and supplied with diffefehlevels.

In the plantlets growmn vitro, shoot Ca content in Asterix was reduced at Cd
levels exceeding 100M. In contrast, it was reduced only at the threghbst Cd levels
in Macaca. Moreover, shoot Ca content was great®taicaca than in Asterix at 0, 100,
200 and 400uM Cd (Fig. 1A). Shoot K content in Asterix showedcantinuous
decrease with increasing Cd treatments. Convergeggntent in Macaca increased at
100 and 20QuM Cd and decreased at Cd levels exceeding @d0Asterix presented
significantly greater K content atiM Cd when compared with Macaca, while at 100,
200 and 40QuM Cd, Macaca showed greater K content than Ast@gfig. 1C). Shoot

Mg content in Asterix was reduced at Cd levels egagg 100uM. In contrast, Mg
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Table 1. Effect of increasing Cd level on root drgight (RDW), shoot dry weight (SDW) and Cd contenshoot and roots of two potato
cultivars Solanum tuberosum L. cv. Asterix and Macaca) grown in thevitro and hydroponic experiments.

Potato cultivars

Asterix Macaca

Cd treatmenty(M) RDW (g) SDW (g) Root Cd content Shoot Cd content RDW (g) SDW (g) Root Cd content Shoot Cd content

(mg plant) (mg plant) (mg plant) (mg plant)
In vitro experiment
0 1.2x10°Ab 1.6x10°Bb 0.00Fa 0.00Da 1.7xFBa 1.8x10Ba 0.01Fa 0.00Da
100 1.1x1GAb 1.9x10°Ab 1.09Bb 0.40Bb 1.9x1tAa 2.4x10°Aa 1.86Ba 0.52Ba
200 1.0x1GBb 1.3x10°Cb 1.77Ab 0.46ABb 1.7x1tBa 2.3x1C0Aa 3.74Aa 1.13Ca
300 0.4x106Ca 0.9x10Da 1.04Ca 0.51Aa 0.3xfach 1.0x10Ca 1.06Da 0.54Ba
400 0.3x16Ca 0.8x1GDb 0.88Db 0.45ABb 0.2x1tch 1.1x10Ca 1.30Ca 0.85Aa
500 0.1x10Da 0.4x1C0Ea 0.76Ea 0.28Ch 0.1xEDa 0.6x10°Da 0.79Ea 0.51Ba
Hydroponic experiment
0 1.3x10°Aa 8.3x10°Aa 0.13Da 0.12Da 1.0x®a 8.5x10°Aa 0.12Da 0.17Da
50 1.2x10Aa 6.7x10°Aa 2.72Ca 2.21Ca 1.3xE0a 8.2x10°Aa 3.93Ca 2.87Ca
100 1.3x1GAa 7.4x10°Aa 4.77Ba 5.60Ba 1.2xBa 8.3x10°Aa 6.34Ba 5.69Ba
150 1.1x1GAa 6.0x10°Aa 5.31Bb 6.81Ba 1.1x1a 7.7x10°Aa 7.12ABa 7.21Ba
200 1.2x1GAa 6.6x10°Aa 8.70Aa 11.67Aa 1.0x1a 7.1x10°Aa 8.84Aa 9.21Ab

Data represent the mean + S.D. of three differepticates. Different capital letters indicate sigmaint differences between Cd levels in the
same potato cultivar (p 0.05). Different lowercase letters indicate siguaint differences between potato cultivars at #mes Cd level (px
0.05).
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different replicates. Different capital letters icatte significant differences between Cd levelshi@ same
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content in Macaca increased at 100 and RO0D Cd and decreased at Cd levels

exceeding 20QM. Asterix presented significantly greater Mg camitat OuM Cd when
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compared with Macaca, while Macaca showed greatecdhtent than Asterix at all Cd
levels (Fig. 1E).

In the hydroponically grown plantlets, shoot Ca &gl contents in both potato
cultivars were not affected at any level of Cd, &nere was no difference observed
between the cultivars (Fig. 1B and 1F, respectjvédn the other hand, shoot K content
in both cultivars was significantly decreased &t ttho highest Cd levels, yet there was

no difference between the two cultivars (Fig. 1D).

3.3. Macronutrient content in the roots

Figure 2 shows the content of Ca, K and Mg in thets of potato plantlets
grown under both systems and supplied with diffefeshlevels.

In the plantlets growmn vitro, root Ca content in Asterix showed a continuous
decrease with increasing Cd levels. In contrasic@®aent was reduced in Macaca at Cd
levels exceeding 10AM. Macaca presented significantly greater Ca cdaraéer®, 100
and 200uM Cd when compared with Asterix, while at 30 Cd Asterix showed
greater Ca content than Macaca (Fig. 2A). Root K &mg contents showed a
continuous decrease with increasing Cd levels ith bpotato cultivars. Macaca
presented significantly greater K and Mg conterit®,a100 and 20uM Cd when
compared with Asterix (Fig. 2C and 2E, respectiyely

In the hydroponically grown plantlets, root Ca, ikdavig contents in both potato
cultivars were not affected at any Cd level, andrehwas no difference observed

between the cultivars (Fig. 2B, 2D and 2F, respebt).
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Figure 2. Effect of increasing Cd level on Ca, Kldfg contents in roots of potato plantlets grawn

vitro (A, C, E, respectively) and in hydroponics (B,ADrespectively). Statistics as in Figure 1.

3.4. Micronutrient content in the shoot

Figure 3 shows the content of Cu, Fe, Mn and Ziménshoot of potato plantlets
grown under both systems and supplied with diffefehlevels.

In the plantlets growm vitro, shoot Cu content was decreased at all Cd lemels i

both potato cultivars, and Cu content was great&facaca than in Asterix at 100 and
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invitro (A, C, E, G, respectively) and in hydroponics [B,F, H, respectively). Statistics as in Figure 1.
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200uM Cd (Fig. 3A). Shoot Fe content in Asterix showaedontinuous decrease with
increasing Cd treatments. Conversely, in Macacatske was reduced only at the
highest Cd level. Asterix presented significantigajer Fe content at @M Cd when
compared with Macaca, while at 200 and 50@ Cd Macaca showed greater Fe
content than Asterix (Fig. 3C). Shoot Mn contentAsterix was reduced at Cd levels
exceeding 10@M, while in Macaca shoot Mn content was reduced @tlthe three
highest Cd levels. Moreover, shoot Mn content wagigr in Macaca than in Asterix at
0, 200 and 40QuM Cd (Fig. 3E). Shoot Zn content in Asterix showeedontinuous
decrease with increasing Cd treatments, while ircdda it decreased at Cd levels
exceeding 10QuM. Asterix presented significantly greater Zn conitat OuM Cd when
compared with Macaca, while at all Cd levels, Macahowed greater Zn content than
Asterix (Fig. 3G).

In the hydroponically grown plantlets, shoot Cuteom was decreased at all Cd
levels in both potato cultivars, and there wasigaiicant difference observed between
both cultivars for each level of Cd (Fig. 3B). Owetother hand, shoot Fe, Mn and Zn
contents in both potato cultivars were not affecdeadny Cd levels, nor was there any
significant difference observed between both caisvfor each level of Cd (Fig. 3D, 3F

and 3H, respectively).

3.5. Micronutrient content in the roots

Figure 4 shows the content of Cu, Fe, Mn and Zthénroots of potato plantlets
grown under both systems and supplied with diffefehlevels.

In the plantlets growmn vitro, root Cu content in Asterix was decreased at all

Cd levels. Conversely, Cu content in Macaca ine@éas 100 and 20QM Cd and

decreased at Cd levels exceeding 200 Macaca presented significantly greater Cu
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content at 100 and 200M Cd when compared with Asterix, while at 3o Cd
Asterix showed greater Cu content than Macaca @AJ. Root Fe content in Asterix
was reduced at Cd levels exceeding 180 On the other hand, Fe content in Macaca
increased at 100 and 2QM Cd and decreased at Cd levels exceeding 1200
Moreover, Macaca presented significantly greatecdtgent at 0, 100, 200 and 30BI

Cd when compared with Asterix (Fig. 4C). Root Mmimmt was decreased at all Cd
levels in both potato cultivars, and Macaca presgtigreater Mn content at 0, 100 and
200 uM Cd when compared with Asterix (Fig. 4E). Root @mtent in Asterix showed

a continuous decrease with increasing Cd levelswé@sely, Zn content in Macaca
increased at 100 and 2081 Cd and decreased at Cd levels exceedingud@OAsterix
presented a significantly greater Zn content ahd 200uM Cd when compared with
Macaca, while at 100, 200, 400 and (0@ Cd, Macaca showed a greater Zn content
than Asterix (Fig. 4G).

In the hydroponically grown plantlets, root Cu afw contents in both potato
cultivars were not affected at any Cd level, noiswlaere any significant difference
observed between both cultivars for each level of(Elg. 4B and 4H, respectively).
Root Fe content in Asterix was not affected by easing Cd levels, but showed a
decrease at the highest Cd level in Macaca. Moredd&caca presented a significantly
greater Fe content at 2QM Cd when compared with Asterix (Fig. 4D). Root Mn
content was decreased at all Cd levels in Astevinle in Macaca it was reduced only

at Cd levels exceeding 100/ (Fig. 4F).
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4. Discussion

Optimal plant growth is only achieved after cortngl the level of essential
minerals (Garcia et al., 2006). Mineral uptake bgts is subject to selective properties
of the plasma membrane and Cd may interfere withemi uptake by altering plasma
membrane permeability, and by affecting elemennspart processes across the
membrane (Gussarsson, 1994; Dong et al., 2006ma&dalso alter the conformation of
proteins, for example enzymes, transporters orlagguproteins, due to its strong
affinity as ligand to sulfhydryl and carboxylic gnes (Van Assche and Clijsters, 1990).
However, the mechanisms of nutrient uptake andraatation associated with growth
responses in Cd-treated potato plants are notumndkrstood.

In the present study, hydroponically grown plastlshowed no reduction in
shoot and root dry weight at any level of Cd, retgss of the potato cultivar. In
contrast, in thelantlets grownin vitro, the biomass production either increased at low
Cd levels or decreased at higher Cd levels. Tineustking effects of low Cd levels on
plant growth have been poorly discussed in thealitee. This phenomenon is normally
related to an hormetic effect that probably repmesan “overcompensation” response
to a disruption in the homeostasis of the organiymvarious chemical substances
(Calabrese, 1999). This positive effect could beribed to the enhancement of cell
division and proliferation caused by low levels @ and could be connected to the
Cd’s capacity to functionally substitute Zn. THgbstitution allows Cd to bind to
multiple transcription factors in the regulatorngiens of genes and also to act as a
component of key enzymes involved in replicatiorl dranslation (Sobkowiak and
Deckert, 2003; Aina et al., 2007; Lin et al., 2003 the other hand, according to Dong

et al. (2006), mineral deficiencies/imbalances dedression of plant growth would be
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a consequence of excessive Cd accumulation thattaffthe rate of uptake and
distribution of certain nutrients in plants.

In hydroponically grown plantlets, Cd content iroghand roots of both potato
cultivars increased with increasing Cd levels. émteast, in than vitro plantlets, Cd
content increased when compared to the controltlptan but this response was not
linear. It was observed that the Cd concentratiorpotato tissues increased with
increasing Cd levels in both the hydroponic amditro experiments (data not shown).
Therefore, the erratic Cd content (calculated basedts concentration and potato
biomass production) observedvitro may be due to a biomass enhancement at low Cd
levels and a drastic biomass reduction at highevels. Moreover, the quite high Cd
content measured in both root and shoot tissuahenhydroponic control plantlets
(Table 1) might be related to a direct uptake fitbenwater/tray substrate (Ramos et al.
2002). However, tissue Cd content for the Cd treatsiwas mostly associated with an
increase in the level of Cd in the nutrient soltio

Our results show that in the presence of Cd, iregdnthe macronutrient (Ca, K
and Mg) content in then vitro plantlets decreased in both roots and shoot, déggs of
the potato cultivar, with the exception of K and Mythe shoot of Macaca, which
increased at 100 and 2Q0M Cd. In contrast, the macronutrient content in the
hydroponic plantlets was generally not affectedCu; with the exception of K that
decreased in the shoot of both potato cultivadbatand 20QuM Cd.

The uptake of polyvalent cations, e.g. Ca and Mgenadily depressed by the
presence of other polyvalent cations such as Cdgdhaer, 2002). AlmondPfunus
dulcis) seedlings grown hydroponically during 14 days ardosed to Cd treatments
ranging from 25 to 15@M showed reduced Ca, Mg and K concentrations inelea

while in roots, K and Mg concentrations were desegaonly at the highest Cd
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concentrations (Nada et al., 2007). Kim et al. @Q@ported thaPinus silvestris grown
for 11 weeks in soil supplemented with 10 to 100 @agkg" showed no difference in
root Ca, K and Mg concentrations, while a decreagbe stem Ca concentration was
found. When sunflowerHelianthus annuus) plants were irrigated with 500 mg Cd |
for 40 days in a mixture of soil and vermicompasd, difference was observed in the
leaf, stem and root Ca and Mg concentrations, wKiEncentration increased only in
the stem (Garcia et al., 2006). Indian Mustddagsica juncea) grown for 10 days in
soil with Cd treatments ranging from 10 to 190 mg &g' showed that Ca
concentrations in shoot and roots increased atrl@deconcentrations, yet decreased at
very high Cd concentrations; however, the Mg cotegion demonstrated no
alteration in the root and increased in the shdian@ et al., 2004). A great reduction in
the Mg concentration has been observed in finesrobBetula pendula exposed to 0.2
mg Cd I (Gussarsson, 1994) and in leavesisius pinea andFraxinus angustifolia at
0.6 mg Cd T (Arduini et al., 1998). Ghnaya et al. (2005) répdra decrease in the K
concentration at all Cd levels in the shootSesuvium portulacastrum, while in the
shoot ofMesembryanthemum crystallinum the K concentration was reduced only at the
highest Cd levels when grown for 30 days in a cal&olution with 50 to 30QM Cd.
A dramatic decrease of K content in the shoot waseosed in white lupinLupinus
albus) grown in nutrient solution supplemented with 1&a45uM Cd for 35 days
(Zornoza et al., 2002). Conversely, Japanese ntuspanach Brassica rapa) grown for
10 days in hydroponics at 2.5 pmol Cashowed an increased concentration of K in the
shoot (Kashem and Kawai, 2007).

In the present study, Cd generally decreased mi¢rient (Cu, Fe, Mn and Zn)
contents in both roots and shdot vitro, regardless of the potato cultivar, with the

exception of Cu, Fe and Zn in the roots of Macadach increased at 100 and 20M
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Cd. In contrast, the macronutrient content was igdiyenot affected by Cd in the
hydroponically grown plantlets, with the exceptioha decrease in Fe content in the
root of Macaca, and a decrease in Cu and Mn canierthe shoot and roots of both
potato cultivars.

According to Dong et al. (2006), it is well knowmat many toxic effects of Cd
result from its interaction with essential elements particular those with the same
valence, such as Cu, Fe, Mn and Zn. A hydroponieament conducted by Wu et al.
(2004) showed that in cotto@ssypium hirsutum), 1 and 10 uM Cd lowered the Zn,
Cu, and Fe concentrations in aboveground vegetatigans, while increased these
concentrations in the root, implying that the ttaoation of these elements from roots
to shoot was prevented by Cd treatments. In cantraset al. (2003) showed that there
were positive correlations between Cd and Fe, @dZzam Cd and Cu in both roots and
leaves, implying that some synergistic interacti@tsurred in the absorption and
translocation of Cd and these elements. AccordindqRamos et al. (2002) in lettuce
(Lactuca sativa) plants grown for 16 days in the presence of d 2 mg Cd 1 in
nutrient solution there were no alterations in e, Zn and Cu concentrations in roots,
while in the shoot, Fe, Zn and Cu concentrationsewecreased by Cd and the Mn
concentration was increased. Significant negatveetations were reported between
Zn, Cu, and Mn concentrations and Cd levels ineddit organs of barley plants,
suggesting the possibility of alleviating Cd accuetion through application of these
micronutrients in Cd-contaminated environments (¥¥wal., 2003). Jalil et al. (1994)
reported that 0.aM Cd decreased the concentration of Zn and Mnatsrand shoot of
Triticum turgidum, while Fe and Cu concentrations in shoot and raet® not affected.
There was competition between Cd and Zn ions abrpben sites in the roots of

Brazilian corn Zea mays) grown in nutrient solutions with 0.05, 0.1, Oafhd 1.0 mg Cd
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It for a ten day period (Nascimento et al., 1998). cimcentrations irBrassica
chinensis increased at 0.u,g Cd mi* but decreased at higher Cd levels, while Fe
concentrations in the plants rose with increasengls of Cd (Wong et al.,, 1984).
According to Wu et al. (2006) Zn concentrationsrioé genotypes increased with Cd
levels up to 0.1 mM for the shoot and 0.5 mM footsy while at Cd levels exceeding
these levels, Zn concentrations were reduced; Reertrations increased up to 0.1 mM
Cd in both shoot and roots, while higher Cd levelulted in a sharp decrease of Fe. A
strong reduction in the concentrations of Fe, Mmj Zn in the shoot of Cd-treated
white lupin was also observed (Zornoza et al., 2088 concentrations were increased
in both shoot and roots, while Fe and Mn conceiotnatin the shoot were decreased in
Japanese mustard spinach exposed to Cd (Kasheiaaral, 2007). Fe concentrations
were strongly reduced in leaves and roots of alnse&dllings (Nada et al., 2007).

Moreover, in the present study, the tissue conteftdn and Cu in potato
plantlets were the most dramatically affected amalhgf the cationic micronutrients
analyzed. This result agrees with results foundother researchers in several plant
species treated by Cd (Yang et al., 1996; Hernaatlak, 1998).

Interestingly, our results demonstrated that arese in the content of mineral
nutrients was only observed in thevitro plantlets for K and Mg in the shoot and for
Cu, Fe and Zn in the roots of Macaca at the lovgzstievels. According to Kennedy
and Gonsalves (1987) low Cd levels hyperpolarize glasma membranes at the root
surface, thus increasing the trans-membrane patemthich is an energy source for
cation uptake. This may be a possible mechanisexpiain the positive effect of Cd
exposure on plant growth (Arduini et al., 2004).

It has been suggested that the contents of polgwvaktions are affected by the

presence of Cd through antagonistic processes teddeither by competition for
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binding sites or transporters (Gussarson et aB6)19In fact, recently some metal
transporters belonging to the Nramp (natural rass#-associated macrophage protein)
and ZIP (zinc-regulated transporter/iron-regulatieshsporter-related protein) families
have been identified as able to transport Fe, Zn,ad well as Cd (Guerinot, 2000;
Pittman et al.,, 2005). Lasat et al. (2000) clonewl acreened genes of the Zn
transporter-ZNT1 and proved that ZNT1 enhancedttheslocation of Cd in plants.
Moreover, IRT1 (gene encoding a high affinity?Feransporter) expression was
induced in peaRisum sativum) seedlings under Fe deficiency, which could featidi the
transport of heavy-metal divalent cations such @& Zn, in addition to Fe (Cohen et
al., 1998). Cd has been also shown to inhibit Feake by IRT1 possibly by
competition as a substrate (Eide et al., 1996adhtion, plant LCT1 was demonstrated
to mediate the uptake of both Ca and Cd in yean{éns et al., 1998). Kim et al.
(2002) reported that Ca and Mg inhibited the transpf Pb and Cd into roots of rice
plants, which suggests that heavy metals may émeroot cells via transporters of Ca
and Mg. Therefore, competition or mutual interf@erwith such transporters may
constitute the basis of the interactions betweemi@tmineral nutrients in plants.

In the present study, it was observed a clearréifiee in relation to the mineral
nutrient contents of the Cd-exposed potato plastdten grown in two distinct culture
systemsjn vitro andex vitro. In fact, differences between these two envirortsxand
their effect on plants have been recognized in maowe studies (Pospisilova et al.,
1999; Hazarika, 2003). In the vitro environment, explants are enclosed in a non-
ventiled vessel and are developed on a medium ioamgaample sugar and nutrients to
allow for heterotrophic plantlet growth, low gascbkange, ethylene production and an
atmosphere with high level of humidity (HazarikaQ03). On the other hand, a

reduction in relative humidity iex vitro culture system either leads to increase in plant
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transpiration with associated development of fuur@l stomata, cuticle and epicuticular
waxes for controlling plant water loss or may erdgathe uptake and translocation of
mineral elements in the xylem (Marschner, 2002).

Taken together, the data of the present study sthdhag the effects of Cd on
mineral nutrient content are still difficult to duate because they frequently show
conflicting results. These contradictory results presumably due to differences in the
culture methods, species, age of the plants, ak asegrowth conditions, including
physical support of the plants, Cd and mineralients levels in the medium, growth
period and temperature (Ramos et al., 2002; Doraj.eR006). In conclusion, in the
present study it was observed that Cd caused aetioreiffect in then vitro grown
plantlets and that the influence of Cd on nutriemtent in potato varied according to
the level of Cd, potato cultivar, plant organ, esise element, growth medium and
period. Based on these results, excessive Cd adatiomumay affect the uptake and
distribution of certain nutrients in the potato taudrs, and consequently may be
responsible for mineral disturbances and depressigmantlet growth. Thus, further
studies at the molecular level are needed to glané mechanisms involved between
mineral nutrition and Cd uptake and would also mlevmore information for selecting

plants that are tolerant to toxic ions containethasoil.
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Abstract

A hydroponic experiment was carried out to charamtethe oxidative stress
responses of two potato cultivaiSoanum tuberosum L. cvs. Asterix and Macaca) to
cadmium (Cd). Plantlets were exposed to five Cel®y0, 50, 100, 150 and 2@)
for 7 days. Cd concentration in both roots and shureased with external Cd level.
Cd concentration was greater in roots than in shaxad the two cultivars differed in
partitioning of Cd between roots and shoot. Numbgisprouts and roots was not
affected by Cd in both cultivars, whereas Cd treaindecreased the number of nodal
segments, and shoot and roots length only in Astémi addition, reduced number of
leaves as well as leaves abscission and necradmwtb cultivars at high Cd levels were
observed. Chlorophyll content afiehminolevulinic acid dehydratase (ALA-D) activity

were decreased by Cd for both cultivars, whereast@aoids content was decreased
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only in Macaca. Cd caused lipid peroxidation intsoand shoot of both cultivars.
Protein oxidation was only verified at the high€st level for both cultivars. #D,
contentwas increased in roots and shoot of Asterix, anohigntly, a compensatory
response between roots and shoot of Macaca wasvels® Cd level exceeding 50
uM. Superoxide dismutase (SOD) activity was inhibiie roots of Asterix at all Cd
treatments, whereas in Macaca it was only increasd@o highest Cd levels. Shoot
SOD activity increased in Asterix and decreaseiataca at three highest Cd levels.
Root catalase (CAT) activity in Asterix decreaséd @ and 15M Cd, whereas in
Macaca it decreased only at pM. Shoot CAT activity in Asterix was not affectegt b
Cd, but it was decreased in Macaca at all Cd treatsn Root ascorbic acid (AsA)
content in Macaca was not affected by Cd, whenmeahoot it was reduced at 1QM

Cd and increased at 2QM Cd. A compensatory response to Cd treatment letwe
roots and shoot of Asterix was observed on AsAtent. Cd caused increase in non-
protein thiol groups (NPSH) content in roots andahof both cultivars. Our results
suggest that Cd induces oxidative stress in botaAtpcaultivars and that of the two

cultivars, Asterix showed greater sensitivity to I€eels.

Keywords: Antioxidant system, ALA-D, Cd toxicity, GrowthSolanum tuberosum,

Oxidative stress.

1. Introduction

Contamination of heavy metals such as cadmium {@adugh human activities
has been increased since the last century. In wieas or agricultural land with a long
history of crop production, the concentrations wiceé elements, especially heavy

metals, in soil can be higher than those foundarept materials (He et al., 2005).
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Heavy metal inputs include those from commerciatilizers, liming materials, and
agrochemicals, sewage sludges and others wastdsaassoil amendments, irrigation
waters and atmospheric deposition (Senesi et &99)1 Highly polluted soils
containing over 100 mg KgCd were reported in China, France and some other
countries (Kabata-Pendias and Pendias, 2001).

At very high concentrations in soils, Cd can adelraffect plant growth and
also human health after introduction to the foodich(Tiryakioglu et al., 2006). In
plants, stomatal opening, transpiration, water riisaand nutrient uptake have been
reported to be affected by Cd (Barcelé and Posamber, 1990; Sanita di Troppi and
Gabrielli, 1999). Cd also results in negative dfeon photosynthetic enzymes,
particularly the enzymes involved in the Calvin leyand chlorophyll biosynthesis such
as the enzyme-aminolevulinic acid dehydratase (ALA-D) (Vitoriat el., 2001).
ALA-D is a metalloenzyme that catalyses the asymimetondensation of two
molecules of ALA §-aminolevulinic acid) to form porphobilinogen (PB@oriega et
al., 2007).

One possible mechanism which elevated concentsatib@d may damage plant
tissues is the stimulation of reactive oxygen sg®¢ROS) production, by imposing
oxidative stress (Benavides et al., 2005). ROSude superoxide radicals £0),
hydrogen peroxide (#D.), and hydroxyl radicals (OHwhich are necessary for the
correct functioning of plants, but in elevated camications they react with lipids,
proteins, pigments, and nucleic acids and causebm@ma damage, inactivation of
enzymes, thus affecting cell viability (Gratéo ket 2005).

Plants possess several antioxidative defense systemscavenge ROS in order
to protect themselves from the oxidant stress dioly that caused by heavy metals

(Benavides et al., 2005). The antioxidative systalha into two general classes: (1) low
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molecular weight antioxidants, which consist ofidisoluble membrane-associated
antioxidants such as-tocopherol ang-carotene, and water-soluble reductants such as
glutathione and ascorbate and (2) antioxidativeymes: superoxide dismutase (SOD),
catalase (CAT), ascorbate peroxidase (APX) andatilidne reductase (GR) (Gratéao et
al., 2005).

Two main research lines have been followed in stugplants exposed to Cd
pollution, namely i) identification and charactatibn of hyperaccumulating species
that are potentially useful for phytoremediatiord aij studies on Cd accumulation and
effects in crops of significant economic and alitaey interest (Rascio et al., 2008).
Among the latter, potato occupies the fourth placeolume of world production of
food crops, being only overcome by the wheat, maiarice (FAO, 2007). Moreover,
of particular concern is the concentration of Cdhe tubers of potatoes which may
contribute more than 50% of total human Cd consionfStenhouse, 1992).

Genotypic variations in uptake and translocatioiCdfin food crops have been
observed not only among plant species but also grooltivars within the same species
(Dunbar et al., 2003; Liu et al.,, 2007). Based bmesé genetic differences, the
manipulation of Cd uptake and translocation to fptasues will provide a long-term
effective and economical means in reducing Cd coimation in crops (Liu et al.,
2007). However, the differences among potato crsivto Cd toxicity are poorly
understood. The potato cultivars have been showdiffer in their ability to accumulate
Cd, although the differences between cultivarsnateconsistent (Dunbar et al., 2003).

In view of this, the objective of the present stways to contribute to a better
understanding of the toxicology of cadmium in potplantlets. In order to obtain these

results, two potato cultivars, Asterix and Macawaye used to evaluate the effect of
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this metal on the enzymatic and non-enzymatic aitant system and its relation to

pigments content, ALA-D activity, lipid peroxidatiand protein oxidation.

2. Materialsand Methods

2.1. Plant materials and growth conditions

Tissue culture potatdSlanum tuberosum L.) plantlets were ontained from the
Potato Breeding and Genetics Germplasm Progranvetsilade Federal de Santa
Maria, RS, Brasil. Two potato cultivars, Asterixdalacaca, widely planted in southern
Brazil, were used in this study. Explants of In®@ modal segments without leaves were
micropropagated in MS medium (Murashige and Skd862), supplemented with 30 g
It of sucrose, 0.1 g'lof myo-inositol and 6 g'i of agar.

Fifteen-day-old plantlets fromm vitro culture were transferred into plastic boxes

(10 I) with polystyrene plates with holes that weised as a physical support for the
plants; roots were submerged in aerated full mitselution of low ionic strength. The
nutrient solution had the following composition (): 85.31 N; 7.54 P; 11.54 S;
97.64 Ca; 23.68 Mg; 104.75 K; 176.76 CI; 0.27 B50Mo; 0.01 Ni; 0.13 Zn; 0.03 Cu;
0.11 Mn and 2.68 Fe. Evaporate and transpired wadsr continuously replaced with
distilled water and the nutrient solution was cosbgly renewed every week. After two
weeks of plantlets acclimatization, Cd was addechutrient solution as cadmium
chloride (CdCl.H;0) to final concentrations of O (control), 50, 1030 and 20QM.
The Cd concentration utilized in this study wasdaaom preliminary analyzes on the
effect of several Cd concentrations (0-200) on potato plantlets growim vitro.

After 7 days of Cd exposure, 24 plantlets pericapd (each treatment consisted

of three replicates) were randomly harvested fromrdponic recipients and potato
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plantlets were carefully washed with distilled wassd then divided into roots and

shoot for growth and biochemical analysis.

2.2. Metal determination

To metal determination plantlets were oven-dried%C to constant mass to
determine Cd concentration. Dried plant tissue81{@.1g) were ground and digested
only in 2.5 ml HNQ. Samples decomposition was made in an open sydiénng a
block digestoVelp Scientifica (Milano, Italy), heated at 130 °C, during two h&ucd
concentration was estimated by Inductively CouplBthsma Optical Emission
Spectrometry (ICP-OES) PerkinEIm@ptima 4300 DV (Whaltam, USA) equipped

with a cyclonic spray chamber and a concentric fedu

2.3. Growth analysis

Growth of potato plantlets was determined by meaguhe number of nodal

segments, sprouts, roots, and leaves and shooban(irennant, 1975) length.

2.4. Carotenoids and chlorophyll contents

Carotenoids and chlorophyll contents were deterchifodlowing the method of
Hiscox and Israeslstam (1979) and estimated wighhgdp of Lichtenthaler’s formula
(Lichtenthaler, 1987). Briefly, 0.1 g chopped frésaves sample was incubated at 65°C
in dimethylsulfoxide (DMSO) for 2 h until the tisssi were completely extracted.
Absorbance of the solution was then measured at @5 and 663 nm in order to

determine the contents of carotenoids, chloropaydnd chlorophyll b, respectively
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2.5. Delta-aminolevulinic acid dehydratase (ALA-D; E.C. 4.2.1.24) activity

Potato shoots were homogenized in 10 mM Tris-HClfeloy pH 9.0, at a
proportion of 1:1 (w/v). The homogenate was ceumfeid at 12,000 g af@ for 10 min.
The supernatant was pre-treated with 0.1% TritofO®-and 0.5 mM dithiotreithol
(DTT). ALA-D activity was assayed as describedvigrsch et al. (2002) by measuring
the rate of porphobilinogen (PBG) formation. Theubation medium for the assays
contained 100 mM Tris-HCI buffer, pH 9.0 and 3.6 MyA. Incubation was started
by adding 10Qul of the tissue preparation to a final volume 0040 and stopped by
adding 350ul of the mixture containing 10% trichloroacetic @¢irCA) and 10 mM
HgCL. The product of the reaction was determined with Ehrlich reagent at 555 nm
using a molar absorption coefficient of 810¢ | mol'cm™ (Sassa, 1982) for the

Ehrlich-porphobilinogen salt.

2.6. Estimation of lipid peroxidation

The level of lipid peroxidation products was estiatafollowing the method EI-
Moshaty et al. (1993) by measuring the concentmatiomalondialdehyde (MDA) as an
end product of lipid peroxidation by reaction withobarbituric acid (TBA). Both roots
and shoot of potato plantlets were homogenized®@tid 20 ml of 0.2 M citrate-
phosphate buffer, pH 6.5, containing 0.5 % Tritoi100 at a proportion of 1:2Qv/v).
The homogenate was filtered through two layersapigp and centrifuged for 15 min at
20,000 g. One milliliter of the supernatant frantiwas added an equal volume of 20 %
(w/v) TCA containing 0.5% (w/v) TBA. The mixture w&eated at 95°C for 40 min and
then quickly cooled in an ice bath for 15 min. Aftentrifugation at 10,000 g for 15
min, the absorbance of the supernatant was meastrg8? nm. A correction of non-

specific turbidity was made by subtracting the abance value taken at 600 nm.
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2.7. Protein oxidation

The reaction of carbonyls with 2,4-dinitrophenylhgzine (DNPH) was used to
determine the amount of protein oxidation, as desdrin Levine et al. (1990). Both
root and shoot of potato plantlets were homogenzitd 25 mM KHPO, containing
10 ml I* Triton X-100, pH 7.0, at a proportion of 1:5 (W\Jhe homogenate was
centrifuged at 15,000 g for 30 min at 4°C, the sug@ant was used for immediate
determination of protein oxidation. After DNPH-r&iaq, the carbonyl content was
calculated by absorbance at 370 nm, using the atkim coefficient for aliphatic

hydrazones (22 | mmdlcnY).

2.8. Determination of hydrogen peroxide (H2O,)

The HO, content of potato plantlets were determined adngrtb Loreto and
Velikova (2001). Approximately 0.1 g of both roatdashoot were homogenized at 4°C
in 2 ml of 0.1% (w/v) TCA. The homogenate was ciéunged at 12,000 g for 15 min
and 0.5 ml of 10 mM potassium phosphate buffer gHand 1 ml of 1M KI. The kD>
content of the supernatant was evaluated by congp#s absorbance at 390 nm with a

standard calibration curve.

2.9. Superoxide dismutase (SOD; E.C. 1.15.1.1) activity

The activity of superoxide dismutase was assayeamrdmg to Misra and
Fridovich (1972) About 0.2 g of both root and shoot of potato pé&tst were
homogenized in 5 ml of 100 mmét K-phosphate buffer (pH 7.8) containing 0.1 mmol

It ethylenediaminetetracetic acid (EDTA), 0.1% (vAfyiton X-100 and 2%
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polyvinylpyrrolidone (PVP) (w/v). The extract wattdred and centrifuged at 22,000 g
for 10 min at 4°C, and the supernatant was utilifmdassay. The assay mixture
consisted of a total volume of 1 ml, containingoig buffer (pH 10.5), 1 mmol*|
epinephrine and enzyme material. Epinephrine wadait component to be added. The
adrenochrome formation in the next 4 min was reedrdt 480 nm in UV- Vis
spectrophotometer. One unit of SOD activity is esged as the amount of enzyme
required to cause 50% inhibition of epinephrine dakion in the experimental
conditions. This method is based on the abilityS@D to inhibit the autoxidation of
epinephrine at an alkaline pH. Since the oxidat@nepinephrine leads to the
production of a pink adrenochrome, the rate ofease of absorbance at 480 nm, which
represents the rate of autoxidation of epinephrma®, be conveniently followed. SOD

has been found to inhibit this radical-mediateccpss.

2.10. Catalase (CAT; 1.11.1.6) activity

Catalase activity were determined from both roat ahoot of potato plantlets
homogenized in a solution containing 50 MMbKH,POJ/K,HPO, (pH 7.0), 10 gt
PVP, 0.2 mmolt EDTA and 10 mlIt Triton X-100, at a proportion of 1:&v/v). The
homogenate was centrifuged at 12,000 g for 20 m#f@. The supernatant was used
for determination of catalase activity accordinghe modified method of Aebi (1984)
by monitoring the disappearance of@4 by measuring the decrease in absorbance at
240 nm in a reaction mixture with a final volume2ml containing 15 mmoi*l H,O,

in 50 mmol 1 KPO, buffer (pH 7.0) and 3QlL of the extract.

2.11. Ascorbic acid (AsA) and Non- protein thiol groups (NPSH) contents
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Both root and shoot of potato plantlets were homagel in a solution
containing 50 mmol™ Tris-HCI and 10 ml} Triton X-100 (pH 7.5), centrifuged at
6,800 g for 10 min. To the supernatant obtained adated 10% TCA at proportion 1:1
(v/v) followed by centrifugation (6,800 g for 10 myi to remove protein. The
supernatant was used to determine AsA and NPSHotsnt

AsA determination was performed as described bgueseSilva et al. (2001).
An aliquot of the sample (300 ul) was incubate8&(C in a medium containing 100 pl
TCA 13.3%, 100 pl deionized water and 75 pul DNP#eA3 h, 500 pl of 65% 50O,
was added and samples were read at 520 nm. A sthodeve was constructed using
L(+) ascorbic acid.

NPSH content in potato plantlets was measured seitometrically with
Ellman’s reagent (Ellman, 1959). An aliquot of tb@mple (400 ul) was added in a
medium containing 550 pl 1 mot Tris-HCI (pH 7.4). Reaction was read at 412 nm
after the addition of 10 mmof I5-5-dithio-bis (2-nitrobenzoic acid) (DTNB) (0.08).

A standard curve using cysteine was used to caécule content of thiol groups in

samples.

2.12. Protein determination
In all the enzyme preparations, protein was meadsbyethe Coomassie Blue

method according to Bradford (1976) using bovineisealbumin as standard.

2.13. Satistical analysis
The experiments were done as randomized design.ahbb/ses of variance
were computed on statistically significant diffecea determined based on the

appropriateF-tests. The results are the means £ S.D. of at kmee independent
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replicates containing 24 plantlets of each cultiidre mean differences were compared

utilizing Duncan’s multiple range test (p<0.05).

3. Reaults

3.1. Cd concentration, visible toxicity symptoms, and plantlets growth

Cd concentration in both roots and shoot increagéth Cd treatments.
However, most of the Cd taken up by the plantleas wccumulated in roots (Fig. 1A
and 1B). Roots of Macaca had significantly gre&drconcentration than Asterix. In
shoot, Asterix had greater Cd concentration ati2d0Cd level compared with Macaca.

As visible symptoms of toxicity, older leaves oftibgotato cultivars showed
necrosis at two highest Cd levels (150 and 200. With time, some leaves were
abscised. Number of sprouts in both potato cubivesas not affected at all Cd
treatments, and did not have any difference betweercultivars at the same Cd level
(Fig. 1C). Number of nodal segments in Asterix weduced at 200M Cd, but it was
not affected by increasing Cd level in Macaca. Astbad lower number of nodal
segments at two highest Cd levels compared withaga¢Fig. 1D). Number of leaves
in Asterix was reduced upon addition of Cd leveteeding 50uM. By contrast,
number of leaves in Macaca was reduced only athigbest Cd levels. Macaca had
significantly greater number of leaves at all Geshtments than Asterix (Fig. 1E). Shoot
length in Macaca was not affected by increasinge¥dl, but it showed a decrease at
two highest Cd levels in Asterix. Asterix showedvér shoot length at two highest Cd
levels compared with Macaca (Fig. 1E). Number a@itsan both potato cultivars was
not affected at all Cd treatments, however Macdoaved lower number of roots than

Asterix at 0, 50 and 200M Cd (Fig. 1G). Root length in Macaca was not atéecby
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increasing Cd level, whereas in Asterix it showeddadependent decrease. Asterix had

significantly greater root length at all Cd treatit®ecompared with Macaca (Fig. 1H).
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3.2. Photosynthetic pigments and ALA-D activity

Carotenoids content in Asterix was not affectedinmyeasing Cd level, but in
Macaca it showed a decrease at two highest CdsleMareover, Macaca had greater
carotenoids content at 0 and p®1 Cd compared with Asterix (Fig. 2A). Total
chlorophyll content of both cultivars was signifitly decreased at two highest Cd
levels, but in Macaca chlorophyll content was gee#ttan in Asterix at 5QM Cd (Fig.
2B).

ALA-D activity in Asterix showed a continuous itition with increasing Cd
level, whereas in Macaca it was reduced only updditian of Cd level exceeding 50
uM. Moreover, Asterix showed greater ALA-D activityan Macaca at 0 and pd/1 Cd

(Fig. 2C).

(B)

A
B Asterix 722 macaca ) B Asierix Macaca

PBG (nmol mg™' protein h'Y)
Carotenoids (mg g~' FW)

Cadmium (uM)

- Asterix Macaca

Total chlorophyll (mg g~' FW)

Figure 2. Effect of increasing external Cd conaaitn on the carotenoids (A) and chlorophyll (B)
contents, and-aminolevulinic acid dehydratase activity (C) imves of two potato cultivars. FW= fresh

weight. Statistics as in Figure 1.
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3.3. Lipid peroxidation and protein oxidation

The level of lipid peroxidation was measured imtgrof MDA accumulation.
As shown in Figure 3A, roots MDA content was sigmhtly increased at all Cd
treatments in Asterix, whereas in Macaca it inaedagnly at two highest Cd levels.
Roots of Asterix had significantly higher MDA acculation compared with Macaca.
Shoot MDA content was significantly increased irteki at all Cd treatments, whereas
Macaca showed an increase only at three higheste@#s. Shoot of Macaca had
significantly higher MDA accumulation upon additiah Cd level exceeding 50M
compared with Asterix (Fig. 3B).

The level of protein oxidation was measured in geghcarbonyl accumulation
only in shoot. Carbonyl content was significanthgreased in shoot of both cultivars
only at 200uM Cd, and at this level Asterix had significantlgwler carbonyl

accumulation compared with Macaca (Fig. 3C).

A B
I Asterix 772 macaca ( ) I Asterix Macaca ( )

MDA (nmol mg ' protein)
MDA (nmol mg ~' protein)

Cadmium (pM)

I Asterix V772 macaca

Carbonyl (nmol mg-" protein)

Cadmium (pM)

Figure 3 Effect of increasing external Cd concentrationlipid peroxidation in roots (A) and in shoot

(B) and protein oxidation in shoot (E) of two pataultivars. Statistics as in Figure 1.
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3.4. H,0, content and SOD and CAT activities

As shown in Figure 4A, roots K, content in Asterix was significantly
increased at all Cd treatments. Conversely, roe@,ldontent in Macaca increased at
50 uM Cd, whereas upon addition of Cd exceeding thisllé& was reduced compared
with control. HO, content of roots was greater in Macaca than irestat 0 and 50
uM Cd, whereas at 100 and 2pM Cd Asterix showed greater,8, content than
Macaca. As shown in Figure 4B, shootQd content in both potato cultivars was
increased at three highest Cd levels compared auittrol, whereas in Macaca it was
reduced at 5uM Cd. Moreover, Macaca had greater shogODHcontent than in
Asterix at 0, 150 and 200M Cd, whereas at 100M Cd Asterix showed greater.8,
content than Macaca.

SOD activity was significantly inhibited in root$ Asterix at all Cd treatments.
By contrast, SOD activity in Macaca increased sigaintly upon addition of Cd levels
exceeding 10@M. The roots of Macaca had significantly lower S@&ivity at 0, 50
and 100uM Cd compared with Asterix (Fig. 4C). Shoot SODiatt was significantly
activated in Asterix at three highest Cd levels. tBe other hand, in Cd treatment
ranging from 100 to 20AM Cd shoot SOD activity in Macaca was reduced. usthsCd
levels, Asterix had higher SOD activity than Macé€g. 4D).

CAT activity was significantly inhibited in rootsf ésterix at 100 and 15QM
Cd, whereas in Macaca it showed an inhibition @il$OuM Cd. Roots of Asterix had
greater CAT activity at 5@M Cd than Macaca, whereas Macaca showed greater CAT
activity at 150uM Cd compared with Asterix (Fig. 4E). Shoot CAT ieity in Asterix
was slight, but not significantly, reduced at 200 Cd. On the other hand, shoot CAT

activity in Macaca was significantly inhibited at €d treatments. Asterix had greater



87

shoot CAT activity at 50, 100 and 150 Cd compared with Macaca, whereas at\Nd

Cd CAT activity was greater in Macaca than AstéFiig. 4F).
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Figure 4.Effect of increasing external Cd concentration loa iydrogen peroxide content and superoxide
dismutase and catalase activities in roots (A, € &vrespectively) and, in shoot (B, D and, F respely)

of two potato cultivars. FW= fresh weight. Statistas in Figure 1.

3.5. AsA and NPSH contents

Roots AsA content in Asterix was significantly irased at 15M Cd,
whereas at 20QM Cd it was decreased. By contrast, roots AsA aante Macaca was
not affected by increasing Cd treatments. RootSataca had lower AsA content at

150 uM Cd compared with Asterix (Fig. 5A). Shoot ASA tent in Asterix was
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significantly decreased at 150M Cd, whereas at 20@M Cd it was increased.
Conversely, shoot AsA content in Macaca was sigaifily decreased at 1M Cd,
but it was increased at 21 Cd. Shoot of Macaca had lower AsA content at 180D
Cd compared with Asterix, whereas at 18@ Cd AsA content was greater in Macaca
than Asterix (Fig. 5B).

Roots NPSH content of both cultivars was signifitamncreased at all Cd
treatments. Excepting at 10/ Cd in the substrate, NPSH content was higheoats
of Macaca than Asterix (Fig. 5C). Shoot NPSH coniacreased at two highest Cd
levels in Asterix, but in Macaca it was increasédhaee highest Cd levels. Shoot of
Macaca had greater NPSH content at 100 and | @2d0Cd compared with Asterix,

whereas Asterix had greater NPSH content atM8@d than Macaca (Fig. 5D).
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Figure 5.Effect of increasing external Cd concentration scosbic acid and non-protein thiol groups
contents in root (A and C, respectively) and ingh® and D, respectively) of two potato cultivaFsV=

fresh weight. Statistics as in Figure 1.
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4. Discussion

4.1. Cd concentration, visible toxicity symptoms, and plantlets growth

In the present study, both potato cultivars showembntinuous increase in the
concentration of Cd in roots and shoot with incregsCd external concentration and
accumulated significantly higher Cd concentrationroots. This finding has been
reported by other researches working with distplant species exposed to varied Cd
concentrations (Mishra et al., 2006; Tiryakioglu at, 2006; Gichner et al., 2008;
Rascio et al., 2008). Such metal confinement in rd@ tissues may be due to an
efficient binding and sequestration to the vacubleglutathione and phytochelatins, or
by immobilization of Cd by cell wall and extracddu carbohydrates (Mishra et al.,
2006 and references herein). This Cd accumulatidhe root system can indicate that
roots serve as a partial barrier to Cd transporth® shoots. Moreover, Macaca
accumulated more Cd in the roots than Asterix. l@ndther hand, in shoot, Asterix had
higher Cd concentration at 2Q0M Cd compared with Macaca. This data suggests a
genotypic difference between potato cultivars comog the partitioning of Cd. In fact,
differences in metal accumulation among cultivafstte same species have been
observed in different plants (Dunbar et al., 2Q0G;et al., 2007).

According to Rascio et al. (2008) inhibition of dieg growth is a common
effect of many heavy metals and is used as a paeartee characterize phytotoxicity.
The growth analyses of potato plantlets showed thatber of sprouts and roots was
not affected by Cd in both cultivars, whereas @atiment affected the number of nodal
segments, and shoot and roots length only in Asté&eduction in shoot and roots
length have been reported by other researchessiina species exposed to Cd (Zhang

et al., 2005; Tiryakioglu et al., 2006; Liu et &Q07; Rascio et al, 2008). In addition, it
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was observed a reduced number of leaves as widhass abscission and necrosis for
both cultivars at high Cd levels. Soares et al08)Gnd Tiryakioglu et al. (2006) also

reported necrosis and shedding of leaves in euttedyand barley, respectively, exposed
to Cd. Therefore, in the present study, regardimg growth analysis, it seems that

Asterix was more sensible to Cd toxicity comparetth Wacaca.

4.2. Photosynthetic pigments and ALA-D activity

The level of chlorophyll and total carotenoids wastulated as a simple and
reliable indicator of heavy metal toxicity for high plants (Gratdo et al., 2005).
Carotenoids are essential for photosynthesis whieeg serve as accessory light-
harvesting pigments and as photoprotectants thetajutissue-damaging free radicals
such as singlet oxygen species (Demmig-Adams aramad1996; Frank and Cogdell,
1996; Behera et al., 2002 and references hereagul® of the present study showed a
decrease of carotenoids content only in Macaca@highest Cd levels. This genotypic
variations has been reported for other specieszdpaicz and Baszynski, 2005;
Mishra et al., 2006; Singh et al., 2006) and, & phesent study, it suggests that might
be occurred an overproduction of ROS in leaves at&da. Interestingly, Macaca had
higher HO, content at two highest Cd levels than Asterix Whsan be correlated with
the decreased content of carotenoids.

Lower amounts of chlorophyll were found in leavesboth potato cultivars
exposed at both 150 and 200 Cd. A bleaching effect of Cd on leaf tissues hasn
reported, although the mechanism by which the metialgs about chlorosis is still
unclear (Rascio et al., 2008). This event has lmtibuted to a number of effects
including inhibition of chlorophyll biosynthesis,hlorophyll degradation, hastened

senescence and disorganization of chloroplastgedsed number of photosynthetic
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membranes, and oxidative stress (Mishra et al.62B@scio et al., 2008 and references
herein).

Cd-exposure caused a severe inhibition of ALA-Divitgt in both potato
cultivars. The reaction catalyzed by ALA-D is commito tetrapyrrol biosynthesis,
including chlorophyll molecules, and is essental d¢ellular life (Noriega et al., 2007).
So, the reduced chlorophyll content verified in gresent study may be attributed to
reduced chlorophyll synthesis because Cd interfevél heme biosynthesis and
chlorophyll formation by interacting with functionaSH groups of sulthydryl-requiring
enzymes like ALA-D (Morsch et al., 2002; Noriegaagt 2007). Indeed, the substrate
of reaction catalyzed by ALA-D, the ALA, undergoesolization and further metal-
catalyzed aerobic oxidation at physiological pHyteld superoxide radical, hydrogen
peroxide and hydroxyl radical (Reyter and TyrreD00). So, ALA-D inhibition could
have led to an ALA accumulation that might endogeshy contribute to enhanced level

of ROS (Noriega et al., 2007).

4.3. Lipid peroxidation and protein oxidation

In the present study, there was a gradual increa8DA content in roots and
shoot of both potato cultivars, which was posiyvetorrelated with the Cd
concentration in the tissues (root: r = 0.93 and 0.87 to Asterix and Macaca,
respectively; shoot: r = 0.87 and r = 0.82 to Agtand Macaca, respectively). The
significant increase in MDA concentration obsenatdighest Cd levels suggests that
Cd caused oxidative damage to the plant (Singh,e2@06). Interestingly, Asterix had
higher lipid peroxidation in roots than Macaca whican be correlated with the
reduction observed in root length only in Astef@orroborating with our results, other

researches have shown an increased MDA contentlHexgosed plants (Mishra et al.,
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2006; Singh et al., 2006; Rellan-Alvarez et al.0@0Lee et al., 2007). Mishra et al.
(2006) reported that ROS induce severe lipid pelation due to removal of hydrogen
from unsaturated fatty acids leading to formatioh lipid radicals and reactive
aldehydes. This results in cyclic cascade of reastcausing distortion of lipid bilayer
and membrane proteins (Reinheckel et al., 1998).

In addition, the present work showed an increasatbonyl content in both
cultivars at highest Cd treatments, indicating t@dttoxicity caused protein oxidation
in potato plantlets. This result corroborates weports of Arvind and Prasad (2005),
Ortega-Villasante et al. (2005) and Rellan-Alvae¢sl. (2006), who noticed carbony!
accumulation inCeratophyllum demersum, Medicago sativa and Zea mays plants,
respectively, exposed to Cd. Oxidatively modifietbtpins can undergo chemical
fragmentation or form aggregates because of colvalewss-linking reactions and
increase surface hydrophobicity, leading to a losfunction (Berlett and Stadman,
1997). In fact, protein carbonylation is an irresible oxidative process and it appears

to contribute to inhibition or the impairment of lmple enzymes (Sohal et al., 2002).

4.4. H,0, content and SOD and CAT activities

H,0, serves as a signaling molecule to activate a rédefemse system for
restoring the redox homeostasis in plant cells (@&t al., 2005). Conversely, during
oxidative stress, D, is a strong toxic oxidant causing cell damagewemnecell death
and also can contribute to the carbonylation ofgins (Bienert et al., 2006) which was
observed in the present paper. The present inetisiig indicates that Cd-exposure
resulted in increased B, content in roots and shoot of Asterix, and appdyerat
compensatory response to Cd level exceedingu®0 between roots and shoot of

Macaca. According to Aebi (1984) increaseDbllevels may be related with low levels
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of SOD because 1, may inactivate enzymes by oxidizing their thiolgps. In fact, in
the present study, the content oG4 was negatively correlated with SOD activity in
roots of both potato cultivars (= 0.62 and ¥ = 0.55 to Asterix and Macaca,
respectively). However, it was observed a posttivaelation between these parameters
in shoot of Asterix ( = 0.82). Therefore, SOD activity had an organ- antlivar-
dependent response to Cd treatments. Increase Ine8@vity may be due to increase
in superoxide radical concentration and duéeldmovo synthesis of enzymatic proteins
(Verma and Dubey, 2003), which is associated withnaluction of genes of SOD by
superoxide mediated signal transduction (FatimaAdndad, 2004). On the other hand,
the reduction of the SOD activity is probably dwe énhanced level of J, as
explained above.

Root CAT activity in Asterix decreased at 100 arsD) UM Cd, whereas in
Macaca it was inhibited only at 50M. In shoot, CAT activity in Asterix was not
affected by Cd, but in Macaca it was decreasedllaCd treatments. According to
Ogawa et al. (1997) the decline observed in CAlvidgtmay be due to inhibition of
enzyme synthesis or change in assembly of enzyimengs. Although CAT catalyses
the detoxification of HO,, the CAT activity in roots of Macaca was negatyel
correlated (= -0.67) with HO, concentration. This result might be due to thé fhat
other enzymes have similar role in antioxidant exystsuch as ascorbate peroxidase
(APX) and guaiacol peroxidase (GOPX) (Gratéo e805; Mishra et al., 2006).

Previous reports have demonstrated erratic andradbictory responses of
antioxidant enzymes to Cd treatment depending @n dpecies and the growing
experimental conditions (Gomes-Junior et al., 200§,akioglu et al., 2006).

In future studies it will be necessary to analyze ¢ffects of Cd on antioxidant

enzymes activities in native polyacrylamide gelcef@phoresis to verify possible
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differences in activity among specific isoenzymesshowed by some authors (Vitoria

et al., 2001; Gomes-Junior et al., 2006; Lee e280D7).

4.5. AsA and NPSH contents

Ascorbic acid (AsA) is a key antioxidant for elimtion of ROS especially 4.
(Noctor and Foyer, 1998). The reaction of AsA wtfO, can occur directly or it can be
catalysed by APX (Chen and Gallie, 2004). Root As#atent in Macaca was not
affected by Cd, whereas in shoot it was reducdd@fiM Cd and increased at 2@
Cd. On the other hand, a compensatory responsd {@3D and 20@M) between roots
and shoot of Asterix was observed on As#ntent. The increase of AsSA content for
both potato cultivars indicates that AsA is invalven antioxidant response to Cd
toxicity (Tiryakioglu et al., 2006). Moreover, RCf8e assumed to be involved in the
oxidation of ascorbic acid to dehydroascorbic atgdding to reduction in the ascorbic
acid content of the plant (Singh et al., 2006).

NPSH are known to be affected by the presence v@draemetals (Xiang and
Oliver, 1998). In the present study, there was adgal increase in NPSgbntent in
roots and shoot of both potato cultivars, which \pasitively correlated with the Cd
concentration in the tissues (roof: ¥ 0.91 and ¥ = 0.81 to Asterix and Macaca,
respectively; shoot?r= 0.57 and¥= 0.71 to Asterix and Macaca, respectively). Other
investigations have showed &fi****“NPSH in Cd-treated plants (Mishra et al., 2006;
Singh et al., 2006; Tiryakioglu et al., 2006; Raset al., 2008). Noctor and Foyer
(1998) reported that such increase may be dueirtaulstion of enzymes of sulfate
reduction pathway. In addition, increased synthediphytochelatins that play an
important role in Cd detoxification could be retht® NPSH enhancement (Romero-

Puertas et al., 2007).
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5. Conclusion

In conclusion, the growth reduction of potato plletis may be related to
decreased chlorophyll content with consequent tamluon the photosynthetic rate and
an increase in tissue damage, which is evidencelidly levels of lipid peroxidation
and protein oxidation. In general, Cd availabil@pove of 100uM caused great
oxidative stress and the antioxidant system ofolhatlets was not sufficiently efficient
to revert the stress burst. In addition, there ssgaificant difference in partitioning of
Cd between two cultivars, where Macaca accumul&igter levels of Cd in root
tissues than Asterix. Such characteristic was apeomd by some detoxification
mechanisms. Under Cd treatment, roots of Macacaima@ased SOD activity and
higher NPSH content, which might be important ttogigy ROS. In parallel, root lipid
peroxidation was not altered upon addition of Cdup to 150uM, whereas ALA-D
activity decreased only upon addition of Cd excegdiOuM. These data suggest that

Asterix seems to be more sensitive to Cd toxicignpared with Macaca.
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6 DISCUSSAO

Em ambas as condi¢des de cultivo, culiiveitro e em hidroponia, verificou-se efeito
negativo do caddmio (Cd) no crescimento de plantdiasbatata de ambas as cultivares,
Asterix e Macaca. De modo geral, as variaveis ¢aimo altura da parte aérea, nimero de
segmentos nodais, numero de folhas e numero desrdiwam reduzidas quando em
exposicdo a altas concentracbes de Cd. A reducacomprimento radicular, que é uma
resposta classica das plantas estressadas pelDRFAZKIEWICZ & BASZYNSKI, 2005),
ocorreu em ambas as cultivares cultivadasitro. Entretanto, a Macaca apresentou uma
inibicdo mais drastica em relacdo a Asterix. JAidabponia, a Macaca nado sofreu reducéo do
sistema radicular, enquanto a Asterix apresentducén em todas as concentragoes de Cd. A
biomassa fresca de raizes e parte aérea de ambat\ases foram reduzidas na presenca do
Cd no cultivoin vitro, porém em hidroponia somente a cultivar Asterisespntou reducéo
guando exposta as concentracdes mais altas deadds(chdo apresentados). Em relagdo a
biomassa seca de raizes e parte aérea, ndo seoobskferenca nas plantulas de batata
cultivadas hidroponicamente, enquanto que naquiddagultivo in vitro verificou-se um
aumento nas menores concentracdes de Cd seguiddeatéscimo. A ocorréncia de
incremento no crescimento das plantulas na condic&adro e ndo em sistema hidropdnico
pode ser atribuido ao fato do Cd estar menos diggloem meio geleificado, podendo seus
efeitos ser compativeis aos observados em con¢éatr&fetivas inferiores. Este incremento
no crescimento das plantulas expostas a baixagotactes de Cd tem sido atribuido a um
mecanismo denominado hormese, que representa wpasta de supercompensacéo do
organismo em relagéo a uma alteracdo em sua hcaseq&ALABRESE, 1999).

A concentracdo de Cd nas raizes e na parte aémardelas da batata crescidas tanto
in vitro (dados ndo apresentados) quanto hidroponicamenterdou progressivamente de
acordo com o incremento de sua concentracdo no aeegultivo. Por outro lado, embora o
conteudo de Cd (baseado na concentracdo de Cpredcao de biomassa seca) nas raizes e
na parte aérea tenha aumentado progressivamentzoldo com o incremento de sua
concentragéo na solucdo nutritiva, nas plantulisvadasin vitro foi observada uma resposta
erratica deste conteldo que, possivelmente, sej@ad@o incremento da biomassa seca
observado nas menores concentragdes e a fortedailbiesta nas maiores concentracdes de
Cd.
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Neste trabalho também foram observados diferermésngs visiveis de toxicidade
nas plantulas cultivadas em diferentes sistemasultig’o sob altas concentracdes de Cd. Na
condicdo de cultivan vitro observou-se aumento no nimero de raizes adventitoasse,
murchamento foliar e escurecimento (oxidac&o) dgsentos nodais, enquanto nas plantulas
submetidas a hidroponia observou-se necrose dhasfohais velhas seguido de abscisédo
foliar.

Em relag@o ao balango nutricional, verificou-sedmeis diferencas entre as plantulas
expostas ao Cd nas condi¢ges de cultivatro ou em sistema hidroponico e, entre o sistema
radicular e a parte aérea. Em geral, os nutriemiegrais (macro e micronutrientes) nao
tiveram sua absorcao e acumulacao alteradas pefw Geétema hidropdnico, entretanto nas
plantulas cultivadasn vitro, altas concentracdes de Cd causaram drasticas;oesiu
Interessantemente, as plantulas de batata apresantiean aumento no conteudo de alguns
nutrientes somente quando crescidasitro e expostas as menores concentragoes de Cd,
corroborando com os resultados encontrados emarelagproducdo de biomassa seca.
Existem muitos resultados contraditorios na litei@tem relagdo a nutricdo mineral de
plantas estressadas pelo Cd devido, principalmastéiferentes espécies, 6rgaos e idades das
plantas estudadas, bem como as condi¢cdes de ceegoindestas incluindo o tipo de
substrato, a concentracdo de Cd e de outros elememherais no meio de cultivo e ao
periodo de exposicdo das plantas ao metal (DONIG, &006).

STOLTZ & GREGER (2002) observaram diferenca na aj@o e translocacao de
metais entre a mesma espécie de planta cultivadmlene hidroponia. Segundo estes autores
estas diferencas seriam, provavelmente, devidafé®utes condicdes de crescimento, uma
vez que ocorrem processos na interface raiz-sodongio ocorrem na solugcéo nutritiva e
devem afetar a absorcédo e translocacdo dos matéis. disso, o Cd presente em solucdo
nutritiva € mais facilmente absorvido pelas plamasrelacdo ao Cd no solo (SANITA DI
TROPPI & GABRIELLI, 1999). Desse modo, os dadosdesente trabalho sugerem que as
diferencas observadas nas respostas do crescimetiomulagdo de nutrientes minerais das
plantulas de batata expostas ao Cd em diferensésnss de cultivo sejam diretamente
relacionadas aos diferentes tipos de interacée erdgistema radicular e o Cd, bem como com
0S nutrientes minerais.

No presente estudo, também se verificou o efeitdCdosobre alguns parametros
relacionados a fotossintese. A presenca de Cd ditméncontetdo de carotendides somente
na cultivar Macaca, por outro lado, reduziu a dtidie da enzima aminolevulinato desidratase

(ALA-D) e o conteudo de clorofila em ambas as vatés. A diminuicdo do contetdo de
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carotendides € prejudicial, uma vez que eles atoamo pigmentos fotossintéticos e
antioxidantes nao-enzimatico (BEHERA et al., 20@)onteudo reduzido de clorofila pode
estar relacionado a varios fatores, como a dimfituiga sintese desta molécula. A enzima
ALA-D esta envolvida na rota de biossintese dospumtos tetrapirrélicos como a clorofila,
assim a inibicdo desta enzima pode ser associadargeudo diminuido deste pigmento
fotossintético (NORIEGA et al., 2007). A inibicaa ALA-D também ocasiona um acumulo
do seu substrato, o aminolevulinato (ALA), 0 quentdbui para a geracao de estresse
oxidativo (NORIEGA et al., 2007).

Também foi demonstrada a toxidez do Cd neste trabp¢la inducdo de estresse
oxidativo em plantulas de batata cultivadas hidmgamente. O Cd aumentou os niveis de
MDA na parte aérea e nas raizes de ambas as cedtivaque indica peroxidacao lipidica das
membranas (SINGH et al., 2006). Houve um aumentoombelido de grupamentos carbonil
na parte aérea de ambas as cultivares na cond@mntnagis alta de Cd, indicando que altas
concentracdes de Cd também causam oxidacdo préREdd AN-ALVARES et al., 2006).
Tanto a oxidacdo de proteinas quanto a de lip&iosacentuadas quando ha um aumento na
producdo de espécies reativas de oxigénio (ER@sfaano oxigénio singletc'@,), radical
superoxido (@), peroxido de hidrogénio @) ou o radical hidroxila (HQ (GRATAO et
al., 2005). O conteudo de®, foi aumentado pelo Cd na parte aérea e nas rddzesltivar
Asterix, enquanto nas raizes da Macaca houve une@onsomente na menor concentracao
de Cd seguido de decréscimo e na parte aérea homee resposta contraria. Para a
destoxificacdo destas EROs existe um sistema addiobe enzimatico e um ndo-enziméatico
responsaveis pela neutralizagdo e/ou remoc¢édo deR@s e incluem moléculas como &cido
ascorbico, glutationa reduzida, tocoferol e algureagimas como ascorbato peroxidase
(APX), catalase (CAT) e superéxdo dismutase (SGBRATAO et al., 2005). A atividade da
SOD da Asterix foi aumentada na parte aérea e didannas raizes, enquanto a Macaca
apresentou resposta contraria. A atividade da C&TMacaca foi diminuida em todas as
concentragbes de Cd na parte aérea e emuMs@de Cd nas raizes, enquanto na cultivar
Asterix a CAT da parte aérea nao foi influenciadl Cd e a das raizes foi inibida em 100 e
150 uM Cd. Essas alteragbes na atividade das enzimaxidantes tém sido citadas por
varios autores em diferentes espécies de planpasis ao Cd. Entretanto, existem muitos
resultados contraditérios na literatura, uma vee tanto aumento quanto diminuicdo e
inalteracdo da atividade enzimatica antioxidantegpamtas expostas ao Cd tém sido relatados
(BENAVIDES et al., 2005; GRATAO et al., 2005; GOMBSNIOR et al., 2006).



105

Em relagdo aos antioxidantes ndo-enzimaticos, ¢eddo de NPSH aumentou nas
raizes e na parte aérea de ambas as cultivarestaspmo Cd, salientando a importancia
destas moléculas no processo de destoxificacde degtl, uma vez que este aumento pode
ser associado ao estimulo na sintese de fitoqueda(GONCALVES et al., 2007), as quais
sdo responsaveis tanto por quelar o Cd no citoplagranto por realizar a deposicao deste no
vacuolo (WOJCIK & TUKIENDORF, 2005). O contetido AsA aumentou em 150M de
Cd nas raizes da Asterix e em 200 de Cd na parte aérea de ambas as cultivare audor
lado, houve reducéo no contetdo de AsA em2d0de Cd nas raizes da Asterix e em 150 e
100 uM de Cd na parte aérea de Asterix e Macaca, reggeente, enquanto que nas raizes
da Macaca ndo houve alteragdo. O aumento do cantd€IdASA em ambas as cultivares
indica que esta molécula esta involvida na respastiaxidante da batata a toxidez de Cd,
enquanto o contetdo diminuido de AsA pode ser &stm@ uma oxidagdo desta molécula
pelas EROs transformando-a em desidroascorbato3(3Ist al., 2006; TIRYAKIOGLU et
al., 2006).

De modo geral, os resultados do presente trabatsiranam que o Cd presente no
meio de cultura afeta o crescimento, desorganibalanco nutricional e induz ao estresse
oxidativo em plantulas de batata. Os resultade€imados, principalmente, ao comprimento
radicular e a producéo de biomassa fresca de amsbadtivares de batata submetidas a duas
diferentes condic¢des de cultivo permitem inferie guMacaca foi mais sensivel ao Cd do que
a Asterix, quando cultivadas vitro. Entretanto, no sistema hidropdnico foi verificadaa
resposta contréria. Portanto, € necessario a agabizde trabalhos com outras abordagens,
como em nivel molecular, para que se possa cawartanais detalhes relacionados ao
transporte e acumulacdo dos nutrientes minerais €dle a influéncia deste no sistema
antioxidante. Além disso, em estudos posterioreplantulas de ambas as cultivares devem
ser submetidas ao crescimento em solo contaminasoe €d para haver um maior

entendimento quanto a tolerancia ou sensibilidaedéad cultivares a este metal.
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7 CONCLUSOES

- Em ambas as condi¢Oes de cultivoyitro e em hidroponia, as plantulas de batata de ambas
as cultivares, Asterix e Macaca, apresentaram Bedda altura da parte aérea, numero de
segmentos nodais, numero de folhas e nimero dssnaéto aumento de Cd no substrato.

- Os resultados relacionados, principalmente, aopcimento radicular e a producéo de
biomassa fresca de ambas as cultivares de batateetdas a duas diferentes condi¢cbes de
cultivo permitem inferir que a Macaca foi mais deesao Cd do que a Asterix, quando
cultivadasn vitro. Entretanto, no sistema hidropénico foi verificasiaa resposta contraria.

- A concentracdo de Cd nas raizes e na parte dérptiintulas da batata crescidas tanto
vitro quanto hidroponicamente aumentou progressivangmni@cordo com o incremento de
sua concentra¢cdo no meio de cultivo e, embora tedda de Cd nos tecidos das plantulas
cultivadas em hidroponia tenha exibido 0 mesmo @ytamento linear da concentracdo, nas
plantulas crescidasn vitro foi observada uma resposta erratica deste contejian
possivelmente, seja devido ao incremento da bicanassra observado nas menores
concentragOes e a forte inibicdo desta nas masoreentracdes de Cd.

- Em geral, os macro e micronutrientes ndo tivesaeabsorcdo e acumulacéo alteradas pelo
Cd nas plantulas cultivadas hidroponicamente. Eanite nas plantulas cultivadas vitro,
altas concentracbes de Cd causaram drasticas esdugd conteudo destes nutrientes
minerais. Em adicdo, a cultivar Macaca apresentoteato no contetdo de alguns nutrientes
somente quando cultivada vitro e exposta as menores concentracdes de Cd, caanoloor
com os resultados encontrados em relacdo ao estéayroducéo de biomassa seca.

- A presenca de Cd em sistema de cultivo hidropddiminuiu o contetdo de carotenoides
somente na cultivar Macaca, bem como reduziu édatie da enzima ALA-D e o contelido
de clorofila em ambas as cultivares, indicandoa@@al interfere negativamente em processos
relacionados a fotossintese em plantulas de batata;

- O Cd aumentou os niveis de MDA na parte aéreasaaizes de ambas as cultivares, bem
como aumentou o contetdo de grupamentos carbopémea aérea de ambas as cultivares na
concentragdo mais alta de Cd. O aumento na coacéotrde peroxido de hidrogénio em
plantulas de batata submetidas ao Cd indica quenestal alterou a producdo de espécies
reativas de oxigénio conduzindo a peroxidacdoitpidas membranas e a oxidagao protéica

nestas plantulas;
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- O Cd causou alteragfes na atividade de enzimaxigiantes como a CAT e a SOD, além
de alterar a concentracdo de moléculas antioxidarde-enzimaticas, como o AsA e NPSH
em plantulas de batata. Em especial, 0 aumentomteido de NPSH, tanto nas raizes quanto
na parte aérea de ambas as cultivares, indicadaigio aumentada de fitoquelatinas que sao
importantes no processo de destoxificagcdo do mésahlteracdes observadas no sistema de
defesa antioxidante e no conteudo de nutrientesraigrdas plantulas de batata expostas ao
Cd indicam que este metal promoveu estresse ovadatilesequilibrio no balango nutricional

nesta espécie, o que contribui para os efeitogimegabservados em relagdo ao crescimento
da batata.
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APENDICE 1. Efeito de diferentes concentracdes de cadmio @0, 200, 300, 400 e 500M) sobre a morfologia da parte aérea das cultivdees
batata, Asterix (A-F, respectivamente) e Macacéa (Bspectivamente) apos 22 dias de exposicao &l ema cultivoin vitro.

115



APENDICE 2. Efeito de diferentes concentra¢des de cadmioQq0, 200, 300, 400 e 5QM) sobre a morfologia do sistema radicular dasivares de batata,
Asterix (A-F, respectivamente) e Macaca (G-L, reipamente) apos 22 dias de exposi¢cdo ao metaléiviocin vitro.
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APENDICE 3. Efeito das concentracbes 15M (A) e 200 uM (B) de cadmio sobre a
morfologia da parte aérea de plantulas de batais Amlias de exposicdo ao metal em sistema
hidroponico.
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