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RESUMO

A espécie Solanum tuberosum é uma das espécies vegetais de maior importancia no
mundo, sendo a batata o quarto alimento mais consumido. Porém, apesar do uso extensivo de
pesticidas, esta cultura ainda é muito afetada por doencas, acarretando grandes perdas
econOmicas. Uma importante alternativa ao uso de quimicos para o manejo das pragas, é o
fortalecimento das defesas naturais da planta através da promocdo de seus mecanismos de
defesa. Neste trabalho foi avaliada a incidéncia da doenca causada por Pectobacterium
carotovorum e o metabolismo vegetal relacionados a defesa, tal como atividade das enzimas
peroxidases (POX) e polifenoloxidases (PPO), sintese de compostos fendlicos, flavonoides e o
acumulo de 4cido salicilico (AS) livre e conjugado. Foram utilizados os indutores de defesa XTH
e o Bion®, bem como o bloqueador da sintese de etileno, AVG (aminoetoxivinilglicina), em
plantas de batata cultivadas in vitro. O tratamento com Bion® ndo promoveu a resisténcia
vegetal nas plantas inoculadas com P. carotovorum. Enquanto o uso do XTH foi eficiente na
promoc¢do de resisténcia das plantas, retardando o progresso da doenca causada pela
fitobactéria. Em plantas cultivadas na presenca de Bion+AVG, foi observado um aumento na
atividade de PPO em comparacdo com o controle, porém a atividade desta enzima é
semelhante entre os tratamentos XTH e Bion®. Nas plantas do tratamento XTH+AVG a
atividade da PPO se mantém semelhante as plantas do controle e do tratamento XTH. A
atividade da POX foi promovida pelo tratamento Bion® em 24 horas pds-inoculacdo (hpi),
enquanto que os tratamentos XTH+AVG e Bion+AVG induziram a maior atividade desta enzima
em 72 hpi. Apesar das diferencas observadas nas atividades de PPO e POX, estas ndo
apresentaram relagdo com a incidéncia da doenca nas plantas. Em geral, os niveis de AS livre
nos tecidos foi 65% maior que o AS conjugado. Em 24hpi, as plantas do tratamento Bion+AVG
apresentaram os maiores niveis de AS livre (52,2 ug/g), enquanto os o tratamento XTH e AVG
apresentaram os menores niveis de AS (4,87 e 4,82 ug/g, respectivamente).

PALAVRAS-CHAVE: Etileno, SAR, indutor de resisténcia, AVG, batata, acido salicilico



ABSTRACT

Solanum tuberosum is one of the most important crops worldwide being the fourth
most consumed food. Despite its importance, this crop presents a high susceptibility to a wide
range of pathogens, leading to an extensive yield loss. A potential approach for disease control
in potato is the understanding of the mechanisms of resistance induction and their relation to
strengthening of natural plant defenses. In this work, the effect of defense inducers (XTH and
Acibenzolar-S-methyl - Bion®) and ethylene blocker (aminoethoxyvinylglycine — AVG) in the
plant metabolism was assessed. Biochemical markers for plant defense, such as POX and PPO
enzymes, synthesis of phenolic compounds, flavonoid fraction and salicylic acid accumulation
were also evaluated. Bion® resulted in a negative effect upon P. carotovorum inoculated
plants, whilst XTH delayed disease progression. Plants cultivated in the presence of Bion+AVG
showed an increase in PPO activity comparing to the control plants, although its activity was
similar between XTH and Bion® plants. POX activity was promoted by Bion® at 24 hpi,
however, at 72 hpi plants showed higher POX activity within XTH+AVG and Bion+AVG treated
plants, compared with non-treated plants. In general, plants presented free SA levels 65%
higher than conjugated one. The highest concentrations of SA (52.2 pg/g) was found in
Bion+AVG treated plants, whilst the lowest concentrations (4.8 ug/g) were found in XTH and
AVG treated plants.

KEY WORDS: Inducers, ethylene, SAR, AVG, potato, salicylic acid



SUMARIO

Capitulo |

Introducgdo

Justificativa

Hipotese

Objetivos

Capitulo 1l

Introduction

Materials and Methods

Results

Discussion

Literature cited

Figures and Tables

Capitulo 1l

Concluséo

Perspectivas

Referéncias — Capitulo |

20
21
21
22
25
27
29
31
34
37
42
43
43
44



CAPITULO |

INTRODUCAO
JUSTIFICATIVA
HIPOTESE
OBIJETIVOS



INTRODUCAO

SOLANUM TUBEROSUM L.

A familia Solanaceae possui diversas espécies com grande importancia econdmica, tais
como Solanum lycopersicon (tomate), Nicotiana tabacum (tabaco), Capsicum annuum
(pimentdo), Solanum melogena (berinjela) e Solanum tuberosum (batata). Entre essas, a batata
é o quarto alimento mais consumido no mundo, depois do arroz, do trigo e do milho (1).

E uma planta dicotileddnea, herbacea, que possui o caule dividido em duas partes: uma
porcao aérea que compreende a fragdao fotossintética da planta, e uma porg¢do subterranea
representada por tubérculos, com reservas amildceas, constituindo os principais 6rgaos de
armazenamento de nutrientes e de reproduc¢do da planta.

Dentre as diversas variedades de batata cultivadas no Brasil, a cultivar Agata vem se
destacando no mercado brasileiro. Origindria da Holanda, apresenta caracteristicas comerciais
importantes como tuberizagao precoce, uniformidade e boa aparéncia dos tubérculos, além de
apresentar melhor rendimento agricola (2). A produ¢do mundial de batata é de
aproximadamente 322 milhdes de toneladas anuais, ocupando uma area de 18 milhdes de
hectares. A comercializagdo movimenta anualmente cerca de USS 63 bilhdes, sendo os paises
asiaticos responsaveis por aproximadamente 41% do total da producdo (3). Atualmente, no
Brasil, sdo cultivados cerca de 130 mil hectares de batata, produzindo aproximadamente 3,5
milhdes de toneladas de tubérculos por ano (4). A produgdo galcha é cerca de 378 mil
toneladas de batata, ocupando uma area de aproximadamente 19 mil hectares (4).

O elevado custo de produgdo da batata, associado a um mercado agricola com grande
variacdo de precos, representam limitagcbes para a expansdo da area cultivada com esta
espécie. Dentre os diferentes fatores envolvidos nos custos de producdo, estdo as grandes
perdas devido, principalmente, a susceptibilidade das plantas ao ataque de patégenos. Estes
custos levaram a uma crise persistente no segmento de pequenos produtores em todo o sul do
pais, diminuindo drasticamente tanto o nimero de bataticultores quanto a drea cultivada (5).

A cultura da batata é afetada por muitas doencas, cujos agentes podem ser bacterianos
e fungicos, principalmente necrotroficos. Estes microrganismos sdo frequentes na maioria das
areas de producdo e exigem multiplas medidas de controle para minimizar as perdas causadas
(6). O controle de doencgas bacterianas envolve o uso de tubérculos-sementes certificados,
cuidado para a minimizacdo de lesdes nos tubérculos e desinfestacdo prévia ao
armazenamento. Porém, mesmo adotando cuidados no manejo dos tubérculos, ainda ocorrem

grandes perdas na producgao.



Uma abordagem atraente visando a diminuicao da incidéncia de doenca é a promocao
das defesas naturais das plantas. Esta abordagem requer a elucidacdo dos mecanismos de
respostas de defesa, levando ao aumento dos niveis da imunidade inata vegetal e,
consequentemente, a resisténcia contra patdgenos (7-9). Para tal, as interacdes entre as
plantas e patdgenos incompativeis vém sendo amplamente estudadas. Nesta situa¢do, embora
a planta ndo desenvolva a doenca, o sistema de defesa vegetal é eficientemente ativado e
conduz a planta a resisténcia. Ao passo que, em uma interacdo compativel, a defesa vegetal
pode ser tardiamente ativada ou ndo ativada, condicionando a doenga (10). Por exemplo, a
interagdo de S. tuberosum com um patégeno incompativel (Pseudomonas syringae pv.
maculicula) prévia a inoculagdo de um patégeno compativel (Phytophthora infestans), levou ao
desenvolvimento de resposta de hipersensibilidade (HR — hypersensitive response) e ativagdo
sistémica de genes de defesa, havendo reduc¢do dos sintomas da doenga (11).

Muitos trabalhos evidenciam o potencial de microrganismos como indutores biéticos de
resisténcia vegetal. Um bom exemplo é o uso da suspensdo de células de Saccharomyces
cerevisiae, bem como o filtrado dessa suspensdo, na promogao da resisténcia de plantas de
sorgo e milho contra os patégenos Colletotrichum graminicola e Exserohilum turcicum (12,13).
Suspensdes desta levedura também foram eficientes na promoc¢do da defesa de plantas de
maracuja contra Xanthomonas campestris pv. passiflora (13) e de plantas de eucalipto contra

Botrytis cinerea (13).

PECTOBACTERIUM CAROTOVORUM

A fitobactéria Pectobacterium carotovorum subsp. carotovorum, anteriormente
conhecida como Erwinia carotovora subsp. carotovora, é um dos patdgenos bacterianos que
mais acarreta perdas em muitas culturas (14,15). Esta bactéria é gram-negativa, nao-
esporulada, anaerdbia facultativa e caracterizada pela producdo de grandes quantidades de
enzimas pécticas extracelulares (14). Originalmente descrita como causadora de podriddo-
mole nos bulbos de plantas do género Calla (copo-de-leite), é também patdgeno de plantas
como beterraba, aipo, pepino, cenoura, berinjela, cebola, alho, pimenta, tabaco, tomate, nabo
e batata (16). Comum em plantas com partes subterraneas ou rasteiras, ricas em reservas
energéticas como o amido, esta bactéria penetra nos tecidos através de aberturas naturais
(lenticelas, estobmatos ou hidatddios) ou de ferimentos causados tanto por insetos quanto pela
senescéncia natural da planta (17). Os sintomas mais caracteristicos da podriddo-mole causada
por este fitopatdgeno sdo observados primeiramente no local da infec¢do. A estrutura torna-

se mole, marrom, aguada e viscosa.
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Em S. tuberosum esta é uma doenca sistémica perpetuada por tubérculos infectados,
pois a principal forma de multiplicacdo é através da propagacdo vegetativa. Assim que
acontece o estabelecimento do patégeno, as folhas tornam-se amareladas e as hastes passam
a apresentar pontos de apodrecimento partindo dos nés basais. O progresso da doenca é
acelerado pela alta temperatura e umidade, além de persistir durante o armazenamento e no
solo (16). Ela ataca os tecidos através da secrecdo de enzimas que degradam a pectina das
paredes celulares das células vegetais e da producdo de efetores, proteinas que induzem a
morte celular (18). As folhas da planta infectada apresentam déficit na fotossintese, além do

comprometimento do crescimento e da formagdo de novos tubérculos.

INDUTORES BIOTICOS E ABIOTICOS

Os critérios aplicados a um agente que promove a prote¢do da planta, na sua
qualificagdo como indutor abidtico, sdo: (a) nem o agente, nem o seu derivado metabdlico
possui atividade antimicrobiana in vitro ou em plantas envasadas; (b) o agente modifica a
interagdo planta-patdgeno, e portanto, ela se assemelha fenotipicamente a uma interagdo
incompativel, a qual inclui mecanismos relacionados a defesa, induzidos primariamente ou

apos o desafio; e (c) o agente deve proteger a planta contra patégenos (19).

INDUTOR BION® (ACIBENZOLAR-S-METIL)
O produto comercial Bion® (Syngenta Prote¢do de Cultivos Ltda.) foi lancado na

Alemanha em 1996. Atualmente, tem registro em diversos paises, inclusive no Brasil, onde é
utilizado como ativador da defesa natural de plantas nas culturas de algoddo, batata, cacau,
citros, feijdo, meldo e tomate. Ele possui como principio ativo o S-methyl
benzo[1,2,3]thiadiazole-7-carbothioic (Acibenzolar-S-metilico). Este produto possui como
caracteristica ser um andlogo sintético do hormoénio acido salicilico e agir ativando a
resisténcia sistémica adquirida (SAR) nas plantas. Entre os indutores abidticos da SAR, pode-se
mencionar também o acido B-aminobutirico (BABA), o 4cido salicilico (AS) e seus respectivos
analogos funcionais, como o 4cido 2,6 dicloroisonicotinico (INA) e o éster S-metil do acido

benzo-(1,2,3)-tiadiazole-7-carbotidico (acibenzolar-S-metil).

INDUTOR XTH
O indutor XTH é constituido de extratos autoclavados da bactéria Xanthomonas

axonopodis pv. citri. Este indutor biético ndo é um produto comercial, mas tem sido utilizado
com sucesso em experimentos de pesquisa, promovendo o metabolismo de defesa de plantas

de batata cv. Agata (Astarita, com. pess., P| 0805370-7). Estudos prévios demonstram que a
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aspersao deste extrato bacteriano em plantas de batata promove o retardo do aparecimento
de sintomas de doenca causada pela fitobactéria P. carotovorum, podendo representar um

indutor alternativo para o manejo e reducao de doencas bacterianas.
DEFESA VEGETAL

Em comparacdo com o sistema imune de vertebrados que possui células especializadas
e receptores altamente especificos, além dos sistemas inato e adaptativo, a imunidade vegetal
é menos complexa, pois as plantas ndo possuem células mdveis e especializadas para defesa
(22). Porém, através de inUmeras estratégias, as plantas sdo capazes de estabelecer respostas
patégeno-especificas. Em alguns casos, isto pode resultar em memdria imune, e ndao somente
ao individuo que sofreu o ataque do patédgeno, mas também aos descendentes através de
mecanismos epigenéticos (23-25). Sendo assim, a imunidade vegetal é capaz de compartilhar
caracteristicas préximas de sistemas mais complexos.

A selecdo natural e a co-evolugdo com os patdgenos levaram as plantas a adaptar seu
metabolismo de forma a refinar e a otimizar seus mecanismos de defesa. Uma das estratégias
utilizadas pelas plantas apds o contato entre o patdgeno e a superficie da célula hospedeira é a
producdo de compostos toxicos para o patdgeno (26). Originalmente, foi utilizado o termo
eliciador para denominar os estimulos que induzem a sintese ou acumulo de produtos
antimicrobianos, como fitoalexinas (27,28). Porém, atualmente, este termo tem sido utilizado
para referir-se a quaisquer moléculas que estimulem a defesa vegetal, seja o acumulo de
fitoalexinas, ou a indugdo da morte celular através de rea¢des de hipersensibilidade, ou ainda
a sintese de proteinas que inibem enzimas de degradagao produzidas por patégenos (27).

A primeira barreira que os patégenos encontram na célula vegetal é a parede celular. Ela
funciona como uma camada rigida protetora do protoplasto, composta por polissacarideos,
como celulose, hemicelulose e pectina. A parede celular é uma estrutura dinamica,
constantemente remodelada conforme as exigéncias de crescimento e desenvolvimento do
vegetal (29,30). Nos processos de defesa, a célula pode rapidamente depositar calose
adjacente a parede celular, reforcando-a e impedindo a passagem do patégeno para o
citoplasma, ou ainda acumular compostos fendlicos, toxinas e polimeros de lignina (31).

Além da barreira fisica representada pela parede celular, o reconhecimento da presenca
de patdgenos é determinante para a ativacdo da defesa vegetal. O sistema de reconhecimento
de patdgenos utiliza receptores localizados tanto no citoplasma quanto na membrana
plasmatica das células, como os Receptores de Reconhecimento de Padrées (ou PRR — pattern
recognition receptors), capazes de reconhecer Padrdes Moleculares Associados a Patdgenos

(ou PAMP — pathogen-associated molecular patterns) (32,33). Os PAMPs sdo estruturas
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evolutivamente conservadas como flagelinas, lipopolissacarideos e peptideoglicanos,
encontradas na superficie celular de microrganismos e que, normalmente, estdo relacionadas
a sua sobrevivéncia ou ao habito de vida e, portanto, ndo podem ser perdidos sem que haja
consequéncias para o microrganismo (34,35). Em P. infestans, foi descrito um PAMP
oligopeptideo de 13 aminoacidos (denominado de Pepl3), cujo reconhecimento induz a
producdo de espécies reativas de oxigénio (ROS) e o acumulo do acido salicilico (AS) e do acido
jasmonico (AJ), bem como a expressdo de genes de defesa e a promocdo de resposta de
hipersensibilidade (36). Este tipo de defesa, desencadeada pelo reconhecimento de PAMPs
através de PRRs, inclui a formagdo de espécies reativas de oxigénio (ROS), ativagdo de cascatas
de transdugdo de sinais, deposicdo de calose na parede celular, alteragdo nos niveis
hormonais, indu¢do da expressdio de genes de defesa e produgcdo de compostos
antimicrobianos (37,38), formando a chamada resisténcia basal ou imunidade desencadeada
por PAMP (ou PTI — PAMP-triggered immunity) (39,40).

A PTI é eficiente nas etapas iniciais do processo de infecgao. Porém, ao longo do tempo,
os patdgenos desenvolveram estratégias para burlar este sistema, produzindo moléculas
efetoras que sdo transportadas diretamente para o citoplasma da célula vegetal, causando a
supressdo e/ou modificacdo da resisténcia basal. Este transporte pode ser realizado, por
exemplo, através do Sistema de Secrecdo do Tipo Il (T3SS — type 3 secretion system),
mecanismo comumente utilizado por bactérias gram-negativas como a fitobactéria
hemibiotréfica Pseudomonas syringae e as necrotréficas P. carotovorum e Ralstonia
solanacearum (41-43). Por sua vez, através da co-evolugdo planta-patégeno, o sistema imune
vegetal recrutou proteinas de Resisténcia (ou proteinas R). Estas proteinas R sdo receptores
citoplasmdticos que detectam e reconhecem estas moléculas efetoras (26,35,44) e ativam
cascatas de transducdo de sinais que podem resultar na morte celular programada via HR (37).
Este padrdo de resposta é denominado de imunidade desencadeada por efetores (ou ETI —

effector-triggered immunity) (39,44).

RESISTENCIA SISTEMICA ADQUIRIDA (SAR)
A ativacdo da resisténcia do vegetal pode levar a uma imunizacdo sistémica contra

futuras infecgBes, ndo s contra o patdégeno que provocou a infeccdo, mas também contra
outros patogenos, fendmeno este denominado Resisténcia Sistémica Adquirida (ou SAR —
Systemic Acquired Resistance), termo proposto por A. Frank Ross (45). Este pesquisador
observou que a inoculagdo local do virus do mosaico do tabaco (TMV — tobacco mosaic virus)
em plantas de tabaco (Nicotiana tabacum) resultava na protecdo local e sistémica contra o

TMV, bem como contra outros patdgenos, e que esta resisténcia poderia durar cerca de 20
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dias (45). Além disso, em nivel molecular, a ativacdo da SAR pode promover o aumento na
expressdo de genes Relacionados a Patogénese (PR - Pathogenesis Related), cujas proteinas
possuem, em grande parte, propriedades antimicrobianas (46). Apesar dessas proteinas terem
sido descritas na década de 1970, a funcdo especifica de cada proteina desta familia nas
respostas de defesa vegetal ainda ndo é completamente conhecida (47). Ainda assim, estes
genes funcionam como marcadores para a ativacdo da SAR nos vegetais.

Estudos demonstraram que o aumento da expressao de genes PR bem como o aumento
da resisténcia contra patégenos, podem ser induzidos por tratamentos com acido salicilico (AS)
ou seus analogos (47,48), por exemplo, o Acibenzolar-S-metil anteriormente mencionado.
Porém, a comprovagdo de que o AS esta relacionado a ativacdo da SAR sé ocorreu na década
de 1990 através da publicagdo de dois estudos (49,50), que demonstraram a correlagdo entre a
resisténcia sistémica e o aumento da expressao de PRs e o acimulo de AS nos tecidos. As
pesquisas de Gaffney et al. (1993) confirmaram esta correlag¢do através de estudos utilizando
plantas de tabaco geneticamente modificadas. Nestas plantas, foi inserido o gene nahG que
codifica uma enzima capaz de remover o AS através da sua conversdo em catecol (51,52). A
redugdo dos niveis do AS levou a diminui¢do da expressdo de genes PR, dificultando a defesa
do vegetal pela incapacidade de ativar a SAR. Por outro lado, a conversdao de AS a metil
salicilato, composto voldtil, transporta a resisténcia para outros tecidos e para individuos

proximos ao vegetal (53).

METABOLISMO SECUNDARIO RELACIONADO A DEFESA

O metabolismo secundario vegetal possui papel importante na adaptacdo do vegetal ao
meio em que vive. E também importante na interagdo das plantas com outros organismos, tais
como insetos e microrganismos, patogénicos ou ndao, onde poderdo atuar na produgdo de

compostos diretamente ligados a promocao da defesa vegetal (54).

FENILPROPANOIDES
Esta rota metabdlica inclui muitos componentes essenciais na promocado de resisténcia

vegetal. O aumento na atividade de enzimas como peroxidases (POX), polifenoloxidase (PPO) e
fenilalanina amonia liase (PAL) tem sido demonstrado como um importante fator na inducdo
de resisténcia contra Alternaria solani em tomate promovido pelo acido abscisico (55).

A enzima PAL, é uma enzima chave responsavel pela transformacdo da fenilalanina em
acido cinamico (precursor da via) e pela formacdo da maior parte dos compostos fendlicos
vegetais. A PAL participa também da biossintese do AS, pois foi demonstrado que sua

atividade é altamente induzida durante a interacdo planta-patégeno e que a inibicdo desta
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enzima resulta no desenvolvimento de doengca, mesmo em uma interacdo incompativel como
a interacdo entre Arabidopsis e o oomiceto Hialoperonospora arabidopsidis (56). Neste caso, a
aplicacdo exdgena de AS ou de seus andlogos devolvem ao vegetal a sinalizacao por AS, pois
assim é compensada a falta de uma enzima-chave na via de sintese deste composto (57).

As POX também fazem parte da via dos fenilpropandides. Em relacdo ao seu papel na
defesa vegetal, auxiliam a planta no fortalecimento da parede celular, uma vez que estdo
envolvidas na sintese de lignina e seus precursores (58). Estas enzimas ja foram
correlacionadas ao processo de protecao antioxidativa e na produc¢do de intermediarios de
espécies reativas de oxigénio (59,60). Em plantas de Arabidopsis foi observada a redugdo da
explosdo oxidativa devido ao silenciamento de genes codificantes para peroxidases, levando a
diminuicdo da resisténcia vegetal contra fungos e bactérias (61).

A importancia das polifenoloxidases (PPOs) na resisténcia a doengas consiste na
propriedade de oxidar compostos fendlicos a quinonas, as quais sdo frequentemente mais
toxicas aos microrganismos que os compostos fendlicos originais. Portanto, o aumento na
atividade dessas enzimas resulta em altas concentra¢Ges de produtos téxicos participando da
resisténcia a infec¢Oes (62,63).

ETILENO (ET)
O etileno é um hormonio gasoso capaz de regular muitos processos fisioldgicos nos

vegetais como a senescéncia, o amadurecimento e a abscisdo foliar e floral, além de estar
envolvido nas respostas a estresses bioticos e abidticos (64). A biossintese do etileno inicia a
partir do aminodcido metionina, tendo o 4cido 1-aminociclopropano-1-carboxilico (ACC) como
precursor imediato convertido a partir de S-adenosilmetionina (SAM) através da acdo da
enzima ACC sintase (ACS). A conversdo do ACC em etileno se da através de reagbes catalisadas
pela ACC oxidase (ACO) (65).

A acdo da enzima ACC sintase pode ser inibida por um composto quimico chamado
aminoetoxivinilglicina (AVG), mesmo em concentra¢des de 5 uM, como foi demonstrado em
plantas de tomate (66). Este composto é utilizado em estudos onde se deseja inibir a sintese
de etileno, sem que seja necessario o emprego de plantas mutantes. Em plantas de batata, o
AVG foi utilizado para inibir a atividade da enzima ACC sintase, resultando no impedimento na
producdo de etileno. Porém, as plantas inoculadas com uma raga incompativel do patégeno
Phytophthora infestans continuaram exibindo sinais de HR. Isto sugere que, apesar de haver
aumento na sintese deste hormonio durante HR, esta elevagdo ndo é a causa da resisténcia
das plantas a esta raga do patdgeno (67). Entretanto, o tratamento com AVG em legumes de
ervilha desafiadas com Fusarium solani induziu a atividade de quitinase e B-1,3-glucanase (68).

Petri et al. demonstraram que o AVG melhora significativamente a regenerac¢do de plantas de
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damasco in vitro (69). Em culturas de batata, o AVG pode ser utilizado em tubérculos no final
da época de armazenamento para que seja induzido o brotamento e o alongamento dos
brotos (70). Com relagdo ao papel do ET na defesa vegetal, foi demonstrado que o bloqueio da
ACC sintase pelo AVG auxilia na inducdo da defesa em plantas de batata frente a micotoxinas
produzidas pelo fungo Verticillium albo-atrum. Neste caso, as toxinas agem ativando a
producdo de ET, o que, por sua vez, aumenta os sintomas da doenca causada pelo fungo (71).

O etileno possui importante atividade na defesa vegetal, porém, pode exercer diferentes
fungdes dependendo do tipo de patdogeno e da espécie de planta atacada (72—74). A aplicagdo
do etileno pode tornar plantas de diferentes espécies mais susceptiveis ou mais resistentes ao
fungo Botrytis cinerea (73). Porém, o aumento da susceptibilidade em resposta ao etileno
pode ser devido a indugao da senescéncia dos tecidos, bem como depender do momento em
que o etileno é aplicado (antes ou apds a inoculacdo da planta com o patégeno) (73). Na
tentativa de determinar o efeito do etileno foram desenvolvidas varias plantas mutantes
insensiveis a este hormodnio ou que possuiam algum tipo de bloqueio na sua sintese. Os
estudos com estes mutantes indicam certa discrepancia nas respostas mediadas por etileno
diante de diferentes patédgenos. Apesar disso, os resultados sugerem que o etileno parece
diminuir os sintomas de doengas causados por microrganismos necrotréficos, ao passo que
aumenta a susceptibilidade das plantas infectadas por patégenos hemibiotréficos (75).

Em geral, algumas fitoalexinas podem ser induzidas na presenca de etileno, embora esta
inducdo dependa da classe da fitoalexina em questdo e da via metabdlica envolvida.
Normalmente, aquelas que derivam da via dos fenilpropandides sdo mais fortemente

induzidas por etileno em diferentes espécies vegetais (76—78).

Acipo JAsMONICO
Apesar de exercerem varias func¢des fisiologicamente importantes, os jasmonatos estao

principalmente relacionados a defesa vegetal contra a herbivoria e microrganismos
necrotréficos, chegando a regular a expressdo de 67-84% dos genes responsivos a lesdes em
folhas de Arabidopsis (75,79). Os jasmonatos sdo compostos convertidos diretamente de acido
linolénico através da acdo da enzima lipoxigenase. Entre os mais estudados, o conjugado Al-lle
parece ser a forma que possui maior atividade bioldgica (80), sendo bem caracterizado como

molécula sinalizadora.

Acipo Savicitico (AS)
O AS é um composto produzido naturalmente por muitos organismos, dentre os quais

os vegetais, onde atua como molécula de sinalizacdo nas respostas de defesa. Uma das rotas

16



de sintese do AS envolve a formacao de benzoato a partir da quebra das cadeias de cinamato
(81), através da atividade da enzima PAL. O aumento da atividade da PAL esta relacionado a
respostas de defesa vegetal apds a infecgcdo por patégenos, podendo promover o acimulo de
AS e a consequente inducdo da SAR (82), sugerindo que a atividade da PAL seria essencial para
a formacao de precursores do AS.

A sintese do AS é indispensavel para a ativacdo da SAR (52), promovendo tanto a
expressdo de genes relacionados a defesa (83) quanto interagindo com outros sinais
promotores de defesa vegetal (81,84). A ativacdo da SAR necessita da translocacdo de um ou
mais sinais a partir do local da infec¢do até tecidos distais para tornar a resposta sistémica.
Segundo Vernooij et al., o AS ndo é o sinal mével para ativagdo da SAR, sendo provavelmente o
MeAS (metil salicilato — uma forma conjugada de AS) o sinalizador moével (85,86). O MeAS
acumula-se no tecido infectado e é, entdo, translocado para tecidos distais, onde sera
novamente convertido a AS (85,86).

Os niveis constitutivos de AS ndo dependem apenas da espécie vegetal, mas também do
cultivar analisado. Os niveis de AS em tabaco, pepino e Arabidopsis sdo baixos (87), enquanto
em arroz, batata e tomate os niveis enddgenos constitutivos sdo altos (88—90). Em plantas com
baixos niveis constitutivos, um pequeno aumento na concentracdo endégena de AS afeta
consideravelmente o desenvolvimento de respostas de defesa. Por outro lado, em plantas com
altos niveis constitutivos sdo necessarias altera¢des na sensibilidade da planta a este
hormonio, uma vez que estas plantas naturalmente possuem baixa sensibilidade. Em plantas
de batata, por exemplo, o AS foi necessario para a inducdo de resisténcia contra o patdégeno
hemibiotréfico P. infestans, uma vez que as plantas geneticamente transformadas para
expressao de NahG nao foram capazes de resistir ao patégeno, mesmo com aplicacdo exégena
de acido araquidonico (91,92). Além disso, plantas que expressavam NahG apresentaram
maior susceptibilidade em interagGes compativeis com o patégeno devido a falhas na inducao
dos genes PR e na deposicdo de calose (91). Os altos niveis de AS enddégeno em batatas
influencia fortemente a expressao do gene PR1 fazendo com que tenha alta expressdo basal
constitutiva (92), sendo confirmado pela baixa expressdo deste gene em plantas de batata com

baixos niveis de AS devido a expressdo do gene NahG.

CROSSTALK
Além do importante papel individual dos hormonios etileno, dcido jasmoénico e acido

salicilico na defesa vegetal, a agdo conjunta desses compostos é ainda mais importante, pois
fortalece e amplifica as possibilidades de resposta das plantas. Neste sentido, ha inumeros

relatos de uma forte ligacdo entre a defesa mediada por ET e AJ, como, por exemplo, no
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estabelecimento da interacdo entre plantas e rizobactérias. Nesse caso, a interacao entre ET,
Al e AS relativa a colonizacao de raizes vegetais por rizobactérias ndo-patogénicas parece estar
bem estabelecida (93,94). Durante este processo, ocorre a ativa¢cdo do gene NPR1 levando a
promoc¢do de Resisténcia Sistémica Induzida (ISR) independente do acumulo de AS e da
expressdo de PR1, envolvendo componentes da sinalizagdo por Al e ET (95). Neste sentido, a
inducdo da expressdao de uma PR-5 especifica de raiz em Arabidopsis pode ser obtida pela
aplicacdo exdgena de ACC (precursor de ET), mas ndo por AS ou AJ (96). A sinalizacdo mediada
por Al e ET estd relacionada, principalmente, as respostas de defesa contra insetos e
microrganismos necrotréficos, enquanto que a sinalizagdao por AS estd associada a defesa
contra patdgenos biotréficos e a ativagao da SAR. Isto representa a resposta diferencial da
planta ao agente agressor. Sendo assim, a promog¢do da SAR pode elevar a suscetibilidade
vegetal frente ao ataque de patdgenos necrotroéficos (97). Foi relatado que a biossintese de AJ
e a expressdao de genes responsivos ao ET podem ser inibidos ou reduzidos em resposta ao
acumulo de AS na indugdo e estabelecimento da SAR (98).

Schenk et al. monitoraram a expressdo génica de Arabidopsis em resposta a diferentes
estimulos através de microarray, e observaram que aproximadamente metade dos genes que
eram induzidos por ET, eram também induzidos por AJ (99). Contudo, poucas evidéncias
existem sugerindo interacGes antagOnicas entre estes hormoénios. Neste mesmo estudo, foi
demonstrado que ET e AS atuam juntos na inducdo de alguns genes de defesa, como por
exemplo, o NPR1. Porém, alguns resultados sugerem que a via de sinalizacdo comandada por
ET também pode afetar negativamente respostas dependentes de AS: o nivel basal de mRNA
de PR1 parece ser significativamente elevado em plantas mutantes ein2 (mutantes insensiveis
ao etileno) (100).

Com relagdo a interacdo entre ET e AS, estudos demonstram haver intera¢do tanto
sinérgica quanto antagbnica entre ambos os hormoénios (75,102). Em tomate, o
desenvolvimento dos sintomas de doenga causada por Xanthomonas campestris pv.
vesicatoria necessita de ET e de AS, sendo o acimulo de AS dependente da sintese de ET (101).
Mesmo em interag¢Ges antagobnicas, existem componentes regulatdrios comuns a ambas as vias
de sinalizacdo, pois na sua atuacdo contra patdgenos necrotroficos, o Al pode também induzir
SAR. Esta inducdo resulta em reagdes locais de hipersensibilidade, tornando o tecido
desfavoravel ao desenvolvimento do patdgeno (75,102). Contudo, parece que o AJ ndo
contribui de forma decisiva para a resisténcia vegetal, a ndo ser que sua indugdo ocorra

anteriormente a infeccdo (74,103).
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JUSTIFICATIVA

Devido a importancia da cultura da batata e perdas de producdo estimadas em mais de
o elevado nimero de perdas devido ao ataque de patégenos, é relevante avaliar estratégias
capazes de minimizar estas perdas, desenvolvendo ferramentas que possam auxiliar no
manejo da lavoura.

Uma abordagem alternativa ao manejo convencional da lavoura com pesticidas quimicos é a
inducdo das defesas naturais das plantas, levando ao aumento da resisténcia contra
patdégenos.

Esta promissora abordagem utilizando indutores de resisténcia bidticos e abidticos, que
sdao produtos ndo-téxicos, vem estimulando as pesquisas visando conhecer os aspectos
bioquimicos e moleculares envolvidos na promocdo da resisténcia as doengas. Neste sentido,
tem sido demonstrado nas interagdes planta-patdgeno que a indugdo da resisténcia sistémica
adquirida (SAR) resulta na ativagdo de diferentes mecanismos bioquimicos para defesa, entre
0s quais podem ser citados o aumento da atividade de enzimas como peroxidases e
polifenoloxidases, além do acimulo de proteinas PR e de fitoalexinas.

O uso com sucesso da indugdo de resisténcia para o controle de doencgas vegetais
depende, em grande parte, do conhecimento referente aos mecanismos celulares ativados em
resposta a presenca de patdgenos ou de compostos com capacidade de promover processos
de defesa, levando a reducdo da severidade de doencas causadas por fitopatégenos sem
comprometer o crescimento das plantas. O presente projeto visa avaliar a importancia do

etileno nas respostas de defesa de Solanum tuberosum tratadas com indutores de resisténcia.
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HIPOTESE
A promogao do metabolismo de defesa em plantas de Solanum tuberosum, mediada

pelos indutores Acibenzolar-S-metil e XTH, é dependente de etileno.

OBIJETIVOS

OBJETIVO GERAL
— Avaliar a contribui¢cdo do hormonio etileno nos mecanismos de defesa de plantas de Solanum
tuberosum cultivadas na presenc¢a dos indutores de resisténcia Acibenzolar-S-metil e XTH e

desafiadas com o fitopatégeno Pectobacterium carotovorum.

OBJETIVOS ESPECIFICOS

— Avaliar as respostas de defesa de S. tuberosum cultivadas in vitro na presenca de
aminoetoxivinilglicina (AVG) e tratadas com os indutores Acibenzolar-S-metil e/ou XTH;

— Determinar o progresso da incidéncia da doenga em plantas inoculadas com o patégeno
Pectobacterium carotovorum;

— Avaliar os parametros bioquimicos: atividade enzimatica (PPO e POX), a producdo e acumulo
de 4cido salicilico, de compostos fendlicos e da fragao flavonoide;

— Relacionar as alteragdes metabdlicas promovidas pelos indutores Acibenzolar-S-metil e XTH as

modifica¢des na defesa da planta contra a fitobactéria patogénica P. carotovorum.
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ABSTRACT

Solanum tuberosum presents high susceptibility to a wide range of pathogens, resulting
in extensive yield losses. A potential approach for disease management is the enhancement of
plant resistance, strengthening plants natural defenses. The aim of this work was to evaluate
potato defense in response to Pectobacterium carotovorum infection in plants treated with
inducers (XTH and Acibenzolar-S-methyl - Bion®) and an ethylene blocker
(aminoethoxyvinylglycine - AVG). For this purpose, biochemical markers for plant defense,
such as peroxidases (POX) and polifenoloxidase (PPO) enzymes, synthesis of phenolic and
flavonoid compounds and salicylic acid accumulation were assessed. Bion® resulted a
deleterious effect upon P. carotovorum inoculated plants, whilst XTH was effective on delaying
plant disease progression. Plants cultivated in the presence of Bion+AVG showed an increase
in PPO activity in comparison to the control plants. PPO activity was similar between plants
treated with XTH and Bion®. POX activity was induced by Bion® at 24 hpi, whereas, at 72 hpi,
higher POX activity was observed in XTH+AVG and Bion+AVG treatments, compared with non-
treated plants. Overall, plants presented 65% higher level of free SA levels than the conjugated
one. Highest concentrations of SA (52.2 ug/g) was found in Bion+AVG treated plants, whilst the
lower concentrations (4.8 ug/g) were found in plants treated with XTH and AVG treatments.

KEY WORDS: Defense inducers, SAR, potato, salicylic acid
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INTRODUCTION

Potato crops are infected by several bacterial pathogens that cause important economic losses.
The necrotrophic Enterobacteriaceae Pectobacterium carotovorum subsp. carotovorum (formerly
Erwinia carotovora subsp. carotovora), is one of the most economically relevant pathogens of this crop.
It is characterized for causing soft-rot and blackleg, two of the most devastating diseases in worldwide
potato production. As the bacteria feed on dead tissue, they secrete enzymes that degrade plant cell
wall leading to necrosis throughout the whole plant, being characterized as a necrotrophic bacterial
pathogen (1). An attractive approach in disease management is based on induction of natural defense
mechanisms by applying resistance inducers. This approach has been widely studied and requires the
elucidation of plant defense mechanisms in order to promote plant defense without compromising its
growth. Amongst the inducers, the compound Acibenzolar-S-methyl (ASM), a synthetic salicylic acid
analogue, is one of the most extensively tested compounds in different field conditions and plant-
pathogen interactions (2). This inducer protects plants mostly against biotrophic pathogens through
systemic resistance. Another category, biotic inducers, is represented by living organisms, highly
conserved parts of them or their metabolites, which are able to induce a local or systemic plant defense
response (3). These responses are often sufficient to hamper pathogen invasion.

Activation of plant resistance can lead to a systemic immunization against future infections,
phenomenon named Systemic Acquired Resistance (SAR). Induction of systemic resistance in S.
tuberosum against Phytophthora infestans was observed when plants were exposed to a mixture
containing cell wall fragments of the oomycete (3). Likewise, the previous interaction between S.
tuberosum and an incompatible pathogen Pseudomonas syringae pv. maculicula has led to the
development of a hypersensitive response, the systemic activation of defense genes and the reduction
of disease symptoms caused by P. infestans (4). A filtrate of Saccharomyces cerevisiae has also been
used as biotic inducers to control diseases in a few species, such as potato and tomato, in order to
reduce the number of fungicide applications (5). In a similar study, inoculation of Xanthomonas
axonopodis pv citri in potato leaves induced hypersensitive response as well (6). This result has led to
the development of an extract constituted of an X. axonopodis autoclaved culture, which was named
XTH and was shown to be efficient as biotic inducer (P 0805370-7).

Through signaling molecules like salicylic acid (SA), SAR induces metabolic and structural
modifications in uninfected tissues, such as the production of reactive oxygen species (ROS), phytoalexin
biosynthesis, thickening of cell wall, accumulation of pathogenesis-related proteins and alterations of
enzyme activities, such as peroxidases (POX), phenylalanine ammonia liase (PAL) and
polyphenoloxidases (PPO). SA is essential for SAR activation and plant defense against pathogens (8)
promoting the expression of pathogen-related genes as well as interacting with other defense
promoting signals (9). The increase in PAL activity is directly related to defense responses after pathogen
infection, either promoting SA accumulation or inducing SAR, suggesting the importance of PAL activity

in the production of SA precursors. SA has been shown to play an essential role in the activation of SAR
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in potato plants against P. infestans. However, considering the high SA basal levels in potato, this
hormone may not guarantee a constitutive resistance in healthy plants (10).

Secondary metabolism plays an important role in the plant adaptation and promotion of plant
defense. Phenolic compounds correspond to the main plant defense metabolites produced by the
phenylpropanoid pathway. They have a direct toxic effect on pathogens and are precursors for the
synthesis of antimicrobial products catalyzed by polyphenoloxidases, as well as participate in the lignin
production, leading to the cell wall thickening. The relation between soluble phenols and the activity of
PPO, POX and PAL in potato defense against P. carotovorum was demonstrated by Ngadze et al. (11).
Peroxidases are also essential for defense as they are involved in the synthesis of lignin precursors. They
are also associated with antioxidative protection process and are associated with production of ROS
intermediates (12). The reduction of oxidative burst in Arabidopsis plants, due to peroxidases silenced
genes, led to decrease in fungi and bacteria resistance (13). In potato plants, POX and PPO activity have
been observed to increase after inoculation with Ralstonia solanacearum, which was correlated to the
age of the plants, where the oldest leaves were more resistant (6). The importance of PPO enzymes in
plant resistance consists in their ability of oxidizing phenolic compounds into quinones, which are
frequently more toxic than the original phenolics. Therefore, the increase in their activity results in high
concentrations of toxic products that contributes to infection resistance. The overexpression of PPO in
tomato tissues has resulted in a significant increase in resistance against Pseudomonas syringae pv.
tomato (14). Moreover, the synthesis of toxic phenols by PPO and phytoalexins play an important role in
the defense of potato plants against P. infestans (15).

Ethylene (ET) is also essential in plant defense, even though it can have different functions
depending on the type of pathogen and the plant species (16). 1-Aminocyclopropane-1-carboxylic acid
(ACC) is converted to ethylene through a reaction catalyzed by the ACC synthase, reaction that can be
blocked by a chemical named aminoethoxyvinylglycine (AVG), even with concentrations as low as 5 uM,
as demonstrated in tomato plants (17). This compound is used in studies where suppression of ET
pathway without involving mutant plants is assessed. It has been demonstrated that plant defense was
induced when the ACC synthase was blocked by AVG in potato plants treated with Verticillium albo-
atrum (18). Nevertheless, ethylene seems to lessen disease symptoms caused by necrotrophic
microorganisms, whereas it increases susceptibility in plants infected by hemibiotrophic and biotrophic
microorganisms (19).

There is a crosstalk between plant hormones in the promotion of defense, like the connection
between jasmonic acid (JA) and ET. The JA/ET signaling is related to plant defense against insects and
necrotrophic microrganisms, while SA signaling is more related to defense against (hemi)biotrophic
pathogens and SAR activation. Moreover, it has been suggested that ET signaling pathway may affect
negatively SA-dependent responses. Even in antagonic interactions, there are common regulatory
components to both signaling pathways, as JA is able to induce SAR when plants are infected by

necrotrophic pathogens (19). In tomato plants, symptom development of the disease caused by
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Xanthomonas campestris pv. vesicatoria requires both SA and ET, and SA accumulation in infected
plants is dependent on ET synthesis (20).

The aim of the present work was to evaluate the role of ethylene in the plant defense
mechanism. For this purpose, in vitro potato plants were used and the medium culture was
supplemented with biotic inducer (XTH) and a synthetic inducer (ASM), as well as AVG. Plants were
infected with P. carotovorum in order to analyze disease development and secondary metabolism, such

as enzymatic activity (PPO and POX) and production of phenolic compounds and salicylic acid.
MATERIALS AND METHODS

Plant Material. Potato tubers cv. Agata were kindly supplied by the Brazilian Agricultural Research
Corporation (Canoinhas, SC, Brazil). The tubers were disinfested in ethanol 70% for 1 min, followed by
sodium hypochlorite (2% active chloride) for 20 min and fungicide Ridomil Gold MZ (3 g/L; Syngenta
S.A.) for 20 min. Disinfested tubers were submerged in gibberellic acid (GA3; 25 mg/L) for 30 min for
dormancy loss. Then, tubers were transferred to trays with filter paper and maintained at 25+2°C and
16h photoperiod for about 15 days, until shoot development. Healthy shoot containing tubers were
transferred to plastic pots (8 L) filled with organic soil. Pots were maintained in greenhouse for
approximately 4 weeks, when the stem nodes were removed for the establishment of the in vitro
cultures. Stem nodes (ca. 4 cm), without leaves and petioles, were disinfested in 70% ethanol for 1 min,
sodium hypochlorite (1% active chloride) for 15 min and fungicide Ridomil Gold MZ 4 g/L for 20 min.
Under aseptic conditions, nodal segments (ca. 2 cm) were excised from the stems and cultivated on
basal medium for shoot growth consisting of MS salts and vitamins, 30 g/L sucrose, 6 g/L agar and 5
mg/L benzyladenine (BA). The pH was adjusted to 5.8 before autoclaving for 20 min at 121°C. All
cultures were maintained at 25+2°C, under 16 h-photoperiod at 30 umol.m'z.s'1 irradiance. Experimental
plant material consisted in non-rooted plants with elongated axillary buds (ca. 12 cm length), which
were transferred to hormone-free MS medium supplemented with inducers or AVG.

Bacterial pathogen. The pathogen species used in this work was Pectobacterium carotovorum (material
kindly provided by Dr. Valmir Duarte from the Agronomic School of UFRGS, Brazil). It was cultivated in LB
(Luria-Bertani) liquid medium at 26°C for 16-20 hours in an orbital shaker (100 rpm). Cultures were
centrifuged (2.500 xg) for 10 minutes and supernatants were discarded. The pellets were resuspended,
washed with sterile distilled water three times, and cell concentration was adjusted for 10% - 10° cfu/mL
(ODgoonm = 1.0) (6). Bacterial suspension was inoculated in the base of the main stem of the cultivated
plant with the help of a histological needle submerged in the suspension. The disease incidence was
evaluated by the blackleg symptoms over time.

Inducers of plant defense and ethylene inhibitor. Autoclaved extracts of Xanthomonas axonopodis pv
citri were used as plant elicitor. This bacterium was cultivated in LB liquid medium for 48 hours at 26°C
in an orbital shaker. The procedure for centrifuging and washing the pellets was the same as previously
described and the cell concentration was adjusted for 10%-10° cfu/mL (ODggonm = 1.0) (6). Then, the cell
suspension was autoclaved at 121°C, 1 atm for 30 min. This autoclaved suspension, herein referred as

XTH (P1 0805370-7), was used as the biotic inducer and it was added to the MS medium (1:2 v/v). The
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synthetic inducer Acibenzolar-S-methyl (ASM) (Bion 500WG, Syngenta S.A.) was added to the MS
medium (40 mg/L) and autoclaved. A standard curve (0; 50; 100; 200 and 300 mg/L) was establish in
order to determine the optimum concentration of this compound. Aminoethoxyvinylglycine (AVG) (10
KM) was used for inhibition of ethylene synthesis. The minimum inhibitory concentration of AVG was
standardized by a concentration curve (0; 1; 5; 10 and 15 uM). Ethylene inhibition was determined by
modifications in the plant phenotype (shoot growth, inhibition of leave epinasty and necrosis
symptoms), which were the parameters for determining the optimum concentration.
Experiment design. The basal effect of inducers and ethylene blocker on plant growth was evaluated on
plants cultivated in MS medium supplemented with inducers and/or AVG, without pathogen
inoculation. Plants inoculated with sterile distilled water was used as control. In order to evaluate the
effect of inducers and ethylene blocker on disease progression, in vitro plants were cultivated for three
days on the MS medium supplemented with the inducers XTH or Bion® with or without AVG. After this
period, plants were inoculated with the pathogen P. carotovorum. Control treatments consisted in
inoculated plants cultivated on MS medium with no inducers or AVG and each treatment consisted in
five plants. Disease incidence was regularly evaluated for 15 days. Each plant represented one
repetition. The area under the disease progress curve (AUDPC) was estimated. AUDPC values were
normalized and corrected (AUDPC-nc) by dividing the values by the number of days until the final
severity reading for each treatment and multiplying the resulting values by the number of days until the
final severity evaluation of the experiment (21), as shown below:

AUDPC-nc = {{Z[(yi+1 + yi) x 0,5]*[ti+1 - ti]}/n}*c

Where:

yi = percentage of plants presenting blackleg symptoms (incidence at the i-th observation);

ti = time (in days) after sowing at the i-th observation;

n = number of days between the disease onset and the last disease assessment;

¢ = longest period of epidemic duration among the plants evaluated.
Changes in the secondary metabolism were evaluated in plants cultivated in MS medium supplemented
with inducers (XTH or Bion®) and/or AVG. For this purpose, plants were previously cultivated for three
days in these treatments before P. carotovorum inoculation. The level of salicylic acid was analyzed in
plant tissues after pathogen inoculation (6; 12; 24 and 72 hours post-inoculation - hpi). Enzymatic
activity assays (PPO and POX) were performed at 24; 72 and 96 hpi and phenolic and flavonoid
concentrations were determined at 72 and 96 hpi. Each treatment and time point consisted in three
plants and each plant represented one repetition.
Quantification of secondary metabolites and enzymes. In vitro plants (0.5 g of fresh mass) were
randomly taken within each treatment and grounded in 5 mL of 80% (v/v) methanol at room
temperature. Extracts were filtered and centrifuged at 1,250 xg for 15 min. Total phenolic compounds
were analyzed in the supernatant by a colorimetric method as described previously (6). Briefly, 50 L of
extract was mixed with 2.5 mL Folin-Ciocaulteau reagent (ImprintSul Ltda, Brazil) and 0.7 M Na,COs.

Samples were incubated at 25°C in the dark for 30 min and absorbance was measured at 765 nm. Gallic
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acid was used as the standard. The contents of total phenolic compounds were expressed as mg/g of
fresh mass (FM). The activities of polyphenol oxidase (PPO; EC 1.14.18.1) and peroxidases (POX; EC
1.11.17) enzymes were quantified in extracts obtained from in vitro plants (0.5 g) grounded in 5 mL of
50 mM sodium phosphate buffer (pH 7.0), supplemented with 2% (v/v) Triton X-100 and 1% (w/v)
polyvinylpyrrolidone. Extracts were filtered and centrifuged at 2,500 xg for 15 min at 5°C, and the
supernatant was collected for determination of protein content and enzyme assay. PPO activity was
determined using chlorogenic acid as the substrate at 400 nm in a spectrophotometer, according to
Poiatti et al. (6). Specific enzyme activity was defined as the change in absorbance min/mg protein. The
activity of peroxidases was determined in a spectrophotometer by the oxidation of guaiacol at 420 nm,
using the extract described above. The reaction mixture contained 50 mM sodium phosphate buffer (pH
6.0), 0.1 M guaiacol as substrate and 10 mM hydrogen peroxide. Specific enzyme activity was expressed
as mKatal/mg protein. The protein content in the enzyme extracts was measured by the method of
Bradford (1976), using bovine serum albumin as a standard.

Salicylic Acid (SA). SA extraction protocol was adapted from Marek et al. and Verberne et al. (22,23). In
vitro plants (0.5 g) were macerated in liquid nitrogen and extracted with 1 mL of 90% methanol. Sample
was sonicated for 5 min and after centrifugation at 14,000 xg for 10 min, the supernatant was
transferred to a microcentrifuge tube. This process was repeated twice. Supernadant was transferred to
the same tube and concentrated under air flow. Residue was resuspended with 0.1 M sodium acetate
buffer (pH 5.5) and 5% trichloroacetic acid and the mixture was partitioned with ethyl
acetate:cyclohexane (1:1 v/v). The partitioning was repeated twice. The organic phase (with free SA)
was transferred to the same tube and concentrated. The aqueous phase, with the glucose conjugated
SA (salicylic acid 2-O-B-D-glucoside), was subjected to acid hydrolysis by adding 8 M HCl and heating at
80°C for 2 h. The hydrolyzed fraction was partitioned and concentrated as previously described. The SA
recovery rate, after extraction steps, was determined by adding a known amount of SA (internal
control). The recovery rate was calculated and used for correcting the extracted SA concentration. SA
analysis was performed by HPLC with a LichroCART column (type RP-18 5um) and spectrofluorometric
detector operated at an emission wavelength of 407 nm and an excitation wavelength of 305 nm.
Sample was eluted with 0.2 M sodium acetate buffer pH 5.5 in 10% methanol at a flow-rate of 0.8
mL/min.

Statistical Analysis. Data were analyzed by analysis of variance (ANOVA) and outliers determined by
Boxplot were eliminated. Variance homogeneity was verified through a graphical representation of
residuals. When necessary, data were transformed using Vx. HPLC results from three biological
replicates were compared using ANOVA. Means were separated by Duncan Test, p < 0.05. Statistical

analysis was performed using SPSS 16.0; SPSS Inc., Chicago, IL, US.
RESULTS

In non-inoculated plants, the elicitors XTH and Bion®, as well as the ethylene blocker (AVG),

added to the MS medium, did not cause plant death. However, non-inoculated plants treated with
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Bion®, AVG and Bion+AVG presented a visible growth reduction, whereas XTH and XTH+AVG treatments
did not present noticeable interference on plant growth (data not shown).

In vitro potato plants showed high sensitivity to the pathogen P. carotovorum, exhibiting disease
symptoms and reaching 100% of death at 15 dpi (Fig. 1). Inducers and AVG effects on promoting plant
defense are shown in Figure 1. Plants from the control and Bion+AVG treatments, cultivated on inducer-
and AVG-free medium and infected with the pathogen P. carotovorum, showed the first disease
symptoms at 1 dpi (Fig. 1a). Indeed, 40% of the control plants were dead at 9 dpi (Fig. 1b).
Hypersensitivity responses were observed in Bion® treated-plants, characterized by the darkening in the
region of pathogen inoculation (data not shown). Nevertheless, there was no difference in death
response between plants cultivated on medium supplemented with Bion® (100%), Bion+AVG (100%) or
AVG (80%) compared with the control treatment (80%) at 15 dpi. On the other hand, the lowest death
percentage (p<0.001) was observed in plants cultivated on treatments with XTH (40%) and XTH+AVG
(60%) at 15 dpi (Fig. 1b). Interestingly, there was no difference (p=0.561) on disease symptoms between
plants in all treatments at day 15 dpi (Fig. 1a).

The mean AUDPC-nc values for in vitro plants inoculated with P. carotovorum are shown in Table
1. The combination of inducer and the ethylene blocker (treatment XTH+AVG) showed the best result on
reducing plant death (p=0.046) and disease symptoms (p=0.011), compared to the control. Similarly,
addition of AVG and XTH to culture medium was also efficient on delaying progression disease
symptoms.

PPO activity in the control plants inoculated with the pathogen were constant for all the time
points (p=0.485) (Fig. 2a). However, it was increased in Bion+AVG treated plants, compared with the
control treatment. Interestingly, XTH, XTH+AVG and AVG did not promote any significant modifications
in the PPO activity compared with the control in the time points (p=0.061). PPO activity decreased on 72
hpi for all treatments (Fig. 2a).

Although all treatments promoted POX activity at 24 hpi, the highest increment (1.89 mKatal/mg
protein) was observed in the Bion® treatment (p<0.001). Although POX activity decreased at 72 hpi for
all treatments, plants cultivated in the presence of the ethylene blocker (AVG, XTH+AVG or Bion+AVG)
presented the highest enzyme activities (p<0.001). At 96 hpi, plants treated with XTH+AVG differed from
control and AVG (p=0.061) (Fig. 2b).

Phenolic and flavonoid compound concentrations are presented in Figure 3. No significant
differences were observed in the treatments for neither of the time points (72 and 96 hpi; p=0.729 and
p=0.051, respectively). Although, in 96 hpi, Bion® treated plants showed the lowest concentrations for
phenolic compounds, whilst BION+AVG treated plants showed the highest concentration (Fig. 3a). The
highest flavonoid concentration was found in control plants at 72 hpi (p=0.035). In 96 hpi, the lowest
levels (p=0.049) occurred in AVG treated plants, comparing to the control (Fig. 3b).

In addition to enzymatic and metabolic changes, the treatments caused hormonal alterations
such as tissue accumulation of SA. Free SA levels were higher than conjugated SA in all treatments and

time points analyzed. Bion® treated plants showed a markedly increase in free SA concentration (40.3
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ug/g FM) at 6 hpi (p=0.016), compared to the control (Fig. 4a). Posteriorly, this plants presented little
variation in free SA throughout the time points. The lowest level of free SA was found in XTH-treated
plants at 6 hpi (4.82 pg/g FM) and, at 24 hpi Bion+AVG treated plants had the highest levels of free SA
(52.2 pg/g FM).

Regarding conjugated SA, the highest levels were observed at 6 hpi in Bion® treated plants (15.6
ug/g FM), as oppose to control (8 pug/g FM) and Bion+AVG (3.4 pg/g FM) plants (p=0.001). Moreover, at
the same time point, XTH treated plants had higher levels of conjugated SA than XTH+AVG treated
plants (p=0.001). Bion® treated plants raised conjugated SA levels until 12 hpi, when plants reached the
highest concentration (23 pg/g FM). The lowest levels were found in XTH+AVG treated plants at 12 hpi
(1.8 pg/g FM). At 24 hpi, there was a significant reduction in conjugated SA in AVG treated plants
(p=0.117).

DiscussION

Elicitors represent an alternative tool for pest management in agrosystems, promoting plant
resistance against microorganisms (6). In potato in vitro plants, both elicitors (XTH and Bion®) and ET
blocker (AVG) supplemented to MS medium resulted in neither visible damage nor plant death in non-
inoculated plants. This result demonstrates that the concentrations tested were adequate for the
assays. However, Bion® and/or AVG reduced shoot development and plant growth. The plant activator
Bion® was registered to treat potato and has been shown to induce SAR in several plant species (cotton,
cocoa, citrus, bean, melon and tomato). The negative effect of Bion® on biomass accumulation has been
already described (cauliflower, wheat, bean) and it can be interpreted in the context of competition
between fitness and resistance induction in the absence of pathogens (24).

In vitro cultivated plants showed similar susceptibility to P. carotovorum as previously observed
in potted plants cultivated at greenhouse (data not shown). Pathogen-inoculated plants presented the
typical blackleg symptoms associated to the reduction in shoot development.

Presence of XTH+AVG reduced significantly plant death and symptoms during the disease
progression, promoting plant resistance against P. carotovorum. Moreover, XTH and AVG delayed the
appearance of disease symptoms. On the other hand, the treatments Bion+AVG and Bion® were neither
effective on delaying plant death nor disease progression, presenting AUDPC-nc values similar to the
control. The differences on plant death observed for Bion® and XTH treatments might be attributed to
distinct mechanisms of action.

SAR has been shown to be activated by SA and acts in plant defense against biotrophic
microrganisms. The main component of Bion® is Acibenzolar-S-Methyl (ASM), a SA analogue. It belongs
to the benzothiadiazoles (BTH) chemical group, which acts directly activating SA defense pathway (25).
In this scenario, exogenous BTH was able to reduce lesions caused by Peronospora tabacina in
transgenic tobacco plants expressing NahG gene (25), with low SA production. In this regard, Bion®
could induce SA-independent SAR. Likelihood, exogenous Bion® might have more expressive effect on
plant resistance against biotrophic microrganisms than against necrotrophic pathogens, such as P.

carotovorum. Potato plants treated with Bion+AVG showed the lowest plant protection against the
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bacterium. Since plant defense against necrotrophic pathogens involves the synergism between JA and
ET (19), we suggest that ET blocker could lead to a reinforce of the defense pathway against biotrophic
pathogens induced by Bion®. In this study, however, the response against P. carotovorum, a
necrotrophic pathogen, was hampered since the JA dependent pathway might have been inhibited by
excess of SA.

The inducer XTH was the most effective in promoting plant resistance against P. carotovorum.
Our results indicate that its combination with AVG reduced the plant death. This inducer is constituted
by autoclaved cell fragments from the bacteria Xanthomonas axonopodis pv citri. Composition of the
inducer suggests that its perception occurs at the plant cell surface by membrane receptors (PRR —
pattern recognition receptors), initiating PTI-type recognition (PAMP-triggered immunity), in which the
plant perceives the elicitor, activates its innate immunity and remains in alertness until pathogen attack.
XTH effectiveness might be related to the promotion of nonspecific signaling pathways, leading to
broader defense responses. It was demonstrated that the application of chitosan (a mycelium extract
from Crinipellis perniciosa) was similarly effective on protecting tomato plants against Xanthomonas
campestris pv. vesicatoria and enhancing chitinase and B-1,3-glucanase activity (26). Furthermore, there
are biotic inducers on the market that mimic an incompatible interaction between plants and
microorganisms, based on harpin protein and chitosan (27,28). Both molecules are recognized by PRR
and trigger plant defense.

PPO is an inducible enzyme that oxidizes a wide range of plant phenolics and has been related to
defense against pathogens and herbivores (29). This enzyme catalyzes the oxidation of phenolic
compounds to quinones, which present more toxic effect directly onto pathogens. In general, control
plants showed similar PPO levels along the time points and treatment with XTH or XTH+AVG did not
promote PPO activity, compared to the control. The absence of enzymatic activity changes observed in
control and XTH-treated plants was also reported for potted potato plants after inoculation with X.
axonopodis or water (6). However, it was shown that PPO activity was promoted when plants were
inoculated with P. carotovorum. Similar results in PPO promotion were also observed in rice plants
inoculated with Xanthomonas oryzae (30). Interestingly, PPO activity was significantly induced by Bion®
and Bion+AVG, in comparison to the control treatment. Tobacco plants treated with acetylsalicylic acid
also increased activity of PPO, whilst the treatment with the supernatant of Pseudomonas fluorescens
had no effect (31). Ours results indicate that although Bion® has enhanced PPO activity, this increment
does not represent plant resistance to P. carotovorum.

POX are involved in the synthesis of phenolic compounds, phytoalexins and lignin, key factors in
the establishment of plant resistance. This enzyme has also been correlated to the antioxidative
protection process in Arabidopsis plants and a decrease in resistance in POX-silenced plants was
reported (13). Plants treated with Bion® showed a drastic increment in POX activity at 24 hpi. After this
time point, POX activity in Bion® treatment was similar to control. XTH and Bion® treatments were
similar regarding POX activity at 72 and 96 hpi. On the other hand, POX activity in plants treated with
AVG (AVG, XTH+AVG or Bion+AVG) was higher than non-treated plants at 72 hpi, although this increase
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did not represent changes in disease symptoms. According to Chithrashree et al., pretreatment of rice
plants with a rhizobacteria and the latter inoculation with the pathogen Xanthomonas oryzae enhanced
POX activity (30). Moreover, in tomato plants an increase in POX activity in response to Fusarium
oxysporum and Pythium in plants pretreated with Pseudomonas fluorescens was reported (13).

Synthesis of phenolic compounds is a frontline in plants defense. They present a direct toxic
effect over pathogens, including the synthesis of toxic molecules catalyzed by PPO and the subsequent
lignin formation for cell wall strengthening. The relation between soluble phenols and PPO, POX, and
PAL activity in the defense of potato plants against Pectobacterium carotovorum subsp. brasiliensis has
been already shown (11). Phenolics and phytoalexins are also involved in potato resistance against
Phytophthora infestans (15). XTH or Bion® treated plants showed similar levels of phenolic compounds,
despite AVG presence or time point. However, flavonoid concentration decreased in all treatments
(except control) at 72 hpi. AVG led to the reduction of flavonoid levels in AVG and XTH+AVG treated
plants at 96 hpi, compared to the control. However, Bion+AVG treated plants showed no difference
from control plants. Overall, both phenolic and flavonoid compounds showed higher concentrations at
96 hpi than at 72 hpi. This result indicates that potato plant is producing and accumulating phenolic
compounds, which might be used as substrate for PPO and POX. Nevertheless, these results indicate
that general levels of phenolics and flavonoid are not elucidative in the induced resistance against P.
carotovorum.

It has been demonstrated that SA is required for maximal defense responses of potato during
pathogen infection, exhibiting high basal level of SA, ranging from 2 to 5 ug/g of fresh matter (32).
Although BTH has been reported as activator of SA-dependent responses without SA accumulation
(conjugated or free) in plants (25), the highest free SA levels (approximately 52 ug/g FM) were found in
plants treated with Bion+AVG at 24 and 72 hpi. The considerable SA increment in plants with Bion+AVG
at 24 hpi matches to the initial disease symptoms observed in this plants. The SA effect is modulated by
ET that is usually synthesized along with JA when plants are under attack by necrotrophs (33). The
antagonistic SA and JA effect in plant defense has already been described, where SA works as a
downregulator of JA responses. In tobacco plants, basic PR expression induced by methyl-JA (MelA) was
inhibited by the treatment with SA, whilst MeJA treatment inhibited acidic PR expression induced by SA
(34). On the other hand, ET plays an important role as a modulator of SA and JA responses.
Simultaneous induction of JA and ET pathway renders the plant insensitive to future SA-mediated
suppression of JA (33).

Interestingly, plants treated with AVG showed low levels of free SA, similar to the control plants.
This treatment was effective in delaying the disease progression. Considering that ET participates in the
defense promotion against biotrophic and necrotrophic pathogens, our results suggest that the lack of
ET precluded the activation of a SA-dependent pathway. Therefore, the defense against P. carotovorum,
a necrotrophic pathogen, was promoted through JA in an ET-independent manner. Although studies
with Arabidopsis suggest a role for ethylene in disease development during the susceptible response,

the importance of ethylene perception to the process remain to be determined (35). Ethylene is a major

33



373
374
375
376
377
378
379
380
381

382

383
384
385
386

387
388

389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407

component of a complex mechanism regulating the spread of necrosis that arises during the latter stage
of the susceptible response in tomato leaves. Tomato plants sprayed with AVG (1 mM) showed an
inhibition in the burst of ethylene synthesis after infection by P. syringae (35) and ethylene, but not SA,
is essential for the synthesis of phytoalexin in response to bacterial infection (36).

Although XTH presented a good potential in delaying disease progression and plant death in an in
vitro system, we must keep in mind that field conditions bring new challenges and data cannot be easily
extrapolated. Inducers represent a new tool for disease and pest control, leading to the development of
modern commercial products that can promote plant defense without compromising its growth.

However, inducers cannot be used as a stand-alone method for pest management.
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FIGURES AND TABLES

TABLE 1: Mean AUDPC-nc values of potato plants cultivated in vitro and infected with P. carotovorum. The

asterisks indicate difference (p<0.05) from the control treatment. Numbers in parenthesis represent standard errors

of the mean.

Treatments

AUDPC-nc

Death

Disease symptoms

Control
XTH

Bion®
AVG
XTH+AVG
Bion+AVG

4420 (1387.13)
2210 (1477.53)
4710 (736.44)
4975 (887.06)
890 (376.96) *
4975 (887.06)

9205.35 (1479.20)
4952.67 (1344.44) *
6732.00 (745.09)

(
(
(
5438.57 (513.94) *
3432.50 (1046.55) *
(

7436.48 (749.38)
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CONCLUSAO

— O indutor XTH se mostrou eficiente na promoc¢ao da resisténcia em plantas de S.
tuberosum desafiadas com o fitopatégeno necrotréfico P. carotovorum. Considerando que a
suplementacdo com AVG ndo alterou o nivel desta resisténcia, sugere-se que a defesa
promovida pelo indutor é independente de etileno;

— O indutor Bion® nao foi eficiente na promocgado da resisténcia contra P. carotovorum.
Considerando que a suplementacdo com AVG ndo alterou a capacidade de inducdo desta
resisténcia, sugere-se que a defesa promovida pelo Bion® é independente de etileno;

— O AVG promoveu o retardo no desenvolvimento de sintomas de doenga, mas sem
reduzir a porcentagem de morte das plantas;

— A atividade das enzimas PPO e POX apresentaram poucas diferencas entre os tempos
analisados e os tratamentos testados. A avaliacdo da atividade destas enzimas nado foi eficiente
para indicar caracteristicas de defesa nas plantas de S. tuberosum cultivadas in vitro;

— Os niveis de acido salicilico conjugado foram mais baixos que os niveis do livre.

— 0O aumento nos niveis de AS livre nas plantas tratadas com Bion+AVG correspondeu ao
surgimento dos primeiros sintomas de doenca;

— A sintese de compostos fendlicos totais e sua fracdo flavonoide ndo se mostraram

bons marcadores para a avaliacdo da resisténcia das plantas.

PERSPECTIVAS

Para elucidar os mecanismos envolvidos na defesa de plantas de batata contra P.
carotovorum, pretende-se avaliar a expressdao diferencial de genes marcadores da via
dependente de AS, acido jasmodnico e etileno (tais como PR, NPR1, ERF1, WRKY, JAZ1, PAL,
entre outros). Desta forma, pode-se determinar separadamente a acao do Bion® e do XTH nas
vias de defesa. Além disso, a andlise da sintese de novo de fitoalexinas nas plantas tratadas
com diferentes indutores possibilitaria identificar um marcador metabdlico para respostas de

resisténcia.
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