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O Chumbo (Pb) é um dos elementos toxicos mais abundantes e globalmente
distribuidos. A contaminagdo dos solos, ar e agua por este metal leva a sua
acumulacdo em peixes, mamiferos e plantas e a intoxicacdo humana, através da
alimentacdo. Devido aos efeitos danosos do Pb ao ecossistema, € necessario que
estas areas sejam reabilitadas. A fitorremediacdo € uma técnica de baixo custo que
pode ser utilizada com tal objetivo. Para que a planta seja utilizada na
fitorremediacdo, no entanto, €& necessario haver conhecimento sobre o
comportamento vegetal quando exposto ao contaminante. Portanto, o objetivo deste
trabalho foi caracterizar aspectos fisioldgicos e bioquimicos da toxidez do Pb em
raizes e folhas de diferentes regibes da parte aérea (apical, mediana e basal) em
plantas de P. sagittalis. As plantas foram expostas a cinco concentra¢gdes de Pb: (0,
200, 400, 600, 1000 pM) durante 30 dias. Ap6s esse periodo foram avaliados
parametros de crescimento, concentracdo de Pb nos tecidos, indicadores de
toxicidade (atividade da d&-aminolevulinato desidratase, &-ALA-D), marcadores de
dano oxidativo (TBARS, peroxidagdo lipidica, e concentracdo de H,0,) e
antioxidantes enzimaticos (superoxido dismutase, SOD, catalase, CAT, e ascorbato
peroxidase, APX) e ndo enziméticos (tidis ndo protéicos, NPSH, acido ascérbico,
AsA). A concentracdo de Pb nos tecidos aumentou com o acréscimo de Pb ao meio
ocasionando uma diminuicdo do consumo de solucdo nutritiva e da taxa de
transpiracdo. Da mesma forma ocorreu decréscimo na matéria fresca da raiz e da
parte aérea, na area foliar, na altura da parte aérea e na atividade da d-ALA-D com o
aumento da concentracao de Pb. Por outro lado, a matéria seca da raiz e da parte
aérea, a concentracdo de clorofila e carotendides néo foram afetadas, sendo que os
pesos das matérias fresca e seca das raizes aumentaram em 200 uM Pb comparado
ao controle. O indice de tolerancia das raizes e da parte aérea de P. sagittalis
reduziu nas maiores concentracdes de Pb. Contudo, as raizes foram mais tolerantes
ao Pb que a parte aérea. Com o aumento da concentracdo de Pb, a peroxidacdo
lipidica e a concentracdo de H,O, aumentaram nas raizes e folhas. A atividade da
APX aumentou em todas as partes da planta com o aumento da concentracdo de
Pb, enquanto a atividade da SOD aumentou nas folhas e nao foi afetada nas raizes.
A atividade da CAT nas folhas da regido apical ndo foi alterada pelo aumento da
concentracdo de Pb, mas nas outras partes da planta a sua atividade aumentou. A
toxicidade do Pb aumentou a concentragcdo de NPSH na parte aérea, enquanto ndo



foi observada diferenga significativa nas raizes. A concentracdo de AsA aumentou
com o0 aumento da concentracdo de Pb. Nossos resultados sugerem que o Pb
induziu estresse oxidativo em plantas de P. sagittalis e que o aumento da atividade
das enzimas do sistema antioxidante pode ter atuado como um importante
mecanismo de defesa antioxidante contra o dano oxidativo, demonstrando tolerancia
e possibilidade de utilizacdo dessas plantas para a recuperacdo de solos
contaminados por Pb.

Palavras-chave: sistema antioxidante; toxicidade por Pb; Pluchea sagittalis;
peroxidacao lipidica; eficiéncia do uso da agua
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Lead (Pb) is one of the most abundant, globally distributed toxic elements.
Soil, water and air contamination by Pb leads to its accumulation in fish, mammals,
and plants, and thus to human intoxication through food. Due to the hazardous
effects to the ecosystem, it is necessary that contaminated soils be rehabilitated.
Phytoremediation is a cheap technique that can be utilized with this objective.
However, it is necessary to know about plant behavior during metal exposure.
Therefore, the aim of this study was to characterize physiological and biochemical
aspects of Pb toxicity in roots and leaves of different developmental stages (apex,
middle, and basal regions) in P. sagittalis plants. Plants were exposed to five Pb
levels: (0, 200, 400, 600, 1000 uM) for 30 days. Parameters such as growth, tissue
Pb concentration and content, toxicity indicators (&-aminolevulinic acid dehidratase,
0-ALA-D, activity), oxidative damage markers (TBARS, lipid peroxidation, and H,O,
concentration) and enzymatic (superoxide dismutase, SOD, catalase, CAT, and
ascorbate peroxidase, APX) and non-enzymatic (non-protein thiols, NPSH, ascorbic
acid, AsA) antioxidants were investigated. Tissue Pb concentration increased with
external Pb levels causing a decrease in the consumption of nutrient solution and
transpiration ratio. Moreover, root and shoot fresh weight, leaf area, shoot length and
O-ALA-D activity decreased upon addition of Pb treatments. On the other hand, dry
weight of shoots and roots and chlorophyll and carotenoids concentrations were not
affected. Both fresh and dry weight of roots increased at 200 uM Pb, when compared
to control. The index of tolerance of roots and shoots of P. sagittalis decrease at
higher Pb concentrations. However, the roots were more tolerant to Pb than shoots.
Lipid peroxidation and hydrogen peroxide (H,O,) concentration both in roots and
leaves increased with increasing Pb levels. APX activity increased by Pb treatments
in all plant parts, while SOD activity increased in leaves and it was not affected in
roots. CAT activity in leaves from the apex shoot was not affected by Pb; however, in
other plant parts its activity increased. Pb toxicity caused increase in NPSH
concentration in shoot parts, whereas no significant difference was observed in roots.
AsA concentration increased with increasing Pb levels. These results suggest that Pb
induces oxidative stress in P. sagittalis and that elevated activity of antioxidative
enzymes could serve as important components of antioxidative defense mechanism
against oxidative injury, demonstrating tolerance and possible use of these plants for
reclamation of Pb contaminated soils.



Keywords: antioxidant system; Pb toxicity; Pluchea sagittalis; lipid peroxidation; water
use efficiency
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1 INTRODUCAO

A poluicdo do meio ambiente por metais pesados é uma das maiores
preocupacdes ecologicas atuais, devido ao seu impacto sobre a saude humana
através da cadeia alimentar e pela sua alta persisténcia no meio ambiente
(PIECHALAK et al., 2002). O chumbo (Pb) é um dos maiores poluentes tanto de
ecossistemas aquaticos quanto de terrestres. A contaminacdo do ambiente por este
metal através de fontes antropogénicas, tais como uso de insumos agricolas com
teores elevados de chumbo, deposicdes atmosféricas, mineracdo e residuos
industriais, tém causado sérias preocupacdes devido a sua elevada toxicidade aos
seres humanos e animais, mesmo em baixas concentragbes (PIERANGELI, 1999).
Essas fontes sé@o responséaveis pela adicdo de cerca de 1,16 milhdes de toneladas
de chumbo por ano em ecossistemas terrestres e aquaticos (NRIAGU, 1989).

Em vista da crescente contaminacdo dos solos por Pb e da expansdo da
contaminagdo a outros ecossistemas, é importante estabelecer metodologias para a
reabilitacdo destas areas contaminadas. Muitas técnicas sao aplicadas para
remocao ou atenuacdo dos metais pesados. As técnicas atuais de remediacao
baseiam-se em processos de engenharia, apresentando custos elevados e de dificil
aplicacdo (ACCIOLY & SIQUEIRA, 2000). Em contraste, o uso de plantas para
remover 0S metais pesados em solos contaminados, conhecida como
“fitorremediacdo”, oferece vantagens econdmicas e ambientais aléem de ser uma
técnica promissora (SALT et al., 1995). O sucesso da fitorremediacdo depende da
capacidade da planta em captar, translocar e acumular o metal pesado na parte
aérea sem gue 0 seu crescimento e desenvolvimento sejam afetados (XIONG,
1997).

Entretanto, o aumento dos niveis de Pb no solo pode induzir a uma série de
efeitos adversos no crescimento e no metabolismo das plantas (SINGH et al., 1997;
SHARMA & DUBEY, 2005) atraves da inibicdo de atividades enzimaticas (ISLAM et
al., 2008; XIAO et al., 2008a; GUPTA et al., 2009), alteracdo na taxa fotossintética
(XIAO et al., 2008a), reducdo da absorcdo de &gua, nutrientes minerais e da
transpiracdo (WIERZBICKA, 1995; SINHA et al.,, 2006; ISLAM et al., 2008),
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mudancas no “status” hormonal (SHARMA & DUBEY, 2005) e aumento da
peroxidacao lipidica (XIAO et al., 2008b; GUPTA et al., 2009).

A exposicdo das plantas a uma condicdo de estresse pode intensificar a
producdo de espécies reativas de oxigénio (EROs) (FOYER et al., 1994). As EROs,
tais como o anion superéxido (O,), o peroxido de hidrogénio (H.O,) e o radical
hidroxila (OH’), que em condicfes fisiologicas normais sdo produzidos em baixa
quantidade em reacgfes normais do metabolismo, tal como na fotossintese e
respiracdo, podem causar danos a biomoléculas como lipidios de membrana,
proteinas, pigmentos fotossintéticos e acidos nucléicos (MITTLER, 2002).

Entretanto, as plantas desenvolveram uma variedade de estratégias para
prevenir a acumulagdo excessiva de metais nas células e/ou transformar estes
metais em formas menos téxicas (SINGH et al., 1997). O primeiro passo € evitar a
entrada do metal na célula através da exclusdo e/ou através da ligacdo a parede
celular. Dentro da célula, o metal pode ser detoxificado através da ligacdo a outros
ligantes como acidos organicos, aminoacidos (cisteina e prolina), glutationa (GSH)
ou fitoquelatinas (PCs) (MISHRA et al., 2006). Para o Pb, a ligacdo a parede celular
€ um dos principais mecanismos de detoxificacdo (ANTOSIEWICZ & WIERZBICKA,
1999). No entanto, quando estes mecanismos de defesa ndo séo suficientes para
evitar os danos provocados pelo Pb causando o estresse oxidativo, outros
mecanismos antioxidantes sao acionados (MISHRA et al.,, 2006). O sistema
antioxidante &€ composto por antioxidantes enzimaticos [superoxido dismutase (E.C.
1.15.1.1), catalase (E.C. 1.11.1.6) e ascorbato peroxidase (E.C. 1.11.1.11), etc] e
nao enzimaticos [acido ascérbico, glutationa reduzida (GSH), carotendides e outros
grupos tidlicos ndo protéicos] que normalmente mantém um balanco de EROs
dentro das células ( FOYER et al., 1994; CROSS et al.,1998).

A capacidade do sistema antioxidante de detoxificar as EROs esta intimamente
ligada a tolerancia das plantas aos metais pesados (SCHUTZENDUBEL & POLLE,
2002). Nos ultimos anos, muitas espécies de plantas estdo sendo identificadas como
hiperacumuladoras, tendo a capacidade de acumular grandes concentragbes de
metais pesados, sem impacto no seu crescimento e desenvolvimento (HUANG &
CUNNINGHAM, 1996).

A distribuicAo dos metais absorvidos entre os Orgdos da planta € muito
diferenciada (BRUNE et al.,, 1994), podendo depender da espécie e do metal
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utilizado. A distribuicdo do metal na planta esta, de certo modo, relacionada com a
absorcdo e translocacdo de cada metal e pode ser um mecanismo de tolerancia
(ACCIOLY & SIQUEIRA, 2000).

A Pluchea sagittalis € uma espécie comum da regido tropical, sendo facilmente
encontrada em varios paises da Ameérica do Sul, e amplamente distribuida por todo
o Brasil (DALPIAZ & RITTER, 1998).

Esta espécie pode apresentar um possivel papel fitorremediador, pois em um
trabalho realizado por Sampanpanish et al. (2006), ao avaliarem um total de seis
espécies de plantas daninhas visando a escolha destas para emprego em
programas de fitorremediacdo em areas contaminadas com cromo, verificaram que
uma espécie do género Pluchea (P. indica) acumulou e translocou grandes
guantidades de cromo em seus tecidos, cerca de 180, 86 e 90 mg\kg na raiz, caule e
folha, respectivamente, podendo ser utilizada como fitoacumuladora em solos
contaminados com cromo.

O uso de plantas para extrair o Pb de solos contaminados requer um melhor
entendimento dos mecanismos de captacao, translocacédo e acumulacéo pela planta
(HUANG & CUNNINGHAM, 1996), sendo que a hiperacumulacdo é regulada por
processos fisioldgicos, bioquimicos e genéticos da planta (BAKER, 1987) sendo
necessario ter um melhor entendimento desses processos. No entanto, ha poucas
informagdes acerca da toxicologia do Pb e sobre os mecanismos pelo qual esse
elemento produz estresse oxidativo nas plantas de P. sagittalis. Deste modo, os

objetivos do presente trabalho foram:

1.1 Objetivos

1.1.1 Objetivo geral

Caracterizar os efeitos do chumbo sobre aspectos morfologicos, fisiologicos e

bioquimicos em diferentes partes da planta de Pluchea sagittalis.
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1.1.2 Objetivos Especificos

- Avaliar as altera¢des no crescimento, e determinar o conteudo de chumbo

absorvido pelas plantulas de P. sagittalis apds exposi¢cdo ao chumbo.

- Avaliar a atividade da enzima delta-ALA-D e o conteddo de clorofila e
carotendides em folhas de diferentes partes da parte aérea (apical, mediana e basal)

de plantas de P. sagittalis apds exposi¢cdo ao chumbo.

- Determinar os niveis de peroxidacado lipidica, o conteudo de peréxido de
hidrogénio em raiz e em folhas de diferentes partes da parte aérea (apical, mediana

e basal) de plantas de P. sagittalis ap0s exposi¢cdo ao chumbo.

- Avaliar a atividade de enzimas antioxidantes (catalase, ascorbato peroxidase
e superoéxido dismutase) e os niveis de antioxidantes ndo-enzimaticos (carotendides,
acido ascoérbico e tidis ndo-protéicos) em raiz e em folhas de diferentes partes da
parte aérea (apical, mediana e basal) de plantas de P. sagittalis apds exposicdo ao

chumbo.
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2 REVISAO DE LITERATURA

2.1 Chumbo - escala global

O chumbo (Pb) é um elemento metélico sélido cinza azulado conhecido ha
séculos como potencialmente toxico. Ele ocorre naturalmente nos solos e é um
constituinte essencial de muitos minerais, sendo encontrado na crosta terrestre em
uma concentracéo de 17 mg kg™ (BOSSO & ENZWEILER, 2008). A galena (PbS) é
o principal mineral de chumbo. O chumbo metalico € produzido por oxidacdo da
galena, seguida pela reducdo do litargirio (PbO) formado. Alguns minerais
importantes de chumbo sao formados por transformacao da galena. Exemplos séo a
reacdo com aguas carbonatadas para formar cerussita (PbCO3), a oxidacdo que
produz a anglesita (PbSO,) e a reagdo com fosfatos que resulta na piromorfita
[(Pbs(PO4)3X onde X= OH’, F, Brou CI] (BOSSO & ENZWEILER, 2008).

O aporte antropogénico do Pb ocorre através do uso de insumos agricolas
com teores elevados deste metal, deposicbes atmosféricas, mineracdo e residuos
industriais, sendo que as fontes antropogénicas sdo responsaveis pela adicdo de
cerca de 1,16 milhdes de toneladas de chumbo por ano em ecossistemas terrestres
e aquaticos (NRIAGU, 1989).

O aumento da concentracdo de Pb causa sérias preocupacdes devido a sua
elevada toxicidade aos seres humanos e animais, mesmo em baixas concentragdes
(PIERANGELI, 1999).

Segundo Chlopecka et al. (1996), metais originados de diferentes fontes
antropicas sao relativamente mais moveis e potencialmente mais fitodisponiveis que
agueles presentes no material de origem dos solos. Entretanto, varios fatores podem
controlar a biodisponibilidade do Pb no solo. A quimica do solo, através da presenca
de espécies anidnicas, as quais formam complexos com o Pb (acidos orgéanicos,
matéria organica, fosfato, carbonato, sulfetos, cloreto, e hidréxido), concentracbes
de ferro e manganés, pH do solo, capacidade de troca catidnica, e condi¢des redox

determinam a extensdo em que ocorrem reacoes como: dissolucdo, precipitacao,
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complexacdo e adsorcéo entre o Pb e as particulas do solo (RUBY et al., 1999; JIN
et al., 2005).

Apesar da solubilidade e da mobilidade de Pb serem geralmente baixas, em
alguns ambientes sua concentracdo é tdo alta a ponto de colocar em risco a saude
humana, principalmente em locais proximos a mineracdo e inddstrias que usam
chumbo (WOWK, 2003).

Em uma area antiga de mineracdo na Malasia observou-se que frutos de
manga, mamao e goiaba cultivados nessa &area apresentavam concentragdes de Pb
acima dos niveis permitidos para alimentacéo, tornando-se um risco para a saude
humana (ANG & NG, 2000).

2.2 Chumbo no Brasil

No Brasil, segundo o Ministério da Saude, foram identificadas mais de 217
areas de contaminacdo por metais pesados (BRASIL, 2006). Areas contaminadas
por chumbo (Pb) sdo encontradas em todo o pais, mas principalmente no estado de
Sao Paulo. As principais fontes de contaminagéo antrépica de Pb no Brasil ocorrem
através de industrias de baterias, de pigmentos, de ceramica e de plastico
(PAOLIELLO & CAPITANI, 2007).

De acordo com trabalho desenvolvido pela CETESB (Centro Tecnolégico de
Saneamento Basico) em 2001, foram estabelecidos critérios, valores e padrdes
como referéncia para problemas de contaminacdo de solo e aguas subterraneas
(Tabela 1).

Tabela 1 - Valores norteadores para solo e 4gua sub  terranea para deteccéao
de contaminacao por chumbo.

Solo (mg kg™ de peso seco) Agua subterranea (ug.L™)
Referéncia Prevencéo Intervencgéo Intervencgéo
Agricola Residencial Industrial
17 72 180 300 900 10

Fonte: CETESB (2005).
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. Valor de Referéncia (R) de qualidade: reflete o teor natural médio do elemento
para um solo sob condi¢des naturais, indicando a ndo-contaminagao.

. Valor de Prevencdo (P): indica possibilidade de alteracdo prejudicial a
gualidade dos solos, sendo utilizado em carater preventivo; excedendo-se no solo,
obrigatoriamente devera ser feito o monitoramento dos impactos que venham a
ocorrer.

* Valor de Intervencdo (I): indicam a concentracdo limite em que acima destes
existem riscos potenciais, diretos ou indiretos, a satde humana.

Em estudos relacionados a contaminacgéo por Pb na regido sudeste do Brasil,
foi encontrada em uma area contaminada por depdsito inadequado de residuos de
induUstrias de revestimentos ceramicos do pélo de Santa Gertrudes (Sao Paulo) uma
concentracéo de 945 mg kg™ de Pb (OLIVEIRA & MORINA, 2008). Em outra &rea do
estado de SP foi avaliado o teor de metais pesados em sedimento do rio Betari, 0
qual passa por diversas areas de mineracdo de chumbo. Foram verificadas elevadas
concentracdes de Pb (7569 mg kg™) no sedimento do rio, podendo representar um
fator de risco a saude das populacdes ribeirinhas (COTTA et al., 2006).

Da mesma forma, no municipio de Bauru (SP) foi verificada a contaminacao
por chumbo em solos, vegetacéo, animais e também em criancas, nas proximidades
de duas industrias de acumuladores elétricos (MOREIRA & MOREIRA, 2004).

2.3 Efeitos fisiolégicos do chumbo em plantas

Stefanov et al. (1995) relataram que as espécies de plantas diferem na sua
sensibilidade aos metais. Sabe-se que a acumulacdo do chumbo (Pb) depende da
espécie, cultivar, 6rgdo da planta, estdgio de desenvolvimento, concentragdo de
chumbo exdgena e da presenca de outros ions no ambiente (SINGH et al., 1997; XU
& XU, 1993).

As plantas podem absorver chumbo a partir do ar ou do solo. O chumbo
presente no solo esta sob a forma de sais sollveis e insollveis ou ligado a matéria
organica (RUBY et al., 1999). O tamanho das particulas do solo, a capacidade de

troca catidnica (RUBY et al., 1999), a area de superficie radicular, a exudacao de
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compostos organicos, a micorrizacdo (VOGEL-MIKUS et al., 2006), a taxa de
transpiracéo e o pH do solo podem afetar a disponibilidade e a captacdo do Pb pelas
raizes (DAVIES, 1995).

A toxicidade do chumbo pode causar varios sintomas em plantas como, por
exemplo: inibicdo do crescimento radicular e da parte aérea, clorose e reducao da
area foliar (BEKIAROGLOU & KARATAGLIS, 2002; SINHA et al., 2006; DEY et al.,
2007; ISLAM et al., 2008). Esses sintomas sdo provocados devido a inibicdo da
atividade de enzimas, disturbio do “status” nutricional e no balango hidrico, mudanca
no padrdao hormonal e alteracdo na permeabilidade das membranas (SHARMA &
DUBEY, 2005).

Primeiramente, o Pb é captado pelo sistema radicular, sendo que a sua
concentragéo é geralmente maior nesse 6rgdo do que em outras partes da planta. O
Pb liga-se fortemente a grupos carboxil do acido galacturénico e glucurénico na
parede celular, o que restringe o seu transporte via apoplasto (RUDAKOVA et al.,
1988). Entretanto, o Pb move-se predominantemente via apoplasto atravessando o
cortex e acumulando-se na endoderme (VERMA & DUBEY, 2003). Na endoderme
encontra-se a estria de Caspari que € a principal barreira ao movimento do Pb
através da endoderme para o cilindro central, promovendo uma diminuicdo da
translocacdo desse metal para a parte aérea (SEREGIN & IVANOV, 1997). Contudo,
o Pb move-se também via simplasto, atravessando a membrana plasmatica
principalmente através dos canais de calcio (SINGH et al., 1997).

O acumulo de Pb na raiz pode afetar o “status” hidrico e nutricional das
plantas promovendo uma redugdo do crescimento tanto da raiz quanto da parte
aérea (SHARMA & DUBEY, 2005).

Nas raizes, o Pb interage fortemente com os grupos sulfidrilicos das enzimas
e proteinas (VAN ASSCHE & CLIJSTERS, 1990). O Pb liga-se as proteinas dos
canais de agua e de ions, causando uma obstrucéo fisica do fluxo de 4gua e da
captacdo de nutrientes (SHARMA & DUBEY, 2005) e, consequentemente, afetando
a transpiracao das plantas. Yang et al. (2004) relataram que o Pb inibe a captacdo
de agua via aquaporinas e o transporte de ions da membrana plasmatica de
vegetais, ocasionando reducéo no crescimento.

Eun et al. (2000) relataram que a inibicdo do crescimento radicular em plantas
expostas a elevadas concentracdes de Pb € devida a inibicdo da divisdo celular em
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células do apice da raiz induzida por este metal. O Pb altera o alinhamento dos
microtubulos (YANG et al., 2000; LIU et al., 2009) e destroi os microtubulos do fuso
mitotico interrompendo a divisdo celular. Além disso, foram observadas alteracdes
cromossOmicas e no nucléolo e irregularidades na mitose em células meristematicas
de raizes de Allium cepa e Zea mays (WIERZBICKA, 1994; JIANG & LIU, 2000;
CARRUYO et al.,, 2008). Em células na fase de interfase observaram-se nucleos
deformados e com material nuclear decomposto (WIERZBICKA, 1994). Nos
tecidos, a localizacdo do Pb é importante para a determinagdo da sua toxicidade
(SINGH et al., 1997). O Pb acumula-se preferencialmente nos espacgos
intercelulares, parede celular e nos vacuolos (WIERZBICKA, 1987; ANTOSIEWICZ
& WIERZBICKA, 1999; SEREGIN et al.,, 2002; SHARMA & DUBEY, 2005), nao
ocasionando nenhum efeito deletério para a planta (SINGH et al., 1997). Entretanto,
pequenos depositos desse metal podem ser encontrados no reticulo
endoplasmatico, nucleo, cloroplastos, mitocondrias e citoplasma (SHARMA &
DUBEY, 2005) podendo interferir na homeostase celular.

Como varios metais pesados, o Pb afeta a atividade de varias enzimas de
diferentes rotas metabdlicas, ativando-as ou inibindo-as (SHARMA & DUBEY, 2005).
Para muitas enzimas, a inibicdo exercida pelo Pb sobre suas atividades € resultado
da interacdo do Pb com os grupamentos -SH que estdo presentes no sitio ativo da
enzima, 0s quais sao essenciais para a sua atividade ou com grupos —SH que séo
necessarios para a estabilizacdo da estrutura terciaria da enzima (LEVINA, 1972).
Além disso, o Pb pode inibir a atividade de metaloenzimas através da substituicao
do metal essencial (SHARMA & DUBEY, 2005). Em plantulas de milho (Zea mays)
expostas a diferentes concentracdes de Pb (25 — 200 puM) observou-se decréscimo
na atividade da enzima J-aminolevulinato desidrogenase (enzima chave na rota de
sintese da clorofila) (GUPTA et al., 2009).

Por outro lado, a atividade de varias enzimas pode ser aumentada em plantas
expostas ao Pb (SHARMA & DUBEY, 2005). Esse aumento pode ocorrer devido a
sintese de enzimas e a imobilizacdo de inibidores (SHARMA & DUBEY, 2005).
Plantas de arroz crescendo em areia contendo 0,5 e 1 mM de nitrato de chumbo
demonstraram aumento da atividade das enzimas antioxidantes superoxido
dismutase, guaiacol peroxidase, ascorbato peroxidase e glutationa redutase em
raizes e folhas (VERMA & DUBEY, 2003).



24

O Pb afeta tanto reac¢des fotoquimicas quanto as de carboxilacdo, durante a
fotossintese. A fotossintese é considerada um dos processos metabodlicos mais
sensiveis a toxicidade do Pb (SINGH et al., 1997). Plantas expostas ao Pb
demonstraram diminuicdo da taxa fotossintética como consequéncia da ruptura da
organizacdo do cloroplasto, inibicdo da sintese de clorofila, plastoquinona e de
carotendides, obstrucdo do transporte de elétrons, inibicdo da atividade de enzimas
do ciclo de Calvin, bem como deficiéncia de CO, como resultado do fechamento dos
estdbmatos (SHARMA & DUBEY, 2005).

Os efeitos fitotbxicos do chumbo promovem aumento do estresse oxidativo
através do aumento da producdo de espécies reativas de oxigénio (EROs) (SINGH
et al., 1997). A producdo de EROs induzida pelo Pb em plantas depende da
intensidade do estresse, do tempo de exposicdo, da espécie e do estagio de
desenvolvimento da planta (ASADA, 1994; VERMA & DUBEY, 2003).

Contudo, o estresse oxidativo induzido por Pb em plantas pode resultar em
peroxidacao lipidica, alteracdo da atividade de enzimas antioxidantes e na inducéo
da sintese de compostos contendo tidis (VERMA & DUBEY, 2003; XIAO et al.,
2008b; GUPTA et al., 2009). Estudos recentes tém demonstrado que o Pb pode
induzir a expressao de genes codificadores das enzimas glutationa redutase,
glutationa S-transferase, ascorbato peroxidase e superoxido dismutase, além de
alterar a atividade de varias enzimas, tais como as enzimas catalase, glutationa
redutase, superoxido dismutase e peroxidase (MALECKA et al., 2001; VERMA &
DUBY, 2003; BRUNET et al., 2009), enzimas antioxidantes responsaveis pela

defesa da planta contra as EROs.

2.4 Pluchea sagittalis

O género Pluchea, pertencente a familia Asteraceae, subfamilia Asteroideae,
tribo Inuleae, abrange cerca de 80 espécies (BREMER, 1994), distribuidas por toda
América do Sul. A espécie Pluchea sagittalis (Lam.) Cabr. € uma erva ou arbusto
perene, aromatico, com altura variando de 0,3 a 2,0 m; caule robusto, foliaceo, alado
e piloso. Possui folhas sésseis oblongo — laceoladas, levemente dentadas e com
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base decurrente. Floresce nos meses de outubro a julho, apresentando
inflorescéncias do tipo composta com capitulo discéides de largura maior que a
altura em densas paniculas de corimbos (CANCELLI et al., 2006). Os frutos sédo do
tipo aquénio muito pequenos (LORENZI & MATOS, 2002) (Figura 1). Habita
preferencialmente campos Umidos e banhados, em solos argilosos ou arenosos
umidos sendo frequentemente encontrada em arrozais (PENG et al.,, 1998). Essa
espécie é conhecida popularmente como lucera, erva-lucera, quitoco, tabacarana e
madrecravo (LORENZI & MATOS, 2002). Segundo Dalpiaz & Ritter (1998), ocorre
em todo o Brasil. No Rio Grande do Sul ocorre em varias regides, sendo mais

frequente na Depresséo Central.

Figura 1 — Pluchea sagittalis (Lam.) Cabrera. 1: ; 2: Porcdo do caule; 3: Folha; 4: Porcdo da lamina
folha; 5: Capitulo; 6: Capitulo, secdo longitudinal; 7: Bracteas do invélucro; 8: Flores externas; 9:
Flores centrais; 10: Estames e estiletes das flores centrais; 11: Aquénio, papus em um deles néo
demonstrado; 12: Aquénio, secdo transversal; 13: Papus. Barra = 2 cm. (Adaptado de PENG et al.,
1998).
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A literatura etnofarmacoldgica registra o uso desta planta como peitoral,
carminativa e estomacal, com indicacdes para o tratamento caseiro de problemas de
digestdo, dispepsias nervosas, inflamagdo no atero, rins e bexiga, reumatismo,
resfriados e como estimulante do crescimento capilar (LORENZI, 2000).

Outros estudos demonstraram que extratos de P. sagittalis apresentaram
efeitos antiinflamatérios (PEREZ-GARCIA et al., 1996; PEREZ-GARCIA et al., 2005)
e antioxidantes (PEREZ-GARCIA et al., 2001; FERNANDEZ & TORRES, 2006),
anticancerigenos (QUEIROZ et al.,, 2001) e antimicrobianos (ZANI et al., 1994;
QUEIROZ et al., 2000; SOUZA et al., 2004).

Recentemente, uma nova utilidade tem sido associada ao género Pluchea.
Sampanpanish et al. (2006), ao avaliar um total de seis espécies de plantas
daninhas visando a escolha destas para emprego em programas de fitorremediacao
em areas contaminadas com cromo, verificou que uma espécie do género Pluchea
(P. indica) acumulou e translocou grandes quantidades de cromo em seus tecidos,
cerca de 180, 86 e 90 mg/kg na raiz, caule e folha, respectivamente, podendo ser
utilizada como fitoacumuladora em solos contaminados com cromo.

Ha, entretanto, um outro aspecto que deve ser observado: a alta
concentracdo de metais em um vegetal representa um grande risco se a planta for
utilizada “in natura” como agente medicinal. Sob esse prisma uma planta medicinal
pode representar um risco maior & saude do que um beneficio para quem a utiliza.

Assim, estudos sdo necessarios para desestimular o uso dessa planta como
medicamento, caso ela apresente capacidade de acumular grandes quantidades de

metal pesado.

2.5 Fitorremediacao

As técnicas de fitorremediacao, ou seja, utilizacdo de plantas para remover,
conter ou tornar inofensivos poluentes ambientais, tem sido usadas cada vez mais
frequentemente em solos contaminados com poluentes organicos e inorganicos
(CUNNINGHAM et al., 1995). O solo contaminado é aquele que apresenta

concentragdes de determinado elemento quimico acima do esperado em condi¢des
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naturais (McBRIDE, 1994). A contaminacdo por metais pesados pode ocorrer por
fontes naturais ou através de atividades antropogénicas, como mineracao, fundicéo,
técnicas agricolas (aplicacdo de pesticidas e fertilizantes) e residuos urbanos como
compostos de lixo e lodo de esgoto (KARENLAMPI et al., 2000), aumentando a
concentracdo dos metais poluentes e ocasionando toxidez as plantas e organismos.

No solo, os metais poluentes podem ser adsorvidos as argilas ou
complexados a matéria orgéanica, representando uma fonte poluidora potencial
(CUNNINGHAM et al., 1996).

A maioria das técnicas de remediacao utiliza processos de engenharia. Essas
técnicas sdo direcionadas para aumentar a capacidade de extracdo dos
contaminantes, podendo ser aplicadas in situ ou ex situ (ACCIOLY & SIQUEIRA,
2000). A remediacao de areas contaminadas por metais pesados pode ser realizada
através de varios métodos, tais como escavacdo, incineracdo, extragdo com
solvente ou oxidorreducdo (CUNNINGHAM et al., 1996). Entretanto, esses
processos tém custos elevados e sao de dificil execucdo (ACCIOLY & SIQUEIRA,
2000). Em contraste, a fitorremediacdo apresenta um custo baixo em relacdo as
outras formas de remediacdo, entre outras vantagens: (a) é uma solucéo
permanente; (b) permite a reciclagem de metais e producdo de madeira; (c) pode ser
aplicada no local evitando a escavacéo; (d) ser utilizada em uma grande variedade
de contaminantes; (e) usa energia solar, além de ter uma grande aceitacdo publica
(ACCIOLY & SIQUEIRA, 2000). Alem disso, a vegetacdo reduz a erosao eolica e
hidrica, contribuindo para amenizar a disseminacdo dos contaminantes para outras
areas, enquanto o processo de remediacdo estd em andamento (ACCIOLY &
SIQUEIRA, 2000).

Esta técnica é ideal para ser aplicada em grandes areas com solos com
contaminacdo média ou baixa ou quando se empregam amenizantes (EDTA, etc),
ao contrario de outras técnicas, que sao apropriadas para pequenas areas com altos
niveis de contaminacdo (WATANABE, 1997).

A fitorremediacdo pode ser classificada, dependendo da técnica a ser
empregada, da natureza quimica ou da propriedade do poluente e baseada nos
processos fisioldgicos da planta em fitoestabilizacdo e fitodescontaminacdo (Figura
2).
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Figura 2 — Processos da fitorremediag&o do solo. Fonte: Accioly & Siqueira (2000).

. Fitoestabilizagdo: visa reduzir a biodisponibilidade dos contaminantes,
prevenindo a sua entrada nas aguas subterrdneas ou na cadeia alimentar através da
imobilizagdo do contaminante no sistema solo-planta. Os processos de
fitoestabilizacdo envolvem a imobilizacdo no solo, humificacdo e lignificacdo nos
tecidos vegetais (ACCIOLY & SIQUEIRA, 2000).

. Fitodescontaminacao: visa reduzir a concentracdo dos contaminantes do solo
e da agua a um nivel aceitavel, através da acéo direta das plantas, da degradacéo
do contaminante pela microflora e/ou da associa¢do destes. Os processos que estdo
incluidos na descontaminacao do solo incluem (ACCIOLY & SIQUEIRA 2000):

Fitoextracdo: nesse processo 0 contaminante € absorvido, translocado e
acumulado na parte aérea (ACCIOLY & SIQUEIRA 2000);

Fitovolatilizacdo: o contaminante é absorvido pela planta ou pela microbiota
associada, passa por diversos processos metabdlicos, sendo liberado na superficie
das folhas (RASKIN et al., 1997; ACCIOLY & SIQUEIRA 2000);

Fitodegradacdo: nesse processo as plantas absorvem e metabolizam o
contaminante em formas menos téxicas. Essa técnica é empregada na
fitorremediagdo de compostos organicos e ocorre dentro da planta (CUNNINGHAM
et al., 1996).
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Fitoestimulagdo: durante esse processo as raizes das plantas excretam
produtos estimulando o crescimento da microbiota associada e/ou os produtos
excretados na rizosfera decompdem o contaminante (CUNNINGHAM et al., 1996).

De acordo com Watanabe (1997), uma planta para ser considerada
hiperacumuladora deve ter as seguintes caracteristicas: alta taxa de acumulacao
mesmo em baixas concentracbes do contaminante; capacidade de acumulo
concomitante de diversos contaminantes; alta taxa de crescimento e de producao de
biomassa; capacidade de absor¢éo, concentracao e tolerancia ao contaminante.

Entretanto, as plantas exibem comportamentos diferenciados em relacdo a
absorcdo e translocacdo dos metais da raiz para a parte aérea, sendo que a
distribuicdo dos metais absorvidos é diferenciada entre os diferentes orgdos da
planta (BRUNE et al., 1994), sendo necessario maior conhecimento desse aspecto

em espécies destinadas a programas de remediacéao.

2.6 Espécies reativas de oxigénio (EROS) e estresse  oxidativo

A producdo de espécies reativas de oxigénio (EROs) ocorre normalmente
durante o metabolismo nas células aerdbicas e a sua producdo pode depender de
diversas fontes, como por exemplo durante a respiragdo que ocorre nas
mitocondrias celulares, bem como nas vias relacionadas a fotossintese nos
cloroplastos (MITTLER, 2002). Recentemente, novas fontes de EROs tem sido
identificadas em plantas, incluindo NADPH oxidases, amino oxidases, glicolato
oxidase e peroxidases ligadas a parede celular (MITTLER, 2002; PARENT et al.,
2008) (Figura 3).

Sob condi¢bes normais, a producdo de EROs na célula é baixa. Entretanto
muitos agentes oxidantes promovem uma disruptura da homeostase celular levando
ao aumento da producéo de EROs e ao estresse oxidativo (MITTLER, 2002). Nesse
caso as EROs sédo citadas como sinalizadores de uma resposta a agentes

estressores (MITTLER, 2002).
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Figura 3 - Sitios de producao intracelular de espécies reativas de oxigénio (EROs) (Adaptado de
PARENT et al., 2008).

As EROs sao formas parcialmente reduzidas do oxigénio atmosférico (O,).
Podem resultar a partir da excitacédo do O, para a forma de oxigénio singleto (O,") ou
a partir da transferéncia de um, dois ou trés elétrons para o O, originando,
respectivamente, o radical superoxido (Oy), peréxido de hidrogénio (H,O;) ou um
radical hidroxil (OH) (GUTTERIDGE, 1995). Por apresentarem um elétron
desemparelhado na sua estrutura, as EROs sdo instaveis, extraordinariamente
reativas e ndo especificas, desencadeando reacbes peroxidativas e causando
danos significantes as membranas e a outras macromoléculas essenciais, tais como
0S pigmentos, as proteinas, os acidos nucléicos e os lipidios (FOYER et al., 1994;
GUTTERIDGE, 1995; HALLIWELL & GUTTERIDGE, 2000). A peroxidacao lipidica é
um dos principais efeitos ocasionados pelo aumento das EROs. Radicais altamente

reativos como o OH' frequentemente atacam moléculas biolégicas (lipidios) e
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abstraem um hidrogénio (H), desencadeando a peroxidacao lipidica (NIKI, 2009). A
peroxidacdo lipidica causa danos a estrutura e funcionamento das membranas
bioldgicas alterando a sua fluidez, inativando receptores e enzimas da membrana
aumentando a permeabilidade (NIKI, 2009).

Muitos estudos tém relacionado o Pb ao estresse oxidativo, principalmente a
peroxidacao de lipidios (VERMA & DUBEY, 2003; DEY et al., 2007; GUPTA et al.,
2009). O Pb induz a peroxidacao lipdica através do aumento da producdo de EROs
(SHARMA & DUBEY, 2005).

Entretanto, as plantas e todos 0s organismos possuem um sistema de defesa
antioxidante, formado por componentes enzimaticos e ndo enzimaticos, o qual &
responsavel por manter sob controle a producdo de EROs, evitando os efeitos
toxicos de agentes tal como o Pb (SHARMA & DUBEY, 2005).

2.7 Sistema antioxidante

Para o combate da toxicidade do metal e protecdo das membranas celulares
e organelas dos efeitos danosos das EROs, as células das plantas possuem um
sistema de defesa antioxidante, formado por componentes enzimaticos e nao
enzimaticos que normalmente mantém um balanco de EROs dentro das células.
Dentre os antioxidantes enzimaticos estdo a superoxido dismutase (SOD, E.C.
1.15.1.1), a catalase (CAT, E.C. 1.11.1.6) e a ascorbato peroxidase (APX, E.C.
1.11.1.11), bem como antioxidantes de baixo peso molecular ndo enzimaticos, como
0 acido ascorbico, a glutationa reduzida (GSH) e outros grupos tiélicos ndo protéicos
qgue removem tipos diferentes de EROs (FOYER et al., 1994) e protegem a célula
contra a injuria e a disfuncao dos tecidos (MIQUEL, 1989). Além disso, em plantas,
os carotendides também possuem efeito antioxidante importante no sistema
fotossintético (SALGUERO et al., 2003).

A enzima superoéxido dismutase (SOD, E.C. 1.15.1.1) constitui a primeira linha
de defesa contra as EROs (ALSCHER et al., 2002). Sdo metaloenzimas
responsaveis pela dismutagdo do radical superoxido (O,") a perédxido de hidrogénio
(H20,). Tem sido demonstrado que os fosfolipidios das membranas celulares sao
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impermeaveis as moléculas de O,", sendo de crucial importancia que as SODs
estejam presentes nos compartimentos onde O, é formado. Existem diferentes
isoenzimas de SOD, geralmente presentes em compartimentos celulares distintos:
Fe-SOD (localizada no cloroplasto), Mn-SOD (localizada na mitocondria e
peroxisomo) e Cu-Zn-SOD (localizada no peroxisomo, cloroplasto, citosol e
possivelmente no espaco extracelular) (ALSCHER et al., 2002). A reacao geral da

SOD pode ser descrita:

205" + 2H" & H,O, + O,

O H,0, gerado na conversdo de superoxidos pela SOD também é toxico e
deve ser detoxificado pela catalase e/ou peroxidases. A enzima catalase (CAT) é
uma ferrihemoenzima presente principalmente nos peroxissomos, podendo ser
encontrada em menor quantidade na mitocéndria, no cloroplasto e no reticulo
endoplasmatico. A catalase presente nas diferentes organelas € responsavel pela
remocdo do H,O, durante a fotorrespiracéo, 3-oxidagédo dos acidos graxos e durante
0 estresse oxidativo (INZE & MONTAGU, 1995). A CAT é uma enzima tetrAmerica
cuja principal fungéo € dismutar o H,O, formando H,O e O, (FRIDOVICH, 1998). E a
Unica enzima que degrada H,O, sem consumir equivalentes redutores, sendo
responsavel pela remocao de peréxidos quando em excesso devido a sua baixa
afinidade ao H,O, (MITTLER, 2002). Existem trés isoenzimas de CAT: CAT1, CAT2
e CAT3 (INZE & MONTAGU, 1995). Sua reacgéo pode ser descrita como:

2H,0, - 2H,0+ 0O,

A ascorbato peroxidase (APXs) é um dos grupos mais importantes de
enzimas antioxidantes, sendo encontradas cinco isoformas: citosolica, mitocondrial,
peroxissomal, glioxissomal e cloroplastica. A APX é uma proteina que contem ferro
no seu grupo prostético heme (DABROWSKA et al., 2007). A APX é uma enzima
chave no ciclo da glutationa — ascorbato que reduz o H,O, até H,O usando o
ascorbato como doador de elétrons, com concomitante geracao de deidroascorbato.
Este é reciclado a ascorbato usando a glutationa reduzida (GSH) como doadora de

elétrons. A glutationa oxidada (GSSG) formada é convertida a glutationa reduzida
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pela enzima glutationa redutase (GR) (NOCTOR & FOYER, 1998). As figuras 4 e 5

representam as vias de detoxificacdo do H,O,.

NADP* NADPH+H*
'

N @

2GSH = — » GSSG

S

DHA l

Dismutagao nao

enzimatica
MDHA )
(4Px)

SOoD
0, + 0, +2H* ©;
Oyt

Doagao de elétrons ao oxigénio

Figura 4 - Ciclo ascorbato — glutationa. (Adaptado de Noctor & Foyer, 1998)
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Figura 5 - Caminho das espécies reativas de oxigénio e sua remoc¢do nas plantas (a) Ciclo agua-
agua, (b) Ciclo ascorbato glutationa, (c) Ciclo glutationa peroxidase, (d) Catalase. As EROs estédo
indicadas em vermelho, antioxidantes em azul e enzimas removedoras de EROs em verde (Adaptado
de Mittler, 2002)
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Aliado ao sistema de defesa antioxidante enzimatico, os organismos também
dispbem de defesas antioxidantes n&o-enzimaticas que sao de fundamental
importancia para as células. Compdem esse sistema ndo enzimatico o acido L-
ascorbico (Figura 6), os grupos ti6is ndo protéicos, entre estes a glutationa,
juntamente com os carotendides.

O é&cido L-ascérbico € o0 mais abundante antioxidante nas plantas
(SMIRNOFF, 2000). Sendo encontrado em concentra¢gdes milimolar tanto em tecidos
fotossintéticos como néo fotossintéticos (NOCTOR & FOYER, 1998), sendo que as
maiores concentracdes sdo encontradas nos tecidos fotossintéticos, tecidos jovens e
em tecidos em crescimento, como os meristemas (HOREMANS et al.,, 2000). O
acido L-ascérbico é um antioxidante primario que reage diretamente com radicais
hidroxil, superoxido e oxigénio singleto (NOCTOR & FOYER, 1998). Além de
apresentar atividade antioxidante, o acido L-ascoOrbico também esta envolvido na
regulacdo da fotossintese, na divisdo e na expansao celular (HOREMANS et al.,
2000).

OH i (b)

Figura 6 — Estrutura do acido ascorbico atuando na estabilidade dos radicais livres. a) ascorbato, b)
radical ascorbil, c) &cido ascérbico. Adaptado de Machlin (1991).
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Dentro do grupo de ti6is ndo protéicos, a glutationa (GSH) é a forma
predominante, sendo encontrada em altas concentracfes nos cloroplastos e em
outros compartimentos celulares [1-5 mM] (NOCTOR & FOYER, 1998). A GSH pode
atuar diretamente ou indiretamente na reducdo da maioria das espécies reativas de
oxigénio sendo de crucial importancia para a defesa contra o estresse oxidativo. A
GSH pode reduzir as EROs diretamente ou através do ciclo ascorbato-glutationa
(NOCTOR et al.,, 1998). Além disso, a GSH pode reagir quimicamente com o
oxigénio singleto, com o radical superéxido e hidroxila, funcionando como removedor
de EROs (NOCTOR & FOYER, 1998). E também a precursora de fitoquelatinas, as
quais sdo peptideos que tem a capacidade de se complexar com 0S metais,
promovendo a sua detoxificacdo (ASADA, 1994). Estudos mostram que niveis
elevados de GSH celular estdo associados a tolerancia a metais pesados em
plantas (CHEN & GOLDSBROUGH, 1994) ocorrendo um acumulo de GSH em
reposta a geracdo de EROs (NOCTOR & FOYER, 1998).

Os carotendides também agem na protecdo celular. Em relagdo as suas
propriedades antioxidantes, os carotendides podem atuar de varias maneiras:
reagindo com os produtos da peroxidacado lipidica interrompendo a reacdo em
cadeia; removendo o oxigénio singleto e dissipando a energia na forma de calor;
reagindo com a clorofila tripleto ou excitada prevenindo a formacao de oxigénio
singleto (SALGUERO et al., 2003).

Assim, a capacidade do sistema antioxidante de detoxificar as EROs esta
intimamente ligada a tolerancia das plantas aos metais pesados (SCHUTZENDUBEL
& POLLE, 2002).
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3.1 MANUSCRITO:
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Abstract

This work aimed to study the process of stress adaptation in root and leaves of
different developmental stages (apex, middle and basal regions) of P. sagittalis
grown under hydroponic conditions under exposure to lead (Pb). Plants were
exposed to five Pb levels: 0, 200, 400, 600, and 1000 puM for 30 days. Pb
concentration and content in roots, stems, and leaves in different developmental
ages increased with external Pb level. Pb concentration and content were higher in
roots than in shoot parts. Consumption of nutrient solution and transpiration ratio
were both decreased by Pb treatments. Leaf fresh weight, leaf area, and shoot length
decreased linearly upon addition of Pb treatments. On the other hand, dry weight of
shoot parts and roots did not decrease upon addition of Pb treatments. Both fresh
and dry weight of roots increased at 200 uM Pb when compared to control. The index
of tolerance of roots and shoots of P. sagittalis decrease at higher Pb concentrations.
However, the roots were more tolerant to Pb than shoots. &aminolevulinic acid
dehydratase activity was decreased by Pb treatments, whereas carotenoid and
chlorophyll concentrations were not affected. Lipid peroxidation and hydrogen
peroxide concentration both in roots and leaves increased with increasing Pb levels.
Pb treatments increased ascorbate peroxidase activity in all plant parts, while
superoxide dismutase activity increased in leaves and decreased in roots. Catalase
activity in leaves from the apex shoot was not affected by Pb, but in other plant parts

it was increased. Pb toxicity caused increase in non-protein thiol groups
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concentration in shoot parts, whereas no significant difference was observed in roots.
Ascorbic acid concentration increased with increasing Pb level. In conclusion, Pb
stress triggered a defense mechanism against oxidative stress in P. sagittalis
showing a protective effect against ROS, depending on the tissue and its
physiological status, demonstrating tolerance and possible use of these plants for

reclamation of Pb contaminated soils.

Keywords: Antioxidant system, Pb toxicity, Pluchea sagittalis, Lipid peroxidation,

water use efficiency

1 Introduction

Heavy metal pollution is one major ecological concern due to its impact on
human health through the food chain and its high persistence in the environment
(SHARMA & DUBEY, 2005). Lead (Pb) is one of the hazardous heavy metal
pollutants of the environment that is originates from various sources such as mining
and smelting of lead-ores, burning of coal, effluents from storage battery industries,
automobile exhausts, metal plating and finishing operations, fertilizers, pesticides and
additives in pigments and gasoline (SHARMA & DUBEY, 2005).

Pb-contaminated soils contain Pb concentrations in the range of 400 — 800 mg
kg™ soil, whereas in industrialized areas the level may reach up to 1000 mg Pb kg™
soil (ANGELON & BINI, 1992). Pb reacts with biomolecules and adversely affects
different systems, such as reproductive, nervous, immune and cardio-vascular, as
well as developmental processes (JOHNSON, 1998). In plants, it exerts adverse
effects on morphology, growth and photosynthetic processes, water imbalance,
alteration in membrane permeability and disturbs in mineral nutrition (SINGH et al.,
1997, SHARMA & DUBEY, 2005). However, some species of plants tolerate the
presence of Pb. More interestingly, some have developed the capacity to accumulate
large amounts of this element in all parts of the plant body, mostly in root tissues, a
feature essential to the development of phytoremediation technologies to clean Pb
contaminated sites (SINGH et al, 1997; SHARMA & DUBEY, 2005). The
phytoextration of Pb, however, is often challenged by three factors: (1) low solubility
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of Pb in soils, (2) lower Pb translocation to plant parts, and (3) toxicity of Pb to plant
tissues (CUNNINGHAM & BERT], 2000).

Because of severe damages of plant growth and development, considerable
attempts have been made in discovering physiological and biochemical processes
contributing to the adaptation to heavy metal toxicity in plants (GRATAO et al., 2005;
SHARMA & DUBEY, 2005). At cellular level, Pb induces accumulation of reactive
oxygen species (ROS) (VERMA & DUBEY, 2003) as a result of imbalanced ROS
production and ROS scavenging processes by imposing oxidative stress (MITTLER
et al., 2004; GUPTA et al., 2009). ROS include superoxide radical (O;"), hydrogen
peroxide (H.O,) and hydroxyl radical (OH"), which are necessary for the correct
functioning of plants; however, in excess they cause damage to biomolecules, such
as membrane lipids, proteins, and nucleic acids, among others (MITTLER et al.,
2004).

Plants have different defense strategies against the toxicity of heavy metals.
The first defense strategy is to avoid the metal entry into the cell excluding it or
binding it to a cell wall (MISHRA et al.,, 2006). The second defense systems
constitutes of various antioxidants to combat the increased production of ROS
caused by metals (REDDY et al.,, 2005). This system is comprised of enzymes
superoxide dismutase (SOD; E.C. 1.15.1.1), ascorbate peroxidase (APX;
E.C.1.11.1.11) and catalase (CAT; E.C. 1.11.1.6) as well as the non-enzymic
constituents a-tocopherol, carotenoids, ascorbate and reduced glutathione, which
remove, neutralize, and scavenge the ROS (MITTLER et al., 2004).

The elevated activity of antioxidative enzymes could serve as an important
component of the antioxidative defense mechanism against oxidative injury,
increasing the tolerance of plants to Pb stress and being utilized for reclamation of
Pb contaminated soils (REDDY et al., 2005). However, the response of enzymatic
and non-enzymatic antioxidants to heavy metals involves attenuation of ROS and is
greatly dependent on the plant species, physiological status of the tissues and
culture conditions (GRATAO et al., 2005; GONCALVES et al., 2009; GUPTA et a.,
2009).

In view of this, the objective of the present study is to examine the uptake and
distribution pattern of Pb and the effect of this metal on the enzymatic and non—

enzymatic antioxidant system in different organs (roots, stems and leaves of different
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developmental stages) of P. sagittalis plants under long exposure time (30 days) and
high level of Pb (up to 1000 uM). Besides, we also checked the possible role of the
antioxidant system in relation to increased tolerance of P. sagittalis to Pb toxicity.
According to our knowledge, this is the first study on Pb toxicity inducing
physiological and biochemical changes in P. sagittalis.

2 Materials and methods

2.1 Plant materials and growth conditions

P. sagittalis (Lam.) Cabrera plants growing in the Botanic Garden of the
Universidade Federal de Santa Maria [Santa Maria, Rio Grande do Sul, Brazil] were
used in this study. Nodal segments (1.0 cm long) without leaves were
micropropagated in MS medium (MURASHIGE & SKOOG, 1962), supplemented with

30 g I'* of sucrose, 0.1 g I'* of myo-inositol and 6 g I of agar.

2.1.1 Hydroponic experiment

Thirty-day-old plantlets grown in in vitro culture were transferred to ex vitro
condition into plastic vessels (1 I) containing 950 g sand. Evaporated and transpired
water was daily replaced with nutrient solution, and the moisture-holding capacity
was maintained near 95%. The nutrient solution had the following composition (mg I
l): 85.31 N; 7.54 P; 11.54 S; 97.64 Ca; 23.68 Mg; 104.75 K; 176.76 ClI; 0.27 B; 0.05
Mo; 0.01 Ni; 0.13 Zn; 0.03 Cu; 0.11 Mn and 2.68 Fe. The pH solution was adjusted to
55 + 0.1 with a 1 M solution of HCI or NaOH. After two months of plant
acclimatization, Pb®** was added to nutrient soluton as Pb-acetate (Pb
(CH3C0OO0),.3H,0) at concentrations of 0 (control), 200, 400, 600 and 1000 uM. The
treatments were applied daily for 30 days obtaining, respectively, final concentrations
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of 0, 47, 81, 107 and 162 mg/kg Pb. After 30 days of Pb exposure, three replicates
per treatment (each replicate consisted of six plants) were randomly harvested.

Both in vitro and ex vitro cultured plants were grown in a growth chamber at 25
+ 2 T on a 16/8 h light/dark cycle with 35 pmol m 2 s of irradiance provided by cold
fluorescent lamps. At the end of the experiments, the plants were gently washed with
distilled water and then divided into roots and shoots. The shoot was divided in three
parts according to the position of leaves on the stem as follows: apex part (from the
1% to 10™ leaf), middle part (from the 11" to 16" leaf), and basal part (from the 17" to
the last leaf on the base of the stem). Subsequently, growth and biochemical
parameters were determined. All chemicals used were of analytical grade purchased

from Sigma Chemical Company (USA).

2.2 Pb determination

Pb concentration was determined in roots, leaves and stems. Dried plant
tissues, between 0.01-0.25 g, were ground and digested with 5 ml of concentrated
HNO3. Sample digested was carried out in an open digestion system, using a heating
block Velp Scientific (Milano, Italy). Heating was set at 130 °C for 2 h. Plastic caps
were fitted to the vessels to prevent losses by volatilization. The Pb content was
determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-
EOS), using a PerkinElmer Optima 4300 DV (Shelton, USA) equipped with a cyclonic
spray chamber and a concentric nebulizer. The emission line selected was 220.353
nm. A 1000 mg I* Pb (Merck) standard was used and reference solutions were

prepared by serial dilution in 5% HNOg3 (V/v).

2.3 Growth parameters

Growth of P. sagittalis plants was determined by measuring the fresh and dry

weight of shoot and root, shoot length and leaf area. The roots and shoots were
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oven-dried at 65 °C to a constant weight for the determination of biomass. For the
leaf area, two leaves for each shoot part were scanned and the area was measured
using a Sigma Scan Pro v. 5.0 Jandel Scientific software. The index of tolerance (IT)

was calculated according to Wu and Antonovies (1976) as below:

mean dry wt produced in solution with lead
IT=

mean dry wt produced in solution without lead

2.4 Carotenoid and chlorophyll concentrations

Carotenoid and chlorophyll concentrations were determined following the
method of Hiscox & Israeslstam (1979) and estimated with the help of Lichtenthaler’s
formula (LICHTENTHALER, 1987). Briefly, 0.1 g chopped fresh leaves of different
shoot parts (apex, middle and basal) was incubated at 65 °C in dimethylsulfoxide
(DMSO) until the tissues were completely bleached. Absorbance of the solution was
then measured at 470, 645 and 663 nm to determine the contents of carotenoids,

chlorophyll a, and chlorophyll b, respectively.

2.5 Delta-aminolevulinic acid dehydratase (-ALA-D; E.C. 4.2.1.24) activity

The leaves of different shoot parts (apex, middle and basal) were
homogenized in 10 mM Tris-HCI buffer, pH 9.0, at a proportion of 1:2 (w/v). The
homogenate was centrifuged at 6,000 rpm at 4 °C for 10 min, using a Hitachi himac
CR 21E (Tokyo, Japan). The supernatant was pre-treated with 1% Triton X-100 and
0.5 mM dithiotreithol (DTT). &-ALA-D activity was assayed as described by Morsch et
al. (2002) by measuring the rate of porphobilinogen formation. The incubation
medium for the assays contained 100 mM Tris-HCI buffer, pH 9.0 and 3.6 mM ALA.
Incubation was started by adding 100 pl of the tissue preparation to a final volume of
400 pl and stopped by adding 350 ul of the mixture containing 10% trichloroacetic



acid (TCA) and 10 mM HgCl,. The product of the reaction was determined with the
Ehrlich reagent at 555 nm using a molar absorption coefficient of 6.1 x 10* | mol™ cm™
1 (SASSA, 1982) for the Ehrlich-porfhobilinogen salt.

2.6 Estimation of lipid peroxidation

The level of lipid peroxidation products was estimated following the method EI-
Moshaty et al. (1993) by measuring the concentration of malondialdehyde (MDA) as
an end product of lipid peroxidation by reaction with thiobarbituric acid (TBA). Both
root and leaf (apex, middle and basal) samples were homogenized at 4 °C in 10 ml of
0.2 M citrate-phosphate (pH 6.5) containing 0.5 % Triton X-100 at a proportion of
1:10 (w/v). The homogenate was filtered through two layers of paper and centrifuged
for 15 min at 20,000 g, using a Hitachi himac CR 21E (Tokyo, Japan) One milliliter of
the supernatant fraction was added to an equal volume of 20% (w/v) TCA containing
0.5% (w/v) TBA. The mixture was heated at 95 °C for 40 min and then quickly cooled
in ice bath for 15 min. After centrifugation at 10,000 g for 15 min, using a MTD I
PLUS (Servilab), the absorbance of the supernatant was measured at 532 nm. A
correction of non-specific turbidity was made by subtracting the absorbance value

taken at 600 nm.

2.7 Determination of hydrogen peroxide (H.O,)

The H,O, concentration of P. sagittalis was determined according to Loreto &
Velikova (2001). Approximately 0.1 g of root and leaf (apex, middle and basal)
samples were homogenized in 2 ml of 0.1% (w/v) TCA. The homogenate was
centrifuged at 12,000 g for 15 min at 4 °C [Hitachi himac CR 21E (Tokyo, Japan)] and
0.5 ml of 10 mM potassium phosphate buffer (pH 7.0) and 1 ml of 1M KI. The H,0,
concentration of supernatant was evaluated by comparing its absorbance at 390 nm

with a standard calibration curve.
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2.8 Enzyme activities of antioxidant systems

Fresh root and leaf samples of different shoot parts (apex, middle and basal)
were used for enzyme analysis. One gram tissue homogenized in 3 ml of 0.05M
sodium phosphate buffer (pH 7.8) including 1 mM EDTA and 2% (w/v) PVP. The
homogenate was centrifuged at 13,000 g for 20 min at 4 °C, using a Hitachi himac
CR 21E (Tokyo, Japan). Supernatant was used for enzyme activity and protein
content assays (ZHU et al., 2004).

Catalase (CAT) activity was assayed following the modified Aebi (1984)
method. The activity was determined by monitoring the disappearance of H,0,
measuring the decrease in absorbance at 240 nm of a reaction mixture with a final
volume of 2 ml containing 15 mM H,O, in potassium phosphate buffer (pH 7.0) and
30 pL extract.

Ascorbate peroxidase (APX) was measured according to Zhu et al. (2004).
The reaction mixture, at a total volume of 2 ml, contained 25 mM (pH 7.0) sodium
phosphate buffer, 0.1 mM EDTA, 0.25 mM ascorbate, 1.0 mM H,O, and 100 pl
enzyme extract. H,O, —dependent oxidation of ascorbate was followed by a decrease
in the absorbance at 290 nm (€ = 2.8 | mmol I'* cm™).

Superoxide dismutase (SOD) activity was assayed according to Misra &
Fridovich (1972). The assay mixture consisted of a total volume of 1 ml, containing
glycine buffer (pH 10.5), 1 mM epinephrine and enzyme material. Epinephrine was
the last component to be added. The adrenochrome formation in the next 4 min was
recorded at 480 nm in UV- Vis spectrophotometer [Hitachi U — 2001(Shimadzu")].
One unit of SOD activity is expressed as the amount of enzyme required to cause
50% inhibition of epinephrine oxidation in the experimental conditions. This method is
based on the ability of SOD to inhibit the autoxidation of epinephrine at an alkaline
pH. Since the oxidation of epinephrine leads to the production of a pink
adrenochrome, the rate of increase of absorbance at 480 nm, which represents the
rate of autoxidation of epinephrine, can be conveniently followed. SOD has been
found to inhibit this radical-mediated process.
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2.9 Ascorbic acid (AsA) and Non-protein thiol groups (NPSH) concentrations

Both root and leaf samples of different shoot parts (apex, middle and basal)
were homogenized in a solution containing 50 mM Tris-HCI and 10% Triton X-100
(pH 7.5), centrifuged at 6,800 g for 10 min, using a MTD Ill PLUS (Servilab). To the
supernatant obtained was added 10% TCA at proportion 1:1 (v/v) followed by
centrifugation (6,800 g for 10 min) to remove protein. The supernatant was used to
determine AsA and NPSH contents.

AsA determination was performed as described by Jacques-Silva et al. (2001).
An aliquot of the sample (300 pl) was incubated at 37 °C in a medium containing 100
pl TCA 13.3%, 100 pl deionized water and 75 pl DNPH. After 3 h, 500 ul of 65%
H,SO, was added and samples were read at 520 nm. A standard curve was
constructed using L(+) AsA.

NPSH concentration in P. sagittalis plants was measured
spectrophotometrically with Ellman’s reagent (ELLMAN, 1959). An aliquot of the
extract sample (400 ul) was added in a medium containing 550 ul 1M Tris-HCI (pH
7.4). Reaction was read at 412 nm after the addition of 10 mM 5-5-dithio-bis (2-
nitrobenzoic acid) (DTNB) (5 ul). A standard curve using cysteine was used to
calculate the content of thiol groups in samples.

2.10 Protein determination

To all the enzyme assays, protein was measured by the Comassie Blue

method according to Bradford (1976) using bovine serum albumin as standard.

2.11 Statistical analysis
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The experiments were performed using a randomized design. The analyses of
variance were computed on statistically significant differences determined based on
the appropriate F-tests. Results are presented as means + S.D. of at least three
independent replicates. The mean differences were compared using the Tukey test
(P <0.05).

3 Results

3.1 Lead concentration and content in plant tissues

Pb concentration and content in both roots and shoots (stem and leaves)
increased with Pb treatments (Fig. 1A, B). However, most of the Pb taken up by the
plants was accumulated in roots (Fig. 1B).

In general, both leaves and stem from the basal part of the shoot showed
greater Pb concentration and content than those from the apex and middle parts.
However, this pattern was more evident in leaves. Pb concentration and content in
stem from both apex and middle shoot parts were lower at 1000 uM Pb than at 600
UM Pb. On the other hand, this behavior was not observed in the leaves from the

same shoot parts.
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Figure 1. Effect of increasing Pb concentration on the Pb concentration (A) and
content (B) in roots as well as in leaves and stems of different shoot parts (apex,
middle and basal) of P. sagittalis plants. Data represent the mean + S.D. of three
replicates. Different letters indicate significant differences among the Pb

concentrations in the same plant part (p < 0.05).
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3.2 Effects of Pb on growth parameters

There was a clear decrease in shoot fresh weight upon addition of Pb levels
(Fig. 2A). On the other hand, root fresh weight increased at 200 uM Pb and
decreased at 1000 uM Pb, when compared to the control.

Shoot dry weight, regardless of the developmental stage of leaves and stem,
was not significantly affected by Pb treatments. Conversely, root dry weight
increased at 200 uM Pb and was not altered at other Pb levels, when compared to
control (Fig. 2B).

Leaf area from different shoot parts was reduced with increasing Pb
concentration (Fig. 2C). Despite the decreased shoot length with the increase of Pb
concentration, it was only significantly reduced upon addition of Pb levels above 400
UM (Fig. 2D).

The consumption of nutrient solution by plant per day decreased with
increasing Pb levels (Fig. 2E). In contrast, the transpiration ratio was decreased by
Pb treatments, when compared to control, being that this decrease did not follow a
linear pattern as observed for the consumption of nutrient solution per plant. The
lowest transpiration ratio was obtained at 200 and 600 pM Pb (32% lower than the
control), whereas it decreased only 22% at 400 and 1000 uM Pb (Fig. 2F).
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Figure 2. Effect of increasing Pb concentration on fresh (A) and dry (B) weight of
different shoot parts (apex, middle and basal) and roots, leaf area (C), shoot length
(D), nutrient solution consumption (E), and transpiration ratio (F) of P. sagittalis
plants . Statistics as in Figure 1.

The root index of tolerance (IT) values of P. sagittalis was significantly lower to
control only 1000 uM Pb. On the other hand, the shoot IT was reduced upon addition
of Pb levels above 200 uM (Table 1). Compared with those of the shoots and roots
dws (Fig. 2B) and the IT values, the roots appeared to be a more tolerant than
shoots.
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Table 1 Effects of various Pb concentrations on the index of tolerance of P.
sagittalis after 30 days exposure

Parts Pb treatments (LM)

0 200 400 600 1000
Root 1.00c 2.09a  0.95c 1.28b  0.72d
Shoot 1.00a 1.0la  0.92b 0.86b 0.71c

Data with different letters within the same horizontal row indicate significative
difference (P|< 0.05) at the different Pb level

3.3 &Ala-D activity and photosynthetic pigments

0-Ala-D activity in leaves from the apex and middle shoot parts showed a
significant decrease in all treatments with Pb addition. The lowest d-Ala-D activity
was observed at 600 pM Pb. In contrast, d-Ala-D activity in the basal leaves
decreased only at 600 uM Pb, and was not significantly altered in the other Pb
concentrations, when compared to control (Fig. 3A).

Total chlorophyll and carotenoids concentrations in leaves of different

developmental stages were not affected by Pb treatements (Fig. 3B and C).
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3.4 Hydrogen peroxide concentration and lipid peroxidation

For all evaluated plant tissues, in general, the H,O, concentration increased
with increasing Pb levels. However, H,O, concentration in the leaves did not change
at 200 uM Pb, when compared to control. Younger leaves (apex part) were the most
sensitive to Pb treatments in relation to H,O, concentration (Fig. 4A).

The level of lipid peroxidation was measured in terms of malondialdehyde
(MDA) accumulation. As shown in Figure 4B, MDA concentration increased upon
addition of Pb levels in leaf tissues from the apex and middle parts, whereas in basal
leaves it increased only at Pb levels exceeding 400 uM, when compared to the
control. Root MDA concentration increased at all Pb treatments, but no difference
were found for Pb treatments ranging from 200 to 1000 uM (Fig. 4B).
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Figure 4. Effect of increasing Pb concentration on the hydrogen peroxide
concentration (A), and on lipid peroxidation (B) in roots and leaves of different shoot
parts. Statistics as in Figure 1.
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3.5 Effects of Pb on antioxidative systems

3.5.1 Enzymes

In general, regardless of the developmental stage of leaves, SOD activity
increased with increasing Pb levels. The exception to this pattern was observed at
200 uM Pb where basal leaves showed lower SOD activity than the control (Fig. 5A).
SOD activity was higher in leaves than in roots. Root SOD activity was not affected
by any of the tested Pb levels. Leaf CAT activity was less affected by Pb treatment
than it was for SOD activity (Fig. 5B). Apex leaf CAT activity was not altered by any
of the tested Pb levels. On the other hand, CAT activity in the middle leaves was
significantly increased at the 400 and 1000 uM Pb levels. At 600 uM Pb treatment,
the CAT activity in basal leaves significantly increased compared to control plants.
Root CAT activity showed no significant difference upon addition of 400 uM and 1000
UM Pb levels, however, it significantly increased upon addition of 200 and 600 uM Pb
levels, when compared to control. Regardless of the plant organ, the APX activity
increased at Pb levels above 400 uM (Fig. 5C). The highest increase in APX activity
was seen at 1000 uM Pb.

3.5.2 Non-enzymatic antioxidants

In general, the AsA concentration in all plant organs increased with increasing
Pb levels (Fig. 5D). Younger leaf tissues (apex part) presented significantly larger
AsA concentration when compared with older leaf tissues (middle and basal parts).
However, the highest increase in AsA concentration was seen at 1000 uM Pb. NPSH
concentration in all shoot parts increased with increasing Pb levels, with exception of
that observed at 200 uM Pb level on NPSH concentration in leaf tissues of the apex

part, where it decreased when compared to control (Fig. 5E). No significant
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4 Discussion

4.1 Tissue Pb concentration and content

Our data (Fig. 1) demonstrate that higher Pb exposures lead to remarkable
increases in Pb concentration and content in both root and shoot tissues (leaves and
stem from apex, middle and basal parts). The same was also reported for distinct
plant species by other authors (VERMA & DUBEY, 2003; MISHRA et al., 2006;
GUPTA et al., 2009). The accumulation of Pb was mostly pronounced in the roots.
Pb moves predominantly into the root apoplast and thereby in a radial manner across
the cortex accumulates near the endodermis (SHARMA & DUBEY, 2005).
Antosiewicz & Wierzbicka (1999) showed that most of the Pb remains in bound form
either in cell wall or in vacuoles. This Pb accumulation in the root system may
indicate that roots serve as a partial barrier to Pb transport to the shoot
(WIERZBICKA, 1987; SHARMA & DUBEY, 2005), suggesting that uptake and
translocation rates of Pb are low (KRATOVALIEVA & CVETANOVSKA, 2001).
Interestingly, in the present study, higher Pb concentration and content were
observed in older leaves than in younger leaves. Pb concentrations in the three stem
parts studied were very similar. This pattern suggests that P. sagittalis uses
differential partitioning of the excess of Pb taken up to avoid Pb toxicity. Therefore,

leaves differ in their abilities to accumulate Pb depending on age.

4.2 Effects of Pb on growth parameters and water status

P. sagittalis plants grown at excess supply of Pb (400, 600 and 1000 puM)
showed visual symptoms of Pb toxicity. The first symptoms were noted after 15 days
of metal supply, becoming more pronounced at 30 days. Leaves from the apex shoot
part presented a slight wilting (data not shown). This result is in accordance with data
of shoot fresh weight, which showed a decrease with increasing Pb supply (Fig. 2A)
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although the dry weight was not affected. Moreover, leaf area also decreased upon
addition of Pb levels (Fig. 2C), whereas shoot length significantly decreased only at
Pb levels exceeding 400 uM (Fig. 2D). On the other hand, Pb treatments only
reduced root fresh weight at 1000 uM, when compared to control. Therefore, these
data indicate that for P. sagittalis the primary site of Pb toxicity appeared to be in the
shoot. Han et al. (2008) found the same behavior for Iris L. treated with 0-10 mmol I
for 28 days.

Pb toxicity is reported to inhibit the growth of various plant species (SINGH et
al., 1997; SHARMA & DUBEY, 2005; MISHRA et al., 2006; GOPAL & RIZVI, 2008),
which is partially in agreement with the data of the present study. The dry weight of
the three different shoot parts of P. sagittalis was not affected by Pb treatment,
whereas in the roots it slightly decreased at 1000 uM Pb, and significantly increased
at 200 uM Pb, when compared to control (Fig. 2B). Interestingly, as a visual symptom
the roots became slightly brownish and/or blackish with increasing Pb supply. Gopal
& Rizvi (2007) found that Pb at 1000 uM concentration for 35 days reduced about
30% the growth of radish (Raphanus sativus) roots. Similarly, Gupta et al. (2009)
reported that 200 uM Pb for 7 days decreased shoot dry weight of maize (Zea mays).
Therefore, since root biomass of P. sagittalis was significantly reduced only upon
addition of Pb levels exceeding 600 pM.

The IT is defined as the ratio of average dry weight of roots/shoots in the test
solution to the control, which is the reflection of the tolerant ability of a plant under the
metal exposure and stress. Han et al. (2008) observed that the IT values of two Iris
species treated over 7 days were significantly decreased in the higher Pb
concentrations. The same has observed in our work. However, our data indicate that
this specie has Pb tolerance. Wierzbicka (1999) comparing the lead tolerance in
Allium cepa with other plant species observed that plants with index tolerance above
65% were considered highly tolerant.

Pb-treated plants showed a decrease in the consumption of nutrient solution
(Fig. 2E), which might be related to a decrease in leaf area (r = 0.64) (Fig. 2C) that
can per se reduce the transpiration rate (SHARMA & DUBEY, 2005). Moreover, it
was reported that Pb affects stomatal movements at least in two different ways

through water or ion channels, promoting the closing of stomats (YANG et al., 2004).
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In the roots, large amounts of Pb can prevent the water movement to the upper parts
through the mechanical blocking at the Caspari strip (WIERZBICKA, 1987).

Based on the significant decrease in fresh weight and area of leaves from
different shoot parts, but with no significant alteration in shoot dry weight upon
addition of Pb treatments, these data suggest that the most dramatic effect of Pb
excess was on the water status of P. sagittalis plants. Indeed, plants under Pb stress
conditions presented lower transpiration ratios than control plants (Fig. 2F), indicating
that Pb-stressed plants produced biomass amounts similar to control plants with
lower volume of water. The increase in both dry and fresh weight of roots at the
lowest Pb level supply (200 uM) may be due to the hormetic effect. Growth hormesis
represents an over compensation due to a disruption in homeostasis that has been
described in relation to different factors (GONCALVES et al., 2009).

4.3 0-ALA-D activity and photosynthetic pigments

The level of total chlorophyll and carotenoids was postulated as a simple and
reliable indicator of heavy metal toxicity for higher plants (GRATAO et al., 2005).
Carotenoids are essential for photosynthesis acting as secondary photosynthetic
pigments, provitamin factors and as photoprotectants which quench free radicals
such as singlet oxygen species in damaged tissue (SALGUERO et al.,, 2003).
Results of the present study showed no significant difference in the chlorophyll and
carotenoids concentration in leaves of different developmental ages with increasing
Pb levels (Fig. 3B, C). This result might be related to the reduction in fresh weight
(Fig. 2A), which would lead to an increase in the concentration of cellular
components, including chlorophyll and carotenoids. It has been suggested that
reduction in chlorophyll content in the presence of heavy metals is caused by an
inhibition of chlorophyll biosynthesis (PEREIRA et al., 2006) which may be caused, in
part, by the reduction of &ALA-D activity. This enzyme catalyzes the condensation of
two molecules of daminolevulinic acid (ALA) to porphobilinogen. The synthesis of
porphobilinogen promotes the formation of porphyrins, hemes and chlorophylls,
which are essential for adequate aerobic metabolism and for photosynthesis
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(NORIEGA et al., 2006). In the present study, with exception of the result observed at
200 uM Pb on &-ALA-D activity of leaves from the basal part of the shoot, the activity
of this enzyme in leaves, regardless of their age, was severely reduced upon addition
of Pb levels (Fig. 3A). Altered >ALA-D activity concomitant with reduced chlorophyll
content has been reported in several terrestrial plants exposed to various metals
(CARGNELUTTI et al., 2006; SKREBSKY et al., 2008; GONCALVES et al., 2009).
The reduction of the &-ALA-D activity may be due an interaction of Pb with free — SH
groups present at the active site of the enzyme (Van ASSCHE & CLIJSTERS, 1990)
or to the decreased tissue hydration (SINGH et al., 1997).

In addition of the absence of a negative effect of Pb treatments on chlorophyll
and carotenoids, we observed no significant change in dry weight of the different
shoot parts (Fig. 2B), indicating that the photosynthetic rate may not have been
altered. In contrast, Gupta et al. (2009) observed a duration-dependent response of
Pb stress on photosynthetic pigments and on &-ALA-D activity of maize seedlings.
Therefore, as it seems that P. sagittalis is much more tolerant to Pb stress than
maize, Pb toxicity effects on P. sagittalis were much lower. However, 8-ALA-D activity

may be used as a biochemical marker to Pb stress.

4.4 Hydrogen peroxide concentration and lipid peroxidation

In many plant species, heavy metals have been reported to cause oxidative
damage due to production of ROS (GRATAO et al., 2005). The ROS cause a variety
of harmful effects in plant cells including lipid peroxidation (ISLAM et al., 2008). In the
present study, there was a gradual increase in H,O, and MDA concentrations in roots
and leaves from the different shoot parts with increasing Pb levels (Fig. 4A, B). The
significant increase in MDA concentration suggests that Pb caused oxidative damage
in the plant tissues (REDDY et al.,, 2005; MISHRA et al., 2006; DEY et al., 2007,
GUPTA et al., 2009). Interestingly, we observed that the increase of lipid peroxidation
in both root and shoot parts presented a straight correlation with the reduction in
shoot length (r = -0.79), leaf area (r = -0.49), whereas no significant correlation with

dry weight (r = 0.061) was observed.
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In agreement with our results, other studies have showed increased MDA
content in Pb-exposed plants (MISHRA et al., 2006; DEY et al., 2007; GUPTA et al.,
2008). Pb induced ROS generation may initiate severe lipid peroxidation due to the
removal of hydrogen from unsatured fatty acids leading to formation of lipid radicals
and reactive aldehydes (MISHRA et al. 2006). Islam et al. (2008) reported that
increased levels of H,O, under Pb stress is a result of action of SOD on superoxide
radicals and/or of the direct formation of H,O, in biochemical pathways, such as
photorespiration. In the present study, leaves from the apex shoot part showed
higher H,O, concentration than older leaves upon addition of Pb levels. Tamas et al.
(2004) suggested that the function of this elevated H,O, formation in young tissues
may be due to the increase in cell wall loosening. H,O, plays a crucial role not only in
the cell wall modification but also in cell wall synthesis and subsequent cell division
(de MARCO & ROUBELAKIS, 1996).

4.5 Effects of Pb on antioxidative systems

4.5.1 Enzymes

To cope and repair the damage caused by ROS, plants have evolved complex
antioxidant (both enzymatic and non-enzymatic) systems (ISLAM et al., 2008). The
enzymic components associated with defense against ROS include SOD, CAT and
APX (MITTLER, 2002; GRATAO et al., 2005). Our results show a significant increase
in the activity of SOD in all types of leaves, but those from the basal part of the shoot
showed higher activity under Pb-stressed conditions (Fig. 5A). The increase in SOD
activity is usually attributed to an increase in superoxide radical concentration. This is
due to de novo synthesis of enzyme protein (VERMA & DUBEY, 2003), which is
attributed to induction of genes of SOD by superoxide mediated signal transduction
(FATIMA & AHMAD, 2004). However, the activity of SOD and the concentration of

H,O. in roots did not show any correlation (r = 0.18) in our experiments, where H,O,
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concentration significantly increased upon addition of Pb levels. On the other hand,
SOD activity showed no significant alteration (Fig. 5A).

According with Mittler (2002), the different affinities of APX (uM range) and
CAT (mM range) for H,O, suggest that they belong to two different classes of H,O; -
scavenging enzymes: APX might be responsible for the fine modulation of ROS for
signaling, whereas CAT may be responsible for the removal of excess ROS during
stress. In the present study, in general, the CAT activity was increased upon addition
of Pb levels exceeding 200 uM in leaves of the middle and basal parts of shoots,
whereas it did not change in leaves of the apex shoot, when compared to control
(Fig. 5B). On the other hand, regardless of the age of leaves, the APX activity was
increased at Pb levels exceeding 400 uM (Fig. 5C). The results suggest that the APX
activity is better correlated (r = 0.48) with leaf H,O, concentration than CAT activity (r
= 0.09). Moreover, for roots it seems that CAT (Fig. 5B) and APX (Fig. 5C) activities
were more important than SOD activity (Fig. 5A) to scavenge the excess of ROS.
Therefore, P. sagittalis presented a different behavior than that reported for other
species. Rice plants grown for 20 days in sand cultures containing 0.5 mM and 1 mM
Pb(NO3), showed increased activities of various antioxidantive enzymes as SOD,
APX, glutathione reductase and peroxidase in roots and leaves (VERMA & DUBEY,
2003). In the roots, the lower activity of APX may be due the lower concentration of
AsA. APXs are extremely sensitive to the ascorbate concentration, in which the
enzymes lose stability and their activity declines under low AsA content (SHIGEOKA
et al., 2002)

The response of enzymes involved in attenuation of ROS (SOD, APX or CAT)
to heavy metals greatly depends on the species, plant age and growth conditions
(GRATAO et al., 2005; GONCALVES et al., 2009). Under Pb stress conditions, the
analysis of different antioxidant enzymes (SOD, CAT, APX, etc.) by nondenaturating
polyacrylamide gel electrophoresis has shown that they present several isoforms in
different organs of various plant species (RUCINSKA et al., 1999; VERMA & DUBEY,
2003). Multiple isoforms of CAT and SOD have been reported in higher plants, which
are under control of different genes (MITTLER et al., 2004). Rucinska et al. (1999)
found five CAT and SOD enzymes in lupin roots treated with Pb concentrations from
50 to 350 mg I'*. These isoforms showed different responses with the increase Pb
concentration. Interestingly, here the patterns of total CAT and SOD activities were
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significantly different between roots and shoots parts. This may be due to the
combined responses of diverse CAT and SOD isoforms, with prevalence of the ones

with increased activities.

4.5.2 Effects of Pb on non-enzymatic antioxidants

NPSH are known to be affected by the presence of several metals (XIANG &
OLIVER, 1998). Among the NPSH, glutathione (GSH) is the predominant molecule
and has important function as redox-buffer, phytochelatins (PCs) precursor and
substrate for keeping ascorbate in its reduced form in the ascorbate — glutathione
pathway (NOCTOR & FOYER, 1998). In the present study, in general the NPSH
concentration increased with increasing Pb levels in the shoots, whereas it showed
no significant alteration in roots (Fig. 5E).

Noctor & Foyer (1998) reported that such increase may be due to the
stimulation of enzymes of the sulfate reduction pathway. GSH synthesis may be
increased by induction of the transcription of genes of GSH biosynthesis such as y -
glutamylcysteine synthetase (gshl) and gluthatione synthetase (gsh2) and
glutathione reductase (grl and gr2) under Pb stress condition (SHARMA & DUBEY,
2005). Moreover, GSH is the substrate for PCs synthesis. PCs are involved in the
cellular detoxification mechanism due to their ability to form stable metal-PC
complexes (SCARANO & MORELLI, 2002). Recently Estrella — Gomes et al. (2009),
showed that the accumulation of PC in Salvinia minima is a direct response to Pb
accumulation, and PCs participate as one of the mechanism to cope with Pb of this
Pb — hyperaccumulator aquatic fern.

AsA is the primary antioxidant reacting directly with ROS and also acts as
secondary antioxidant by reducing the oxidized form of a — tocopherol and preventing
membrane damage (NOCTOR & FOYER, 1998). In the present study, AsA
concentration in both root and different shoot parts, altogether, increased with higher
Pb concentration (Fig. 5D). In relation to plant parts, the AsA concentration
decreased in the order of apex leaves> middle leaves> basal leaves> root. AsA

concentrations vary considerably between tissues and depend on the physiological
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status of the plant and on environmental factors (SMIRNOFF, 1996). AsA is an
essential constituent of higher plants that plays key roles in antioxidant defense, cell
division and cell elongation (HOREMANS et al., 2000). Therefore, ASA contents are
generally higher in younger tissues than in older ones, and AsA accumulates in
actively growing tissues such as meristems. Besides, photosynthetic tissues have
high concentration of AsA (HOREMANS et al., 2000).

These results suggest that Pb induces oxidative stress in P. sagittalis and that
elevated activity of antioxidative enzymes could serve as important components of
antioxidative defense mechanism against oxidative injury. In conclusion, Pb stress
triggered a defense mechanism against oxidative stress in P. sagittalis showing a
protective effect against ROS, demonstrating tolerance and possible use of these
plants for reclamation of Pb contaminated soils.
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4 DISCUSSAO

Este trabalho avaliou o efeito do Pb em diferentes regides (basal, mediana e
apical) e orgaos (raiz, caule e folha) de plantas de P. sagittalis. Avaliou—-se o0
crescimento da parte aérea, a biomassa fresca da raiz e da parte aérea, a area
foliar, bem como as atividades enzimaticas e a concentracdo de antioxidantes nao-
enzimaticos.

A concentracdo de Pb nos tecidos da parte aérea e das raizes aumentou com
0 aumento da concentracdo deste elemento no substrato (areia) (Fig. 1, pag. 48). A
concentracdo de Pb nas raizes foi significativamente maior do que nas folhas e
caules de diferentes regides da parte aérea. Este fato pode indicar que as raizes
podem funcionar como uma barreira parcial para o transporte do Pb aos tecidos da
parte aérea (WIERZBICKA, 1987; SHARMA & DUBEY, 2005). Devido a essa
capacidade as plantas de P. sagittalis podem ser utilizadas como fitoestabilizadoras
permitindo a retencdo do Pb na raizes evitando a expansao do contaminante para
areas adjacentes.

Apesar disso, pode—se verificar que ocorreu translocagao deste metal para a
parte aérea, onde foi observada maior concentracdo de Pb nas folhas mais velhas
(regido basal) do que nas folhas mais jovens (regido mediana e apical). Contudo, a
concentracdo de Pb no caule das diferentes regibes foi bastante similar
demonstrando que as plantas de P. sagittalis usam diferentes mecanismos de
acumulacdo do excesso de Pb, sendo que nas folhas, essa habilidade pode
depender do estagio de desenvolvimento.

O primeiro sintoma visivel dos efeitos do Pb foi o murchamento das folhas,
principalmente da regido apical, e 0 escurecimento das raizes. Wierzbicka (1987)
relatou que o acumulo de Pb nas raizes pode impedir o movimento da agua para as
partes superiores da planta através de um bloqueio mecanico na estria de Caspari.
Além disso, o Pb se liga as aquaporinas obstruindo os canais de passagem de agua,
impedindo assim a sua absorcéo (YANG et al.,, 2004). Isso pode ser evidenciado
através da diminuicdo no consumo de solucao nutritiva e perda de biomassa fresca

com o aumento da concentracdo de Pb (Fig. 2E e A, respectivamente, pag. 50).
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O aumento da concentracdo de Pb nas diferentes regides da parte aérea
ocasionou uma reducéo na area foliar (Fig. 2C, pag. 50), enquanto o comprimento
da parte aérea sofreu reducdo somente acima de 400 pM. Entretanto, nas raizes
ocorreu reducéo significativa da matéria fresca somente na maior concentracdo de
Pb (1000 uM). Esses dados podem indicar que o sitio priméario da toxicidade do Pb
pode ser a parte aérea.

Neste estudo também foi evidenciado que plantas tratadas com Pb tiveram o
consumo de solugdo nutritiva reduzido. Isto pode estar relacionado a redugéo na
area foliar, a qual pode ser responsavel pela reducéo da taxa de transpiracdo, ou
ainda devido ao efeito deletério do Pb sobre o movimento dos estdomatos,
ocasionando o seu fechamento.

Entretanto, os efeitos deletérios do Pb n&o foram observados na matéria seca
da raiz e das diferentes regides da parte aérea indicando que esta espécie
apresenta tolerancia ao chumbo. Isto pode ser evidenciado através do indice de
tolerancia (IT) ao Pb (Tab. 1, pag. 51). Segundo wierzbicka (1999) plantas que
apresentaram IT acima de 0,6 foram consideradas altamente tolerantes ao Pb.
Sendo que as plantas de P. sagittalis apresentaram IT acima de 0,7 nas maiores
concentracdes, sendo consideradas tolerantes a este metal.

Em vista do significante decréscimo na matéria fresca das folhas e da area
foliar nas diferentes regides da parte aérea, mas por outro lado sem significante
alteracdo na matéria seca apos a adicdo de Pb, esses dados sugerem que o efeito
predominante do excesso de Pb foi sobre o “status” hidrico das plantas de P.
sagittalis. Aléem disso, plantas submetidas a condicbes de estresse por Pb
apresentaram menor taxa de transpiracdo que as plantas controle (Fig. 2F, pag. 50),
isto indica que plantas tratadas com Pb produziram quantidade similar de biomassa
as plantas controle, mas utilizando menor volume de agua.

O Pb ndo causou alteragdo significativa na concentragdo de clorofila e
carotendides em folhas de diferentes estdgios de desenvolvimento (Fig. 3B e C, pag.
52). No entanto, de um modo geral, houve significativa diminuicdo na atividade da
enzima O&ALA-D de plantas expostas ao Pb, independente do estagio de
desenvolvimento (Fig. 3A, pag. 52). A reducado da atividade desta enzima pode ser
devido a interacdo do Pb com grupos —SH livres presentes no sitio ativo da enzima
ou através da reducdo da hidratagcdo do tecido (van ASSCHE & CLIJSTERS;
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SINGH, 1997). Apesar disso, ndo ocorreu reducao da concentracao de clorofilas e
carotendides e da matéria seca de diferentes partes da planta (Fig. 2B, pag. 50),
indicando que a taxa fotossintética pode nao ter sido alterada.

No presente estudo observou-se um aumento gradual na concentragcédo de
H.O, e da peroxidacao lipidica em raizes e folhas das diferentes regides da parte
aérea (Fig. 4A e B, pag. 53). O aumento da concentracdo de H,O, pode coincidir
com o aumento da atividade das enzimas CAT, APX e SOD. Entretanto, as
atividades dessas enzimas também podem estar relacionadas tanto a concentracao
de Pb quanto a parte e o estagio de desenvolvimento da planta.

De modo geral, a atividade da CAT aumentou em folhas da regido mediana e
basal e nas raizes com o aumento da concentracdo de Pb (Fig. 5B, pag. 55).
Entretanto, independente do estagio de desenvolvimento da planta, a atividade da
APX aumentou com o aumento da concentracdo de Pb no meio (Fig. 5C, pag. 55).
Estes resultados sugerem que a atividade da APX esta melhor correlacionada com a
concentracéo de H,O, que a atividade da CAT.

No presente estudo, a atividade da SOD nas raizes ndo demonstrou
correlacdo com o aumento da concentracdo de H,O, ndo demonstrando diferenca
significativa em relacdo ao controle. Portanto, nas raizes a atividade da CAT e da
APX foi mais importante que a atividade da SOD na remoc¢éao do excesso de EROs.

Em relacdo aos antioxidantes ndo-enzimaticos, em geral, foi observado
aumento na concentracdo de tiois nao protéicos (NPSH) na parte aérea com o
aumento da concentracédo de Pb adicionado ao meio. A tolerancia das plantas de P.
sagittalis ao Pb pode estar associada com a acumulacdo de grupos tidis néo
protéicos. Os grupos NPSH sédo peptideos que agem quelando os ions de chumbo
reduzindo a sua biodisponibilidade e seus efeitos toxicos (SHING et al.,, 1997).
Quanto a concentracdo de acido ascorbico (AsA) tanto nas raizes quanto nas folhas
das diferentes regides da parte aérea, de modo geral, aumentou com o0 aumento da
concentragdo de Pb no meio. Entretanto, a concentracdo de Asa diferiu entre as
partes da planta, sendo maior nas folhas mais jovens (regido apical) (Fig. 5D, pég.
55). O AsA € um constituinte chave do sistema de defesa antioxidante, na divisdo e
elongacdo celular, sendo encontrado em maior concentragcdo nos tecidos
meristeméticos (HOREMANS et al., 2000).
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Com base no exposto, apesar do Pb ter induzido estresse oxidativo, o qual
pode ser comprovado através do aumento da peroxidacao lipidica em plantas de P.
sagittalis expostas ao metal, o sistema antioxidante desempenhou um papel
fundamental contra o dano oxidativo dependendo do tecido e do estado fisiolégico
da planta. Devido a razoavel capacidade das plantas de P. sagittalis em acumular
Pb nas raizes, e em menor quantidade na parte aérea, esta espécie pode ser
utilizada tanto como fitoestabilizadora, promovendo a retencdo do Pb nas raizes
evitando a expansdo do contaminante para areas adjacentes, quanto como

fitoextratora.
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5 CONCLUSOES

A concentracdo de Pb diferiu entre as partes da planta, sendo que ocorreu
maior acumulo de Pb na raiz. Além disso, plantas de P. sagittalis acumularam
quantidades razoaveis de chumbo (0,2%) podendo ser utilizadas em programas de
fitorremediagéo.

O aumento da concentracdo de Pb promoveu diminuicdo da absorcéo de
solucdo nutritiva, da massa fresca da parte aérea e da raiz e da area foliar.
Entretanto, ndo foi observada reducdo na massa seca da parte aérea e da raiz.
Apesar disso, ocorreu diminuicdo do crescimento da parte aérea nas maiores
concentracoes de Pb.

O Pb inibiu a atividade da &6-ALA-D, entretanto, ndo afetou a concentracéo das
clorofilas a e b e dos carotendides em plantas de P. sagittalis.

Apesar de o sistema antioxidante estar ativo, o Pb aumentou a peroxidacéo
lipidica e o contetudo de H,0;, sugerindo que o Pb induziu danos as membranas
celulares em plantas de P. sagittalis.

O sistema de defesa antioxidante estava ativo e atuando na remocéo de
EROs. Essas respostas foram dependentes da parte (parte aérea e raiz) e do
estagio de desenvolvimento da planta. Sendo que o aumento da concentracdo de
chumbo (Pb), de modo geral, promoveu aumento da atividade das enzimas catalase,
ascorbato peroxidase e superéxido dismutase. Além disso, o0 estresse causado pelo
chumbo elevou os niveis de 4cido ascorbico e -SH total em plantas de P. sagittalis.

Através dessas informacfes pode—se concluir que os danos oxidativos
provocados pelo chumbo podem ter sido minimizados pela ativagdo do sistema
antioxidante e que os efeitos deletérios no crescimento estdo mais relacionados com

o efeito do chumbo sobre o sistema hidrico da planta.
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