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AZEVEDO NETO, A. D. ASPECTOS FISIOLOGICOS E BIOQUiMIbOS DO
ESTRESSE SALINO EM PLANTAS DE MILHO.

RESUMO

Neste trabalho foram estudadas as respostas fisiologicas e bioquimicas de plantas de
milho ao estresse salino. Foram realizados trés experimentos em casa de vegetagdo,
cultivando-se as plantas em solugdo nutritiva com ou sem 100 mM de NaCl. O primeiro
experimento objetivou estudar os efeitos da salinidade sobre o crescimento, trocas gasosas e
acumulo de solutos em oito gendtipos de milho, bem como selecionar genétipos com
tolerancias diferenciadas ao estresse salino. O estresse salino reduziu o crescimento das
plantas de todos os genétipos, sendo 0 BR5033 e o BR5011 caracterizados como tolerante e
sensivel ao estresse salino, réspectivamente. A resposta estomatica do genétipo tolerante ndo
foi influenciada pela salinidade. Entre os parametros estudados, a relacdo de matéria seca
parte aérea/raiz e os teores de sddio e de solutos orgéanicos nas folhas ndo mostraram relagdo
com a tolerancia a salinidade. Em contraste, os teores de sddio e de solutos organicos nas
raizes parecem desempenhar um importante papel na aclimatagdo dos genétipos estudados ao
estresse salino. O segundo experimento estudou o acimulo de solutos orgénicos e de
aminodcidos livres, bem como a peroxidacdo dos lipidios e a atividade de enzimas
antioxidativas, ao longo do tempo, em folhas e raizes dos genétipos de milho que
apresentaram tolerancias diferenciadas ao estresse salino (BR5033 e BR5011). Os teores de
N-aminossoluveis e de proteinas soliveis nas folhas e raizes dos dois gendtipos
permaneceram constantes ou aumentaram com o estresse. Os teores de carboidratos soluveis
também permaneceram constantes no BR5033, mas diminuiram em ambas as partes da planta
do BR5011. O teor da maioria dos aminoéacidos livres aumentou com o estresse, nas folhas e
raizes dos dois genoétipos. Entretanto, prolina, treonina, arginina, serina, aspartato e glicina
foram os de maior participagio relativa no total de aminoéacidos livres. As atividades da SOD,
APX, GPX e GR nas folhas aumentaram com o estresse, sendo estes aumentos mais
pronunciados no BR5033 do que no BR5011. A atividade da CAT ndo foi afetada pelo
estresse salino nas folhas do BR5033 mas foi reduzida no BR5011. A salinidade ndo alterou
as atividades da APX, GPX e GR nas raizes do BR5033 mas reduziu as atividades de todas as
enzimas estudadas nas raizes do BR5011. Os resultados mostraram que CAT e GPX foram as
enzimas com maior atividade removedora do H,O, e que as atividades da CAT, APX e GPX
coordenadas com a atividade da SOD parecem desempenhar um papel protetor essencial nos

processos de remogdo do H,0,. A salinidade s6 aumentou a peroxidagdo dos lipidios nas
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folhas do BR5011. Os resultados deste experimento indicaram que o estresse oxidativo pode
desempenhar um importante papel em plantas de milho sob estresse salino e que a maior
protecdo das folhas e raizes do gendtipo BR5033 contra os danos oxidativos induzidos pelo
sal resultam, ao menos em parte, da manutengdo e/ou aumento da atividade das enzimas
antioxidativas. O terceiro experimento estudou o efeito do pré-tratamento com H,O, no
crescimento, na peroxidagdo dos lipidios e na atividade de enzimas antioxidativas, ao longo
do tempo, em folhas e raizes do gendtipo de milho sensivel ao estresse salino. O pré-
tratamento com H2O; induziu um aumento da tolerancia a exposicao subsequente do

estresse salino. Esta observacao foi confirmada pelas medidas das matérias secas da

parte aérea e das raizes e da area foliar. O estresse salino aumentou as atividades da

“APX, GPX e GR nas folhas das plantas nao aclimatadas. Contudo, nas folhas das

plantas aclimatadas as atividades de todas as enzimas antioxidativas aumentaram
com a salinidade. Nas raizes, o estresse salino ndo provocou grandes alteracdes nas
atividades enzimaticas, exceto por um aumento na atividade da CAT nas plantas
aclimatadas e um decréscimo nas ndo aclimatadas, no final do periodo experimental.
O estresse salino aumentou a peroxidacdo dos lipidios das folhas mas nao afetou a
das raizes. Os resultados sugerem que as diferencas nas atividades do sistema
antioxidativo podem, ao menos em parte, explicar o aumento da tolerancia a
salinidade nas plantas aclimatadas e que o metabolismo do H>O, esta envolvido nos

processos de aclimatagao do milho ao estresse salino.

Palavras-chave: Aclimata¢do, crescimento, enzimas antioxidativas, estresse oxidativo,

milho, osmorregulagdo, peroxidagdo dos lipidios, salinidade, trocas gasosas, Zea mays.
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AZEVEDO NETO, A. D. PHYSIOLOGICAL AND BIOCHEMICAL ASPECTS OF
SALT STRESS IN MAIZE PLANTS.

ABSTRACT

In this paper, the physiological and biochemical responses to salt stress of maize plants
were studied. Three experiments were performed in a greenhouse, and the plants were grown
in nutrient solution with or without 100 mM NaCl added. The aim of first experiment was to
evaluate the salt stress effects on growth, water relations, gas exchange, and solute
accumulation of eight maize genotypes. Salt stress reduced plant growth of all genotypes but
the genotypes BR5033 and BR5011 were characterized as the most salt-tolerant and salt-
sensitive, respectively. Stomatal response of the salt-tolerant genotype was not affected by
salinity. Among the studied parameters, shoot to root dry mass ratio, leaf sodium content and
leaf soluble organic solute content showed no relation with salt tolerance. In contrast, sodium
and soluble organic solutes accumulation in the roots as a result of salt stress appeared to play
an important role in the acclimation to salt stress of the maize genotypes studied. The second
experiment evaluated the time course of salt stress effects on organic solutes and free amino
acids accumulation, as well as the lipid peroxidation and activity of antioxidative enzymes in
leaves and roots of maize genotypes differing in salt tolerance (BR5033 and BR5011). In
leaves and roots of the two genotypes, soluble amino-N and soluble protein contents were
unchanged or increased with salt stress. Soluble carbohydrate contents also staved constant in
BR5033, but decreased in both leaves and roots of BR5011 plants. Salt stress increased most
of free amino acids contents, in leaves and roots of two genotypes. However, proline,
threonine, arginine, serine, aspartate, and glycine were the amino acids that more contributed
for the osmotic potential reduction. In leaves of salt-stressed plants, SOD, APX. GPX and GR
activities increased with time when compared to the controls. However the increase was more
pronounced in the BR5033 than in the BR5011 genotype. Salt stress had no significant effect
on CAT activity in leaves of BR5033, but it was reduced in the BR5011 genotype. APX, GPX
and GR activities remained unchanged in salt-stressed roots of BR5033 genotype, but reduced
the activity of all studied enzymes in roots of the BR5011 genotype. The data showed that
CAT and GPX énzymes had the greatest H202:scavenger activity. Moreover, CAT, APX and
GPX activities in conjunction with SOD activity seem to play an essential protective role in
the H,O, scavenging processes. Lipid peroxidation was enhanced only in salt-stressed leaves
of the BR5011 genotype. These results indicate that oxidative stress may play an important

role in salt-stressed maize plants and that the greater protection of BR5033 leaves and roots
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from salt-induced oxidative damage results, at least in part, through the maintena;lce and/or
increase of the activity of antioxidant enzymes. The third experiment evaluated the effects of
H,O, pre-treatment on plant growth, lipid peroxidation and activity of antioxidative enzymes
in leaves and roots of a salt-sensitive maize genotype. H2O2 pre-treatment induced an
increase of salt tolerance during subsequent exposure to salt stress. This observation
was confirmed by shoot and root dry masses and leaf area measurements. In leaves
of unacclimated plants, salt stress increased APX, GPX, and GR. However, in
acclimated plants, salt stress increased the activities of all antioxidative enzymes. In roots,
the salt stress did not result in striking changes in enzyme activities, except for an
increase in CAT activity in acclimated and a decrease in unacclimated plants at the end of
experimental period. Salt stress increased lipid peroXidation in leaves, but had almost no
effect in roots. The results suggest that differences in the antioxidative enzyme activities
may, at least in part, explain the increased tolerance of acclimated plants to salt stress, and

that H,O, metabolism is involved as signal in the processes of maize salt acclimation.

Keywords: Acclimation, antioxidative enzymes, gas exchange, growth. lipid peroxidation,

milho, osmoregulation, oxidative stress, salinity, Zea mays.
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ABREVIATURAS E DEFINICOES

Aclimatag¢io — aumento da capacidade das plantas sobreviverem a condigdes adversas, em
decorréncia de modificagdes fisioldgicas temporarias provocadas por mudangas
ambientais. Embora a aclimatagdo possa envolver a expressio génica, ela ¢ uma
resposta homeostatica e nio ¢ transmitida de uma geragdo para outra.

Consequentemente, aclimatagdo é uma alteragado fisiologica.

Adapta¢io — aumento da capacidade das plantas sobreviverem a condi¢cdes adversas, em
decorréncia de alteragdes morfo-fisiologicas definitivas provocadas pela sele¢do
evoluciondria (natural ou artificial) de genes. Como a adaptag¢do envolve a alteragdo
génica, ela ¢ transmitida de uma gerag@o para outra. Consequentemente, adaptagdo é

uma evolugdo.

Antioxidante — em geral pode ser definido como qualquer substdncia que, mesmo presente
em baixas concentragdes em relag@o a um substrato oxidavel, retarda significativamente

ou evita sua oxidagdo.

Condutividade elétrica — capacidade de conduzir eletricidade; grandeza (expressa em
dS.m™) que se correlaciona diretamente com a quantidade de ions dissolvidos em 4gua e
presentes no extrato de saturagdo do solo, nas dguas de irrigagdo ou nas solucdes

nutritivas.

Espécies reativas de oxigénio — termo coletivo aplicado a diversas espécies quimicas
envolvidas no estresse oxidativo, podendo ser radicais livres (como o ion superéxido)

ou ndo (como o perdxido de hidrogénio).

Estresse — diz-se que uma planta sofreu um estresse quando qualquer fator ambiental provoca
alteragdes no seu metabolismo, induzindo, em conseqiiéncia, mudancas no seu

crescimento e desenvolvimento.

Estresse oxidativo — é um distirbio no estado de equilibrio da relagdo entre oxidantes e
antioxidantes em células intactas e resulta das reagdes metabdlicas que reduzem

parcialmente o oxigénio molecular.
: .

Peroxidagio lipidica — termo que trata da oxidagdo enzimatica dos lipidios poli-insaturados
presentes nas membranas biologicas. O termo oxidag@o dos lipidios € mais utilizado

quando se trata da oxidagdo ndo enzimatica.
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Radical livre — termo que define qualquer espécie quimica de existéncia independente, que

possua um ou mais elétrons desemparelhados. Isto as torna altamente instaveis e

reativas que, para atingir sua estabilidade tendem a oxidar, rapidamente, as

biomoléculas.

Resisténcia — o conceito de resisténcia, estabelecido por Levitt (1972), refere-se a qualquer

tipo de mecanismo desenvolvido pelas plantas que garantam a sua sobrevivéncia em

condigdes ambientais adversas. Estes mecanismos podem ser agrupados em duas

categorias gerais: (a) escape ou fuga, que permite a planta completar seu ciclo vital sem

ter sido exposta ao agente estressor e (b) tolerdncia, que permite a planta completar seu

ciclo vital, mesmo sendo exposta ao agente estressor. Apesar desta terminologia ndo ter

sido usada neste trabalho, respeitou-se o seu uso nas citagdes feitas por outros autores.

Salinidade — quantidade de sais soliveis presentes na 4gua do mar, nas dguas de irrigagdo ou

nos perfis dos solos, capazes de reduzir ou, até mesmo, impedir o crescimento,

desenvolvimento e a produgdo das culturas.

APX — Peroxidase do ascorbato

CAT - Catalase

CE - Condutividade elétrica

DHAR - Redutase do desidroascorbato

E — Transpiration (transpiragio)

GPX - Peroxidase do guaiacol

GR - Redutase da glutationa

g, — Stomatal conductance (condutancia estomatica)
GSH - Glutationa reduzida
GSSG - Glutatiopa oxidada
H,0, — Peroxido -de hidrogénioi

HPLC - Cromatografia liquida de alta performance

LA - Leaf area (area foliar)

MDA — Malondialdeido ou aldeido maldnico
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MDHAR - Redutase do monodesidroascorbato

NAR - Net assimilation rate (taxa de assimilago liquida)

NBT - Nitro blue tetrazolium chloride

0, — Radical livre superoxido

OH"® - Radical livre hidroxila

PAR - Photosynthetic active radiation (radiagdo fotossinteticamente ativa)
PICT - Fenilisotiocianato

POX - Peroxidase

RDM - Root dry mass (massa seca das raizes)

RGR - Relative growth rate (taxa de crescimento relativo)

ROS - Espécies reativas de oxigénio

SDM - Shoot dry mass (massa seca da parte aérea)

SDM/RDM - Shoot to root dry mass ratio (relagdo massa seca da parte aérea/raiz)
SOD - Dismutase do superéxido

T; — Leaf temperature (temperatura foliar)

¥ — Predawn leaf water potential (potencial hidrico antemanha)
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1. INTRODUCAO

1.1. Origem e Importiancia Econdmica do Milho

O milho (Zea mays L.) é, provavelmente, a mais importante planta comercial com
origem nas Américas. Ha indicios que esta espécie seja origindria da regido onde hoje se situa
o México, e que foi domesticada num periodo entre 7.000 e 10.000 anos atras (Paterniani,
1993). Logo depois do descobrimento da América, o milho foi levado para a Europa, onde era
cultivado em jardins, até que seu valor alimenticio tornou-se conhecido. Passou, entdo, a ser
plantado em escala comercial e espalhou-se desde a latitude de 58° norte (Unido Soviética) até
40° sul (Argentina) (Godoy, 2002). Como resultado da sele¢do, tanto artificial como natural, o
homem civilizado herdou dos povos mais antigos cerca de 300 ragas de milho, caracterizadas
pelas mais diversas adaptagdes, tanto para as condigdes ambientais como para 0s VArios usos
do cereal. Acrescentando-se, ainda, a diversidade de variedades intra-raciais € a enorme
quantidade de genes identificados, o milho ¢ citado como a espécie botdnica de maior
diversidade genética na natureza (Paterniani, 1993).

A importancia econdmica do milho € caracterizada pelas diversas formas de sua
utilizag¢do, que vdo desde a alimentag@o animal até a industria de alta tecnologia. Atualmente,
estima-se que existam cerca de 600 produtos em que o milho participa como matéria prima.
Na ixldﬁstria, por exemplo, este cereal ¢ empregado como matéria prima para a produgdo de
amido, Oleo, metanol, farinha, glicose, ragdes animais e na elaboracdo de formulacdes
alimenticias (Almeida, 1993; Pinazza, 1993). Entretanto, o uso do milho em grao para a
alimentagfo animal fepresenta a maior parte do consumo desse cereal, ist_o ¢, cerca d_eE 70% no ;
mundo. No Brasil, o percentual destinado a esse fim pode variar de 60 a 80%, dependendo da
fonte da estimativa e do ano considerado (Duarte, 2000). Maiores detalhes do consumo de

milho por segmento da economia podem ser melhor visualizados na Tabela 1.1.
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Tabela 1.1. Estimativa do consumo de milho no Brasil por segmento, em percentagem do

consumo total (safras de 1998/99 a 2003/04).

SEGMENTO 1998/99  1999/00  2000/01  2001/02  2002/03  2003/04*
Avicultura 35,49 36,32 34,48 36,74 35,47 35,77
Suinocultura 21,75 23,66 21,97 22,63 19,47 19,59
Pecuiria 7,51 7,64 7,09 7,20 4,39 4,87
Outros animais 4,19 4,26 3,91 3,91 3,56 3,50
‘Consumo industrial 11,76 11,36 10,36 10,36 9,55 9,42
Consumo humano 4,13 4,19 3,85 3,84 3,52 3,47
Perdas/sementes 2,43 2,4'1 , 2.3 2,31 3,82 3,16
Exportagio 0,00 0,00 6,52 4,01 9,17 11,07
Outros 12,73 10,14 9,27 9,00 11,06 9,15

Fonte: Associagdo Brasileira das Industrias do Milho (ABIMILHO), 2004; *Estimativa

A produg¢do mundial de milho compete com a de trigo pelo titulo de grio mais
produzido no mundo. Esse fato, relativamente recente, deve-se ao forte crescimento da
demanda mundial. Na safra de 1995/96 o consumo mundial de milho estava na faixa de 533
milhSes de toneladas/ano; ja para a safra 2003/04, a FAO esta prevendo o consumo de cerca
de 642 milhdes de toneladas, o que representa um incremento de 20% em oito anos (Tabela
1.2). O consumo mundial de milho vem sendo proporcionalmente maior do que a produgéo a
partir da safra 2000/01. Este fato deve-se, em parte, a irregularidade nas tltimas safras dos
Estados Unidos, maior produtor mundial, respondendo por metade do milho anualmente
produzido. Por outro lado, a alteragdo no hébito alimentar dos europeus e americanos que
passaram a se alimentar de carne branca ocasionou elevagdo da produgdo mundial de frangos
fazendo, consequentemente, aumentar a defnanda por ragdes que tém o milho como principal

matéria-prima (Tavares, 2004).
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Tabela 1.2. Produgdo e consumo mundial de milho em milhdes de toneladas (safras 1995/96

a 2003/04).

1995/96 1996/97 1997/98 1998/99 1999/00 2000/01 2001/02 2002/03 2003/04

Produgio 517,1 591,8  584,7 605,77 6069 5864 . 5993 6034 6071
Consumo 533,2 558,2 5785 582,8  605,1 601,9 621,8 630,8 6419

Fonte: FAO, 2004

‘Dentro da evolugdo mundial da produgdo de milho, o Brasil tem se destacado como
terceiro maior produtor, ficando atras apenas dos Estados Unidos e da China (Duarte, 2000).
Ao contrario do que € observado no cénério mundial, a produ¢do de milho no Brasil vem
crescendo mais do que o consumo interno (Tabela 1.3). Entretanto, apesar de estar entre os
trés maiores produtores, o Brasil nio se destaca entre os paises com maior nivel de
produtividade, considerando que a produtividade mundial média est4 em torno de 4.860 kg/ha
(FAO, 2004). Embora a produtividade brasileira esteja abaixo deste valor, ela tem crescido
sistematicamente, passando de 1.791 kg/ha, na safra 1990/91, para 3.291 kg/ha, na safra
2003/04, representando um incremento médio de 6,5% ao ano nos ultimos 13 anos. Vale
ressaltar que a cultura do milho no Brasil, ainda conta com grandes possibilidades de aumento
de produgdo, via crescimento de produtividade.

Segundo dados do censo agropecuario do IBGE de 1996 (Tabela 1.4), os pequenos
produtores (94,3%) sdo responsaveis por 30% da produg@o, usando 45.63% da area destinada
ao cultivo desse cereal no pais. Por outro lado, os grandes produtores (2,4%) produzem

60,08% do milho colhido no Brasil cultivando 43,91% da érea.
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Tabela 1.3. Série histérica da produgéo, drea plantada, produtividade e consumo de ‘milho no

Brasil (safras de 1990/91 a 2003/04).

Producgio Area Produtividade Consumo
SAFRAS (mil toneladas) (mil hectares) (kg/hectare) (mil toneladas)
1990/91 24.096 13.451 1.791 25.288
1991/92 30.771 14.027 2.194 28.500
1992/93 29.208 12.436 2.349 30.775
1993/94 33.174 14.152 2.344 32.732
1994/95 37.442 14.282 2.622 35.514
1995/96 32.405 13.757 2.356 36.225
1996/97 35.716 13.799 2.588 35.912
1997/98 30.188 11.391 2.650 35.000
1998/99 32.393 12.513 2.589 35.300
1999/00 31.641 12.758 2.480 35.300
2000/01 42.290 12.973 3.260 36.235
2001/02 35.281 12.319 2.864 36.400
2002/03 47.411 13.226 3.585 38.400
2003/04 42.158 12.812 3.291 39.600

Fonte: Companhia Nacional de Abastecimento — CONAB, 2004.

Tabela 1.4. Produgdo de milho, area plantada e nimero de informantes, segundo tamanho da

propriedade.

Tamanho da Area plantada Producio Informantes
Propriedade (ha) (1000 ha) % dototal (1000t) % dototal (x1000) % do total
Menos de 10 4.842 45,6 7.654 30,0 2.395 943

10220 1.110 10,5 2531 9.9 84 3,3

20 a 100: 1.951 18,4 5.544 21,7 ; 51 2,0
Acima de 100 2.709 25,5 9.783 38,4 10 0,4
Total 10.612 100,0 25.512 100,0 2.540 100,0

Fonte: IBGE, Censo agropecuério de 1995/96
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A Tabela 1.5 apresenta as séries historicas de produgdo, consumo e produt‘ividade do
milho por cada Estado da Regido Nordeste. Observa-se que a Bahia, com mais de 1,7 milhdo
de toneladas, ¢ o maior produtor de milho do Nordeste. Este Estado tem se constituido em
nova fronteira para a produ¢do de milho em escala comercial, principalmente, nas areas de
cerrado, onde essa cultura vem sendo impulsionada pela expansdo da soja. Nos Estados do
Ceara e Pernambuco, o aumento do consumo de milho foi impulsionado pelo grande
crescimento da produgdo de aves. Nos outros Estados a produg@o de milho € marginal, sendo
caracterizada por cultivos familiares para consumo no préprio estabelecimento (Helfand &
Rezende, 1998). No contexto nacional, o Nordeste configura-se como a regido mais deﬁc‘ité.ria
do pais no que diz respeito a relagdo produgdo/demanda, importando cerca de 10% da
produgdo nacional de milho. Ceara, Pernambuco e Bahia sdo os maiores consumidores e
juntos, sido responsaveis por mais de 60% da importag@o anual de milho do Nordeste.

Ainda na Tabela 1.5, pode-se verificar que a produtividade nos Estados do Maranhio,
Sergipe e Bahia, embora tenha aumentado sistematicamente nos ultimos anos, ainda
permanece muito abaixo da média nacional atual (acima de 3.000 kg/ha). Embora o baixo uso
de tecnologia seja comumente citado como a causa principal da baixa produtividade do milho
no Nordeste, aspectos culturais, sécio-econdmicos e ambientais, subjacentes a baixa
tecnologia, concorrem substancialmente para o baixo nivel de produtividade nesta regido, tais
como:

* A quase totalidade do plantio de milho em condigdes de sequeiro ¢ realizado em pequenas
propriedades, com baixa qualificagdo de mio-de-obra, disponibilidade de tecnologia‘ e

elevado estado de pobreza.
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Tabela 1.5. Séries histéricas de produgdo, consumo e produtividade do milho nos Estados da

Regido Nordeste (safras de 1990/91 a 2003/04).

Série historica de produgio (em mil toneladas). Safras 1990/91 a 2003/04

UF 90/91 91/92 92/93 93/94 94/95 95/96 96/97 97/98 98/99 99/00 00/01 01/02 02/03 03/04
MA 355 237 197 413 423 455 363 210 294 314 310 325 414 430
PI 257 77 60 441 405 437 177 61 236 231 145 84 287 152
CE 387 183 33 479 469 589 274 91 442 636 245 623 749 354
RN 71 35 1 88 83 84 47 7 20 59 8 70 71 58
PB 138 54 9 172 157 239 200 4 41 150 8 74 123 135
PE 232 34 S5 256 254 292 208 7 35 140 43 79 82 112

2

3

AL 59 e 71 47 53 64 64 33 22 . 147 52 18 41
SE 70 32 69 85 11 94 94 118 96 99 48 133 173
BA 463 522 283 624 759 689 1201 751 1.011 1.306 1.013 715 1.399 1.703
NE 2.031 1.219 593 2.613 2.680 2.948 2.628 1.289 2.229 2.954 1.988 2.068 3.278 3.160
Série historica de consumo (em mil toneladas). Safras 1990/91 a 2003/04
UF 90/91 91/92 92/93 93/94 94/95 95/96 96/97 97/98 98/99 99/00 00/01 01/02 02/03 03/04
MA 724 831 806 869 938 857 910 822 857 845 1.015 903 1.097 1.013
PI 362 402 393 417 442 412 432 399 412 408 472 429 502 471
CE 903 1.043 1.010 1.093 1.183 1.077 1.147 1.031 1.077 1.061 1.285 1.138 1.392 1.282
RN 147 173 167 183 200 180 193 171 180 177 219 191 240 219
PB 228 261 254 273 295 269 286 258 269 266 319 284 345 318
PE 633 773 740 824 913 807 877 761 807 791 1.015 868 1.123 1.012
AL 145 172 166 182 199 179 192 170 179 176 218 190 239 218
SE 136 149 146 154 162 152 159 148 152 151 172 158 182 172
BA 1.467 1.627 1.590 1.552 1.637 1.537 1.603 1.492 1.536 1.521 1.734 1594 1.837 1.732
NE 4.745 5432 5271 5.547 5969 5471 5.798 5251 5470 5.395 6.449 5.755 6.956 6.436
Série historica de produtividade (em kg/ha). Safras 1990/91 a 2003/04
UF 90/91 91/92 92/93 93/94 94/95 95/96 96/97 97/98 98/99 99/00 00/01 01/02 02/03 03/04
MA 630 409 370 700 650 700 620 690 925 980 960 1.000 1.150 1.160
PI 790 200 150 950 880 993 406 237 850 817 520 299 1.016 510
CE 660 300 68 680 720 855 525 190 760 1.028 400 895 1.050 520
RN 500 245 34 660 610 593 370 102 249 606 9 671 650 470
PB 540 200 102 740 600 900 783 33 341. 930 60 450 690 702
PE 600 107 60 704 700 819 620 66 143 466 160 280 288 410
AL 550 500 60 545 416 438 540 - 540 279 340 1500 663 31S 600
SE 870 530 150 889 926 I1.111 916 916 1.350 1.100 1.100 478 1.200 1.200
BA 831 814 578 1273 1.529 1.213 1.763 1.488 1.532 1.997 1.436 1.063 1.755 2.167

NE 750 435 287 849 891 946 921 699 1.029 1.294 865 869 1.272 1.220
Fonte: Companhia Nacional de Abastecimento — CONAB, 2004.
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* O milho tem sido caracterizado por muitos anos como uma cultura de subsisténc.ia, onde o
grdo ¢ utilizado na alimentagdo humana e a palhada na alimentagdo animal
Consequentemente seu plantio ocorre em diversas épocas e locais, mesmo os considerados
impréprios a cultura.

= As éareas efetivamente irrigaveis no Semi-arido do Nordeste ndo devem superar os
2.500.000 ha, devido as limitagdes existentes em termos de profundidade e de qualidades
fisica e quimica dos solos e, principalmente, de quantidade e qualidade da dgua (Suassuna,
2002). Considerando-se que o Nordeste tem cerca de 155.000.000 ha e que 52% dessa
area é semi-arida (Lira et al., 1982), conclui-se que apenas cerca de 3% do semi-arido do
Nordeste sdo passiveis de irrigagdo.

= Do ponto de vista climatico, a caracteristica fundamental do semi-drido nordestino € o
regime de chuvas marcado pela escassez, irregularidade, concentragdo e ma distribuigdo
das precipitagdes pluviométricas. Este fato reflete-se no alto indice de frustracdo de safras
em condi¢des de sequeiro (em cada 10 anos de cultivo, apenas dois obtém sucesso). A
solugdo para este problema depende, essencialmente, da adog¢do da agricultura irrigada.

= Considerando-se que o crescimento da avicultura tem impulsionado a demanda de milho
no Nordeste e que a agricultura irrigada é condigdo indispensavel para o aumento da
produtividade no semi-arido, o governo criou incentivos para produgdo de milho sob
irrigag:ﬁo. Infelizmente, devido a falta de experiéncia com este tipo de exploracdo agricola,
usou-se um manejo inadequado da 4dgua e do solo, resultando em um aumento da érea
salinizada. Portanto, a solug@o deste problema, tanto no ponto de vista agrondmico, como
no sc')"cio-econémico., configura-se como de grande importéncia para a produq:_%o agricola
nessa regiao.

Diante do exposto, a importancia do milho n3o esta apenas na produgdo de uma cultura

anual, mas em todo o relacionamento que essa cultura tem na produg@o agropecudria, tanto no
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que diz respeito a fatores econdmicos quanto a fatores sociais. Pela sua versatilidade de uso,
pelos desdobramentos de produgdo animal e pelo aspecto social, o0 milho é um dos mais

importantes produtos do setor agricola no Brasil.

1.2.  Aspectos Gerais da Salinizagdo dos Solos

O solo contém normalmente uma solugdo muito diluida de sais, os quais, ao serem
absorvidos pelas raizes, irdo promover a nutrigdo mineral das plantas. Os sais soliveis do solo
consistem, em grande parte e em proporgdes variadas, dos cations Na*, Ca’* ¢ Mg** e dos
anions Cl e SO42'; O cation K e os anions HCOy5’, C032' e NOj, geralmente sdo encontrados
em baixas concentragdes (Daker, 1988). O excesso destes ions reduz o potencial osmdtico da
solu¢do do solo e aumenta a sua condutividade elétrica (CE), de forma que um solo ¢
considerado salino quando a CE do seu extrato saturado é superior a 4,0 dS.m™.
Adicionalmente, pode ocorrer o fendmeno de desestruturagdo do solo, o qual é decorrente da
saturagdo do complexo de troca pelo Na* que, ao substituir os cétions divalentes Ca’* ¢ Mg,
conduz a dispersdo das argilas e torna a porosidade do solo quase nula (Richards, 1974).

A salinizag@o dos solos pode ter diversas origens, sendo que entre os fatores naturais
os que mais podem contribuir para o processo de salinizagdo dos solos s3o o material de
origem e o clima. No primeiro caso, a intemperizagdo quimica dos minerais e rochas da crosta
terrestre € a principal fonte responsavel pela liberagdo e distribuigdo dos ions (Daker, 1988).
Com relagéo ao clima, o balango hidrico desfavoravel para a lixiviagdo em profundidade e a
conseqiiente eliminagdo dos sais, ¢ um fator central que favorece a salinizag¢@o dos solos. Em
adicdo aos fatore§ naturais, o processo de sailinizag:ﬁo dos solos pode ter um importante
componente antropico, devido ao manejo inadequado da agua e do solo, notadamente nos
sistemas de cultivo irrigados (Ayers & Westcot, 1991; Yeo, 1999). Nesse caso, o acimulo de

sais resulta do uso de agua de baixa qualidade, métodos de irrigagdo inadequados e sistemas
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de drenagem insuficientes. Dessa forma, a salinidade atinge, principalmente, as areas irrigadas
situadas nas regides aridas e semi-aridas, onde a alta demanda evaporativa do ar associada a
baixa precipitagdo e baixa disponibilidade de recursos hidricos de boa qualidade contribuem
para a acumulag@o dos sais nas camadas superficiais do solo (Daker, 1976).

No mundo, estima-se que 19,5% das terras irrigadas (45 milhdes de hectares) e 2,1%
das ndo irrigadas (32 milhdes de hectares) estejam afetadas pelos sais (FAO, 2000). A
salinizagdo dos solos € particularmente evidente nas regides aridas e semi-aridas, atingindo
cerca de 25% das éreas irrigadas. Atualmente, estima-se que o mundo perde cerca de 1,5
milhdes de hectares de terras araveis a cadé ano devido ao acumulo de sais (FAO, 2000).
Dessa forma, a salinizag¢do tem sido identificada como o principal processo de degradagdo dos
solos. |

No Brasil, embora a informagdo sobre as dreas salinas ndo esteja bem definida, estima-
se que 20 a 25% das éreas irrigadas enfrentam problemas de salinizagdo (FAO, 2000). Este
problema é mais conspicuo na regido Nordeste, a qual possui uma édrea de 155 milhdes de
hectares, sendo que 52% dessa superficie € semi-arida (Lira et al., 1982). Considerando que a
pratica da irrigagd@o constitui a unica maneira de garantir a produgdo agricola com seguranga
no semi-arido e que a implantagdo dos projetos de irrigacdo tem sido incrementada nas
ultimas décadas, este problema configura-se como de grande importdncia para a producdo
agricola nessa regido, face as projegdes futuras de aumento da populagido e da demanda por

alimentos.

1.3.  Efeitos da Salinidade Sobre as Plantas
Os efeitos da salinidade sobre as plantas tem sido foco de pesquisas nos ultimos 100
anos, em virtude do sal inibir o crescimento das plantas em grandes areas do globo, mais do

que qualquer outra substincia inibidora presente no ambiente normal (Epstein, 1975). De
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maneira geral, a inibicdo do crescimento das plantas pelo estresse salino pode ser
conseqiiéncia dos efeitos osmdticos, provocando déficit hidrico e/ou da acumulagdo excessiva
de ions, que pode causar toxicidade, desequilibrios nutricionais ou ambos (Greenway &
Munns, 1980; Munns & Termaat, 1986; Cusido et al., 1987; Boursier & L&uchli, 1990).
Entretanto, o grau com que cada um destes componentes do estresse salino afeta o
crescimento depende de fatores intrinsecos da planta (gen6tipo e estdgio de desenvolvimento),
fatores relacionados com o estresse (tipo de salinidade, intensidade, duragio e forma de
aplicacdo do estresse) e fatores ambientais (luz, temperatura, umidade relativa do ar e sistema

de cultivo), bem como da interag@o entre eles (Cramer et al., 1994; Bray et al., 2000).

1.3.1. Salinidade e crescimento

A reducdo no crescimento de plantas halofitas e glicofitas cultivadas em ambientes
salinos ja € reportado na literatura ha varias décadas (Flowers et al., 1977; Greenway &
Munns, 1980). O sinal primario que leva a redug@o do crescimento €, provavelmente, hidrico.
A redug@o no potencial hidrico da solugdo nutritiva pode causar interrup¢do do influxo de
agua ou uma redugdo da turgescéncia celular na epiderme da raiz (Cramer & Bowman,
1991a). Assim, plantulas de milho submetidas a 80 mM de NaCl apresentaram paralisacdo da
taxa de alongamento foliar ap6s uma hora de exposi¢do a salinidade (Cramer & Bowman,
1991b). Analogamente ao observado para as folhas, a taxa de alongamento de raizes primérias
de milho foi inibida apds duas horas de permanéncia em solugdo nutritiva contendo 100 mM
de NaCl (Neum et al, 1994). Apos longos periodos de exposigdo ao NaCl, a inibig;ejo da
alo-ngamento jelular foi irreversivel, sugerindo que; a curto pra;o, esta inibicdo ré uma
resposta ao estresse hidrico e, a longo prazo, ¢ uma resposta aos efeitos especificos dos ions
associados ao estresse hidrico (Cramer, 1992). Estes estudos suportam a hipétese de que, sob

condigdes salinas, o crescimento pode ser inibido pela redug¢do na turgescéncia celular e pelas
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limitagdes metabdlicas, as quais podem ser .causadas por toxicidade i(‘)nica. devido a
acumulacdo de sédio e/ou cloreto utilizados para ajustamento osmético (Greenway & Munns,
1980).

O reconhecimento da importdncia do tempo levou ao estabelecimento do modelo de
RESPOSTA BIFASICA DE CRESCIMENTO para explicar os efeitos do estresse salino
sobre o crescimento das glicofitas em geral (Munns, 1993, 2002). A primeira fase de redugdo
do crescimento € rapidamente aparente, e seria devida ao sal no meio externo. Seria
essencialmente um estresse hidrico ou “fase osmotica”, para a qual ha uma variagdo
genotipica surpreendentemente pequena. A redugdo do crescimento seria reguladé,
presumivelmente, por sinais hormonais provenientes das raizes. Entdo, hd uma segunda fase
de redugdo do crescimento que leva tempo para se desenvolver e resulta do dano interno. Isto
seria devido a acumulagéo de niveis excessivos de sais nas folhas, excedendo a habilidade das
células para compartimentaliza-los no vacuolo. Consequentemente, o crescimento das folhas
mais jovens seria inibido pela redugdo no suprimento de carboidratos para as células em
crescimento. E possivel que as desordens metabdlicas também resultem de mudangas
necessérias sob condi¢des de salinidade. A medida que as células sio expostas ao NaCl, o
fluxo de carbono pode ser alterado para atender a biossintese de solutos osméticos e a geragdo
de energia necessaria para esta biossintese, além de outros processos importantes para o
ajustamento osmético (Binzel et al., 1985). Esta segunda fase ¢ a que separa claramente
espécies e genotipos que diferem na habilidade para tolerar a salinidade (Munns, 2002). Dessa
forma, o estudo de longo prazo ¢ condigdo fundamental na identificagdo e compreensdo de
mecanismos fisiolégicos e bioquimicos significativos para a selegdo de plantas tolerantes a
salinidade.

O milho, que é uma espécie moderadamente sensivel a salinidade, pois em média sua

produgdo de matéria seca comega a cair a partir de 1,6 dS.m" de condutividade elétrica (CE)
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no extrato saturado da solugdo do solo (o que equivale a aproximadamente 30 mM d'e NaCl na
solugdo nutritiva). Acima deste valor, a producdo decresce cerca de 7,4% para cada unidade
de incremento na CE (Maas, 1993). Dessa forma, a redugdo no crescimento de plantas de
milho cultivadas em ambientes salinos tem sido amplamente citada na literatura (Totawat &
Mehta, 1985; Hasaneen et al., 1994; Saneoka et al., 1995; Azevedo Neto & Tabosa, 2000a;

Azevedo Neto et al., 2004).

1.3.2. Salinidade e ajustgmento osmotico

O ajustamento osmoético ou osmorregulagdo, ¢ um processo pelo qual o potencial
hidrico pode ser diminuido sem que haja decréscimo da turgescéncia ou do volume celular e
resulta do aumento liquido no conteudo de solutos na célula (Taiz & Zeiger, 2004). Existem
algumas controvérsias quanto ao uso deste termo, pois enquanto a osmorregulagdo
normalmente ¢ discutida em relagdo a habilidade das células de diminuirem seu potencial
osmdtico em resposta ao estresse hidrico externo, a homeostase osmética representa,
indiscutivelmente, um aspecto mais geral da fisiologia e bioquimica, tanto a nivel celular
como de planta (Wyn Jones & Gorham, 1983). Considerando que o termo osmorregulagdo
tem sido largamente utilizado na literatura e faz parte do senso comum, muitas
particularidades relacionadas com o controle das concentragdes de solutos a nivel celular e de
planta inteira precisam ser consideradas dentro do termo geral "osmorregulagdo".

Este fendmeno é mantido pela acumulag@o e perda regulada de ions inorganicos e de
solutos orgénicos de baixa massa molecular (Strange, 2004), tornando possivel a manutengo
da ébsorc;ﬁo de agua e da pressdo de turgescéncia da _célula 0 que pode cqntribuir para a
manutengdo de processos fisioldgicos, tais como: abertura estomatica, fotossintese,
alongamento e divisdo celulares (Serraj & Sinclair, 2002). O ajustamento osmético

representa, assim, um importante mecanismo de aclimatagdo das plantas as condi¢des de seca
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ou de salinidade (Taiz & Zeiger, 2004).

O ajustamento osmotico ocorre tanto em halofitas como em glicéfitas, entretanto a
forma como as plantas o realizam depende, evidentemente, da espécie considerada e da
rapidez com que o potencial hidrico do meio externo a raiz € reduzido (Prisco, 1980). Se a
planta for submetida a um choque osmoético (p.ex. diminuig@o abrupta do potencial hidrico da
solugdo pela adigdo de polietileno glicol ou de NaCl), a fase inicial do ajustamento osmético
sera a desidratagdo, resultando no abaixamento do potencial osmoético celular. Em seguida, a
célula podera acumular solutos inorgénicos e organicos, promovendo o ajustamento osmético.
Se a redugdo do potencial hidricé do meio externo ocorrer gradualmente, como acontece
normalmente em condi¢des de campo, a planta ndo devera sofrer o processo de desidratagé@o
inicial e podera manter sua homeostase osmdtica através da absorg@o de sais e/ou pela sintese
de solutos organicos (Prisco, 1980). Tanto em condi¢des de seca como de salinidade, o fon K
€ 0s compostos organicos sdo os solutos mais importantes para o ajustamento osmético em
células pouco vacuoladas, enquanto que os ions K, Na* e CI sdo os principais solutos em
células altamente vacuoladas (Wyn Jones & Gorham, 1983).

Sob estresse salino, um fator chave na acumulacdo de solutos em células vacuoladas €
a sua compartimentalizagdio subcelular. A medida que quantidades excessivas de fons entram
no citoplasma, eles inibem as atividades de muitas enzimas. Um mecanismo de prote¢do
importante é a compartimentalizagdo destes ions no vactolo, onde contribuirdo para o
ajustamento osmotico sem afetar os sistemas enzimaticos do citoplasma. Nestas células, o
balango hidrico entre o vactolo e o citoplasma ¢ mantido pela sintese e acimulo de
compostos orgénicos: (Taiz & Zeiger, 2004). Em adi¢do, o aéﬁmulo destes compostos no
citoplasma pode proteger as membranas celulares, as proteinas e a maquinaria metabdlica, o
que pode preservar a estrutura subcelular dos danos resultantes da desidratag@o (Serraj &
Sinclair, 2002). Como o volume do citoplasma nas células do mesofilo e do cortex radicular
e  has
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representa, em média, 10% do volume celular, a quantidade de carbono necessaria a sintese de
solutos orgénicos para o ajustamento osmético €, em geral, relativamente pequena.

Embora os solutos inorgénicos e organicos desempenhem um importante papel no
crescimento das plantas superiores sob condigdes de salinidade, sua contribui¢do relativa
varia entre espécies, entre cultivares de uma mesma espécie, entre 6rgdos e tecidos de uma
mesma planta e até entre os diferentes compartimentos de uma mesma célula (Ashraf &
Harris, 2004). Dessa forma, a capacidade para acumular e compartimentalizar solutos
inorganicos, bem como sintetizar e acumular solutos orge‘micc_)s pode ser um fator adicional

favorecendo o crescimento das plantas em ambientes salinos.

1.3.3. Salinidade e ions inorgéanicos

Uma caracteristica geral de muitas plantas cultivadas em ambientes salinos ¢ a
manutengdo da turgescéncia pela acumulagdo de solutos inorgéanicos em suas células (Flowers
et al., 1977). Assim, os ions inorgénicos desempenham um importante papel na preservagéo
do potencial hidrico vegetal. O armazenamento de ions no vacuolo permite que a planta
mantenha a turgescéncia sem desprendimento de energia para a sintese de solutos organicos
(Martinoia et al., 1986). Contudo, esta acumulagdo de ions pode causar problemas de
toxicidades i6nicas, deficiéncias nutricionais ou ambos (Greenway & Munns, 1980; Munns &
Termaat, 1986).

Diversos trabalhos na literatura demonstram que a salinidade promove um aumento nos
teores de sddio e cloreto, tanto em halofitas (Flowers et al., 1977) como em glicofitas
(Greenway. & Munns, 1980). Em milho, o acumulo destes ions também tem sido descrito por
diversos autores (Boursier et al., 1987; Hajibagheri et al., 1987; Cramer et al., 1994; Azevedo
Neto & Tabosa, 2000b; Azevedo Neto et al., 2004). Em geral, o excesso de s6dio no meio

radicular interfere nos processos de absorgdo, transporte e utilizagéo dos ions K, Ca** e Mg™
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(Marschner, 1995). Dessa forma, plantas de milho cultivadas em condigdes de salinidade
apresentam redugdo nos teores de K, Ca®* ¢ Mg®*, tanto na parte aérea como nas raizes
(Kawasaki et al., 1983; Alberico & Cramer (1993); Cramer et al. (1994); Azevedo Neto &
Tabosa, 2000b). O aumento nas concentragdes de Na' com concomitante redugiio nas
concentragdes de K*, Ca** ¢ Mg”*, aumenta excessivamente as relagdes Na'/K*, Na*/Ca’* e
Na*/Mg®* (Chavan & Karadge, 1986; Rogers & Noble, 1992; Ullah et al., 1993; Aratjo,
1994; Azevedo Neto & Tabosa, 2000b), podendo causar distirbios na homeostase i6nica.
Considerando que a manutengdo de concentragdes adequadas dos nutrientes essenciais,
bem como de um balango i6nico favoravel ¢ fundamental para a fun¢do celular normal, sob
condi¢des de estresse salino (Greenway & Munns, 1980), o estudo da nutrigdo mineral é

muito importante no que diz respeito a tolerancia a salinidade.

1.3.4. Salinidade e solutos organicos

Uma alteragdo metabolica comum a maioria das plantas ¢ o acimulo de solutos
orginicos de baixa massa molecular. Estes solutos podem incluir: 1 — acidos orgénicos
(malato, oxalato, etc.); 2 - compostos poliidroxilicos tais como carboidratos soltveis (glicose,
frutose, sacarose, trealose ou rafinose), polidlcoois de cadeia linear (glicerol, manitol ou
sorbitol) e polidlcoois ciclicos (inositol, ononitol ou pinitol) e 3 - alquilaminas zwiteridnicas,
tais como aminodacidos protéicos (arginina, glicina, serina, etc.), aminodcidos ndo protéicos
(citrulina, ornitina, etc.), iminoacidos (prolina ou hidroxiprolina), amidas (glutamina ou
asparagina), betainas (glicina betaina, alanina betaina ou prolina betaina), a diamina
plitrescina,; a triamina espermidina e. a poliamina espermina. Plantas sob deficiéncia de
nitrogénio freqiiente podem acumular o propionato de dimetilsulfonio, um composto tercidrio
de sulfonio equivalente as betainas (Rabe, 1990; Zhu, 2001a; Ashraf & Harris, 2004).

Ao contrario dos solutos inorganicos, os solutos orginicos, mesmo em altas
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concentragdes, ndo interferem no metabolismo celular normal (Sairam & Tyagi,.2004). Por
esta razdo, estes compostos sdo também chamados de solutos compativeis, osmoélitos
compativeis ou metabdlitos compativeis. Embora as moléculas destes compostos nido sejam
muito carregadas, sdo polares, altamente soliveis e possuem uma grande camada de
hidratagdo. Dessa forma, elas sdo facilmente solubilizadas e podem interagir diretamente com
as macromoléculas (Sairam & Tyagi, 2004).

Em altas concentragdes, os solutos compativeis certamente funcionam no ajustamento
osmdtico. As maiores concentragdes destes solutos residem principalmente no citosol,
promovendo o balango hidrico entre o apoplasto, o citoplasma e o vactiolo (Greenway &
Munns, 1980; Bray, et al., 2000; Zhu, 2001b; 2002). Sob condi¢des de estresse, estes solutos
podem ser acumulados em quantidades tdo grandes quanto 5 a 10% do peso de matéria seca
do tecido (Naidu et al., 1992). Além de seu papel estritamente osmético, alguns solutos
organicos podem auxiliar na estabilizagdo das proteinas, complexos protéicos e membranas,
na manuten¢do das homeostases i0nica € osmética, € como reserva de carbono e nitrogénio
(Bohnert & Shen, 1999; Bray et al., 2000). Adicionalmente, podem contribuir no controle do
pH citosdlico e na desintoxica¢do do excesso de NH," (Gilbert et al., 1998). Modelos atuais
sugerem que pequenas quantidades de solutos compativeis também podem proteger as
plantas, removendo radicais livres do oxigénio gerados pelo estresse oxidativo secundario
(Smirnoff & Cumbes, 1989; Zhu, 2001b; 2002).

Dentre os solutos organicos que podem ser acumulados em plantas cultivadas sob
estresse, a prolina tem, incontestavelmente, recebidp maior aten¢do. O acumulo de prolina em
tecido vegetal foi primeiramente observado por Kengble & Ma}cPherson (1954), resultando no
incremento dos estudos com prolina em plantas sob estresse. Em adigdo, também foi
verificado o acumulo de diversos outros solutos organicos em células de plantas estressadas.

Como conseqiiéncia, enquanto muitos trabalhos indicam uma correlagdo positiva entre o
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acumulo de prolina e a aclimatagdo aos estresses hidrico e salino, 0 mesmo ndo ¢ C(;rroborado
por outros estudos (maiores detalhes nas revisdes de Delauney & Verma, 1993; Hare & Cress,
1997; Hare et al., 1998; Hare et al., 1999; Ashraf & Harris, 2004). Dessa forma, até o
momento ainda permanece a pergunta se a acumulag@o de prolina em tecidos vegetais fornece
uma vantagem adaptativa para plantas estressadas ou se ¢ meramente uma conseqiiéncia
circunstancial de outras mudangas no metabolismo induzidas pelo estresse. Neste cendrio, €
conveniente considerar a hipotese de Delauney & Verma (1993), de que a auséncia de uma
correlagdo positiva entre 0 acimulo de prolina e a osmorregulagdo em algumas espécies ndo
nega um papel adaptativo para a prolina. Nestas espécies, este fato po-de refletir a
predominancia de outros mecanismos adaptativos, tais como alteragdes morfologicas (p.ex.
desenvolvimento de sistema radicular mais profundo), desenvolvimentais (p.ex. redug¢do do
tempo de floragdo), fisiologicas (p.ex. seqiiestro de ions no vactolo) ou bioquimicas (p.ex.
sintese e acimulo preferenciais de outros solutos organicos). Em resumo, a avaliagdo do
significado funcional do processo de acumulagdo de prolina e demais solutos compativeis
deve ser feita sempre holisticamente, no contexto de outros mecanismos disponiveis que

favorecam os processos de aclimatagdo e adaptagdo aos estresses (Hare & Cress, 1997).

1.3.5. Salinidade e estresse oxidativo

Um outro aspecto comum aos estresses ambientais ¢ o aumento na produgdo de
espécies reativas de oxigénio (ROS), tais como o peroxido de hidrogénio (H,O,), o
superoxido (0”) e o radical hidroxila (HO®), as quais sdo altamente reativas e podem alterar
o metabolismo celular normal (Alscher et al., 1997). :
As plantas tém sistemas antioxidativos de defesa (nio enzimaticos e enzimaticos)

presentes em diversos compartimentos subcelulares que, usualmente, sdo suficientes para

evitar o dano oxidativo durante periodos de crescimento sob condi¢des normais e de estresse
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moderado (Bray et al., 2000). Entretanto, quando estressadas severamente, a producdo de
ROS pode exceder a capacidade de neutralizagdo dos sistemas antioxidativos e o dano
oxidativo pode ocorrer (Kang & Saltveit, 2001). Os sistemas ndo enzimaticos incluem
antioxidantes de baixa massa molecular, hidrofilicos, como o &acido ascorbico e a glutationa
reduzida, ou lipofilicos, como o a-tocoferol e os carotendides (McKersie & Leshem, 1994).
Os enzimaticos incluem as enzimas dismutase do superéxido (SOD), catalase (CAT),
peroxidases ndo especificas (POX) e as enzimas do ciclo ascorbato-glutationa (ou via
enzimatica Halliwell-Asada):  peroxidase do _ascorbato (APX), redutase do
monodesidroascorbato (MDHAR), redutase do desidroascorbato (DHAR) e redutase da
glutationa (GR) (Shalata et al., 2001).

O radical superéxido € produzido regularmente nos cloroplastos e mitocondrias,
embora pequenas quantidades também sejam produzidas nos peroxissomos, glioxissomos e
reticulo endoplasmatico (McKersie & Leshem, 1994). A SOD, enzima presente em

cloroplastos, mitocondrias, citosol e peroxissomos, converte o O," a H;0,, o qual é

metabolizado a H,O pela CAT e diferentes classes de peroxidases. A CAT, que é encontrada
em peroxissomos, citosol e mitocondrias, dismuta H,O, em H,O e O,. As peroxidases (POX e
APX) sdo distribuidas por toda a célula e catalisam a reduc@o do H>O, a H,O. A POX, que é
encontrada no citosol, vactiolo e parede celular, é pouco especifica quanto ao substrato doador
de elétrons e decompde H,0, pela oxidagdo de co-substratros tais como compostos fenélicos
(p-ex. guaiacol ou pirogalol) ou ascorbato. Ja a APX, que como as demais enzimas do ciclo
ascorbato-glutationa é encontrada em cloroplastos, mitocondrias, citosol e peroxissomos,
catalisa o primeiro passo do ciclo ascorbéto;glutationa,ireduzindo o H,0, e; H,O as custas da
oxidagdo de ascorbato a monodesidroascorbato, o qual ¢ reduzido novamente a ascorbato pela
acdo da MDHAR. Alternativamente, duas moléculas de monodesidroascorbato podem

dismutar-se ndo enzimaticamente em uma de ascorbato € uma desidroascorbato. Este ultimo é
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reduzido a ascorbato através da rota DHAR e GR. Nesta rota, a glutationa € oxidada pela agdo
da DHAR e, em seguida, ¢ novamente reduzida pela a¢do da GR. Independentemente da rota
utilizada (via MDHAR ou DHAR e GR), a regeneragdo do ascorbato tem como doador final
de elétrons o NADPH (Bray et al., 2000; Kang & Saltveit, 2001).

Como pode ser observado, os sistemas enzimaticos s3o destinados a minimizar as
concentragdes de superoxido e peréxido de hidrogénio, muito embora estas espécies quimicas
sejam menos toxicas que o radical hidroxila. Entretanto, este radical pode ser produzido ndo
enzimaticamente pela reag:éo entre O, e H,0,, na presengé ou ndo de ions Fe’*, através das
reagdes de Fenton e de Haber-Weiss, respectivamente. Os radicais hidroxila podem causar
danos oxidativos a lipidios, proteinas, acidos nucléicos e outras macromoléculas importantes,
afetando severamente o metabolismo vegetal e, consequentemente, o crescimento € a
produgdo (McKersie & Leshem, 1994; Alscher et al., 1997; Imlay, 2003; Sairam & Tyagi,
2004).

Nesta ultima década, resultados de numerosos estudos indicam que a reducdo nos
danos oxidativos € o aumento da tolerdncia aos estresses ambientais, incluindo o estresse
salino, estdo correlacionados a sistemas antioxidativos (constitutivos ou induzidos) mais
eficientes (Spychalla & Desborough, 1990; Cakmak & Marschner, 1992; Walker &
McKersie, 1993; Prasad et al., 1994; Hernandez et al., 1995; Foyer et al., 1997; Shalata & Tal,
1998; Mittova et al., 2000; Shalata et al., 2001).

Por outro lado, como a produgdo das ROS ¢é inerente ao metabolismo celular normal, a
pesquisa tem focalizado mais recentemente o qussivel papel sinalizador destas espécies
quimicas. Em plaﬁtas, tem sido ;aceito que as ROS, ao lado de outros mediadores tais como o
Ca®*, atuam como mensageiros secunddrios nas respostas aos estresses bidticos e abiéticos e
na sinalizagdo hormonal (Pei et al.,, 2000). Dessa forma, devido as diversas condi¢des de

estresse causarem o desequilibrio redox celular, os sinais redox sdo considerados, atualmente,



40

reguladores chave do metabolismo, morfologia e desenvolvimento vegetais (Foyer & Noctor,
2003).

Neste cenario, o0 H,O,, que € relativamente estavel e difusivel através das membranas,
¢ reconhecido como uma molécula de transdugdo de sinal, atuando em diversas respostas
fisiologicas, bioquimicas € moleculares, tanto a nivel celular como de planta (Van Breusegem
et al., 2001; Desikan et al., 2001; Foyer & Noctor, 2003; Neill et al., 2002a,b).

Considerando que a produgdo de H,O, ¢ aumentada em resposta a uma grande
variedade de estresses bidticos e abidticos, esta espécie qqimica desempenha um papel duplo
nas plantas: em baixas concentragdes atua como uma molécula mensageira envolvida na
transducdo de sinal, ativando a tolerdncia contra vérios estresses abidticos e, em altas
concentragdes, ativa a morte programada da célula (Prasad et al., 1994; Van Breusegem et al.,
2001; Neill et al., 2002a,b; Vandenabeele et al., 2003). Deste modo, parece provavel que o
acumulo de H,0,, em tecidos especificos e em quantidades apropriadas, pode ser um fator
chave mediando os fendmenos da aclimatagdo e da tolerdncia cruzada, em que a exposigé@o
prévia a um estresse pode induzir, respectivamente, tolerancia & exposicdo subseqgiiente do
mesmo ou de diferentes estresses (Bowler & Fluhr, 2000).

A produgdo endégena de H,O, em plantulas de milho aumentou em resposta ao frio e
a aplicagdo exdgena de H,O, aumentou a tolerdncia das plantas ao estresse de baixa
temperatura. Este aumento na tolerdncia foi devido, em parte, a0 aumento na atividade do
sistema antioxidativo, que evitou o acimulo de ROS durante o estresse (Prasad et al., 1994).
Microplantas de batata tratadas com H,O, produziram explantes resistentes a um tratamento
de calor normalmente letal (Lopei—Delgado et al., 1998). A aplicagdo de H,O, em folhas de
Arabidopsis aumentou a protegdo contra o estresse foto-oxidativo induzido pelo excesso de
luz (Karpinski et al., 1999). Uma importante evidéncia de que o H,0O, pode induzir a

aclimatac@o ao estresse salino foi obtida com plantulas de arroz pré-tratadas com varios niveis

e -
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de H;O, (Uchida et al., 2002). Estes autores mestraram que em baixas concentra¢des (< 10
uM), o H,O, induziu ndo apenas o aumento nas atividades das enzimas antioxidativas, mas
também a expressdo de genes relacionados com o estresse salino.

Diversos estudos tém fornecido evidéncias para o papel sinalizador do H,O, (Foyer et
al., 1997). Foi demonstrado que tanto a adi¢do de H,O, em tecidos vegetais quanto sua
geracdo experimental atuam como um sinal na indugdo da expressdo génica da CAT (Prasad
et al., 1994; Polidoros & Scandalios, 1999), da APX (Van Breusegem et al., 2001), das POX e
da GR (Janda et al., 1999). Mudangas na homeostase do H,0, também induzem a sintese de
proteinas de choque térmico (HSP - heat shock proteins) e ativa as proteinas dumases ativadas
por mitégeno (MAPK - mitogen-activated protein kinase) (Kovtun et al., 2000; Van
Breusegem et al., 2001). Em adigdo, utilizando a tecnologia do cDNA microarray, foram
identificadas 175 ESTs (expressed sequence tags) ndo redundantes, reguladas pelo H,O,
(Desikan et al., 2001).

Tendo em vista que as mudangas na homeostase do H,O, sdo eventos sinalizadores
centrais nas vias de transdugdo de sinal, a compreensdo dos mecanismos envolvidos na
relagdo entre oxidantes e sistema antioxidativo, s3o de grande importdncia para o
esclarecimento dos mecanismos fisioldégicos e bioquimicos dos fendmenos de aclimatagdo e

tolerancia cruzada nas espécies vegetais.

1.4. Objetivos
Diante do exposto, o presente trabalho visou a obtengdo de dados basicos que possam
:auxiliar na compreensdo dos mecanismos fisiologicos e bioquimicos responsaveis pela
inibi¢do do crescimento de plantas de milho cultivadas sob condigdes de estresse salino. Estas
informagdes poderdo subsidiar os melhoristas que estejam interessados no desenvolvimento

de cultivares menos susceptiveis a salinidade, bem como servir de base na orientagdo de
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pesquisas aplicadas que tenham como objetivo estdbelecer técnicas de manejo que assegurem

uma melhor convivéncia desta cultura com o estresse.
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CAPITULO 2

Effects of salt stress on plant growth, stomatal response and solute

accumulation of different maize genotypes

(Cépia do trabalho publicado no Brazilian Journal of Plant Physiology, v. 16, p. 31-38, 2004,
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Abstract: Seeds from eight different maize genotypes (BR3123, BR5004, BR5011, BR5026,
BR5033, CMS50, D766 and 1CI8447) were sown in vermiculite, and after germination they
were transplanted into nutrient solution or nutrient solution containing 100 mmoL.L™" of NaCl
and placed in a greenhouse. During the experimental period plant growth (dry matter, shoot to
root dry mass ratio, leaf area, relative growth rate, and net assimilation rate), leaf temperature,
stomatal conductance, transpiration, predawn water potential, sodium, potassium, soluble
amino acids and soluble carbohydrate contents were determined in both control and salt
stressed plants of all genotypes studied. Salt stress reduced plant growth of all genotypes but
the genotypes BR5033 and BR5011 were characterized as the most salt-tolerant and salt-
seif:sitive, respectively. Stomatal response:of .the salt-tolerant genotype wa; not aﬂ‘écted by
salinity. Among the studied parameters, shoot to root dry mass ratio, leaf sodium content and
leaf soluble organic solute content showed no relation with salt tolerance, i.e., they could not

be considered as good morpho-physiological markers for maize salt tolerance. In contrast,
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sodium and soluble organic solutes accumulation in the roots as a result of salt stress appeared
to play an important role in the acclimation to salt stress of the maize genotypes studied,
suggesting that they could be used as physiological markers during the screening for salt
tolerance.

Keywords: transpiration; growth analysis; osmoregulation; salinity; water relations; Zea

mays.

Efeito do estresse salino sobre o crescimento, resposta estomatica e acimulo de solutos
em diferentes genotipos de ﬁlilho

Resumo: Sementes de oito genétipos de milho (BR3123, BR5004, BR5011, BR5026,
BR5033, CMS50, D766 e ICI8447) foram semeadas em vermiculita e, apds a germinagéo,
transplantadas para vasos contendo solugdo nutritiva ou solug@o nutritiva com 100 mmol.L™
de NaCl, em casa de vegetagdo. Durante o periodo experimental avaliaram-se, em plantas de
todos os genotipos, sob condi¢des de controle e estresse salino, os seguintes parametros:
crescimento (matéria seca, relagdo de matéria seca parte aérea/raiz, area foliar, taxa de
crescimento relativo e taxa de assimilagdo liquida), temperatura foliar, condutdncia
estomatica, transpiragdo, potencial hidrico antemanha e teores de sodio, potassio, aminoacidos
soluveis e carboidratos soluveis. O estresse salino reduziu o crescimento das plantas de todos
os genoétipos, sendo o BR5033 e o BR5011 caracterizados como tolerante e sensivel ao
estresse salino respectivamente. A resposta estomatica do gendtipo tolerante ndo foi
influenciada pela salinidade. Entre os parametros estudados, a relagdo de matéria seca parte
aérea/raiz e os teores de sodio e de solutos organicos nas folhas ndo mostraram relagdo com a
tolerancia a salinidade, isto €, ndo foram considerados bons marcadores morfo-fisiolégicos
para a tolerdncia a salinidade em milho. Em contraste, os teores de s6dio e de solutos

organicos nas raizes mostraram desempenhar um importante papel na aclimatagcdo dos
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genotipos estudados ao estresse salino, sugerindo que eles poderiam ser usados como
marcadores fisiologicos durante a seleg¢@o para tolerdncia a salinidade.
Palavras-chave: transpira¢do, analise de crescimento, osmorregulacdo, salinidade, relagdes

hidricas, Zea mays.

1. INTRODUCTION

Soil salinization is one of the major factors of soil degradation. It has reached 19.5 % of
the irrigated land and 2.1 % of the dry-land agriculture existing on the globe (FAO, 2000).
Salinity effects are more conspicuous in arid and semi-arid areas where 25 % of the irrigated
land is affected by salts. Considering that 52 % of northeast Brazil is within semi-arid tropics
(Lira et al, 1982) and the increase of salt-affected soils due to poor soil and water
management in the irrigated areas, the salinity problem became of great importance for
agriculture production in this region.

Salinity inhibition of plant growth is the result of osmotic and ionic effects and the
different plant species have developed different mechanisms to cope with these effects
(Munns, 2002). The osmotic adjustment, i. e., reduction of cellular osmotic potential by net
solute accumulation, has been considered an important mechanism to salt and drought
tolerance in plants. This reduction in osmotic potential in salt stressed plants can be a result of
inorganic ion (Na', CI', and K*) and compatible organic solute (soluble carbohydrates, amino
acids, proline, betaines, etc) accumulations (Hasegawa et al., 2000). The osmotic adjustment
in both roots and leaves contribute to the maintenance of water uptake and cell turgor,
allowing physiological :processés, such as stomatal opening, photosynthesis, and cell
expansion (Serraj and Sinclair, 2002). In addition to their role in cell water relations, organic
solute accumulation may also help towards the maintenance of ionic homeostasis and of the

C/N ratio, removal of free radicals, and stabilization of macromolecules and organelles, such
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as proteins, protein complexes and membranes (Bohnert and Shen, 1999, Bray et ‘al., 2000).
'fhese solutes may also help towards the control of pH in the cytosol and detoxification of
excess NH, " (Gilbert et al., 1998).

Although the relationship between osmoregulation and salt tolerance is not clear, there
is evidence that the osmotic adjustment appears, at least partially, to be involved in the salt
tolerance of certain plant genotypes (Richardson and McCree, 1985). Therefore, the objective
of this investigation was to evaluate the effects of salt stress on growth, water relations and
gas exchange of differen_t maize genotypes, commonly grown in northeast Brazil, and at the
same time try to correlate these effects with changes in ionic and organic solute accumulation,

with a view to a better understanding of the mechanisms of salt tolerance in these genotypes.

2. MATERIALS AND METHODS

2. I"Growth condition and treatments: seeds of eight different maize (Zea mays, L.) genotypes
(five cultivars: BR5004, BR5011, BR5026, BR5033 and CMS50, two triple hybrids: BR3123
and ICI8447, and one simple hybrid: D766) used in northeast Brazil (Azevedo Neto and
Tabosa, 1999), were obtained from the Empresa Pernambucana de Pesquisa Agropecudria
(IPA), Recife, PE, Brazil. They were sown in trays containing vermiculite, watered daily and
kept in a greenhouse. Five days from seedling emergence they were transferred to trays
containing half-strength Hoagland's nutrient solution, and eight days later they were
transferred to plastic pots containing 3 L of full strength nutrient solution (control treatment)
or nutrient solution to which 100 mmol.L™ of NaCl was added :(salt stress treatment). Salt
additions (25 mmol.L™" NaCl per day) started at the thne of trar_l.gplantation into the plastic
pots, and the plants from both treatments were grown under the same conditions for 15 d (end

of the experimental period).
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2.2. Growth analysis: at the end of the experimental period plants from both treatrx;ents were
harvested, separated into roots, stem + leaf sheath, and leaf blade, for fresh and dry mass
determinations as well as leaf area measurements. Dry mass (DM) was determined after
drying the plant parts in an oven at 65°C for 72 h, and leaf area (L/A) was measured with a LI-
3000 leaf area meter (LI-COR, Inc. Lincoln, NE, USA). Growth analysis was evaluated
according to Benincasa (1988), and the relative growth rate (RGR) and the net assimilation

rate (NAR) determined as follows:
RGR = (InDM; - InDM)) (t - t;)" (g.g".d™)
NAR = [(DM; - DM)) (LA; - LA])-l] [((InLA; - InLA)) (t2 - tl)'l] (g.m'z,d'l) where

DM,; the initial total (shoot + root) dry mass, DM, the final total dry mass, LA, the initial leaf
area, LA, the final leaf area, and (t; - t;) the difference in time interval between the two

samplings (15 d).

2.3. Transpiration, stomatal conductance, leaf temperature and leaf water potential:
measurements of leaf temperature (T;), stomatal conductance (gs) and transpiration (E) were
made on the median portion of the youngest fully expanded leaf, one day prior to plant
sampling, at 8-9 a.m. Photosynthetic active radiation (PAR) during the measurements ranged
from 900 to 1100 mmolm™.sec’. A steady-state porometer, model LI-1600 (LI-COR, Inc.
Lincoln, NE, USA) was used for the measurements. At the sampling date, the same leaves
used for the above determinations were utilized for predawn leaf water potential (Yi,)
measurements, using a model 3035 pressure chamber (Soil Moisture Equipment Corp, Santa

Barbara, CA, USA).
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24. Na', K', amino acids and soluble carbohydrates contents: the extract 'used for
determination of ions and soluble carbohydrate contents was prepared by grinding 100 mg of
dry tissue with 10 mL of distilled deionized water at 25°C for 1 h, centrifuging this material at
3,000 g, for 5 min, and then filtering the supernatant through -qualitative filter paper. An
aliquot of this filtrate was used for Na* and K™ determinations by flame photometry (Sarruge
and Haag, 1974) and another for soluble carbohydrates determination according to Dubois et
al. (1956), using D(+)-glucose as standard. The rest of this aqueous extract was further used
- for soluble amino acid extraction and determination.

For free amino acid determination, 0.5 mL of 10% trichloroacetic acid was added to an
aliquot of 0.5 mL of the water extract and the mixture was kept at 25°C for 1 h. This mixture
was then centrifuged at 12,000 g, for 5 min, and the supernatant used for amino acid

determination (Yemm and Cocking, 1955), using L-leucine as standard.

2.5. Experimental design and statistical analysis: the experimental design was a completely
randomized factorial eight (genotypes) x two (salt levels) with three replicates. The means
and their standard deviations or the Tukey test were used for comparing different treatments,
and the coefficient of correlation (r) and the F-test were used for studying correlation between

variables (Snedecor, 1956).

3. RESULTS

3.1. Growth analysis: salt stress reduced dry masses of both shoot (SDM) and root (RDM) of
all maize genotypes, except RDM of genotype BR5033, which was noti,aﬂ’ected by salinity
(figure 2.1). When subjected to salt stress, genotype BR5011 showed the largest SDM and
RDM reductions (66.5 and 61.4%, respectively) while genotype BR5033 showed a 33.8%

reduction in SDM and a lack of reduction in RDM. Salt stress did not affect SDM/RDM of
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Figure 2.1. Shoot (SDM) and root (RDM) dry masses, shoot to root dry mass ratio
(SDM/RDM), leaf area (LA), relative growth rate (RGR), and net assimilation rate (NAR)
of eight maize genotypes grown under control () and salt stress (g=) conditions. The

columns represent the means + standard deviation.
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genotypes BR3123, BR5004, BR5011 and ICI8447, but decreased the ratios for genotypes
BR5026, BR5033, CMS50, and D766. In general, leaf area (LA), relative growth rate (RGR),
and net assimilation rate (NAR) followed the same pattern as SDM, i. e., all genotypes had

their LA, RGR and NAR inhibited by salt stress.

3.2. Transpiration and leaf water potential: five of the eight genotypes (BR3123, BR5004,
BR5011, BR5026 and ICI8447) had their leaf temperature (T;) higher in the salt stress than in
the control treatment, and three of them (BR5033, CMS50 and D766) showed no difference in
T;, when subjected to éalt stress (table 2.1). Stomatal conductance (g;), transpiration (E) and
predawn leaf water potential (¥,) decreased when the plants were subjected to salt stress,

except for BR5033 which was unaffected.

3.3. Na', K", amino acids and soluble carbohydrate contents: the Na content was higher in
roots than in leaves of all genotypes studied in both control and salt stressed plants (figure
2.2). Although Na* content of salt stressed plants was higher in roots, the increase of this ion
as a result of salt stress was more pronounced in leaves than in roots. Genotypes BR5004,
BR5011, BR5026, BR5033, CMSS50 and ICI8447 showed the highest Na' contents in leaves
of salt stressed plants, while BR3123 and D766 presented the lowest values. Although
BR5004, BR5011, BR5026, BR5033 and CMS50 have shown the same Na' content in leaves,
BR5011 and BR5026 were the only genotypes to present leaf ion toxicity symptoms. When
root Na* content of salt stressed plants was analyzed, BR3123, BR5004, BR5033, CMS50,
D766, and ICI8447 showed the highest Na' accumulations and BR5011 and BRS5004
presented the lowest. BR5033 accumulated 26.4 % more Na' in roots than BR5011.
Potassium in leaves was reduced as a result of salt stress for all genotypes, but the same

did not happen for roots of the genotypes BR5004, BR5026 and BR5033 (figure 2.2). The
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Table 2.1. Leaf temperature (T;), stomatal conductance (gs), transpiration (E) and predawn

leaf water potential (%) of eight maize genotypes grown under control and salt stress

conditions. Mean followed by the same letter signify that control and salt stress treatments

are not statistically different according to Tukey's test (P<0.05), for each one of the studied

parameter.
T, (°C) gs (mmolm?s')  E (mmolm?s™) ¥, (MPa)
Genotype  control - salt control salt control salt control salt
BR3123 29.83b 30.30a 108.33a 63.43b 3.13a 1.92b -0.22a  -0.49b
BR5004 29.90b 30.40a 123.00a 71.27b 3.60a 2.16b -0.24a  -0.51b
BR5011  30.30b 30.87a 99.50a 63.37b 3.00a 1.99b -0.34a  -0.62b
BR5026 30.60b 31.03a 84.80a 51.63b 2.60a 1.68b -0.21a  -0.37b
BR5033 31.37a 31.37a 102.27a 90.80a 3.26a 2.90a -0.29a  -0.32a
CMSS50 31.07a 31.17a 9247a 76.80b 292a 2.43b -0.15a  -0.37b
D766 30.33a  30.53a 83.43a 54.87b 2.51a 1.66b -0.25a  -0.40b
ICI8447 30.53b 31.60a 9593a 58.23b 2.92a 1.8%9b -0.30a  -0.45b

genotype BR5011 showed a 31.6 % reduction in root K* as a result of salt stress while the

BR5033 showed no significant reduction.

Salt stress increased the content of soluble amino acids in leaves from all genotypes

studied and the highest increase (113 %) occurred in genotype BR5033 (figure 2.2). However,

the only genotype that showed increase in root amino acids was BR5033. Leaf and root

soluble carbohydrates for most genotypes decrease or stayed constant as a result of salt stress,
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except genotype BR5033 which showed a 14 % increase in leaves. The apparent ir;creases in
root soluble carbohydrates observed in BR5033 and CMSS50 were not statistically significant.
When root amino acids and root carbohydrates from salt stressed plants in both BR5011 and
BR5033 genotypes were compared, it was observed that the latter had 132 % more amino

acids and 122 % more carbohydrates than the former.

3.4. Plant growth, solute accumulation and predawn leaf water potential relationships:
Vcomparing leaf and root amino acid and carbohydrate contents with RGR and NAR of salt
stressed plants, it was observed that there was no statistically significant correlation between
amino acids or carbohydrates in leaves with growth (data not shown). However, there were
highly significant correlations between soluble organic solutes in the roots and these growth
parameters (figure 2.3). When analyzing the different genotypes it was observed that
genotype BR5011 always had the lowest values of RGR and NAR. It also accumulated the
least amount of soluble organic solutes in the roots. In contrast, genotype BR5033
accumulated the highest amount of soluble organic solutes and its RGR and NAR were

always close to maximal.

4. DISCUSSION

Plant growth (SDM, RDM, LA, RGR, and NAR) of all genotypes studied were inhibited
by salt stress. Genotype BR5011 suffered the largest growth reduction while the smallest
reduction was observed for genotype BR5033, suggesting that the former is the most salt-
sensitive and the latter the most salt-tole_rgant (ﬁgurg 2.1)

Although several authors have suggested that the reduction in SDM/RDM ratio due to
water shortage should be an indicator of stress adaptation, and consequently a good morpho-

physiological marker for stress tolerance (Alberico and Cramer, 1993; Azevedo Neto and
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Tabosa, 2000a), our data do not support this idea because the genotypes BR5026 and D766,
that were among the more salt-sensitive also showed significant decreases in SDM/RDM
ratio.

There was a relation between NAR reduction and growth inhibition for most of the
genotypes as a result of salt stress. Similar results were also obtained by others (Erdei and
Taleisnik, 1993; Alarcon et al., 1994; Wahid et al., 1999), and this led some authors to
suggest that NAR reduction should be a good physiological marker for salt tolerance
(Azevedo Neto and Tabosa, 2000a). Our results suggest that this should be used with care.
For instance, under control conditions, genotype CMS50 had a NAR identical to that of |
BR5033, and when both of them were subjected to salt stress the NAR of the former was
slightly higher than that of the latter, suggesting that CMS50 should be more salt-tolerant than
BR5033. However, their SDM, RDM, LA, and RGR showed exactly the contrary, i.e.
BR5033 was more salt-tolerant than CMS50.

The transpiration and leaf water potential results suggest that the water balance of BR5033
genotype was better adapted to salt stress than that of all other genotypes. It is well known
that salt stress reduces root hydraulic conductivity resulting in decreased water flow from
roots to shoot, even in osmotically adjusted plants (O'Leary, 1969; Prisco, 1980). This
decrease in water flow due to salt stress may cause a lowering in leaf water content, that
would result in stomatal closure in order to maintain their water status (Prisco, 1980;
Robinson et al., 1997). Therefore, it could be hypothesized that the maintenance of g; and ¥,
in BR5033 was due to the fact that this genotype was much more resistant to a salt induced
reduction in root hydraulic conductivity tlilan the others, and as a result maintained its water
status even under salt stress conditions.

The higher Na* content in roots than in leaves of salt stressed plants (figure 2.2) has also

been observed for other maize genotypes (Alberico and Cramer, 1993; Erdei and Taleisnik,
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1993; Azevedo Neto and Tabosa, 2000b). Based on leaf Na™ and water contents it was
estimated that the Na* concentrations in leaves of both BR5011 and BR5033 genotypes were
185 and 177 mmol.L™, respectively. These values are much higher than the cytosolic Na*
concentration of 100 mmol.L™" that is considered as the upper limif for cells adapted or not to
salt stress (Binzel et al., 1988). Although the estimated values represent a mean of the Na*
concentration in the vacuole and cytoplasm, they may suggest that both BR5011 and BR5033
genotypes compartmentalize ions within their leaf cells (Hajibagheri et al., 1987). Some
authors (Alberico and Cramer, 1993) 'have suggested that salt tolerance in maize was not
related to shoot Na* content but to the capacity of the cells to compartmentalize the ions in the
vacuole, i.e. maintain a low Na' content in the cytoplasm. Therefore, it is possible that
BR5033 was more salt-tolerant than BR5011 because it was more efficient in excluding Na*
from leaf cell cytoplasm.

The reduction in potassium content in both leaves and roots as result of salt stress (figure
2.2) has been observed previously, and it has been interpreted as resulting from competition
between this ion and Na* (Hajibagheri et al., 1987; Alberico and Cramer, 1993; Azevedo Neto
and Tabosa, 2000b). The differences in leaf K content could not explain the differences in
salt tolerance between all genotypes. However, the higher reduction in root K~ content of the
most salt-sensitive genotype suggests that salt induced shoot growth inhibition is mainly due
to metabolic changes resulting from ion imbalance or ion toxicity occurring in root system
(Prisco, 1980; Munns, 2002).

Soluble amino acids and carbohydrates are considered to be the main organic solutes
| iﬁvolved in 6smotic adjustment (Ullah etﬁ al, 1993; Saneoka et al., 1995; Lacerda et al., 2001).
Contrary to the situation in leaves, root soluble organic solutes from stressed plants were

highly correlated with RGR and NAR (figure 2.3). The analysis of the correlations between



root organic solutes versus RGR and NAR showed that as the root organic solute contents
increase the plants tend to be more salt-tolerant.

Under salt stress, the salt-sensitive genotype showed the lowest root Na* content, which
could be explained by the lower capacity of the plants to retain sodium in their root cells when
they were grown under such conditions (Greenway and Munns, 1980; Boursier and Lauchli,
1990). In addition, the salt-induced depletion of the root soluble organic solute contents in this
genotype may be due to the inhibition of net photosynthesis (figure 2.1), reducing the amount
of carbon fixed in the shoot and trmspoﬁed to the roots (Richardson and McCree, 1985). At
the same time, the salt-induced soluble organic solute accumulation in roots of the most salt-
tolerant genotype (BR5033) may have helped the maintenance of water absorption by the
roots and its flux to the shoot. This would also help to conserve its ¥, (table 2.1) and to
maintain its net photosynthetic rate and growth at a relatively high level when plants were
grown under salt stress conditions. The higher salt-tolerance of BR5033 may also be
associated to other factors, such as lower metabolic (energetic) cost spent with
osmoregulation and/or an adequate compartmentalization of inorganic solutes in the vacuoles
and of organic solutes in the cytosol (Hajibagheri et al., 1987; Sanchez et al., 1998).

The results obtained showed that of all genotypes studied, BR5033 was the most salt-
tolerant and BR5011 the most salt-sensitive. They also showed that SDM/RDM ratios, leaf
Na* content or leaf soluble organic solute content had no relation with salt tolerance, i.e., they
could not be considered as good morpho-physiological markers for salt tolerance. In contrast,
sodium and soluble organic solute accumulation in the roots as a result of salt stress appeared
to play an importaint role in the acclimation of these genotypes to salt stress, suggesting that

they could be used as physiological markers during the screening for salt tolerance.
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CAPITULO 3

Acumulo de solutos orgéanicos e fracionamento de aminoacidos
livres em folhas e raizes de dois gendtipos de milho sob estresse

salino

(Trabalho a ser enviado para publicagio)

1. Introducio

2. Material e métodos

2.1. Material vegetal, condigdes de crescimento e tratamentos
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Actimulo de solutos orginicos e fracionamento de aminoacidos livres em

folhas e raizes de dois genotipos de milho sob estresse salino

1. Introducgao

Os efeitos da salinidade sobre as plantas tém sido foco de pesquisas nos ultimos 100
anos, devido o estresse salino ser um dos principais fatores que limitam o crescimento e a
produtividade das culturas. A tolerancia a salinidade ¢ um fendmeno complexo, que pode
envolver alteragdes desenvolvimentais e morfologicas, bem como processos ﬁsiol()gicos e
bioquimicos (Delauney & Verma, 1993; Hare & Cress, 1997).

Embora os mecanismos de tolerdncia a salinidade ainda nio estejam bem conhecidos
(Hasegawa et al., 2000), o acimulo de ions inorgénicos e a sintese ¢ acumulo de compostos
orgdnicos de baixa massa molecular, também chamados solutos compativeis, tém sido
considerados mecanismos ubiquos para o ajustamento osmotico celular (Strange, 2004).
Entretanto, além de seu papel estritamente osmotico, alguns desses solutos podem auxiliar na
estabilizag¢@o das proteinas, complexos protéicos e membranas, bem como na manuten¢do das
homeostases i0nica e osmdtica ou servirem como reserva de carbono e nitrogénio (Bohnert &
Shen, 1999; Bray et al, 2000). Adicionalmente, podem contribuir no controle do pH
citosolico e na desintoxicagio do excesso de NH,;" (Gilbert et al., 1998; Mansour, 2000).
Modelos atuais sugerem que pequenas quantidades de solutos compativeis também podem
proteger as plantas removendo radicais livres do oxigénio gerados pelo estresse oxidativo
secundé.rio (Smirnoff & Cumbt_is, 1989; Zhu, 2002).

Entie 0s compostos organicos, os nitrogenados (aminoécidos e compostos de amdnio
quaternario) e os poliidroxilicos (carboidratos e polidlcoois) sdo os solutos compativeis mais
comumente acumulados em plantas sob condigdes de estresse (Rabe, 1990; Ashraf & Harris,

2004). Neste contexto, o acumulo de aminoacidos e carboidratos soliveis tem sido estudado
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tanto em plantas sob condigdes de estresse hidrico (Thakur & Rai, 1982; Ranieri etv al., 1989;
Tan, et al., 1992; Biissis & Heineke, 1998) como de estresse salino (Rodriguez et al., 1997;
Lacerda et al., 2003; Silva et al., 2003; Azevedo Neto et al., 2004;), visto que sdo os solutos
orgénicos de maior contribui¢@o para o potencial osmoético.

Dentre os compostos nitrogenados solaveis, a prolina tem sido o mais amplamente
estudado, em contraste com outros compostos nitrogenados que também séo acumulados em
resposta aos estresses. Em adig8o, a maior parte destes estudos tem sido focada nos tecidos
fotossintéticos e o padrdo de acumulo de solutos compativeis na raiz, que usualmente € o
primeiro 6rgdo diretamente exposto ao estresse salino, ndo tem sido muito estudado.

Estudos fisiologicos e bioquimicos tém demonstrado que as vias de assimilagdo de C e
N sdo reguladas reciprocamente (Champigny & Foyer, 1992) e que a habilidade das plantas
para desviar o fluxo desses elementos da produgdo de biomassa para a biossintese de solutos
osmoticos € particularmente importante para a compreensdo das respostas das plantas ao
estresse salino (Binzel et al., 1985; Richardson & McCree, 1985). Dessa forma, o objetivo
deste trabalho foi avaliar os efeitos da salinidade nos teores de carboidratos soluveis,
proteinas soluveis e N-aminossoluveis, com énfase na composi¢do de aminoécidos, em folhas
e raizes de dois gendtipos de milho com tolerdncia diferenciada a salinidade, visando um
melhor entendimento dos mecanismos fisioloégicos e bioquimicos envolvidos com a tolerancia

a salinidade.

2. Material e métodos
2.1. Material vegetal, condi¢des de crescimento e tratamentos

Sementes de dois genotipos de milho, sendo um tolerante (BR5033) e outro sensivel
(BRS5011) ao estresse salino (Azevedo Neto et al., 2004), foram semeadas em bandejas

contendo vermiculita e irrigadas diariamente com agua destilada. Quatro dias apdés a
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emergéncia, as plantulas foram transferidas para bandejas contendo solugdo nu’;ritiva de
Hoagland diluida 1:2, sob condigdes de aeragdo. Nove dias ap6s, elas foram transferidas para
vasos de polietileno contendo 3 L de solugdo nutritiva sem diluigéo (tratamento controle) ou
solugo nutritiva contendo NaCl a 100 mM (tratamento de estresse salino). As adi¢des de sal
(25 mM de NaCl por dia) iniciaram-se no momento da transferéncia para os vasos de
polietileno. Foram realizadas seis coletas, sendo a primeira um dia antes do inicio das adi¢des
de sal (tempo 0) e as demais aos 5, 10, 15, 20 e 25 dias ap6s o inicio da salinizagdo. Folhas e
raizes de cinco plantas de cada tratamento foram coletadas, imediatamente congeladas em
nitrogénio liquido e, em seguida, liofilizadas, trituradas e armazenadas a —25 °C para analises
posteriores. O experimento foi conduzido em casa de vegetagdo e, durante o periodo
experimental, as médias de temperatura e umidade relativa do ar foram, respectivamente, de

27 °C e 65% e a radiagdo fotossinteticamente ativa ao meio dia foi cerca de 1200 pmol m™ s

2.2. Preparo do extrato

O extrato foi preparado pela homogeneizagdo de 0,20 g do pé liofilizado de folhas ou
0,15 g de raizes em 4 mL de tampdo de extragdo (tampéo fosfato de potéassio a 100 mM, pH
7,0 contendo EDTA a 0,1 mM) em almofariz. O homogeneizado foi filtrado através de tecido
de musselina, centrifugado a 16 000 x g por 15 min e o sobrenadante foi usado como extrato
bruto para as analises de N-aminossoluveis, carboidratos soliveis e proteinas soliveis. Uma
aliquota de 0,5 mL deste extrato foi desproteinizada adicionando-se 0,5 mL de TCA a 10% e
centrifugando-se a mistura a 12 000 x g por 5 min apés 1 h de repouso. O precipitado foi

descartado e o sobrenadante utilizado para fracionamento e analise de aminoacidos livres.
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2.3. Andlise dos teores de carboidratos soluveis, N-aminossoluveis, e proteinas sohh'}eis

Os carboidratos soliveis foram determinados a 490 nm, pelo método do fenol-acido
sulfiirico (Dubois et al., 1956), utilizando-se D-(+)-glucose como padrdo. A determinacdo de
N-aminossoluveis foi realizada a 570 nm, pelo método da ninhidrina (Yemm & Cocking,
1955), utilizando-se glicina como padrdo. As proteinas soliveis foram determinadas a 595 nm
pelo método de ligagdo ao corante coomassie brilliant blue (Bradford, 1976), utilizando-se

albumina sérica bovina como padréo.

2.4. Derivatizagdo dos aminodcidos

Uma aliquota de 100 pL do extrato bruto desproteinizado foi seca a vacuo, ressupendida
em 10 pL de uma solugdo contendo metanol:trietilamina:agua (2:2:1 v/v) e novamente seca.
Os amino4acidos foram convertidos em derivados feniltiocarbamil-amino4cidos pela adi¢do de
20 pL de uma solugdo contendo metanol:trietilamina:agua:fenilisotiocianato (PICT) na
propor¢do 7:1:1:1 v/v. Apds secagem a vacuo, as amostras foram ressuspendidas com 100 pL

de diluente Pico-Tag e transferidas para os respectivos frascos de injegdo.

2.5. Andlise de aminodcidos livres

A andlise de aminoécidos foi realizada por cromatografia liquida de alta performance
(HPLC), usando-se o método Pico-Tag. Uma aliquota de 10 pL. da mistura de aminoacidos
derivatizados foi injetada em uma coluna Pico-Tag modelo Waters 088131 (3,5 x 250 mm),
para analise de aminoacidos livres, previamente equilibrada com tampao acetato de sédio a
0,14 M, pH 6,2, contf:ndi);j EDTA a 2,5 uM (solvente A). A amosira foi eluida a um fluxo de 1
mL.min" a 40°C, utilizando-se um gradiente de acetonitrila (solvente B) de 0 a 60%,
conforme descrito no método Pico-Tag. Foi utilizado um sistema HPLC, Alliance System,

modelo Waters 2690 (Milford, MA, USA) com detector de absorbancia modelo Waters 486 e
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software gerenciador de cromatografia Millenium 32. Os derivados feniltiocarbamil-
aminoacidos foram monitorados a 254 nm e quantificados por comparagdo com as curvas de
calibragio dos padrdes correspondentes, sendo os resultados expressos em pumolg’ de

matéria seca (MS).

2.6. Andlise estatistica

O delineamento experimental foi o inteiramente casualizado, em um arranjo fatorial seis
(tempos) x dois (cultivares) x dois (niveis de sa_l), com cinco repeti¢cdes. Cada repetigdo foi
representada por um extrato simples dosado em duplicata. Os dados foram comparados

através de suas médias e respectivos desvios padrdes.

3. Resultados
3.1. Carboidratos soluveis, N-aminossoluveis e proteinas soluveis

As variagdes nos teores de carboidratos soliveis, N-aminossoliveis e proteinas
soluveis em folhas e raizes sdo apresentadas na Figura 3.1. Nas folhas do genétipo tolerante
(BR5033), o teor de carboidratos soliveis foi pouco afetado pela salinidade (correspondendo
em média a 106% do controle) ao longo do periodo experimental (Fig. 3.1A). Em contraste,
no gendétipo sensivel (BR5011), o conteudo de carboidratos soliveis diminuiu aos 10 dias do
inicio das adi¢des de NaCl, chegando a 30% de redugdo em relagdo aos 25 dias. Nas raizes,
foi observado um padrdo similar ao das folhas (Fig. 3.1B) O teor de carboidratos soliveis
permaneceu relativamente constante no gendtipo BR5033 (representando, em média, 89% do
controle) e diminuiu 34% no BR5011 no fim do experimento.

A salinidade aumentou os teores de N-aminossoliveis nas folhas do BR5033 a partir
do dia 10, os quais permaneceram relativamente constantes, com um valor médio igual a 38%

acima do controle, até o final do experimento (Fig. 3.1C). Nas folhas do BR5011, a
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Figura 3.1. Contetdo de carboidratos soluveis (A e B), compostos N-aminossoluveis (C e D)

e proteinas soliveis (E e F) nas folhas e raizes de dois genétipos de milho, BR5033 (O) e

BRS5011(V), cultivados em condigdes controle e de estresse salino. Os dados sdo expressos

em pefcentagem do controle (---- ). O tempo representa os dias apés o inicio das adi¢des de

sal. A barras verticais representam os desvios padrdes.
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concentragdo de N-aminossoliveis aumentou 66% em relagdo ao controle, aos '1() dias do
inicio da salinizag@o, alcangou um maximo aos 20 dias (127% maior que o controle) e
decresceu aos 25 dias (87% a mais que o controle). Nas raizes, o conteido de N-
aminossoluveis nas plantas estressadas do BR5033 foi reduzido em 24% no dia 5, mas
aumentou progressivamente em seguida, chegando a um valor 108% maior que o controle no
fim do periodo experimental (Fig. 3.1D). No BR5011, os teores de N-aminossoliveis
permaneceram praticamente constantes entre os dias 10 e 25, sendo observado um aumento
médio de 44% em relag@o aos controles.

Os teores de proteinas soluveis no gendtipo BR5033 foram pouco afetados pela
salinidade, com excegdo de uma reducgéo de 18% nas folhas (Fig. 3.1E) e de 30% raizes (Fig.
3.1F), em relagdo ao controle, aos 5 dias do inicio das aplica¢gdes de sal. No BR5011, o
conteudo de proteinas soluveis nas folhas (Fig. 3.1E) aumentou com o estresse a partir do dia
10 e permaneceu, em seguida, com um valor relativamente constante (em média, 135% do
controle). Entretanto nas raizes, os teores de proteinas soliveis ndo foram afetados pela

salinidade (Fig. 3.1F).

3.2. Aminodcidos livres

A salinidade aumentou o teor da maioria dos aminoacidos livres, tanto nas folhas
(Figs. 3.2 a 3.4) como nas raizes (Figs. 3.5 a 3.7) de ambos os genétipos. Entretanto, a
magnitude deste aumento variou entre os 6rgios das plantas. Considerando a média das duas
ultimas coletas (dias 20 e 25), os aminoéacidos cujos teores aumentaram com o estresse -nas
folhas dos gen6tipos BR5033 e BR5011 foram, respectivamente, alanina (253 e 168%), sergna
(100 e 458%), glicina (99 e 179%), histidina (60 e 122%), prolina (41 e 87%), aspartato (55 e

72%), tirosina (49 e 39%) e metionina (36 e 147%) (Figs. 3.2 a 3.4). Neste mesmo periodo,
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Figura 3.2. Teores de alanina, serina, glicina, glutamato e cisteina nas folhas de dois

genotipos de milho, BR5033 e BR5011, cultivados em condi¢des controle (simbolos vazios) e

de estresse salino (simbolos cheios). Detalhes adicionais como na Figura 3.1.
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de estresse salino (simbolos cheios). Detalhes adicionais como na Figura 3.1.
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leucina e isoleucina foram, respectivamente, os aminoacidos que apresentaram as maiores
redugdes, tanto no BR5033 (33 e 32%) como no BR5011 (22 e 44%) (Fig. 3.3).

Nas raizes, o efeito da salinidade sobre o conteido médio dos aminodacidos livres nas
duas ultimas coletas, apresentou algumas diferencas em relagdo as folhas. Assim, os
aminoécidos cujos teores aumentaram com o estresse nos gendtipos BR5033 ¢ BRS011
foraﬁg respectivamente, alanina (268 e 58%), serina (328 e 373%), glicina (196 ¢ 91%),
arginina (65 e 41%), histidina (452 e 55%), leucina (53 e 46%), aspartato (223 e 53%),
tirosina (176 e 74%), treonina (82 e 31%) e valina (50 e 35%) (Figs. 3.5 a 3.7). O unico
aminoacido cujo conteiido diminuiu ligeiramente com o estresse nas raizes do BR5033 foi o
glutamato (17%), enquanto nas raizes do BR5011 os aminoacidos que tiveram seus teores
reduzidos foram glutamato (61%) e isoleucina (49%) (Figs. 3.5 e 3.6).

Com relagdo a prolina, o conteido deste aminoacido nas folhas do BR5033 aumentou
com a salinidade aos 15 (40%), 20 (60%) e 25 (22%) dias apds o inicio do tratamento salino
(Fig. 3.3). Nas folhas do BR5011, o teor de prolina aumentou 46%, aos 5 dias, atingiu um
maximo aos 20 dias (157%) e retornou ao nivel do controle aos 25 dias. Nas raizes da plantas
estressadas do BR5033, a varia¢do no conteido de prolina apresentou um padrdo semelhante
ao observado nas folhas, aumentando significativamente aos 15 (28%), 20 (41%) e 25 (81%)
dias do inicio da salinizagdo. Em contraste, nas raizes do BR5011 o teor de prolina aumentou

com a salinidade aos 5 dias (121%) e 20 dias (27%) do inicio das adi¢des de sal (Fig. 3.6).

4. Discussao

Diversos estudos t&m relatado variagdes nos teores de carboidratos soliveis em plantas
sob condi¢des de estresse € mostram que a salinidade pode aumentar o teor desses solutos
organicos em algumas plantas (Lacerda et al., 2003; Silva et al., 2003) ou diminuir em outras

(Gadallah, 1999; Agastian et al., 2000). Em cultivares de milho contrastantes, o conteudo de
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carboidratos soluveis em folhas e raizes permaneceu constante ou aumentou com a salinidade
no genoétipo tolerante mas diminuiu no sensivel a salinidade (Azevedo Neto et al., 2004).
Resultados semelhantes a estes foram observados neste trabalho e sugerem que a redugio no
fotossintese liquida, reduzindo a quantidade de carbono fixado nas folhas e transportada para
as raizes. Em adi¢do, a redugdo nos niveis de carboidratos em condigdes de estresse pode
diminuir a absor¢do de agua pelas raizes e seu fluxo para a parte aérea, comprometendo o
balang;) hidrico deste gendtipo e contribuindo para sua maior sensibilidade ao estresse salino.

O fato da salinidade ter aumentado os teores de compostos N-aminossoluveis nas
folhas e raizes de ambos os genotipos sugere um importante papel desses solutos organicos no
processo de ajustamento osmotico e/ou em outros mecanismos de protegdo contra o estresse.
Diversos trabalhos reportam o acimulo de aminoécidos e outros compostos nitrogenados de
baixa massa molecular em plantas sob estresse salino (para revisdes ver Rabe, 1990; Mansour,
2000). Em plantas de milho, Azevedo Neto et al. (2004) verificaram que o estresse salino
aumentou o conteido de N-aminossoliveis nas folhas dos oito genétipos estudados.
Entretanto, apenas o gendtipo tolerante ao estresse apresentou um aumento no teor destes
compostos nas raizes, o que pode ter contribuido para o carater de tolerancia deste genotipo.

O aumento no teor de N-aminossoliveis é freqiientemente atribuido a hidrélise (Roy-
Macauley et al., 1992) ou a inibicdo da sintese protéica (Dhindsa & Cleland, 1975).
Considerando que o contetdo de proteinas soliveis nas folhas e nas raizes de ambos os
gendtipos ndo diminuiu com o estresse, 0 acimulo de N-aminossoluveis, principalmente nas
folhas do gendtipo sensivel pode ser resultado de outros fatores, tais como uma redugdo na
exporta¢do de aminoacidos e amidas (Tully et al., 1979) ou ser conseqiiéncia de um bloqueio
da respira¢do oxidativa, causando um fluxo de 4cidos organicos para o pool de aminoécidos

foliares (Olmos & Hellin, 1996).
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O fato da salinidade ter aumentado o teor de proteinas soliveis apenas nas folhas do
gendtipo BR5011 sugere que isto pode ter ocorrido em fung¢do dos niveis mais elevados de N-
aminossoluveis observado nas folhas deste gendtipo. Alguns trabalhos mostram que, sob
condi¢des de salinidade, os cultivares mais tolerantes apresentam conteudo de proteinas
soluveis mais elevado do que cultivares sensiveis (Hurkman et al., 1989; Uma et al., 1995;
Lutts et al., 1996; Pareek et al., 1997). Por outro lado, Ashraf & O’Leary (1999) mostraram
que o aumento no contetido de proteinas soliveis devido ao estresse salino foi mais evidente
no cultivar sensivel do que no tolerante.

Embora a sintese de proteinas geralmente diminua sob condi¢des de estresse, as
células sintetizam, preferencialmente, proteinas especificas do estresse. Diversas proteinas
induzidas pelo estresse salino em varias espécies vegetais tém sido identificadas e
classificadas em dois grupos distintos: as proteinas do estresse salino, que sd@o acumuladas
devido exclusivamente ao estresse salino e as proteinas associadas ao estresse, que sdo
acumuladas em resposta a diferentes estresses bidticos e abidticos (Singh et al., 1985; Singh et
al., 1987b; Hurkman et al., 1989; Ramagopal & Carr, 1991; Ali et al., 1999; Mansour, 2000).
Estas proteinas podem ser sintetizadas de novo em resposta ao estresse salino ou podem estar
presentes, constitutivamente, em baixas concentragdes e aumentarem quando as plantas sdo
expostas a salinidade (Pareek et al., 1997). As proteinas que se acumulam nas plantas
submetidas ao estresse salino podem representar uma forma de armazenamento de nitrogénio
que pode ser reutilizada apés a redugdo ou remogdo do estresse (Singh et al., 1987a).
Adicionalmente, estas proteinas também podem estar envolvidas no ajustamento osmdtico
(Mansour, 2000; Ashraf & Harris, 2004).

A resposta dos aminoacidos livres a salinidade foi diferenciada entre os genétipos
estudados e mostrou-se dependente do 6rgdo e do tempo de estresse. Contudo, paralelo aos

resultados de N-aminossoluveis, verificou-se que o estresse aumentou os teores de
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aminoécidos livres em ambos os genotipos, sendo este aumento mais evidente nas folhas do
BR5011. Tais resultados reforgam a hip6tese da ocorréncia de perturbagdes no processo de
translocagdo de compostos nitrogenados da parte aérea para as raizes no BR5011 (Tully et al.,
1979; Larsson, 1992).

A glicina é produzida pela transaminagdo entre glutamato e glioxalato através da
enzima glutamato: glioxalato aminotransferase e é o substrato para o complexo glicina
descarboxilase: serina hidroximetiltransferase, que por sua vez produz serina, aménia, CO, e
ATP. Os grandes aumentos nos teores foliares de glicina e serina, em fungdo do tempo e do
estresse, principalmente no BR5011, sugerem ﬁm aumento na taxa de fotorrespiragdo ja que
ambos os aminodcidos estdo envolvidos com esse processo (Miflin & Lea, 1977). Diversos
trabalhos tém demonstrado a ocorréncia de uma taxa significativa de fotorrespiragdo em
plantas C4, entre elas o milho, sob condi¢des de baixa concentragdo intracelular de CO; e alta
concentragdo de O, (Lawlor & Fock, 1978; Furbank & Badger, 1982; Farineu et al., 1984; de
Veau & Burris, 1989; Dai et al.,, 1993). O estresse salino associado a alta intensidade
luminosa e temperatura elevada pode levar a uma diminuigéo na relagdo [CO,]/[O;] no tecido
fotossintético (Lawlor & Fock, 1978; Dai et al., 1993; Yoshimura et al., 2004), devido ao
fechamento dos estdmatos (Sultana et al., 1999; Silva et al., 2003; Azevedo Neto et al., 2004).

O aumento do conteudo de alanina em plantas cultivadas em ambiente salino também
tem sido observado por outros autores (Pulich Jr., 1986; Fougere et al., 1991; Gilbert et al.,
1998; .Shintinawy & El-Shourbagy, 2001;). A sintese da alanina ¢ catalisada pela enzima
glutamato: piruvato aminotransferase, na reagdo de transaminagdo entre glutamato e pirpvato
(Miflin & Lea, 1977). Rhodes et al. (1986) mostraram que a sintese deste amhoécido
representa o principal destino.metab()lico do glutam;ito. Méis de 30% do glutémato dispc;livel
para a biossintese de aminoacidos (outros que nio a glutamina) sdo utilizados para a manter a

sintese de alanina em células ndo adaptadas ao estresse, enquanto mais de 55%, sdo utilizados
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para manter a sintese em células adaptadas. Em espinafre, o aumento no conteudo 'de alanina
sugere que a glicolise e, deste modo, também a respiragdo, foram aumentadas para manter a
alta demanda energética resultante das condigdes de estresse ou para fornecer esqueletos de
carbono para o ciclo fotorrespiratdrio (Di Martino et al., 2003). Os aumentos nos contetidos
de alanina, serina e glicina associados ao fato que os teores de glutamato em ambos os
gendtipos ndo aumentaram com a salinidade, suportam a idéia do aumento da demanda de
glutamato para as reagdes de transaminagdo apos a imposig@o do estresse.

Também ¢ impqrtante lembrar que as variagdes nos conteudos de glutamato e glicina
estdo diretamente associadas a sintese de cisteina (El-Shintinawy & El-Shourbagy, 2001).
Estes trés aminoécidos sdo precursores da glutationa, uma molécula importante para o sistema
antioxidativo (Noctor & Foyer, 1998). Considerando que os aumentos nos conteudos de
glicina e cisteina podem ser resultantes de um decréscimo na sintese de glutationa e que, os
conteudos destes aminoacidos foram maiores nas plantas estressadas do genétipo BR5011 do
que no BR5033, os resultados sugerem que este ultimo geno6tipo pode ser mais tolerante aos
danos oxidativos induzidos pelo sal.

O aumento nos teores de arginina em fungdo da salinidade nos dois gendtipos, tanto
nas folhas como nas raizes, foi concordante com os observados por outros autores (Mattioni et
al., 1997; Santa-Cruz et al., 1998; Santa-Cruz et al., 1999). Tem sido sugerido que o acimulo
de arginina em plantas sob deficiéncia de fosforo resulta da sintese de novo, a qual serve para
desintoxicar o acaimulo de amdnia em periodos de crescimento reduzido (Rabe & Lovatt,
1984). Tal explicagdo pode ser extensiva a histidina, que também aumentou com O estresse €
7que, da mesma forma que a arginina, esta relacionada com o Wnamento de nitrogénio
(Rabe, 1990). E importante ressaltar que aumentos nos niveis de aménia também tém sido
verificados em plantas cultivadas em ambiente salino (Bajji et al., 1998; Lutts et al., 1999).

Dessa forma, Gilbert et al. (1998) sugeriram que a sintese de compostos nitrogenados
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contendo pelo menos dois grupos amino pode ser estimulada em resposta ao estresse salino e
que estes compostos podem servir como importantes fontes de nitrogénio para as vias
metabodlicas. Considerando que a salinidade reduziu o crescimento das plantas (Azevedo Neto
et al., 2004), os acumulos de arginina e histidina observados neste trabalho podem, ao menos
em parte, estar envolvidos, no processo de desintoxicagdo de amdnia.

Nas folhas, os aminoacidos cujas concentragdes mais diminuiram com a salinidade
foram os produtos finais de duas familias de aminoécidos: isoleucina (familia do
oxaloacetato) e leucina (familia do piruvato). Treonina e piruvato sdo, respectivamente, os
precursores das vias biossintéticas desses dois aminoacidos, que sdo reguladas por uma
enzima comum, a sintase do acetolactato, a qual ¢ inibida cooperativamente por leucina e
valina (Miflin & Lea, 1977). Considerando que o estresse salino aumentou a concentragdo de
treonina e que o conteudo de piruvato parece ndo ter sido limitante, a diminui¢do nos teores
de isoleucina e leucina pode ser conseqii€ncia de uma inibigdo na atividade da sintase do
acetolactato pelo estresse salino, conforme foi especulado por El-Shintinawy & El-Shourbagy
(2001). As variagdes nos teores destes aminoacidos também tém sido associadas as mudangas
na sintese ou degradagdo de proteinas (Di Martino et al., 2003; Raggi, 1994). Dessa forma, as
redugdes verificadas nos teores de isoleucina e leucina podem indicar um aumento na sintese
de proteinas. Pelo menos com relagdo ao BR5011, esta hipotese tem suporte, pois neste

genotipo os teores de proteinas soliveis nas folhas aumentaram com a salinidade.

Com relag@o a prolina, o acimulo deste aminoacido ocorre em resposta a diversos
estresses bidticos e abidticos e € mediado, principalmente, pelo aumento na sintese e/ou
inibi¢o na oxidagdo deste aminoécido (Hare & Cress, 1997). Neste trabalho, os aumentos nos
niveis de prolina em fungdo do estresse salino foram relativamente pequenos, comparando-se
aos observados com os outros aminoacidos. Estes resultados podem estar relacionados ao fato

de que o conteido do seu precursor, o glutamato, ndo ter aumentado nas folhas e ter
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diminuido nas raizes. E importante lembrar que o glutamato é um substrato comum a
biossintese de varios aminoacidos (Miflin & Lea, 1977). Portanto, enzimas de diferentes vias
biossintéticas podem estar competindo por este aminoacido e, dessa forma, o acumulo de um
determinado aminoacido pode depender, a0 menos em parte, de um delicado equilibrio entre

as atividades enzimaticas e a disponibilidade de substrato (Vance & Zaerr, 1990).

Tem sido sugerido que o acimulo de prolina em resposta a salinidade esta associado a
distarbios no conteudo hidrico, comparavel com o que é observado em condigdes de seca
(Lacerda et al., 2003; Silva et al., 2003). Embora esta seja uma explicagdo plausivel para -
condi¢cdes de salinidade e extremos de temperatura, ela ndo explica, contudo, o rapido
acumulo de prolina em condi¢des estressantes que ndo afetam, a curto prazo, o conteudo
hidrico dos tecidos, tais como, infecgdes por patégenos, anoxia e defici€ncias nutricionais
Rabe (1990). Uma relagdo mais geral entre os estresses € o fato de que todos reduzem a taxa
de crescimento do vegetal. Dessa forma, Rabe (1990) sugeriu que com a manutengdo dos
processos de absor¢do e redugdo do nitrogénio, a reducdo do crescimento leva ao acimulo de

amonia e sintese preferencial de alguns compostos nitrogenados, entre eles a prolina.

Diversas explanag¢des para o acumulo de aminoécidos livres em plantas sob estresse
salino tém sido sugeridas. Estas incluem estimulo na sintese e inibicdo na degradagdo de
aminoacidos, redug¢do na sintese e/ou aumento na degradagdo de proteinas (Dhindsa &
Cleland, 1975; Ranieri et al., 1989; Roy-Macauley, 1992). Os resultados obtidos neste
trabalho indicam que o aumento na sintese de novo foi o mecanismo predominante no
acimulo da maioria dos aminoécidos livres analisados. A observagdo que o contetido de N-
anﬁnossolﬁvéis e da maioria dos aminodcidos livres ﬂas folhas e raizes aumentou :com a
salinidade, associada ao fato que os teores de proteinas soliveis ndo indicaram a ocorréncia de

proteolise, suportam esta hipotese.
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Embora a concentragdo da maior parte dos aminoécidos livres tenha aumentado com a

.imposi¢do do estresse salino, o padrdo de distribuicdo dos aminoacidos entre as plantas

controle e estressadas ndo diferiu grandemente durante o periodo experimental. Dessa forma,
prolina, treonina, arginina, serina, aspartato, e glicina foram os aminoacidos livres mais
abundantes, tanto nas folhas (constituindo mais de 80% do total) como nas raizes
(constituindo mais de 60% do total). Independentemente do gendtipo, da parte da planta ou do
tratamento considerado, prolina foi sempre o aminoacido mais abundante durante todo o
experimento, representando de 20 a 35% do total de amino4cidos livres.

O fracionamento de aminoacidos sugere que, dentre os aminoacidos livres, p-rolina,
treonina, arginina, serina, aspartato, e glicina foram os que mais contribuiram para uma
possivel redug@o do potencial osmético celular nas folhas e raizes de ambos os gendtipos
estudados. Analisando-se conjuntamente os resultados relativos ao acumulo de carboidratos
soluveis, N-aminossoliveis e aminoacidos livres, nas folhas e raizes dos dois gendtipos de
milho, pode-se sugerir que o maior acimulo destes solutos, principalmente nas raizes do
gendtipo tolerante (BR5033), como resultado do estresse salino, parece desempenhar um
papel importante na tolerancia deste genotipo ao estresse.

Variagdes consideraveis no acumulo de carboidratos soluveis, proteinas soluveis,
aminoacidos livres e outros compostos nitrogenados em resposta ao estresse salino sdo
evidentes, tanto entre espécies como entre cultivares de uma mesma espécie. Em adigdo, o
papel fisioldgico e bioquimico destes compostos na tolerdncia a salinidade ainda € bastante
especulativo. Embora, as informagdes relativas ao acimulo destes compostos na adaptacdo
das plantas a salinidade sejam ipsuﬁcientes para concluir que eles sd3o universalmente
associados com o carater de tolerancia, isto ndo exclui seu papel como um indicador de

tolerancia a salinidade nos programas de melhoramento em algumas espécies vegetais.
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Abstract

The effects of salt stress on the activity of antioxidative enzymes and lipid
peroxidation were studied in leaves and roots of two maize genotypes, BR5033 (salt-tolerant)
and BR5011 (salt-sensitive), grown under control (nutrient solution) or salt stress (nutrient
solution containing 100 mM NaCl) conditions. Leaves and roots of control and salt-stressed
plants were harvested at various times starting one day prior to initiating the salt treatment. In
leaves of salt-stressed plants, SOD, APX, GPX and GR activities increased with time when
compared to the controls. The increase in enzyme activities were more pronounced in the salt-
tolerant than in the salt-sensitive genotype. Salt stress had no significant effect on CAT
activity in the salt-tolerant, but it was reduced significantly in the salt-sensitive genotype. In
salt-stressed roots of the salt-tolerant genotype, SOD and CAT activities decreased and APX,
GPX and GR activities remained unchanged in comparison with the control. In roots of the
salt-sensitive genotype, salinity reduced the activit); of all studied enzymes. The dat;l show

that CAT and GPX enzymes had the greatest H,O, scavenger activity in both leaves and roots.
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Moreover, CAT, APX and GPX activities in conjunction with SOD seem to play an essential
protective role in the scavenging processes. Lipid peroxidation was enhanced only in salt-
stressed leaves of the salt-sensitive genotype. These results indicate that oxidative stress may
play an important role in salt-stressed maize plants and that the greater protection of BR5033
leaves and roots from salt-induced oxidative damage results, at least in part, through the

maintenance and/or increase of the activity of antioxidant enzymes.

Keywords: salt stress; oxidative stress; antioxidative enzymes, lipid peroxidation; maize; Zea

mays.

1. Introduction

Salinization plays a major role in soil degradation. It affects 19.5% of irrigated land
and 2.1% of dry land agriculture existing on the globe (FAO, 2000). Salinity effects are more
conspicuous in arid and semiarid regions, where limited rainfall, high evapotranspiration and
high temperature associated with poor water and soil management contribute to the salinity
problem and become of great importance for agriculture production in these regions.

Plant salt tolerance has generally been studied in relation to regulatory mechanisms of
ionic and osmotic homeostasis (Niu et al., 1995; Hare et al., 1998; Yeo, 1998; Zhu, 2003;
Ashraf and Harris, 2004). In addition to ionic and osmotic components, salt stress, like other
abiotic stresses, also leads to oxidative stress through an increase in reactive oxygen species
(ROS) such as superoxide (O,"), hydrogen peroxide (H,O,) and hydroxyl radicals (OH")
(Alscher et al., 1997; Mi'ttlef, 2002; Neill et al., 2002). These ROS are highly reactive and can
alter normal cellular metabolism through oxidative damage to lipids, proteins and nucleic

acids (McKersie and Leshem, 1994; Alscher et al., 1997; Imlay, 2003).
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To mitigate the oxidative damage initiated by ROS, plants have developed a complex
defense antioxidative system, including low-molecular mass antioxidants as well as
antioxidative enzymes such as superoxide dismutase (SOD), catalase (CAT), ascorbate
peroxidase (APX), guaiacol peroxidase (GPX) and glutathione redﬁctase (GR) (McKersie and
Leshem, 1994; Noctor and Foyer, 1998). SOD is the major O," scavenger and its enzymatic
action results in H,O, and O, formation. The H,O, produced is then scavenged by CAT and
several classes of peroxidases. CAT, which is found in peroxisomes, cytosol and
mitochondria, dismutates H,O, into H,O and O, (McKersié and Leshem, 1994). Peroxidases
(APX and GPX) are distributed throughout the cell and catalyze the reduction of H,O, to
H,0. APX uses ascorbate as electron donor in the first step of the ascorbate-glutathione cycle
and is considered the most important plant peroxidase in H,O, detoxification (Noctor and
Foyer, 1998). GPX, which is less specific to electron donor substrate, decomposes H,O, by
oxidation of co-substrates such as phenolic compounds and/or ascorbate. Reduced glutathione
(GSH) is involved in regenerating the ascorbate pool producing oxidized glutathione (GSSG).
The NADPH-dependent GSSG reduction is catalyzed by GR, a flavoenzyme found in the
chloroplast, cytosol and mitochondria (Edwards et al., 1990). GR catalyzes the last and rate
limiting step of the Halliwell-Asada enzymatic pathway (Bray et al., 2000). The elevated
levels of GR activity could increase the GSH/GSSG ratio, which is required for ascorbate
regeneration and activation of several CO, fixing enzymes in the chloroplasts (Crawford et
al., 2000), ensuring NADP" availability to accept electrons from the photosynthetic electron
transport chain.

Malondialaehyde (MDA) content, a productjof lipid peroxidation, has been considered
an indicator of oxidative damage. Thus, cell membrane stability has been widely utilized to
differentiate salt-tolerant and salt-sensitive cultivars (Dionisio-Sese and Tobita, 1998; Luna et

al., 2000; Shalata et al., 2001; Hernandez and Almansa, 2002; Meloni et al., 2003).
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Some evidence suggests that resistance to oxidative stress may, at least m part, be
involved in salt stress tolerance (Gosset et al., 1994; Gueta-Dahan et al., 1997; Hernandez et
al., 2000; Mittova et al., 2002; Badawi et al., 2004). However, most of these studies were
performed with leaves and scarce information is available for the root, which is usually the
first organ directly exposed to the salt stress.

The response of maize antioxidative system to abiotic stresses has been studied under
anoxia (Yan et al., 1996), low temperature (Iannelli et al., 1999), drought (Aroca et al., 2003),
aluminum and heavy metals toxicity (Boscolo et al., 2003; Zacchini et al, 2003) and
nutritional deficiencies (Tewari et al., 2004). However, studies related to the maize
antioxidative system towards salt stress conditions are scarce. Therefore, the aim of this study
was to evaluate the effects of salt stress on the activity of antioxidative enzymes and lipid
peroxidation in leaves and roots of two maize genotypes differing in salt tolerance, in order to

better understand the physiological and biochemical mechanisms of salt tolerance.

2. Material and methods
2.1. Plant material, growth and treatment conditions

Seed of two maize genotypes, BR-5033 (salt-tolerant) and BR-5011 (salt-sensitive)
(Azevedo Neto et al., 2004) were sown in trays containing vermiculite and irrigated daily with
distilled water. Four-day-old seedlings were transferred to trays containing aerated half-
strength Hoagland nutrient solution. Nine days later, they were transferred to 3 L plastic pots
containing full-strength nutrient solution (control treatment) or nutrient solution with 100 mM
NaCl (shlt stress treatment). Salt additions (25 mM per day) began on transplantat;ion into the
plastic pots. Plants were harvested one day before and 5, 10, 15, 20 and 25 days after the start
of the salt treatment when leaves and roots were cut, frozen in liquid nitrogen, lyophilized,

ground to a powder and kept in a freezer (25 °C) for further analyses. The experiment was
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carried out under glasshouse conditions. The mean values of temperature, air relative
humidity and photosynthetic active radiation (at noon) were 27 °C, 65% and 1200 pmol m?

s, respectively.

2.2. Extract preparation

Lyophilized leaf (0.20 g) and root (0.15 g) powder were homogenized in a mortar and
pestle with 4 mL of ice-cold extraction buffer (100 mM potassium phosphate buffer, pH 7.0,
0.1 mM EDTA). The homogenate was filtered through muslin cloth and centrifuged at 16,000
x g for 15 min. The supernatant fraction was used as crude extract for enzyme activity and

lipid peroxidation assays. All operations were carried out at 4 °C.

2.3. Enzyme assays

Total SOD (EC 1.15.1.1) activity was determined by measuring its ability to inhibit
the photochemical reduction of nitroblue tetrazolium chloride (NBT), as described by
Giannopolitis and Ries (1977). The reaction mixture (1.5 mL) contained S0 mM phosphate
buffer (pH 7.8), 0.1 uM EDTA, 13 mM methionine, 75 uM NBT, 2 uM riboflavin and 50 pL
enzyme extract. Riboflavin was added last and tubes were shaken and illuminated with a two
20-W fluorescent tubes. The reaction was allowed to proceed for 15 min after which the lights
were switched off and the tubes covered with a black cloth. Absorbance of the reaction
mixture was read at 560 nm. One unit of SOD activity (U) was defined as the amount of
enzyme required to cause 50% inhibition of the NBT photoreduction rate and the results
expressed as U mg™' of dry mass (DM).

Total CAT (EC 1.11.1.6) activity was measured according the method of Beers and
Sizer (1952), with minor modifications. The reaction mixture (1.5 mL) consisted of 100 mM

phosphate buffer (pH 7.0), 0.1 uM EDTA, 20 mM H,0, and 50 pL enzyme extract. The



101

reaction was started by addition of the extract. The decrease of H,O, was monitored at 240
nm and quantified by its molar extinction coefficient (36 M"' ¢cm™) and the results expressed
as pmol H,O, min™' g"' DM.

Total APX (EC 1.11.1.1) activity was assayed according to Nakano and Asada (1981).
The reaction mixture (1.5 mL) contained 50 mM phosphate buffer (pH 6.0), 0.1 uM EDTA,
0.5 mM ascorbate, 1.0 mM H,0, and 50 pL enzyme extract. The reaction was started by
addition of H,0, and ascorbate oxidation measured at 290 nm for 1 min. Enzyme activity was
quantified using the molar extinction coefficient for ascorbate (2.8 mM™ cm™) and the results
expressed in pmol H,O, min™ g"' DM, taking into consideration that two mols ascorbate are
required for reduction of one mol H,O, (McKersie ¢ Leshem, 1994).

Total GPX (EC 1.11.1.7) activity was determined as described by Urbanek et al.
(1991) in a reaction mixture (2.0 mL) containing 100 mM phosphate buffer (pH 7.0), 0.1 uM
EDTA, 5.0 mM guaiacol, 15.0 mM H,0, and 50 pL enzyme extract. The addition of enzyme
extract started the reaction and the increase in absorbance was recorded at 470 nm for 1 min.
Enzyme activity was quantified by the amount of tetraguaiacol formed using its molar
extinction coefficient (26.6 mM™" cm™). The results were expressed as umol H,O, min™ g
DM taking into consideration that 4 mols H,O, are reduced to produce one mol tetraguaiacol

(Plewa et al. 1991).

Total GR activity (EC 1.6.4.2) was assayed as described by Foyer and Halliwell
(1976), with minor modifications. The reaction mixture (1.0 mL) consisted of 100 mM
phosphate buffer (pH 7.8), 0.1.’ uM EDTA, 0.05 mM NADPH, 3.0 mM GSSG and 50 pL
ehzyme extract. The reaction was started by the addition of GSSG and ihe NADPH okidation
rate was monitored at 340 nm for 1.0 min. Enzyme activity was determined using the molar

extinction coefficient for NADPH (6.2 mM™ ¢cm™) and expressed as pmol NADPH min™ mg™

DM.
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2.4. Lipid peroxidation

Lipid peroxidation was determined by measuring the amount of MDA produced by the
thiobarbituric acid reaction as described by Heath and Packer (1968). The crude extract was
mixed with the same volume of a 0.5% (w/v) thiobarbituric acid solution containing 20%
(w/v) tricholoroacetic acid. The mixture was heated at 95 °C for 30 min and then quickly
cooled in an ice-bath. The mixture was centrifuged at 3 000 x g for 10 min and the
absorbance of the supernatant was monitored at 532 and 600 nm. After subtracting the non-
specific absorbance (600 nm), the MDA concentration was determined by its molar extinction

coefficient (155 mM™ cm™) and the results expressed as pmol MDA g DM.

2.5. Statistical analysis
The experimental design was a completely randomized factorial, six (harvest periods)
x two (genotypes) x two (salt levels) with five replicates. For each extract the absorbance was

determined on duplicate assays. The standard deviations are given with the means.

3. Results
3.1. Enzyme activity

Leaf and root SOD activity increased until the 10th day for control and salt-stressed
plants of both genotypes, remaining fairly constant thereafter (Fig. 4.1). Leaf SOD activity
was greater in salt-stressed plants than in controls (Fig. 4.1A and 4.1B). Salt-induced SOD
activity was more conspicuous in BR5033 (42%) than in BR5011 (21%). On the other hand,
salinity reduced SOD activity in roots (Fig. 4.1C and 4. 1D) by approximately 31 and 40% for

BR5033 and BR5011, respectively.
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Fig. 4.1. Time course of total SOD activity in leaves (A and B) and roots (C and D) of
BR5033 (salt-tolerant) and BR5011 (salt-sensitive) maize genotypes grown under control
(open symbols) and salt stress (closed symbols) conditions. The first harvest (day 0) was
taken one day before the start of salt additions. Plants were subjected to 100 mM NaCl for 21

days after completing the NaCl addition. Time represents days after the first harvest. Values

indicate the mean + SD. i
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CAT activity in leaves and roots for control and salt-stressed plants changed during
the experimental period in both genotypes (Fig. 4.2). Salt stress did not affect leaf CAT
activity of BR5033 (Fig. 4.2A), but reduced it significantly in roots of BR5033 (Fig. 4.2C)
and in leaves (Fig. 4.2B) and roots (Fig. 4.2D) of BR5011.

APX activity in leaves of both genotypes was remarkably increased as a result of salt
stress, not affected in roots of BR5033 and slightly decreased in roots of BR5011, although
significant (Fig. 4.3). A similar pattern was observed for GPX activity (Fig. 4.4). In salt-
stressed BR5033 plants, leaf APX (Fig. 4.3A) and GPX (Fig. 4.4A) activities increased
approximately 137 and 58%, respectively, after the 10™ day of stress when compared to
control plants. In leaves of BR5011, salinity also increased the APX (Fig. 4.3B) and GPX
(Fig. 4.4B) activities, but these increases were lower than observed in BR5033. On the other
hand, salt stress reduced APX (Fig. 4.3D) and GPX (Fig. 4.4D) activities in BR5011 roots by
nearly 29 and 55%, respectively, but did not affect these enzyme activities in roots of BR5033
(Fig. 4.3C and 4.4C).

Comparing activities of H>O, scavenging enzymes in leaves of salt-stressed plants, at
the end of the experimental period, CAT activity was 7- and 66-fold greater than GPX and
APX activities, respectively. On the other hand, GPX activity in stressed roots was 15- and
100-fold greater than CAT and APX activities, respectively. It is noteworthy that GPX
activity was extremely higher in roots than in leaves for both control and salt-stressed plants.

GR activity increased with time in control and salt-stressed plants of BR5033 and
BR5011 genotypes (Fig. 4.5). GR activity was greater in leaves of salt-stressed plants than in
~ control plants (Figs. 4.5A and 4.5B). GR activity was less affected by salinity (Fig. 4.5C) in
roots of BR5033, but in roots of BR5011, it was decreased by approximately 30% after 15

days of salinization (Fig. 4.5D).
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Fig. 4.2. Time course of total CAT activity in leaves (A and B) and roots (C and D) of

BRS5033 (salt-tolerant) and BR5011 (salt-sensitive) maize genotypes grown under control

(open symbols) and salt stress (closed symbols) conditions. Additional details as in Fig. 4.1.
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Fig. 4.4. Time course of total GPX activity in leaves (A and B) and roots (C and D) of

BR5033 (salt-tolerant) and BR5011 (salt-sensitive) maize genotypes grown under control

(open symbols) and salt stress (closed symbols) conditions. Additional details as in Fig. 4.1.
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3.2. Lipid peroxidation

Lipid peroxidation in leaves and roots of both maize genotypes, measured as MDA
content, is given in Fig. 4.6. In leaves of control plants, the MDA content increased up to 20
days after of salt addition and then declined (Figs. 4.6A and 4.6B). In BR5033, the MDA
content in leaves was not affected by salinity (Fig. 4.6A) and decreased by approximately
11% in roots (Fig. 4.6C). In salt-stressed BR5011, the amount of MDA increased significantly

(about 24%) in leaves (Fig. 4.6B) and remained unaffected in roots (Fig. 4.6D).

4. Discussion

Environmental stresses limiting photosynthesis can increase oxygen-induced cellular
damage due to increased ROS generation (Alscher et al., 1997; Mittler, 2002; Neill et al.,
2002). Therefore, salt stress resistance may depend, at least in part, on the enhancement of the
antioxidative defense system, which includes antioxidant compounds and several
antioxidative enzymes. In the present study, the responses of SOD, CAT, APX, GPX and GR
enzyme activities and MDA content suggest that oxidative stress is an important component
of salt stress in maize plants.

SOD is one of the ubiquitous enzymes in aerobic organisms and plays a key role in
cellular defense mechanisms against ROS. Its activity modulates the relative amounts of O,"
and H,0,, the two Haber-Weiss reaction substrates, and decreases the risk of OH" radical
formation, which is highly reactive and may cause severe damage to membranes, protein and
DNA (Bowler et al., 1992). In this work, salt stress increased SOD activity in leaves and
reduced it in roats of both genotypés. However, the increased SOD activity in leaves was
more conspicuous in BR5033 (salt-tolerant) while reduction in roots was greater in BR5011
(salt-sensitive), suggesting that the salt-tolerant genotype has a better O," radical scavenging

ability. It has been shown that salinity increases SOD activity in salt-tolerant cultivars and
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Fig. 4.6. Time course of malondialdehyde content in leaves (A and B) and roots (C and D) of
BR5033 (salt-tolerant) and BR5011 (salt-sensitive) maize genotypes grown under control

(open symbols) and salt stress (closed symbols) conditions. Additional details as in Fig. 4.1.
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decreases it in salt-sensitive cultivars, in both leaves (Gosset et al., 1994; Dionisio-Sese and
Tobita, 1998; Hernandez et al., 2000) and roots (Shalata et al., 2001). In addition, Badawi et
al. (2004) reported that transgenic tobacco plants overexpressing Cu/Zn-SOD showed
enhanced tolerance to salt and water stresses as well as polyethylene glycol-induced stress.

The product of SOD activity is H,O,, which is still toxic and must be eliminated by
conversion to H,O in subsequent reactions. In plants, a number of enzymes regulate H,O,
intracellular levels, but CAT, APX, and GPX are considered the most important. Our data
show that APX, and GPX activities in both leaves and roots of BR5033 genotype either
increased or were not affected by salinity, and that CAT activity was not affected'in leaves
and decreased in the roots. In contrast, APX and GPX activities were reduced in roots of
BR5011 and CAT activity was reduced in both roots and leaves. It is noteworthy that salt-
induced SOD activity in the leaves was accompanied by a greater increase in APX and GPX
activities in BR5033 than in BR5011 and an important decrease in CAT activity in BR5011,
indicating that the H,O, scavenging mechanism was less effective in BR5011. Thus, our
results suggests that CAT, APX and GPX activities coordinated with SOD activity play a
central protective role in the O," and H,0, scavenging process (Mittova et al., 2002; Liang et
al., 2003; Badawi et al., 2004) and the active involvement of these enzymes is related, at least
in part, to salt-induced oxidative stress tolerance in maize plants.

When the activity values of the H,O, scavenging enzymes were compared (Fig. 4.2,
4.3 and 4.4) it was observed that CAT and GPX had a much higher H,O, scavenging activity
than APX in leaves and roots of both control and salt-stressed maize plants. Therefore, it
could be hypothesized that CAT is the most important among the H,O, scavengi;ng enzymes
in leaves, while the non-specific peroxidase (GPX) seems to play a key role in roots. Our
results are in agreement with those of Rout and Shaw (2001), who suggested that CAT and

GPX were the most important H,O, scavenging enzymes leading to salt tolerance in aquatic
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macrophytes. In addition, these enzymes were also important in salt tolerance in mulberry
(Sudhakar et al., 2001), cotton (Gosset et al., 1994; Meloni et al., 2003) and barley (Liang et
al., 2003) cultivars.

Our results show that GR activity in leaves of salt-stressed plants was greater than
control plants. On the other hand, salinity significantly reduced GR activity in roots of the
BR5011 genotype. Broadbent et al. (1995) found that transgenic tobacco plants
overexpressing GR had both high levels of GSH and increased tolerance to oxidative stress.
Several authors investigating salt-tolerant and salt-sensitive cultivars have suggested that the
salt tolerance character is related to increased GR activity 1n salt-tolerant cultivars (Hernandez
et al., 2000; Sudhakar et al., 2001; Meloni et al., 2003). In roots of salt-stressed BR5011, the
reduction in GR activity suggests a decreased GSH turnover rate. Considering that salinity
also reduced APX activity in roots of BRS5011, our results suggest that salt-sensitive
genotypes exhibit a less active ascorbate-glutathione cycle in roots and that the Halliwell-
Asada enzymatic pathway may play a key role in salt tolerance in roots of maize plants.

Salt stress is known to result in extensive lipid peroxidation, which has often been
used as indicator of salt-induced oxidative damage in membranes (Herndndez e Almansa,
2002). Parallel to these observations, we observed that MDA content was unaffected by
salinity in leaves of BR5033, but increased significantly in leaves of BR5011. The lower level
of lipid peroxidation in BR5033 suggests, therefore, that salt-tolerant plants are better
protected from oxidative damage under salt stress. On the other hand, the MDA concentration
decreased slightly in roots of salt-stressed BR5033 and remained unaffected in roots of
BR5011. The development of salt-dependcnt'oxidativeistress in BR5011 leaves probab]y
results from the lack of salt-dependent up-regulation of its antioxidative system. The
observation that BR5033 leaves can up-regulate the antioxidative system in response to salt

stress further supports the above conclusion. Similar results correlating lipid peroxidation to
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antioxidative system activity were also reported by other researchers (Gosset et al., 1994;
Shalata and Tal, 1998; Hernandez and Almansa, 2002).

With regard to MDA reduction in salt-stressed BR5033 roots, our results are in
agreement with those of Shalata et al. (2001) for roots of Lycopersicon pennellii. These
authors suggested the reduction of MDA content was due to increased antioxidative enzyme
activities, which reduced H,0, levels and membrane damage. In the present work, the MDA
concentration reduction in salt-stressed roots of BR5033 appears to be associated with a
decrease in SOD activity and maintenance of APX and GPX activities, which could lead to
reduced H,0; concentration, and cbnsequently lipid peroxidation in roots of this genotype.

It has been demonstrated that both osmotic and ionic effects involved in NaCl salinity
can limit photosynthesis and respiration leading to an increase in ROS generation, which are
responsible for a secondary oxidative stress that can damage cellular structure and
metabolism. It is also known that plant responses to salt stress are multigenic, involving both
oémotic and ionic homeostasis, as well as cell detoxification. The efficiency of the latter
process is dependent upon the plant antioxidant defense mechanisms (Zhu, 2001; Sairam and
Tyagi, 2004). Although our experiments did not discriminate between osmotic and ionic
(nutritional imbalance and toxicity) effects of NaCl salinity, the obtained results showed that
the differences in the antioxidative enzyme activities of leaves and roots may, at least in part,
explain the greater tolerance of BR5033 to salt stress when compared to BR5011, and that the
lipid peroxidation level in leaves may be an important biochemical trait for salt stress
tolerance in maize plants.

Acknowledgements: We thank Dr Ladaslav Sodek for reviewing the English text, and

acknowledge the financial support given by Conselho Nacional de Desenvolvimento



114

Cientifico e Tecnologico (CNPq) and Coordenagdo de Aperfeicoamento de Pessoal de Nivel

Superior (CAPES).

References

Alscher, R.G., Donahue, J.L., Cramer, C.L., 1997. Reactive oxygen species and antioxidants:
relationship in green cells. Physiol. Plant. 100, 224-233.

Aroca, R., Irigoyen, J.J., Sanchez-Diaz, M., 2003. Drought enhances maize chilling tolerance.
I1. Photosynthetic traits and protective mechanisms against oxidative stress. Physiol. Plant.
117, 540-549.

Ashraf, M., Harris, P.J.C., 2004. Potential biochemical indicators of salinity tolerance in
plants. Plant Sci. 166, 3-16.

Azevedo Neto, A.D., Prisco, J.T., Enéas Filho, J., Lacerda, C.F., Silva, J.V., Costa, P.H.A.,
Gomes Filho, E., 2004. Effects of salt stress on plant growth, stomatal response and solute
accumulation of different maize genotypes. Braz. J. Plant Physiol. 16, 31-38.

Badawi, G.H., Yamauchi, Y., Shimada, E., Sasaki, R., Naoyoshi, K., Tanaka, K., Tanaka, K.,
2004. Enhanced tolerance to salt stress and water deficit by overexpressing superoxide
dismutase in tobacco (Nicotiana tabacum) chloroplasts. Plant Sci. 166, 919-928.

Beers Jr, R.F., Sizer, LW., 1952. A spectrophotometric method for measuring the breakdown
of hydrogen peroxide by catalase. J. Biol. Chem. 195, 133-140.

Boscolo, P.R.S., Menossi, M., Jorge, R.A., 2003. Aluminum-induced oxidative stress in
maize. Phytochem. 62, 181-189.

Bowler, C., Van Montagu, M., Inzé, D., 1992. Superoxide dismutase and stress tolerance.

Annu. Rev. Plant Physiol. Plant Mol. Biol. 43, 83-116.



115

Bray, E.A., Bailey-Serres, J., Weretilnyk, E., 2000. Responses to abiotic stresses. In:
Buchanan, B.B., Gruissem, W., Jones, R.L. (Eds.), Biochemistry and Molecular Biology
of Plants. ASPP, Rockville, pp. 1158-1203.

Broadbent, P., Creissen, G.P., Kular, B., Wellburn, A.R. Mullineaux, P., 1995. Oxidative
stress responses in transgenic tobacco containing altered levels of glutathione reductase
activity. Plant J. 8, 247-255.

Crawford, N.M., Kahn, M.L., Leustek, T., Long, S.R., 2000. Nitrogen and Sulfur. In:
.Buchanan, B.B., Gruisse_m, W., Jones, R.L. (Eds.), Biochemistry and Molecular Biology

of Plants. ASPP, Rockville, pp. 786-849.

Dionisio-Sese, M.L., Tobita, S., 1998. Antioxidant responses of rice seedlings to salinity
stress. Plant Sci., 135, 1-9.

Edwards, E.A., Rawsthorne, S.R., Mullineaux, P.M., 1990. Subcellular distribution of
multiple forms of glutathione reductase in leaves of pea (Pisum sativum L.). Planta 180,
278-284.

FAO. Global network on integrated soil management for sustainable use of salt-affected soils.
2000. Available in: http://www.fao.org/ag/AGL/agll/spush/intro.htm. Access in: may 10
2004.

Foyer, C.H., Halliwell, B., 1976. The presence of glutathione and glutathione reductase in
chloroplasts: a proposed role in ascorbic acid metabolism. Planta 133, 21-25.

Giannopolitis, C.N., Ries, S.K., 1977. Superoxide dismutases. I. Occurrence in higher plants.
Plant Physiol. 59, 309-314. .

Goséet, D.R., Millhollon, E.P., Lucas, M.C., 1994. Antioxidant response to NaCl stress in

salt-tolerant and salt-sensitive cultivars of cotton. Crop Sci. 34, 706-714.




116

Gueta-Dahan, Y., Yaniv, Z., Zilinskas, B.A., Ben-Hayyim, G., 1997. Salt and oxidative stress:
similar and specific responses and their relation to salt tolerance in Citrus. Planta 203,
460-469.

Hare, P.D., Cress, W.A., Van Staden, J., 1998. Dissecting the roles of osmolyte accumulation
during stress. Plant Cell Environ. 21, 535-553.

Heath, R.L., Packer, L., 1968. Photoperoxidation in isolated chloroplasts. I. Kinetics and
stochiometry of fatty acid peroxidation. Arch. Biochem. Biophys. 125, 189-198.

Hernidndez, J.A., Jiménez, A., Mullineaux, P., Sevilla, F., 2000. Tolerance of pea (Pisum
sativum L.) to long-term salt stress is associated with induction of antioxidant defences.
Plant Cell Environ. 23, 853-862.

Hernandez, J.A., Almansa, M.S., 2002. Short-term effects of salt stress on antioxidant systems
and leaf water relations of pea leaves. Physiol. Plant. 115, 251-257.

Iannelli, M.A., Breusegerﬁ, F.V., Montagu, M.V., Inzé, D., Massacci, A., 1999. Tolerance to
low temperature and paraquat-mediated oxidative stress in two maize genotypes. J. Exp.
Bot. 50, 523-532.

Imlay, J.A., 2003. Pathways of oxidative damage. Annu. Rev. Microbiol. 57, 395-418.

Liang, Y., Chen, Q., Liu, Q., Zhang, W., Ding, R., 2003. Exogenous silicon (Si) increases
antioxidant enzyme activity and reduces lipid peroxidation in roots of salt-stressed barley
(Hordeum vulgare L.). J. Plant Physiol. 160, 1157-1164.

Luna, C., Seffino, L.G., Arias, C., Taleisnik, E., 2000. Oxidative stress indicators as selection
tools for salt tolerance in Chloris gayana. Plant Breeding 119, 341-345.

McKersie, B.D., Leshem, Y.Y., 1994. Str_e;ss and stress coping in cultivated plants, Kluwer

Academic Publishes, Dordrecht.



117

Meloni, D.A., Oliva, M.A., Martinez, C.A., Cambraia, J., 2003. Photosynthesis and activity of
superoxide dismutase, peroxidase and glutathione reductase in cotton under salt stress.
Environ. Exp. Bot. 49, 69-76.

Mittler, R., 2002. Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 7, 405-
410.

Mittova, V., Tal, M., Volokita, M., Guy, M., 2002. Salt stress induces up-regulation of an
efficient chloroplast antioxidant system in the salt-tolerant wild tomato species
Lycopersicon pennellii but not in the cultivated species. Physiol. Plant. 115, 393-400.

Nakano, Y., Asada, K., 1981. Hydrogen peroxide is scavenéed by ascorbate-specific
peroxidases in spinach chloroplasts. Plant Cell Physiol. 22, 867-880.

Neill, S., Desikan, R., Hancock, J., 2002. Hydrogen peroxide signalling. Curr. Opin. Plant
Biol. 5, 388-395.

Niu, X., Bressan, R.A., Hasegawa, P.M., Pardo, J.M., 1995. Ion homeostasis in NaCl stress
environments. Plant Physiol. 109, 735-742.

Noctor, G., Foyer, C.H., 1998. Ascorbate and glutathione: keeping active oxygen under
control. Annu. Rev. Plant Physiol. Plant Mol. Biol. 49, 249-279.

Plewa, M.J., Smith, S.R., Wagner, E.D., 1991. Diethyldithiocarbamate suppresses the plant
activation of aromatic amines into mutagens by inhibiting tobacco cell peroxidase.
Mutation Res. 247, 57-64.

Rout, N.P., Shaw, B.P., 2001. Salt tolerance in aquatic macrophytes: possible involvement of
the antioxidative enzymes. Plant Sci. 160, 415-423.

Sairam, R.K., ;l“yagi, A., 2004. Physiology and molecular biology of s_alinity stress tolerance

in plants. Curr. Sci. 86, 407-421.



118

Shalata, A., Tal, M., 1998. The effect of salt stress on lipid peroxidation and antioxidants in
the leaf of the cultivated tomato and its wild salt-tolerant relative Lycopersicon pennellii.
Physiol. Plant. 104, 169-174.

Shalata, A., Mittova, V., Volokita, M., Guy, M., Tal, M., 2001. Response of the cultivated
tomato and its wild salt-tolerant relative Lycopersicon pennellii to salt-dependent
oxidative stress: The root antioxidative system. Physiol. Plant. 112, 487-494.

Sudhakar, C., Lakshmi, A., Giridarakumar, S., 2001. Changes in the antioxidant enzyme
efficacy in two high yielding genotypes of mulberry (Morus alba L.) under NaCl salinity.
Plant Sci. 161, 613-619.

Tewari, R K., Kumar, P., Tewari, N., Srivastava, S., Sharma, P.N., 2004. Macronutrient
deficiencies and differential antioxidant responses-influence on the activity and expression
of superoxide dismutase in maize. Plant Sci. 166, 687-694.

Urbanek, H., Kuzniak-Gebarowska, E., Herka, K., 1991. Elicitation of defense responses in
bean leaves by Botrytis cinerea polygalacturonase. Acta Phys. Plant. 13, 43-50.

Yan, B., Dai, Q., Liu, X., Huang, S. and Wang, Z., 1996. Flooding-induced membrane
damage, lipid oxidation and activated oxygen generation in corn leaves. Plant Soil, 179,
261-268.

Yeo, A., 1998. Molecular biology of salt tolerance in the context of whole-plant physiology.
J. Exp. Bot. 49, 915-929.

Zacchini, M., Rea, E., Tullio, M., Agazio, M., 2003. Increased antioxidative capacity in maize
calli during and after oxidative stress induced by a long lead treatment. Plant Physiol
Biéochem. 41, 49-54.

Zhu, J.-K., 2001. Plant salt tolerance. Trends Plant Sci. 6, 66-71.

Zhu, J.-K., 2003. Regulation of ion homeostasis under salt stress. Curr. Opin. Plant Biol. 6,

441-445,



119

CAPITULO 5

Hydrogen péroxide pre-treatment induces salt-stress acclimation

in maize plants

(Coépia do trabalho enviado para publicagdo na revista Journal of Plant Physiology,
registrado sob n’ JPP-H-04-1065 e aceito para publicagdo em 05/01/2005, obedecendo as

normas deste periddico, excetuando-se a numeragdo das figuras)

Summary
Abbreviations
1. Introduction
2. Materials and methods
2.1. Plant material, growth and treatment conditions
2.2. Extract preparation
2.3. Enzyme dssays
- 2.4. Lipid peroxidation
3. Results
3.1. Plant growth
3.2. Enzyme activity
3.3. Lipid peroxidation
4. Discussion
Acknowledgements

5. References



120

Hydrogen peroxide pre-treatment induces salt-stress acclimation in maize

plants

André Dias de Azevedo Neto®, José Tarquinio Prisco®, Joaquim Enéas-Filho®, Jand-Venes

Rolim Medeiros®, Enéas Gomes-Filho™*

“Departamento de Biologia, Universidade Federal Rural de Pernambuco, 52171-900, Recife,
"Pernambuco, Brazil; *Departamento de Bioquimica e Biologia Molecular, Universidade
Federal do Ceara, Caixa Postal 6039, 60455-900, Fortaleza, Ceard, Brazil; ‘Corresponding

author.

Summary

The effect of exogenously applied H,O, on salt stress acclimation was studied with regard
to plaht growth, lipid peroxidation, and activity of antioxidative enzymes in leaves and roots
of a salt-sensitive maize genotype. Pre-treatment by addition of 1 uM H2O; to the
hydroponic solution for 2 days induced an increase in salt tolerance during
subsequent exposure to salt stress. This was evidenced by plant growth, lipid
peroxidation and antioxidative enzymes measurements. In both leaves and roots the
variations in lipid peroxidation and antioxidative enzymes (superoxide dismutase,
ascorbate peroxidase, guaiacol peroxidase, glutathione reductase, and catalase) activities of
both acclimated and unacclimated plants, suggest that differences in the antioxidative
enzyme activities may, at least in part, explain the increased tolerance of acclimated plants to

salt stress, and that H,O, metabolism is involved as signal in the processes of maize salt

acclimation.
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Key words: Acclimation - antioxidative enzymes - hydrogen peroxide - lipid peroxidation —

maize - oxidative stress - salt stress - Zea mays.

Abbreviations: APX, ascorbate peroxidase; CAT, catalase; GPX, guaiacol peroxidase; GR,
glutathione reductase; GSSG, oxidized glutathione; H,O,, hydrogen peroxide; LA, leaf area;
MDA, malondialdehyde; NBT, nitro blue tetrazolium chloride; RDM, root dry mass; ROS,

reactive oxygen species; SDM, shoot dry mass; SOD, superoxide dismutase.

1. Introduction

Cellular homeostasis is achieved by the coordinated action of many biochemical
pathways. However, under suboptimal conditions stress different pathways can be affected,
and their coupling, which makes cellular homeostasis possible, is disrupted (Rizhsky et al.,
2002). This process is usually accompanied by the formation of reactive oxygen species
(ROS) resulting from an increased flow of electrons from the disrupted pathways to the
reduction of oxygen (Halliwell and Gutteridge, 1989; Noctor and Foyer, 1998; Asada, 1999;
Dat et al., 2000; Mittler, 2002). ROS formation leads to changes in intracellular redox
homeostasis (Bowler and Fluhr, 2000), and it is now widely accepted that redox signals are
key regulators of plant metabolism, morphology and development (Foyer and Noctor, 2003).

The ROS hydrogen peroxide (H,0,) has generally been viewed as a toxic cellular
metabolite. However, it is now clear thatl it may also function as a signal molecule in both
plant and animal cells (Finkel, 2000; Neill_-c;:t al., 2002b). The generation of H,O; is increased
in response to a wide variety of abiotic and biotic stresses, and some authors have suggested
that H,O, plays a dual role in plants: at low concentrations, it acts as a messenger molecule

involved in acclimatory signaling, triggering tolerance against various abiotic stresses, and at
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high concentrations it orchestrates programmed cell death (Prasad et al, 1994; Van
Breusegem et al., 2001; Neill et al., 2002a; Vandenabeele et al., 2003). Thus, it appears likely
that H,O, accumulation in specific tissues, and in the appropriate quantities, may benefit
plants by mediating plant acclimation and cross-tolerance to both biotic and abiotic stresses
(Bowler and Fluhr, 2000).

Several studies have produced evidence for a signaling role for H,O, (Foyer et al.,
1997). The addition of H,O, to plant tissues or its experimental generation has been
demonstrated to act as a signal in the induction of gene expression of the enzymes catalase
(CAT) (Prasad et al., 1994; Polidoros and Scandalios, 1999), ascorbate peroxidase (APX)
(Van Breusegem et al., 2001), guaiacol peroxidase (GPX) and glutathione reductase (GR)
(Janda et al., 1999). Changes in H>O, homeostasis also induces synthesis of heat shock
proteins and activates the mitogen-activated protein kinase cascade (Kovtun et al., 2000; Van
Breusegem et al, 2001). In addition, Desikan et al. (2001) using cDNA microarray
technology identified 175 non-redundant expressed sequence tags that are regulated by H,O,.

Endogenous H,0O, production has been shown to increase in response to chilling stress
in maize seedlings, and exogenously applied H,O, increased chilling stress tolerance. This
increase in tolerance was partly due to an enhanced antioxidative system that prevents the
accumulation of ROS during chilling stress (Prasad et al., 1994). Nodal potato explants
subcultured from H,O,-treated microplants (acclimated) were resistant to a 15-h heat shock at
42 °C (a normally lethal treatment) even after 4 weeks of treatment (Lopez-Delgado et al.,
1998). H,0, injgction in Arabidopsis leaves led to protection from a subsequent excess light-
induqed photoblgaching effect (Karpinski et al., 1999). Recently, iI?portant evidence that
H,0; can induce acclimation to salt and heat stresses was obtained with rice seedlings pre-
treated with various levels of H,O, (Uchida et al., 2002). However, it is not known if H,O,
pre-treatment also induces salt stress tolerance in maize plants.
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Considering that changes in H,O, homeostasis may be a pivotal signaling event of the
acclimation phenomenon and a key component in the stress survival process, the aim of this
study was to evaluate the effects of H,O, pre-treatment on plant growth, lipid peroxidation
and activity of antioxidative enzymes in leaves and roots of a salt-sensitive maize genotype, in
order to better understand the physiological and biochemical mechanisms of salt acclimation

in maize plants.

2. Materials and methods
2.1. Plant material, growth and treatment éonditions

Seeds of BR-5011, a salt-sensitive maize (Zea mays L.) genotype (Azevedo Neto et
al., 2004), were sown in trays containing vermiculite and irrigated daily with distilled water.
Four days from seedling emergence they were transferred to trays containing aerated half-
strength Hoagland’s nutrient solution. Three days later half of the plants were pre-treated with
nutrient solution containing 1.0 uM H,0O, for 2 days (acclimation treatment) while the other
half remained in nutrient solution. Preliminary studies using various concentrations of H,O,
(from 0.1 to 1000 uM H,0,) and two different times of pre-treatment (1 or 2 days) have
shown that 1.0 uM H,O, for 2 days was closer to the optimum combination to acclimate the
seedlings. The plants were then transferred to 3 L plastic pots containing full-strength nutrient
solution with or without 100 mM NaCl. Therefore, the plants were submitted to four
treatments: control (not pre-treated with H,O, and not salt-stressed); unacclimated-stressed
(not pre-treated with H,O, and salt-stressed); acclimated-unstressed (pre-treated with H,O,
and not salt-stressed); and acciimated—stwssed (pre-treated ;vith szz and salt-stressed).
Addition of salt (25 mM per day) began on transplanting into plastic pots. The experiment
was carried out under glasshouse conditions. The mean values of temperature, relative air

humidity and photosynthetic active radiation (at noon) were 27 °C, 65% and 1200 pmol m’
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s, respectively. Plants were harvested just before pre-treatment (day 0), at the end of pre-
treatment (before the start of salt additions - day 2), and at one (day 6), five (day 10) and ten
(day 15) days after the end of salt additions. Plants from each treatment were separated into
shoot and roots for dry mass (DM) determinations as well as leaf area measurements as
described in Azevedo Neto et al. (2004). The first fully expanded leaf and the younger third of
the root system were frozen in liquid nitrogen, lyophilized, ground to a powder and kept in a

freezer (25 °C) for further biochemical analyses.

2.2. Extract preparation

Lyophilized leaf (0.20 g) and root (0.15 g) powder were homogenized in a mortar and
pestle with 4 mL of ice-cold extraction buffer (100 mM potassium phosphate buffer, pH 7.0,
0.1 mM EDTA). The homogenate was filtered through muslin cloth and centrifuged at 16,000
x g for 15 min. The supernatant fraction was used as crude extract for enzyme activity and

lipid peroxidation assays. All operations were carried out at 4 °C.

2.3. Enzyme assays

Total superoxide dismutase (SOD) (EC 1.15.1.1) activity was determined by
measuring its ability to inhibit the photochemical reduction of nitro blue tetrazolium chloride
(NBT), as described by Giannopolitis and Ries (1977). The reaction mixture (1.5 mL)
contained 50 mM phosphate buffer (pH 7.8), 0.1 uM EDTA, 13 mM methionine, 75 uM
NBT, 2 puM riboflavin and 50 pL enzyme extract. Riboflavin was added last and tubes were
shaken anci illuminated with a two 20-W fluorescent tubes. The reaction was allowed to
proceed for 15 min after which the lights were switched off and the tubes covered with a

black cloth. Absorbance of the reaction mixture was read at 560 nm. One unit of SOD activity
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(U) was defined as the amount of enzyme required to cause 50% inhibition of the NBT
photoreduction rate and the results expressed as U mg™ of dry mass (DM).

Total CAT (EC 1.11.1.6) activity was measured according the method of Beers and
Sizer (1952), with minor modifications. The reaction mixture (1.5 mL) consisted of 100 mM
phosphate buffer (pH 7.0), 0.1 uM EDTA (20 mM H,0, and 50 pL enzyme extract. The
reaction was started by addition of the extract. The decrease of H,O, was monitored at 240
nm and quantified by its molar extinction coefficient (36 M' cm™) and the results expressed
as umolszOz min’! g'1 DM..

Total APX (EC 1.11.1.1) activity was assayed according to Nakano and Asada (1981).
The reaction mixture (1.5 mL) contained 50 mM phosphate buffer (pH 6.0), 0.1 uM EDTA,
0.5 mM ascorbate, 1.0 mM H,0, and 50 pL enzyme extract. The reaction was started by
addition of H,0, and ascorbate oxidation measured at 290 nm for 1 min. Enzyme activity was
quantified using the molar extinction coefficient for ascorbate (2.8 mM™" c¢m™) and the results
expressed in pmol H,O, min™ g"' DM, taking into consideration that two mols ascorbate are
required for reduction of one mol H,O, (McKersie and Leshem, 1994).

Total GPX (EC 1.11.1.7) activity was determined as described by Urbanek et al
(1991) in a reaction mixture (2.0 mL) containing 100 mM phosphate buffer (pH 7.0), 0.1 uM
EDTA, 5.0 mM guaiacol, 15.0 mM H,0; and 50 pL enzyme extract. The reaction was started
by addition of enzyme extract and the increase in absorbance recorded at 470 nm for 1 min.
Enzyme activity was quantified by the amount of tetraguaiacol formed using its molar
extinction coefficient (26.6 mM™ cm™). The resﬁlts were expressed as pmol H,O, min™ g
DM taking into consideration that 4 mols H,0, are reduced to produce one mol tetraguair;lcol
(Plewa et al., 1991).

Total GR activity (EC 1.6.4.2) was assayed as described by Foyer and Halliwell

(1976), with minor modifications. The reaction mixture (1.0 mL) consisted of 100 mM



126

phosphate buffer (pH 7.8), 0.1 uM EDTA, 0.05 mM NADPH, 3.0 mM GSSG and 50 pL
enzyme extract. The reaction was started by the addition of GSSG and the NADPH oxidation
rate was monitored at 340 nm for 1.0 min. Enzyme activity was determined using the molar
extinction coefficient for NADPH (6.2 mM™' ¢cm™) and expressed as pmol NADPH min™* mg”

DM.

2.4. Lipid peroxidation

Lipid peroxidation was determined by measuring the amount of malondialdehyde
(MDA) produced by the thiobarbituric acid reaction as described by Heath and Packer (1968).
The crude extract was mixed with the same volume of a 0.5% (w/v) thiobarbituric acid
solution containing 20% (w/v) tricholoroacetic acid. The mixture was heated at 95 °C for 30
min and then quickly cooled in an ice-bath. The mixture was centrifuged at 3 000 x g for 10
min and the absorbance of the supernatant was monitored at 532 and 600 nm. After
subtracting the non-specific absorbance (600 nm), the MDA concentration was determined by
its molar extinction coefficient (155 mM™" c¢m™) and the results expressed as pmol MDA g
DM.

The experimental design was a completely randomized factorial, five (harvest times) x
two (H,0; levels) x two (salt levels) with five replicates. In the biochemical analyses, for each
extract the absorbance was determined on duplicate assays. The data were expressed as the

means = standard deviation.

3. Results ¥ i ;
3.1. Plant growth
The time course of changes in shoot dry mass (SDM), root dry mass (RDM), and leaf

area (LA) are given in Fig. 5.1. It may be observed that unacclimated-stressed plants had their
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SDM, RDM and LA reduced when compared to the control treatment. These reductions were
52, 32 and 50% at day 10, and 45, 30 and 48% at day 15, respectively. However, the salt-
induced growth inhibition decreased when the seedlings were pre-treated with H,O,. When
comparing acclimated-stressed with unacclimated-stressed plants it can be seen that there
were increases in SDM, RDM and LA of 35, 26 and 23% at day 10, and 22, 15 and 24% at
day 15, respectively. The data also show that the H,O, pre-treatment by itself did not affect

the plant growth in relation to control treatment.

3.2. Enzyme activity

The time course of total SOD activity in leaves showed a transient increase at the end
of acclimation (day 2), and after day 6 it remained unchanged until the end of the
experimental period (Fig. 5.2A). SOD activity in both acclimated-unstressed and acclimated-
stressed plants was, respectively, 27 and 42% higher than in control or unacclimated-stressed
plants. In roots, SOD activity in acclimated plants was 21% higher than in control plants at 2
days from the start of acclimation, reached a maximum at day 6 and then decreased up to day
10 in all treatments (Fig. 5.2B). Salt stress increased root SOD activity in both acclimated and
unacclimated plants at the time of maximal activity (day 6), but this salt-induced effect
appeared to be reverted at day 10. From day 10 up to the end of the experimental period the
variations in enzyme activity show that neither salt stress nor the H,O, pre-treatment had any
significant effect on root SOD activity.

The time courses of total CAT, APX, GPX, and GR activiti_es in leaves are shown in
Fig.r 5.3. CAT activity increased by 73% as a result of H,O, pre-treatment at day 2. The
enzyme activity in control plants showed a slight variation up to day 10, and then there was an
increase up to the end of the experimental period. The unacclimafed-stressed plants showed

the same general pattern of the control plants. CAT activity in acclimated-unstressed plants



128

SDM
6.4 |

4.8

g pl''

3.2 ||

1.6 |

0.0

A

M
1.6 |

1.2

gpl'

0.8

0.4

0.0

0.16

m- pl’

0.08

0.04

0'00 I 1 N L 1
6 10 15

(—]
[ %)

Time (days)
Figure 5.1. Time course of changes in shoot dry mass (SDM), root dry mass (RDM), and leaf

area (LA) of maize plants. The plants were submitted to four treatments: control (O );
unacclimated-stressed (@ ); acclimated-unstressed (V ); and acclimated-stressed (¥ ). Plants
were harvested before pre-treatment (day 0), at the end of pre-treatment and just before the
start of the salt additions (day 2), and one (day 6), five (day 10) and ten (day 15) days after the

end of salt additions. Values indicate the mean + SD.
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Figure 5.2. Time course of total SOD activity in leaves (A) and roots (B) of maize plants.

Additional details as in Fig. 5.1.
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Figure 5.3. Time course of total CAT, APX, GPX, and GR activities in leaves of maize

plants. Additional details as in Fig. 5.1.
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did not differ of control and unacclimated-stressed plants from day 10 up to the end of the
experimental period. During the same period the activity of the acclimated-stressed plants was
approximately 42% (day 10) and 60% (day 15) higher than in the other treatments. APX
activity remained fairly constant throughout the experimental period in both control and in
acclimated-unstressed plants. However, salt stress induced a marked increase in the APX
activity in both acclimated and unacclimated plants. The salt-induced increases in APX
activity were nearly 150% at day 10 and 290% at day 15, when compared to both control and
acclimated-unstressed plants. Salt stress also induced increase in GPX activity, either in
acclimated or unacclimated plants, however this effect was more conspicuous in acclimated
ones. GR activity slightly decreased in all treatments up to day 6 from the start of the H,O,
pre-treatment. During the latter part of the experimental period GR followed the same pattern
as APX activity. The enzyme activities in the salt stress treatments were about 35% higher
than those of the control and of the acclimated-unstressed plants, at the end of the
experimental period.

The time course of total CAT, APX, GPX, and GR activities in roots are shown in Fig.
5.4. CAT, APX, GPX, and GR activities in the acclimated plants were 70, 26, 22 and 17%
higher than in control plants, respectively, at 2 days after the start of acclimation. CAT and
GPX activities followed the same general trend throughout the experimental period in all
treatments, i.e., they increased up to day 6, remained fairly constant at day 10, and increased
at day 15. There was only one exception, i.e., while the enzyme activities in all treatments
increased from the 10th to the 15th day, CAT activity in the unacclimated-stressed plants
‘remained constant. Beéause_ of this, at the end of the experimental period, CAT act;\éity in
roots of acclimated-stressed plants was 170% higher than in unacclimated-stressed ones. The
time course of APX and GR activities in roots followed similar trends, and substantial

differences were not observed among the treatments after day 6.
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Comparing activities of HO,-scavenging enzymes in leaves (Fig. 5.3) of salt-stressed
plants at the end of the experimental period, CAT activity was 4.6- and 38.5-fold greater than
GPX and APX activities, respectively. On the other hand, in roots, GPX activity (Fig. 5.4) in
salt-stressed plants was 7.5- and 70-fold greater than CAT and APX activities, respectively. It
is noteworthy that GPX activity was much higher than in roots than in leaves for both control

and salt-stressed plants.

3.3. Lipid peroxidat{on

The time course of lipid peroxidation of both leaves and roots, measured as MDA
content, is shown in Fig. 5.5. MDA content changed during the experimental period in leaves
of control and acclimated-unstressed plants. In stressed treatments, the MDA content
increased by nearly 32% at 10 days and 74% at 15 days, when compared to control and
acclimated-unstressed plants, respectively (Fig. 5.5A). In roots, the amount of MDA in
acclimated plants increased (about 34%) relative to control plants, at 2 days from the

beginning of the H,O, pre-treatment, and then decreased (Fig. 5.5B).

4. Discussion

Plant growth (SDM, RDM, and LA) was inhibited by salinity (Fig. 5.1). However, it
was shown that H,O, pre-treatment decreased the deleterious effects of salt stress on the
growth of maize. The data suggest that H,O, added to the growth solution for 2 days before
the salt additions, led to a salt stress acclimation process. Alt_hough acclimation is considered
a complex phenomenon, our results indicated th_at while sa_lt; stress cquld be detrimental to
unacclimated plants, the previous application of a mild oxidative stress could be responsible

for reducing the deleterious effects of salinity on plant growth.
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Figure 5.4. Time course of total CAT, APX, GPX, and GR activities in roots of maize plants.

Additional details as in Fig. 5.1.
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Figure 5.5. Time course of changes in total malondialdehyde content in leaves (A) and roots

(B) of maize plants. Additional details as in Fig. 5.1.
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Superoxide radicals (O,") are toxic byproducts of oxidative metabolism and can
interact with H,O, to form highly reactive hydroxyl radicals (OH"), which are thought to be
primarily responsible for oxygen toxicity in the cell (Bowler et al., 1992). The dismutation of
0," into H,O;, and oxygen is an important step in protecting the cell, and is catalyzed by
SOD. We have shown that SOD activity increased in leaves of both acclimated-stressed and
acclimated-unstressed plants (Fig. 5.2), suggesting that H,O, pre-treated plants had a better
0," radical scavenging ability. It has been shown that salt tolerance is directly related to the
increase in SOD activity (Gosset et al., 1994; Hernandez et al., 2000; Shalata et al., 2001). In
addition, over expression of Mn-SOD in chloroplasts of rice (Tanaka et al., 1999) and Cu/Zn-
SOD in chloroplasts of tobacco plants (Badawi et al., 2004) produced enhanced tolerance to
salt stress.

SOD initiates detoxification of O,* by forming H,0,, which also being toxic must be
eliminated l;y conversion to H,O in subsequent reactions. In plants, a number of enzymes
regulate H;O, intracellular levels, but CAT, APX, and GPX are considered the most
important (McKersie and Leshem, 1994; Noctor and Foyer, 1998). GR also plays a key role in
oxidative stress by converting the GSSG into reduced glutathione (GSH). The elevated levels
of GR activity could increase the GSH/GSSG ratio, which is required for ascorbate
regeneration and activation of several CO, fixing enzymes in the chloroplasts (Crawford et
al., 2000).

Comparing control and acclimated unstressed plants it may be seen that acclimation by
itself did not induce CAT, APX, GPX, and GR activities in leaves, except for a transient

_increase in CAT activity at day 2 (Fig. 5.3). In additioh, high leaf APX and leaf GR :activities:
appeared to be induced by salt stress, while high leaf CAT activity appeared to result from
H,0,-induced acclimation. On the other hand, enhancement of leaf GPX activity appeared to

be correlated with both salt stress and H,0,-induced acclimation.
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In roots, the activities of all antioxidative enzymes were stimulated by H,0, pre-
treatment at day 2 (Fig. 5.4). In addition, root CAT activity at day 15 was reduced in
unacclimated-stressed and increased in acclimated-stressed, when compared to control plants.
Our data suggest that H,O, pre-treatment could directly or indirectly activate antioxidative
enzymes during salt stress, leading to a higher ability to withstand salt-induced effects. The
results also suggest a general adaptive defense response of the root system to H,O,-imposed
oxidative stress (Liang et al., 2003), considering that the root was the first organ directly
exposed to hydrogen peroxide.

It is noteworthy that the enhancement in leaf SOD activity of acclimated-stressed
plants (Fig. 5.2A) was accompanied by an increase in leaf CAT, APX, GPX, and GR
activities (Fig. 5.3), indicating that in stressed plants the H,O, scavenging mechanism was
more effective in acclimated than in unacclimated plants. Thus, the results suggests that CAT,
APX and GPX activities coordinated with SOD activity may play a central protective role in
the O," and H,0, scavenging process (Mittova et al., 2002; Liang et al., 2003; Badawi et al.,
2004) and the active involvement of these enzymes is related, at least in part, to salt-induced
oxidative stress tolerance in maize plants.

In the present study CAT and GPX were, respectively, the H,O, scavenging enzymes
with greater catalytic activity in leaves and roots irrespective of the treatment. Therefore, it
could be hypothesized that CAT is the most important among the H,0O, scavenging enzymes
in leaves, while the non-specific peroxidase (GPX) seems to play a key role in roots. The
observation that CAT was the most upregulated enzyme in both leaves (73%) and roots (70%)
at the end of acclimation (day 2) is an additional support to above conclusion. It also indicates
that CAT appears to be the most important antioxidative enzyme for overcoming acclimation-

imposed oxidative stress (Prasad et al., 1994).
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Salt stress is known to result in extensive lipid peroxidation, which has often
been used as indicator of salt-induced oxidative membrane damages (Hernandez
and Almansa, 2002). Our results showed that MDA content increased in salt-stressed
leaves of both acclimated and unacclimated plants, but was practically unaffected in
roots (Fig. 5.5). Although some results correlating lipid peroxidation to antioxidative
system activity have been reported (Hernandez and Almansa, 2002; Liang et al.,
2003), the observation that lipid peroxidation in leaves of acclimated-stressed plants
was not reduced by acclimation-induced upregulaﬁoﬁ of the antioxidative system is
contrary to this hypothesis. In acclimated roots, the increase of MDA content at day
2, in spite of the increase in all antioxidative enzyme activities, further supports the
above results. Our data also show that plant growth was not correlated to lipid
peroxidation under salt stress conditions, since the growth of acclimated-stressed
plants was greater than in unacclimated-stressed plants.

Our results show that H,O, pre-treatment under normal growth conditions enhanced
salt tolerance in the salt-sensitive maize genotype, and that differences in the antioxidative
enzyme activities may, at least in part, explain the increased tolerance of acclimated plants to
salt stress. Additional evidence is provided here that H,O, metabolism is involved as signal in
the processes of maize salt acclimation. Other studies have shown evidence for a signaling
role ;)f H,0,, i.e. the addition of H,O, to maize seedlings before cold treatment increased their
chilling tolerance (Prasad et al., 1994), and provided some protection against bqth heat and
salt stress conditions in rice (Uchida et al., 2002). Similarly, exogenous HzO;;i treatments
simultaneously enhanced multi-resistance to heat, chilling, drought and salt stresses in maize
seedlings (Gong et al., 2001). Because many stress conditions cause cellular redox imbalances

it has been proposed that oxidative stress defense responses might be a central component
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mediating cross-tolerance (Bowler et al., 1992), that is, previous exposure to one stress can
induce tolerance to the same or to a different kind of stress exposure (Bowler and Fluhr,
2000). Thus, plants could make use of common pathways and components in the stress-

response relationship (Pastori and Foyer, 2002).
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Muitas revisdes e muitos artigos cientificos tém tentado estabelecer uma correlagéo
entre o acimulo de solutos (inorgénicos e organicos) e a tolerdncia das plantas ao estresse
salino. Essa relagdo tem sido, na maioria dos casos, sugerida pelo simples fato dos teores
destes solutos aumentarem quando uma espécie, ou gendtipo, € submetida ao estresse. Em
contraste, outros trabalhos tém demonstrado que o maior acimulo de solutos em um genétipo
que apresente melhor desempenho em ambiente salino ndo significa, necessariamente, que
haja uma relagdo direta entre este acimulo e a tolerancia ao estresse. A maioria dos resultados
conflitantes encontrados na literatura pode estar relacionada a fatores intrinsecos da planta
(genotipo, éfgﬁo ou tecido analisado e estagio de desenvolvimer;to), fatores do estresse (tipo
de salinidade, intensidade, duragdo e forma de aplicagdo do estresse) e fatores ambientais (luz,
temperatura, umidade relativa do ar e sistema de cultivo), bem como das inimeras interagdes
entre eles (Cramer et al., 1994; Bray et al., 2000).

Neste trabalho, os dois genotipos estudados ndo diferiram entre si quanto aos aumentos
nos teores de Na' nas folhas das plantas estressadas com NaCl, entretanto nas raizes do
genétipo tolerante (BR5033), o teor de Na' aumentou mais do que no sensivel (BR5011).
Com base nos teores de Na" e no conteido de agua, também foi estimado que as
concentragdes desse ion, em ambos os genotipos, foram maiores que 100 mM, a qual ¢
considerada o limite maximo tolerado pelas enzimas citosdlicas em células adaptadas ou nio
ao NaCl (Binzel et al., 1985). Embora ndo tenham sido observadas diferengas significativas
entre os gendtipos quanto ao acimulo de K' nas folhas, nas raizes o contetido deste ion ndo
foi afetado pelo estresse no genotipo tolerante, mas diminuiu significativamente no sensivel.
- Os dados rel?tivos ao acumulo de ions iﬁorgﬁnicos, sugerem que O BR5033 apresentou uma
maior capacidade para reter Na' na raiz do que o BR5011 (Greenway & Munns, 1980;
Boursier & Léuchli, 1990) sendo, possivelmente, o gendtipo mais eficiente no processo de

exclusiio do Na" presente no citoplasma (Azevedo Neto & Tabosa, 2000). Os dados também
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sugerem que mudangas metabolicas resultantes do desequilibrio nutricional ou da toxicidade
iOnica nas raizes podem ter contribuido, a0 menos em parte, para a maior inibi¢do do
crescimento observada no genotipo sensivel (BR5011), conforme também observado em
outras espécies (Prisco, 1980; Munns, 2002).

Com relagdo aos solutos orgénicos, o teor de carboidratos soliveis € N-aminossoluveis
nas folhas de ambos os gendtipos ndo permitiu discriminar os caracteres de tolerdncia e
sensibilidade ao estresse salino entre eles. Em contraste, o acumulo destes compostos nas
raizes das plantas sob estresse foi maior no gendtipo tolerante do que no sensivel,
apresentando correlagdo altamente significativa com as taxas de crescimento relativo e de
assimilagdo liquida. A redug@o no conteido de carboidratos soliveis no genétipo sensivel
pode ter sido devida a inibi¢do da fotossintese liquida, reduzindo a quantidade de carbono
fixado na parte aérea e transportada para as raizes (Richardson & McCree, 1985). Em adicéo,
os menores acumulos de solutos organicos e inorganicos no BR5011 em condig¢des de estresse
pode ter diminuido a absor¢do de agua pelas raizes e seu fluxo para a parte aérea,
comprometendo o balango hidrico neste gendtipo.

Ainda com relagdo aos solutos organicos, o fracionamento de aminoécidos livres
mostrou que a salinidade aumentou o teor da maioria dos aminoacidos nas folhas e raizes de
ambos os gendtipos. Analisando-se conjuntamente os dados relativos aos conteudos de
proteinas soluveis e de aminoacidos livres, os resultados sugerem que o aumento na sintese de
novo foi o mecanismo predominante no acimulo da maioria dos aminoacidos livres
analisados. Os dados relativos ao fracionamento de aminodcidos também sugerem que
prolina, treonina, arginina, serina, aspartato ¢ glicina foram os aminoacidos Hyres que mais
contribuiram para a redug@o do potencial osmético celular nas folhas e raizes de ambos os

gendtipos estudados. Em conclusdo, o maior acumulo de solutos orgénicos, principalmente
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nas raizes do genotipo tolerante (BR5033), como resultado do estresse salino, parece
desempenhar um papel importante na tolerancia deste gen6tipo ao estresse.

Um outro aspecto comum a todos os estresses ambientais ¢ a produgdo de espécies
reativas de oxigénio (ROS), tais como o perdxido de hidrogénio (H,0,), o anion superdxido
(02) e os radicais livres hidroxila (HO®) ou peridroxila (HO,"). Assim, nesta ultima década,
resultados de numerosos estudos tém indicado que a redugdo nos danos oxidativos e o
aumento da tolerdncia aos estresses ambientais, incluindo o estresse salino, esta
freqientemente correlacionado a sistemas antioxidativos (constitutivos ou induzidos) mais
eficientes.

Neste trabalho foram estudadas as atividades de cinco enzimas do sistema
antioxidativo, responsdveis pela remocdo de espécies reativas de oxigénio (ROS).
Analisando-se conjuntamente os dados da dismutase do superdxido (SOD), da catalase
(CAT), peroxidase do ascorbato (APX) e peroxidase ndo especifica (GPX), foi observado que
o aumento na atividade da SOD induzido pela salinidade também foi acompanhado por um
aumento nas atividades da APX e da GPX, principalmente no BR5033, ¢ de uma grande
reducdo na atividade da CAT no BR5011. Os dados também mostraram que CAT e GPX
tiveram uma atividade removedora do H,O, muito maior do que a APX, tanto nas folhas
como nas raizes.

Os resultados sugerem que o mecanismo removedor de superéxido e H,O, no genétipo
tolerante foi mais efetivo do que aquele no sensivel, e que a atividade da SOD, coordenada
com as atividades da CAT, APX e GPX, pode desempenhar um papel protetor importante nos
processos de remo¢ao de superdxido e H,O, (Mittpzva et al., 2002; Liang et al., 2003; Bada}wi-
et al., 2004). Em adigdo, os dados indicaram que, nas folhas, a CAT foi a mais importante

enzima removedora do H,0,, enquanto nas raizes, este papel parece ser desempenhado pela
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peroxidase ndo especifica (GPX), o que também foi observado por outros autores (Gosset et
al., 1994; Rout & Shaw, 2001; Sudhakar et al., 2001; Meloni et al., 2003; Liang et al., 2003).
Com relagdo a peroxidagdo dos lipidios, este trabalho mostrou que a salinidade nio
afetou o contetido de malondialdeido (MDA) nas folhas do genétipo BRS033, mas aumentou
nas do BR5011, sugerindo que as plantas do primeiro sdo melhor protegidas do estresse
oxidativo. Esta hip6tese € suportada pela observagdo de que o sistema antioxidativo nas folhas
do gendtipo BR5033 foi mais ativado em resposta ao estresse salino que aquele do BR5011.
Em geral, a produgdo de H,O, ¢ aumentada em resposta a uma grande variedade de
estresses bidticos e abidticos, € ja esta bem estabelecido que esta espécie quimiéa desempenha
um papel duplo nas plantas: em baixas concentragdes, atua como uma molécula mensageira
envolvida na transdugdo de sinal, ativando a tolerancia contra varios estresses abidticos e, em
altas concentragdes, ele ativa a morte programada da célula (Prasad et al., 1994; Van
Breusegem et al., 2001; Neill et al., 2002a,b; Vandenabeele et al., 2003). Deste modo, ¢
possivel que o acumulo de H,0O,, em tecidos especificos e em quantidades apropriadas, possa
ser um fator chave mediando os fendmenos de aclimatagdo e de tolerancia cruzada, em que a
exposigdo prévia da planta a um estresse pode induzir, respectivamente, tolerdncia a
exposi¢do subseqiiente a0 mesmo ou a diferentes estresses (Bowler & Fluhr, 2000). Neste
contexto, apds alguns ensaios preliminares, foi conduzido um experimento objetivando
avaliar o efeito da aplicagdo de um estresse oxidativo moderado (pré-tratamento com H,O;)
sobre o crescimento, peroxidagdo dos lipidios e atividade de enzimas antioxidativas no
gendtipo de milho sensiyel ao estresse (BR5011). Neste experimento, demonstrou-se que o
pré-tratamento com Hzogé reduziu 0s efeitos deletérios do estresse salino no crescimento das
plantas, sugerindo que o pré-tratamento com H,O, a 1 uM por dois dias levou a um processo
de aclimatag@o ao estresse salino. Com relagédo as enzimas antioxidativas, os dados mostraram

que a atividade da SOD s6 aumentou nas folhas das plantas aclimatadas (estressadas ou ndo),
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sugerindo que as plantas pré-tratadas tiveram uma maior habilidade para removerem o radical
superoxido. Além disso, observou-se que esse aumento na atividade da SOD foi
acompanhado por um aumento nas atividades das enzimas CAT, APX, GPX, indicando que o
mecanismo removedor de H,O, foi mais efetivo nas plantas aclimatadas do que nas ndo
aclimatadas.

No que diz respeito a peroxidagdo dos lipidios, o conteudo de MDA nas folhas das
plantas estressadas ndo diminuiu pelo pré-tratamento com H,0,, independentemente do
aumento observado nas atividades enzimiticas. Dessa forma, nossos dados mostraram que,
sob condig¢des de estresse, o crescimento ndo se correlacionou com a peroxidagdo dos lipidios,
haja vista que o crescimento das plantas aclimatadas foi maior do que o das nio aclimatadas.

Nossos resultados mostraram que o pré-tratamento com H,O, aumentou a tolerancia a
salinidade no genotipo estudado, o BR5011 (sensivel), e que as diferengas nas atividades das
enzimas antioxidativas podem, a0 menos em parte, explicar o aumento da tolerdncia ao
estresse salino nas plantas aclimatadas. Também fornecem evidéncias adicionais de que o
metabolismo do H,O, esta envolvido no processo de aclimata¢do do milho ao estresse salino.

Em sintese, o trabalho mostrou que o gendtipo tolerante (BR5033) manteve niveis
mais elevados de Na' e K, carboidratos soliveis, N-aminossoluveis e aminoécidos livres nas
raizes, o que pode ter contribuido substancialmente para um balango hidrico mais adequado
da planta. O trabalho também mostrou que o estresse oxidativo induzido pela salinidade ¢ um
estresse secundario importante em plantas de milho e que a maior atividade das enzimas
antioxidativas observadas nas folhas e raizes do genotipo tolerante em relagdo ao sensivel,
¢ pode explicar, a0 menos em parte, a -maior toleréngia do BR5033 ao estresse salino. Dessa
forma, ficou patente neste trabalho o padrdo multigénico das respostas das plantas a
salinidade, as quais envolvem diversos aspectos relacionados com as homeostases idnica e

osmotica, bem como com o processo de desintoxicagdo celular. Em adi¢do, o trabalho
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evidenciou a importéncia dos estudos com plantas e ndo com orgdos e tecidos especificos,
além de ter demonstrado a importancia de se considerar o tempo de exposi¢do das plantas ao
agente estressor para obtengdo de conclusdes consistentes em estudos de fisiologia e

bioquimica das plantas sob estresse salino.

Referéncias

AZEVEDO NETO, A. D.; TABOSA, J. N. Estresse salino em plantulas de milho: II.
Distribui¢do dos macronutrientes cationicos e suas relagdes com sédio. Revista Brasileira de
Engenharia Agricola e Ambiental, v. 4, p. 165-171, 2000.

BADAWI, G. H.; YAMAUCHI, Y.; SHIMADA, E.; SASAKI, R.; NAOYOSHI, K.
TANAKA, K.; TANAKA, K. Enhanced tolerance to salt stress and water deficit by
overexpressing superoxide dismutase in tobacco (Nicotiana tabacum) chloroplasts. Plant
Science, v. 166, p. 919-928, 2004.

BINZEL, M. L.; HASEGAWA, P. M.; HANDA, A. K.; BRESSAN, R. A. Adaptation of
tobacco cells to NaCl. Plant Physiology, v. 79, p. 118-125, 1985.

BOURSIER, P.; LAUCHLI, A. Growth responses and mineral nutrient relations of salt-
stressed sorghum. Crop Science, v. 30, p. 1226-1233, 1990.

BOWLER C.; FLUHR R. The role of calcium and activated oxygens as signals for controlling
cross-tolerance. Trends in Plant Science, v. 5, p. 241-246, 2000.

BRAY, E. A.; BAILEY-SERRES, J.; WERETILNYK, E. Responses to abiotic stresses. In:
BUCHANAN, B. B.; GRUISSEM, W.; JONES, R.L. (Eds.). Biochemistry and molecular
biology of plants. Rockville: ASPP, 2000. p. 1158-1203.

CRAMER, G. R.; ALBERICO, G. J.; SCHMIDT, C. Salt tolerance is not associated with the
sodium accumulation of two maize hybrids. Australian Journal of Plant Physiology, v. 21,
p. 675-692, 1994.

GOSSET, D. R.; MILLHOLLON, E. P.; LUCAS, M. C. Antioxidant response to NaCl stress
in salt-tolerant and salt-sensitive cultivars of cotton. Crop Science, v. 34, p. 706-714, 1994.

GREENWAY, H.; MUNNS, R. Mechanisms of salt tolerance in nonhalophytes. Annual
Review of Plant Physiology, v. 31, p. 149-90, 1980.

LIANG, Y.; CHEN, Q.; LIU, Q.; ZHANG, W.; DING, R. Exogenous silicon (Si) increases
antioxidant enzyme activity and reduces lipid peroxidation in roots of salt-stressed barley
(Hordeum vulgare L.). Journal of Plant Physiology, v. 160, p. 1157-1164, 2003.

MELONI, D. A.; OLIVA, M. A.; MARTINEZ, C. A.; CAMBRAIA, J. Photosynthesis and
activity of superoxide dismutase, peroxidase and glutathione reductase in cotton under salt
stress. Environmental and Experimental Botany, v. 49, p. 69-76, 2003.



149

MITTOVA, V.; TAL, M.; VOLOKITA, M.; GUY, M. Salt stress induces up-regulation of an
efficient chloroplast antioxidant system in the salt-tolerant wild tomato species Lycopersicon
pennellii but not in the cultivated species. Plant Physiology, v. 115, p. 393-400, 2002.

MUNNS, R. Comparative physiology of salt and water stress. Plant, Cell and Environment,
Oxford, v. 28, p. 239-250, 2002.

NEILL, S. J.; DESIKAN, R.; HANCOCK, J. T. Hydrogen peroxide signalling. Current
Opinion in Plant Biology, v. 5, p. 388-395, 2002a.

NEILL, S. J.; DESIKAN. R.; CLARKE, A.; HURST, R. D, HANCOCK, J. T. Hydrogen
peroxide and nitric oxide as signalling molecules in plants. Journal of Experimental
Botany, v. 53, p. 1237-1247, 2002b.

PRASAD, T. K.; ANDERSON, M. D.; MARTIN, B. A.; STEWART, C. R. Evidence for
chilling-induced oxidative stress in maize seedlings and a regulatory role for hydrogen
peroxide. The Plant Cell, v. 6, p. 65-74, 1994.

PRISCO, J. T. Alguns aspectos da fisiologia do "stress" salino. Revista Brasileira de
Botanica, v. 3, p. 85-94, 1980.

RICHARDSON, S. G.; McCREE, K. J. Carbon balance and water relations of sorghum
exposed to salt and water stress. Plant Physiology, v. 79, p. 1015-1020, 1985.

ROUT, N. P.;; SHAW, B. P. Salt tolerance in aquatic macrophytes: possible involvement of
the antioxidative enzymes. Plant Science, v. 160, p. 415-423, 2001.

SUDHAKAR, C.; LAKSHMI, A.; GIRIDARAKUMAR, S. Changes in the antioxidant
enzyme efficacy in two high yielding genotypes of mulberry (Morus alba L.) under NaCl
salinity. Plant Science, v. 161, p. 613-619, 2001.

VAN BREUSEGEM, F.; VRANOVA, E.; DAT, J. F.; INZE, D. The role of active oxygen
species in plant signal transduction. Plant Science, v. 161, p. 405-414, 2001.

VANDENABEELE, S.; VAN DER KELEN, K.; DAT, J.; GADJEV, I.; BOONEFAES, T.;
MORSA, S.; ROTTIERS, P.; SLOOTEN, L.; VAN MONTAGU, M.; ZABEAU, M.; INZE,
D.; VAN BREUSEGEN, F. A comprehensive analysis of hydrogen peroxide-induced gene
expression in tobacco. Proceedings of the National Academy of Sciences of the USA, v. 23,
p- 16113-16118, 2003.



