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RESUMO

O eucalipto é uma espécie lenhosa economicameptatante, destacando-se como matéria-
prima em diversos setores industriais. O Brasilpaca segunda posi¢cdo mundial em area
plantada, totalizando aproximadamente trés milli@elsectares. As espécies de eucalipto séo
muito suscetiveis a patdgenos cdBudrytis cineregmofo-cinzento), o qual leva a mortalidade
de estacas em fase de enraizamento. O controléglwolde doengas em plantas utilizando
microrganismos do solo tem sido considerado umerrgtiva para reduzir o uso de
agroquimicos e o atague de patdégenos. Rizobacpeoamtoras de crescimento vegetal podem
agir diretamente no desenvolvimento das plantagpetiucao de fitormdniosou indiretamente,
como antagonistas a fungos patogénicos, além gaicalteracées no metabolismo secundario,
com consequente inducao de resisténcia sistémeste Nrabalho, avaliou-se a acao direta no
desenvolvimento vegetal de isolados rizobacteriathmsgéneroStreptomycesatravés da
producdo de auxinas e potencial rizogénicdedealyptus grandi€ E. globulus bem como
oefeito modulador no metabolismo secundarioe acidolale resisténcia sistémica em plantas
eliciadas contreptomycesp. e desafiadas com o fungo patogéBicoinerea As respostas
metabolicas foram avaliadas através das atividddeszimas realacionadas a defesa vegetal
(PPO e POX) e dos compostos secundarios induzaoepostos fendlicos totais e fracédo
flavondides quercetinicos). A incidéncia e progiiesda doenca mofo cinzento em plantas
eliciadas comStreptomycesp. PM9, e cocultivo destes microrganism8srgptomycese
B.cinereg também foram avaliados. Os isoladosStieptomycesp.PM5 e PM9 apresentaram
maior producdo de auxina que os demais isoladtltesStreptomycesp.PM9 apresentou o
maior potencial rizogénico em plantasklecalyptussp. emodulou 0 metabolismo secundario
destas plantas. Oantagonismo deste isolado $brenereafoi evidenciado.As plantas

eliciadas conBtreptomycesp. PM9 e desafiadas cd®n cinereapresentaram alteracdes nas



enzimas PPO e POXe nos niveis de compostos feadtitais em diferentes tempos de analise,
as quais foram relacionadas a resposta iniciabflesd.Os compostos fendlicos acido galico e
clorogénico foram, em média, os mais abundantebperos acidos cafeico e benzoico e a
catequina tenham sido induzidos em momentos eguecifO retardo no estabelecimento da
doenca foi significativo em plantas Begrandiseliciadas constreptomyceOs resultados de
inducdo de resisténcia, retardo da doenca eantagooontraB.cinerea demonstram a
capacidade de acdo &reptomycesp. PM9 como indutor de resisténcia sistémica abget
colocando este microrganismo como potencial catwligas programas de controle biolégico
em viveiros de mudas deucalyptus A interacdo da planta de eucalipto com a rizabast
bem como a modulacdo dos mecanismos de defesa podénbuir para o estabelecimento de

novas estratégiasde biocontrole aplicado a silticaul

Palavras chaves:Biocontrole, Metabolismo secundario, Peroxidasessid®éncia sistémica

induzida



ABSTRACT

Eucalyptuss an economically important woody species, eglgcas a raw material in many
industrial sectors. Brazil ranks the second wortiwiposition in acreage, totalizing
approximately three million hectares. Eucalyptuscsgs are very susceptible to pathogens such
asBotrytis cinereggray mold), which leads to mortality of cuttinggooting phase. Biological
control of plant diseases using soil microorganieasbeen considered an alternative to reduce
the use of pesticides and pathogen attack. Plamttypromoting rhizobacteria can act directly
on plant development for production of phytohorn®rer indirectly as antagonists to
pathogens, as well as promote changes in secomdatgbolism, and hence inducing of
systemic resistance. In this study, the directafo®&reptomycessolates in plant development
was evaluated through the production of auxin d&mbgenic potential ifcucalyptus grandis
andE. globulusplants, as well as indirectly, by modulation of g#econdary metabolism, and
induction of sistemic resistence in plantselicigth Streptomycesp. and challenged with the
pathogenic fungu8. cinerea Metabolic responses were evaluated throughagtofitplant
defense enzymes (PPO and POX) and induced secondaryounds (total phenolics and
guercetinic-flavonoids fraction). The incidence gmdgression of gray mold disease on plants
elicited Streptomycesp. PM9, and coculture of these microorganisBtseptomycesindB.
cinereg were also evaluate&treptomycesp. PM5 and PM9 isolates produced more auxin
than the other isolates test&dreptomycesp. PM9 showed the highest rhizogenic potential on
Eucalyptussp. and modulated secondary metabolism of themetsl Antagonism of this
isolated overB. cinereawas evidenced. Plants elicited wiBtreptomycesp. PM9 and
challenged witlB. cinereashowed changes in PPO and POX enzymes and |dveafenolic
compounds at different time points of analysis,clilmay be related to initial defense response.

Phenolic compounds chlorogenic acid and gallic astde, on average, the most abundant.



while caffeic acid, benzoic acidand catechin waduced at specific time points. A delay in
the onset of disease was significant in plant&.ofrandiselicited with StreptomycesThe
induction of resistance, disease delay and antagoagainsB. cinereandicate the capacity of
Streptomycesp. PM9 as an inducer of plant systemic resistarposes this microorganism
as a potential candidate for biological controlgyeoms in nurseries @&ucalyptus Interaction

of rhizobacteria with eucalyptus plant, as welttzs modulation of defense mechanisms may

contribute to the establishment of new biocontti@tegies applied to forestry.

Keywords: Biocontrol, Induced systemic resistance, PeroxislaSecondary metabolism.



LISTA DE ABREVIATURAS

AIA - Acido 3-indolacético

EROs -Espécies reativas de oxigénio;

ETI - Imunidade desencadeada por efetores;

ISR - Resisténcia sistémica induzida;

MAMPs - Padrbes moleculares associados a microrganismos;
PAMPs - Padr6es moleculares associados a patdogenos;
PAL - Fenilalanina amonia liase;

PGPRs -Rizobactérias promotoras de crescimento vegetal;
POX — Peroxidase;

PPO - Polifenol oxidase;

PRRs -Receptores de reconhecimento de padrdes;

PRs -Proteinas relacionadas a patogenicidade;

PTI - Imunidade desencadeada por PAMPs;

SAR - Resisténcia sistémica adquirida;
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1. INTRODUCAO

1.1.Importancia econémica deEucalyptus spp.

O géneroEucalyptus pertencente a familiMyrtaceae € conhecido por sua ampla
variedade genética, englobando mais de 900 espétiesiginario da Australia, de clima
temperado e subtropical, mas de facil adaptaca@drasocondicdes climaticas (1). Considerado
uma espécie lenhosa economicamente important@cdeseé como matéria-prima em diversos
setores industriais. O Brasil ocupa a segunda @osigundial em area plantada, totalizando
aproximadamente trés milhdes de hectares. A madeuada das plantacfes de eucalipto é
utilizada para producdo de chapas, laminas, coragess aglomerados, carvdo vegetal,
madeira serrada, celulose, moveis, aléem de Olasgmnesis e mel (2, 3Eucalyptus globulus
E. grandispredominam na regido sul do Brasil e estas espéaeus hibridds. urophylla E.
viminalis e E. dunniisdo cultivados em diferentes regides do mundocipalmente para

obtencédo de madeira e celulose (4).

Mudas até arvores adultas de varias espéci&sidalyptussao alvo constante de uma
ampla gama de patdgenos, principalmente fungasteisidade da doenca depende da espécie

atacada e da época do ano, e resulta em impacio8reiros significativos.

1.2.Fungo patogénicaBotrytis cinerea

Os fitopatdégenos sao classificados de acordo campdo de infec¢do, podendo ser
biotréficos, necrotréficos ou hemibiotréficos. Omthoficos tém como caracteristica viver
dentro de tecidos do hospedeiro, sem causar a,raortentrario dos necrotroficos, que causam

12



morte celular (5). Entre os fitopatdgenos que ataes espécies deucalyptusdestaca-se
Botrytis cinerea(mofo cinzento), fungo necrotroéfico tipico(@. cinereaocupa o segundo
lugar entre os fungos fitopatogénicos, caractedsttribuida devido a ampla gama de
hospedeiros, podendo infectar, aléemEdealyptusspp. (Figura 1A), mais de 200 espécies de
plantas. Por esse motivo, causa severos danoppealheita e apresenta grande impacto em

muitos agrossistemas (7).

O mofo-cinzento esta entre as principais doencasiegiros florestais d&ucalyptus
spp.na regiao sul do Brasil, sendo encontradonfi@cite em canteiros com alta densidade de
mudas (700 mudasfy sob condicdes de alta umidade (acima de 70%)pdraturas amenas
(outono e inverno). A infeccdo se d& pelo desemv@rto dos conidios, que podem invadir a
célula vegetal por presséo ou através do poro @siimomDurante o curso de infec¢do, o fungo
promove a morte celular programada no hospedeawéd da secrecdo de moléculas toxicas e
enzimas liticas, que, posteriormente, consomerddsale plantas para o seu crescimento (7).
Inicialmente, as folhas apresentam-se enroladas, geguida secam e caem. As partes afetadas
apresentam caracteristicas acinzentadas, color¢@oida as estruturas assexuadas deste
patdgeno (conidios e conididsporos), utilizadas hspersao na natureza (Figura 1B). A
doenca se caracteriza por afetar mudas e tecidesgala parte aérea, causando morte da parte
apical ou da planta como um todo. Este patégersaoguandes infestacfes e leva a mortalidade

de estacas e microestacas de plantas em faseaiteaemento (8,9).

A infestacao poB. cineregpode ocorrer em qualquer fase de desenvolvimenpdeshta.
Por isso, os custos dos danos causadoBgioytissao dificeis de estimar. Apesar do uso cada
vez mais eficaz do controle biolégico em algumadsucas (10), a aplicacdo de fungicidas

continua a ser o método mais empregado para cangahfec¢ao por este fitopatdbgeno
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Figura 1: (A) Planta d&eucalyptussp. infectada com o fungo patogénBurytis cinerea
(B) Partes afetadas da planta apresentando cas#icBs acinzentadas (conidio
conidiéforos). (A) Barra: 1 cm; (B) 40 Fonte: Banco de imagens do Departamen
Fitosanidade da Faculdade de Agronomia - UFRGS
<http://www.ufrgs.br/agrofitossan/galeria/index.as(r4).

1.3.Defesa vegetal

As plantas, ao contrario dos mamiferos, ndo apt@secélulas méveis de defesa e um
sistema imune adaptativo, mas contam com a imueidzata de cada célula e sinais que
emanam de sitios de infeccéo, podendo desencaahearesposta sistémica (11). Em geral, a
complexidade e as estratégias encontradas nossis&osas sao decorrentes da coevolucao
entre planta e patdgeno. As plantas respondemeadgemos através de diferentes mecanismos
de resisténcia, que inclui o reconhecimento, o guedduzido em uma resposta apropriada de
defesa. S&o capazes de se defender dos ataquesddenps de forma efetiva, devido a
multiplicidade e eficiéncia desses mecanismos desde de maneira que, na natureza, a
resisténcia € uma regra e a suscetibilidade, uroacér (12). Sendo assim, as plantas nao
permitem de forma passiva a entrada de patogenpatdgenicidade se da, principalmente,

pela entrada do patégeno, que desarma e suspereipastas de defesa da planta através da
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secrecdo de moléculas efetoras (virulentas), gumifgen o crescimento, reproducado e, por

fim, a propagacao do patdégeno (13).

A imunidade inata € a primeira linha de defesareonticrorganismos invasores em
plantas. Padr6es moleculares associados a patadehd$ss — do ingléPathogen-Associated
Molecular Patternysdo os ativadores classicos de respostas imbnmemicrorganismos nao
patogénicos, estes padrbes sdo chamados de MAMRNE R — do inglésMicroorganisms-
Associated Molecular Patterpsjue sao estruturas como flagelina bacteriarmids®glicanos
e lipopolissacarideos. Essas estruturas diferersgarantre os microrganismos, e estdo

relacionadas com o modo de infeccéo e o estiladdede cada um (14).

A primeira barreira encontrada pelos patdgenosparade celular vegetal, onde se
encontram os receptores denominados PRR (do jriggétern Recognition Receptdr&stes
receptores atuam no reconhecimento de MAMPs/PAMIRsimeira interacdo entre a planta
e 0 patdgeno envolve o reconhecimento das MAMRs&drde PRRs, gerando uma resposta
que inclui o aumento da sintese de hormdnios doesssf, a sintese de compostos
antimicrobianos, a producéo de espécies reativagigénio (EROs), a deposicdo de calose na
parede celular, a ativacdo de cascatas de trarsdacginais, a alteracdo nos niveis hormonais
e a inducdo da expressao de genes de defesa. ritstarg resposta de defesa formada é
denominada de imunidade desencadeada por PAMPs—RID inglés,PAMP-Triggered

Immunity ou resisténcia basal (13).

Mesmo a PTI sendo considerada uma resposta deadefietente, patdgenos bem
sucedidos (causadores de doenca), desenvolveraatégits de infeccdo através de novas
moléculas efetoras citoplasmaticas (13). As plantas detectarem esses efetores

citoplasmaticos, disparam uma resposta denominadauhidade desencadeada por efetores
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(ETI — do inglés,Effector-Triggered Immunijy sendo uma versao amplificada da PTI,

relacionada a proteinas de resisténcia (PRs) (15).

As plantas sdo capazes de integrar sinais de wiiésrevias relacionadas a defesa. Os
principais sinalizadores da defesa vegetal sdado &alicilico, &cido jasmonico e etileno. As
rotas de sinalizacéo se relacionam, fornecendt@aatas um grande potencial de regulagéo para
uma defesa refinada (16). Um composto, para sesidenado um sinalizador, deve possuir
caracteristicas especificas, como ser sintetizatio grépria planta, aumentar 0s seus niveis
apos o ataque de patdgenos ou apdés um tratamentoarooindutor, ser movel pelo floema,
induzir a sintese de substancias de defesa, compdeRoxidases, fitoalexinas e aumentar a

resisténcia a patogenos (17,18).

1.3.1.Resisténcia sistémica adquirida (SAR) e resscia sistémica induzida (ISR)

A inducdo de resisténcia em plantas envolve a @vale mecanismos inativos ou
latentes na planta. Pode ser induzida pela utdizalg indutores biéticos ou abidticos, ocorre
de forma inespecifica, por meio da ativagdo deggque codificam para diversas respostas de
defesa (19). A inducéo de resisténcia nas plamds pcorrer de forma sistémica e seu efeito
pode ser observado em locais distantes do locaifdecéo. Esse fenbmeno é denominado
Resisténcia Sistémica Adquirida (SAR — do ingisstemic Acquired Resistan¢20), e pode
resultar na imunizagdo temporaria contra futurdecgbes e também contra diferentes
patdgenos. Considera-se que a SAR envolve o acudaulBRs e é salicilato-dependente,
podendo resultar em alteracdes visuaisna plantasqfreu a indugéo. Por outro lado, a
resisténcia sistémica induzida (ISR — do indgiéduced Systemic Resistahéedefinida como
o aumento da capacidade de defesa da planta cani@o espectro de patdgenos.
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Edesencadeada apds um estimulo apropriado (21-B83eda-se no reconhecimento de um
invasor e em eventos subsequentes de transducginatieque levam a ativacao das defesas
(24). Diferentemente da SAR, a ISR nao envolvelomato de PRs, ndo promove alteracdes
na planta que sofreu a inducéo, envolve sinalizpgg§asmonato e etileno (25) e a participacao

de microrganismos ndo patogénicos (26,27).

1.4.Rizobactérias promotoras de crescimento vegetal (ARRS)

As PGPRs (PGPR - do ingléBJant Growth Promoting Rhizobacte)i@do bactérias
encontradas na rizosfera, as quais podem agiadiatte no desenvolvimento vegetal através
da produgcédo de reguladores de crescimento, do aonda fixacdo do nitrogénio e
disponibilidade de nitrato, da solubilizacdo dddés, da oxidacdo do enxofre, pelo aumento
da permeabilidade das raizes ou pela competicadsyastrato (28,29).Muitas PGPRs séo
capazes de produzir acido indol-3-acético (AlA)hénio quecontrola a divisdo e expansao
celular e desempenha um importante papel no delsémento das raizes(30).Desta forma, a
producdo de AIA é uma importante e eficiente maneela qualas rizobactérias podem
modular o crescimento de raizes das plantas haspe@d,32). Além disso, as PGPRs
atuamna supressao de doencas, produzindo antisigbacteriocinas, enzimas liticas, acido

cianidrico, siderdforos e induzindo resisténcitésmca(33).

O géneroStreptomycegqactinobactérias) € considerado por muitos como FBGP
apresentando caracteristicas tipicas desta clagséctbrganismos, como nao patogenicidade,
efeito benéfico no crescimento das plantase sujweds doenca (34,35). Este género, que

compreende 10% do total de microrganismos do aplgsenta um papel ecolégico adaptativo
17



significativo na rizosfera. Estes microrganismas capazes de quebrar polimeros biolégicos
complexos, como quitina e lignina, e apesar denséactérias de solo, varios relatos indicam
gue apresentam associacdes com plantas e hifaaglesf(36). Existe também a possibilidade
destas associacdes induzirem grande variedade dbdtims secundarios nos vegetais (37).
Efeitos como a solubilizacdo de fésforo, a produgéocauxina, o aumento da biomassa, a
antibiose e a inducédo de respostas de defesa aatagibram relatados apds a colonizacao

radicular porStreptomycespp. (29, 34,38,39,40).

O potencial de rizobactérias do gén&toeptomycesia promocao de crescimento de
plantas foi relatado em eucalipto (41). Estirpege@lgénero aumentaram significativamente o
desenvolvimento radicular em plantas de ar@/fa sativy milho (Zea maypseBruguiera

parviflora, através da acéo de auxinas (42,43).

1.4.1.Respostas metabdlicas relacionadas a interagdom PGPRs

Os mecanismos de defesa vegetal decorrentes daéslidda por PGPRs podem ser
estruturais ou bioquimicos (44), eresultam de ajfées metabdlicas relacionadas com
mudancas na atividade de enzimas chaves do metaoolicomo as peroxidases (POXSs),

polifenoloxidases (PPOSs) e fenilalanina amoéniaeli@AL).

As peroxidases (POX) pertencem a uma familia der&szcom diversas funcdes nos
vegetais. Participam da oxidacdo de compostositasolutilizando o perdxido de hidrogénio
(H202) como doador de elétrons para a reacao (45) faisidia de enzimas esta envolvida em
diversos processos fisioldégicos, como na formagidighina, no metabolismo oxidativo da
auxina (oxidac&do doAlA), na biossintese de etiler@ocicatrizacdo de ferimentos e regulacao

do alongamento das células (crescimento e senéaréidignina parece estar envolvida em
18



respostas de defesa contra organismos patogédiésafuando como barreira mecanica e
interferindo no crescimento de patogenos (12). Embo lignificacdo ainda seja pouco
estudada, sabe-se que esta sintese é uma respostasténcia, potencialmente induzida por
agentes bidticos e abidticos, e que pode estamsettamente associada a resisténcia sistémica
induzida (47,48). A comparacdo entteicalyptus calophyllaresistente) eE. marginata
(suscetivel) mostrou que a resposta de defesaragw fhytophthora cinnamomenvolve
alteracbes na atividade da PAL, de lignina e depostos fendlicos nas raizes das plantas

infectadas (49).

As polifenol oxidases(PPO) oxidam um amplo grupocdmpostos fendlicos sem a
necessidade de>B.. Por meio desta oxidacdo, produzem quinonas, cstopaonais toxicos
aos patdgenos do que os compostos fendlicos asgib@,51). Em geral, a atividade da PPO
é elevada em tecidos infectados por patégenoseserpia grande importancia para as plantas,

pois esta envolvida nos mecanismos de defesa@neacEncia (12).

A PALcatalisa a desaminacao da L-fenilalanina d@tans-cinamico e amonia, reacao
da primeira etapa na via dos fenilpropanoides.AR mbém é considerada como o ponto de
ramificacéo entre o metabolismo primario, via méliah do chiquimato (19), e o metabolismo
secundario, via dos fenilpropandides (52-54). Oentmna atividade das enzimas PAL e POX
foi observado em resposta ao ataqu®kizoctonia solanem plantas de feijao-caupi tratadas
com &acido salicilico, um eliciador de resposta efesh (55). Resposta semelhante foi

observada em tomateiro desafiado com o fufiggarium oxysporur(b6).
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1.4.2.PGPRscomoagentes de biocontrole

As doencas de plantas sdo responsaveis por grpad#ss na agricultura. Os meétodos
convencionais de controle sdo baseados na aplicd&mgentes quimicos e melhoramento
genético para obtencédo de resisténcia. O uso aeesgguimicos e sua presencga no solo podem
ser nocivos ao meio ambiente, especialmente quaesdes quimicos sdo aplicados
repetitivamente de modo exagerado para o contmlpatibgenos. Os métodos classicos de
melhoramento dependem da disponibilidade de gesesesisténcia, 0s quais podem ser
perdidos ao longo das geracdes. Além disso, o mathento e a utilizacdo de agentes quimicos
no controle de doencas estdo frequentemente diggde a um patdgeno ou a um grupo
pequeno de microrganismos.Uma das grandes predmgpatuais na agricultura é buscar
alternativas para aumentar a producéo e diminuiilizacdo de defensivos agricolas, sendo o
controle bioldgico de doencas em plantas considenath das estratégias para reduzir 0 uso

de agroquimicos (57).

A resisténcia induzida através de agentes de himiené baseada na ativacdo de
mecanismos para o desenvolvimento vegetal e detéesia existentes na planta e no efeito
contra um amplo espectro de patdgenos vegetais [[22kre 0s microrganismos que atuam
como agentes de controle biologico e que estdohedus na resisténcia induzida, estado
algumas PGPRs (58), as quais tém mostrado resslf@dmissores no controle de doencas
contra fungos, bactérias e virus em varias cult{i®s$2). Os mecanismos mais estudados de
controle bioldgico mediado por PGPRs incluem a aatigio por um substrato, a producao de
aleloquimicos inibidores e a resisténcia sisténmdazida em plantas. ISR mediada por PGPR
pode potencializar varias respostas de defesaacetyle sado posteriormente induzidas pelo

patogeno (63) em um mecanismo conhecido cpriming (64). As respostas potencializadas
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incluem reforco da parede celular (65), o acamuas eénzimas PPO e POX relacionadas a

defesa (66) e a producédo de metabdlitos secundéids

As actinobactérias tém sido utilizadas no controtra Rhizoctonia solanie
Pseudomonas solanacear@m tomate (68), no controle Besarium oxysporuram trigo, de
Colletotrichum musaem banana (69), Busariume Armillaria em Pinus taeda(70). A
aplicacdo de Streptomyces plicatuem raizes de tomate antes do plantio reduziu
significativamente a incidéncia de doencas nes$astgs (71).Da mesma maneirss.
hygroscopicuslemonstrou atividade antagdnica comracinereacausador da doenga mofo
cinzento em videiras/@). No hibridoEucalyptus grandix E. urophyllae emE. urophylla,
ISR mediada poPseudomonasp. foi comprovada contra a ferrugem causadaPpocinia
psidii e murcha causada pBalstonia solanacearuf®5), bem como a supressédo da murcha

bacteriana erix. urophyllapor Pseudomonaspp. (72).
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2. HIPOTESE

[) Oisolado Streptomycesp.PM9 modula o metabolismo de plantasHiealyptus

grandise E. globulus.

II) Plantas deeucalyptusspp. eliciadas corBtreptomycesp.PM9 retardam os sintomas

da doenca mofo cinzento, quando infectadas comgofBotrytis cinerea

3. OBJETIVOS

3.1.0Dbjetivo geral

Avaliar a producdo de AIA, o potencial rizogéniccaemodulacdo do metabolismo
secundario induzido por rizobactérias do géngteptomyceem plantas deeucalyptus
grandis e E. globuluscultivadasin vitro. Avaliar o efeito direto do isola@&reptomyces
sp.PM9 sobre o fungBotrytis cinereae indireto nas respostas de defesa nas plantgs de

grandiseE. globuluseliciadas com ®eptomyces desafiadas coB.cinerea
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3.2.0bjetivos especificos

» Determinar aproducdo de AIA dos isolados de riztives Streptomycesp. PM1,

PM3, PM4, PM5, PM6 e PM9;

» Determinar o potencial rizogénico dos isoladosStleptomycesp.nas plantas de.

grandiseE. globulus

= Determinar a concentracdo dos compostos fendlioasste da fracdo flavondides

guercetinicos nas plantas lHegrandise E. globulusinoculadas constreptomycesp.;

» Quantificar as atividades enzimaticas da polifexidiase e peroxidase nas plantas
inoculadas conftStreptomycesp. e relacionar com a concentracdo de metabdlitos

secundarias

» Avaliar a interacdo entre os microrganis@wseptomycesp. e fungo patogénicB.

cinerea,através da técnica de co-cultivo;

» Avaliar o efeito modulador @&reptomycesp. no metabolismo secundario de defesa
(compostos secundarios e atividades enzimaticasplalgas deE. grandis e E.

globulusliciadas conBtreptomycesp. e desafiadas cai cinerea

= Avaliar o potencial deeliciacao de defes&tueptomycesp. em plantas desafiadas com

B. cinerea quanto ao estabelecimento da doenca.
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Abstract

The genugtucalyptuscomprises economically important species, suck.agandisandE.
globulus used especially as a raw material in many indlstectors. Species &ucalyptus
are very susceptible to pathogens, mainly fungickveads to mortality of plant cuttings in
rooting phase. One alternative to promote plantthead development is the potential use of
microorganisms that act as agents for biologicaltrod, such as plant growth-promoting
rhizobacteria (PGPR). RhizobacteB#&reptomycespp have been considered as PGPR. This
study aimed at selecting strains $treptomycesvith ability to promote plant growth and
modulate secondary metabolismiofgrandisndE. globulus in vitrgplants. The experiments
assessed the development of plants (root numbdeagth), changes in key enzymes in plant
defense (polyphenol oxidase and peroxidase) angciimh of secondary compounds (total
phenolic and quercetinic flavonoid fraction). TlselateStreptomyce$M9 showed highest

production of indol-3-acetic acid and the best ptgé for root induction. Treatment of
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Eucalyptusroots withStreptomyce®M9 caused alterations in enzymes activities dutie
period of co-cultivation (1 to 15 days), as welliaghe levels of phenolic compounds and
flavonoids. Shoots also showed alteration in tresdary metabolism, suggesting induced
systemicresponse. The ability 8freptomycesp. PM9 on promoting root growth, through
production of IAA, and possible role on modulatiminsecondary metabolism &ucalyptus
plants characterizes this isolate as PGPR andatefidts potential use as a biological control

in forestry.

Keywords: Actinomycetes, PGPRs, peroxidases, polyphenol seslgohenolic compounds.

Introduction

Eucalyptus a genus native toAustralia, belongs to the familytaceae and comprises about
900 species and subspecies (Brooker and Kleinigh)20®@ood from several economically
important members of the genus is used as a rawrig@ain many industrial sectors. Easily
adapting to different climatic conditions, somea@es, such ak. globulusandE. grandis are
grown in different regions of the world for timbend pulp production (Eldridge et al. 1994).
In Brazil, cloning ofEucalyptusspp. is done mainly by rooting mini-cuttings untiegh
humidity and temperature. These conditions faverdtiack of a wide variety of pathogens,
mainly fungi, which cause extensive losses, esppgabyoung plants thatare more susceptible
to pathogen attack (Ribeiro and Cardoso 2012)otastry, promotion of plant development
and reduction of infectious diseases have beemaetiiby the use of microorganisms that play

a role in biological control (Ashraf et al. 2013).
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Rhizobacteria are rhizosphere-competent bactedt agressively colonize plant roots
(Antoun and Prévost 2005). Among this group of mocganisms are some root-associated
bacteria, termed plant growth-promoting rhizobaatédPGPR), which is a class of non-
pathogenic soil microorganisms that have a bersfefiect on plant growth (Kloepper et al.
1980). PGPR bacteria may directly influence plarawgh by either synthesizing plant
hormones such as indol-3-acetic acid (IAA) (Asheafal. 2013), or facilitating uptake of
nutrients from the soil through different mechargssuch as solubilization of phosphorus and
potassium, as reported fBraxinusamericangLiu et al. 2013) and synthesis of siderophores
for iron sequestration (Adesemoye et al. 2009).PG&Ralso indirectly affect plants through
antagonism between bacteria and soil-borne patisodal et al. 2001), as well as by inducing
systemic resistance (ISR) in plants against bobh and foliar pathogens. Induced resistance
constitutes an increase in the level of basal taasi®, whereby the plant’s innate defenses are
potentiated against several pathogens and paré&idesemoye et al. 2009).

Members ofStreptomycegorder Actinomycetales) are a group of Gram-posithacteria
that are commonly found in soil. Comprising ~10%athl soil microbiota, these organisms
play important roles in plant-microbial communitysaciations (Schrey and Tarkka 2008). A
great deal of interest iBtreptomyce$as centered on their potential for producing dewi
variety of secondary metabolites, including antilo® and extracellular enzymes (Inbar et al.
2005). ManyStreptomycesire considered PGPR due to their capacity foreaming plant
growth, antibiosis and inducing defense respons&treptomycesolonized plants (Lehr et
al. 2007; 2008)Streptomycespecies have also been widely used for biologatrol of soil-
borne plant pathogens (Inbar et al. 2005; Gopalhkan et al. 2014).

Mechanisms of plant response to PGPR may be physibéochemical. These mechanisms
can include reinforcement of the plant cell wathguction of antimicrobial phytoalexins, and

pathogenesis-related proteins (PRs), as well agrdianced capacity to express defense
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responses upon challenge with a pathogen, a merhaeferred to as ‘priming’ (Conrath et

al. 2006). Plant defense responses result, infpant, metabolic alterations, including changes
in the activity of central enzymes of the secondastabolism, such as peroxidases (POXs)
and polyphenol oxidases (PPOs), and in the syrtltésiecondary metabolites (Dalmas et al.

2011).

The aim of this study was to select rhizobacterairss of the genuStreptomycewith the
capacity to promote plant growth and modulate dewsdary metabolism &. grandiandE.

globulugplantsin vitro.

Materials and methods

Plant material

Seeds oE. grandisandE. globuluswere surface-disinfected in 70% ethanol for Gdl&owed

by immersion in solution ofthe fungicide Ridomil @® MZ (8 g LY) for 20 min, and
immersion in sodium hypochlorite (1%) solution @ min. Seeds were rinsed three times
with sterile distilled water and sown on MS cultanedium (Murashige and Skoog 1962) with
the salt concentration reduced to one quatteMS), supplemented with 10 g'kucrose and

6 g L'! agar. Seedlings were maintained at 25 + 2 °C ligtht intensity of 32 pmol nf s*

under a 16 h photoperiod. Ninety-day-old plantsenesed in all experiments.

Culture ofStreptomycessolates
For inoculum preparation, six isolates of rhizobkaet Streptomycesp. (PM1, PM3, PM4,
PM5, PM6 and PM9) were grown from stock culturaiated from samples collected in an

Araucaria Forest at the Pré-Mata Center for Reteand Conservation of Nature
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(29°29'18.4"S, 50°12'23.5" W), Sao Francisco dald® Rio Grande do Sul, Brazil. DNA
sequences are deposited in GenBankunder the foldpadccess numbers: Streptomyces spp.
PM1-HM460335, PM3 — KM196121, PM4-HM460336, PM5 -MK96122, and PM9-
HM460337.Suspensions of isolates were preparedl@niBeyer flasks containing 10 mL of
ISP liquid medium (Shirling and Gottlieb 1966), at 1f48m for 7 days (stationary phase).
Suspensions were centrifuged at 2,5@0for 10 min at room temperature, the pellet was
resuspended in sterile distilled water, and th@esasion was adjusted to®00" CFU mL?

(ODsoonm= 1), used for the experiments.

Determination of IAA levels produced IStreptomycesp. isolates

The production of IAA by the six isolates $freptomycesp. was determined according to the
Salkowski method (Salkowski 1885). Isolates PM1,3?FMM4, PM5, and PM9 were cultured
on semi-solid ISEnedium, and samples of rhizobacteria (50 mg) wetaeted with 0.5 mL

of 96% ethanol and centrifuged at 2,5@0far 6 min at room temperature. The supernatant
(0.3 mL) was analyzed with 1 mL of Salkowski's reag (180 mL concentrated 850,
dissolved in 150 mL kD, with addition of 9 mL of 1.5 M Fe€bH,O), after incubation for 60
min at room temperature in the dark. Optical deesivere read at 530 nm. The level of IAA
produced was estimated against the IAA standarth{@=et al. 2011). Production of IAA was

determined from three replicates for each isol&teteeptomycesp.

Effect of Streptomycesp. on rhizogenesis &ucalyptusplants

The isolates that produced the highest levels & Were used to evaluate the induction of
secondary roots and the growth of the tap f&atalyptusplants were cultivated in an vitro
system according to Lehr et al. (2008), with maaifions. Briefly, 25 mL of ¥4 MS medium

was poured in a Petri dish (9 cm in diameter), after the agar solidified, a semicircle of
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medium was discarded and one plant was placedeorethaining semicircle (Figure 1).The

root surface was covered with 200 pLSifeptomycesuspension. Sterile distilled water was
used on the control plants. Wetted filter paper plased over the roots and medium in order
to maintain humidity. Plates were maintained ai25°C and 16 h photoperiod. The length of
the tap root and the number of secondary roots exsfiated at the onset of the experiment

and 30 days after the beginning of cultivation. péants were used for each treatment.

Evaluation of secondary metabolism Bf grandis and E. globulusin the presence of
Streptomycesp. (PM9)
The isolate that produced the highest level of l&#l induced rhizogenesis in Ehecalyptus
plants was used to evaluate the capaci$todptomycde modulatethe secondary metabolism
as a result of plant-microbe interaction. Plant& ofjfrandisandE. globuluswere transferred
to the culture system described above. A suspemdidnizobacteria (200 puL) was inoculated
on the roots;sterile distilled water was appliethroots of the control plants. The modulation
effect of the rhizobacteria on secondary plant matam was evaluated at 0, 1, 3, 9 and 15
days post-inoculation (dpi), as changes in the miaziz activity of polyphenol oxidases and
peroxidases as well as in the levels of total phemompounds and quercetinic flavonoids.
Each treatment contained 20 plants per time-cquos#, totaling 200 plants. Shoots and roots
of Eucalyptusplants were analyzed separately. Shoots or raeach time-course point and
each treatment were pooled and cut into small pieceice. A minimum of three repetitions
were used, and each repetition was analyzed ie tieq@icates for the colorimetric reaction.
The activities of the enzymes polyphenol oxidaseGPEC 1.14.18.1) and peroxidases
(POX; EC 1.11.17) were determined according to @&tial. (2012), with modifications.
Briefly, extracts were prepared from shoots ands@6.4 g) ground in 2.5 mL of 50 mM

sodium phosphate buffer (pH 7.0) and polyvinylpiidane (PVP; 1:6 w/v). The extracts were
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filtered and centrifuged at 2,50@ %or 15 min at 5°C, and the supernatant was celtetmr
determination of the protein content and for theyeme assays. The polyphenol oxidase activity
was determined spectrophotometrically at 400 ningushlorogenic acid as substrate. Specific
enzyme activity was defined as the change in absogd mint mg? protein. The activity of
peroxidases was determined in a reaction mixtunéatming 50 mM sodium phosphate buffer
(pH 6.0), 1% (v/v) guaiacol as substrate, and 10myhitogen peroxide, using the crude extract
described above. Enzyme activity was determined ispectrophotometer (420 nm) by
oxidation of guaiacolfor 30 s at intervals of 5Specific enzyme activity was expressed as
ukatal mg protein.Total protein concentration was determirmatording to Bradford’s
method (Bradford 1976), using bovine serum albuasithe standard.

For quantification of the total phenolic compounsiamples of shoots and roots (0.1 g of
fresh mass)oEucalyptusplants were taken from each treatment, blottesdternile filter paper,
and ground in 10 mL of 80% (v/v) methanol at ro@mperature. Extracts were filtered and
centrifuged at 1,250g«for 15 min.Total phenolic compounds were analyipetie supernatant
by the colorimetric Folin-Ciocaulteau method ascdégd previously (Sartor et al. 2013).
Galllic acid was used as the standard. The condétdsal phenolic compounds were expressed
as mg ¢ of fresh mass (FM). The fraction of quercetinicided flavonoids was determined
by the colorimetric method using the reaction V@%b ethanol, 10% aluminum nitrate and 1
M potassium acetate, measured at 415 nm. Queregtth used as the standard for the
calibration curve. The flavonoid content was expeelsas mg quercetin equivalents g

FM(Poiatti et al. 2009).
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Statistical analysis

Experiments were independently repeated twice utideisame conditions. Results of IAA
production, length and number of roots were analyzg one-way ANOVA, and the means
were separated by Tukey Test at a significancd lgive < 0.05. When homogeneity of the
variances was not achieved, the data were transtbioy log x+1. The experiments on the
modulation of secondary metabolism useda fully camded design, and the data were
analyzed by Student’s t test € 0.05). All statistical analyses were performedngsihe

software SPSS v. 17.5.

Results

Determination of IAA levels produced I8treptomycesp. isolates

The isolateStreptomycesp. PM9 showed the highest production of IAA (0.984 g*FM),
followed by isolate PM5 (0.724 mg'gFM). Between isolates PM3 and PM4, no significant
difference was observed in IAA production; isol&®l1l showed the lowest level of IAA

compared to the other isolates (Table 1).

Effect of Streptomycesp. on rhizogenesis

The rhizogenic potential of plants Bf grandisandE. globuluswas significantly affected by
the presence of rhizobacte&&reptomycesp. InE. grandis,proliferation of roots inoculated
with Streptomycesp. PM9 and PM5 wasapproximately twice as highpamed to the control
treatment. Similarly, plants &. globulusshowed no difference in their responses to isslate
PM9 and PM5 regarding proliferation of secondargtspand the presence of rhizobacteria

increased the number of lateral roots by approxeiyab times compared to the control
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treatment. Tap-root growth was not influenced by thresence of rhizobacteria in

eithelEucalyptusspecies tested (Table 2).

Modulation of secondary metabolismedicalyptusplants byStreptomycesp.
SinceStreptomyceBM9 showed the highest production of IAA and preedahizogenesisk.
grandis and E. globulus this isolate was used for testing the modulabérthe secondary
metabolism resulting from the plant-rhizobactengeiaction.Both the roots and shoots of
eucalyptus were affected by the treatment withatdecteria, showing alterations in PPO and
POX activity as well as in the levels of total pbko compounds and quercetinic flavonoids,
although the timing and intensity of the resportiffiered between the species (Figs. 2-5).

In general, plants dE. grandigndE. globulugn culture at day 0 (before the treatments)
showed a lower level of enzymatic activity thannpéatreated withStreptomyce®r water
(control) at 1 dpi (Figs. 2 and 4). However, theels of total phenolic compounds and
guercetinic-flavonoids did not differ (Figs. 3 abd

Roots ofE. grandishowed differences in enzymatic activities of PP@ BOX along the
time points evaluated. In plants treated v8theptomycesp. PM9, the PPO activity showed
no difference from the control at 1 dpi. Howevée PPO activity showed aslight increase at
3 dpi, followed by a marked decrease at 9 dpi(E&. At 15 dpi, the PPO activity in PM9-
treated roots was significantly higher than in ¢oatrol roots. The POX activity in the roots
increased at 1 dpi, and similarly to PPO, decreasé&ddpi (Fig. 2b).The enzymatic activity
indicated that the accumulation of phenolic comptsualso responded to the inoculation of
roots withStreptomycesp. (Fig. 3a). At 1 and 3 dpi, lower levels oflgthenolic compounds
were observed, followed by an increase at 9 dpaukaneously with the PPO and POX
activities at the same time points (Figs. 2a, b;N8a alterationsin the levels of quercetinic

flavonoids were detected in the roots during tHeuce period(Fig. 3b).
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Shoots ofE. grandiglso responded to the inoculation w&kreptomycesDifferences in
enzymatic activities and phenolic compounds wesepled during the time points. Compared
with control plants, shoots from PM9-treated plastiswed significantly higher PPO activity
at 1, 3 and 15 dpi (Fig. 2a), whereas the POX #gtincreased from 9 and 15 dpi compared
to the control (Fig. 2b). Phenolic compounds atsuenulated in the shoots from plants treated
with PM9 at 1, 3 and 9 dpi. Differently from whaasvobserved in the roots, levels of flavonoids
were significantly higher in shoots from the PM8atted plants than in shoots from the control
plants at 9 and 15 dpi (Fig. 3b).

Similarly to the responses @&. grandisto Streptomycesp., variations in enzymatic
activities and phenolic compounds were observeH.iglobulus In E. globulusroots,PPO
activity increased at 3 dpi followed by a markedrdase at 9 dpi (Fig. 4a), a similar response
to that oE. grandis(Fig. 3a). At 15 dpi, the PPO activity in PM9-tregroots was significantly
lower than in control roots (Fig. 4a). The POX @tyiwas significantly higher in PM9-treated
roots at 1 dpi compared with control plants (Filg).4n the roots, little variation was detected
in phenolic compounds and flavonoids, although erelse was observed at 1 dpi (Fig.
5a,b),which might be related to the increase in ROWity at the same time point (Fig. 4b).

Shoots ofE. globulusshowed less variation in secondary metabolism thanvariation
detected in the roots. A change in the PPO actwigg detected only at 15 dpi (Fig. 5a),
whereas the POX activity was reduced at 3 dpi,iacieéased at 9 dpi (Fig. 4b). Phenolics and

flavonoids decreased at 1 dpi and increased apil&odnpared with control plants (Fig. 5b).

Discussion

The ability to produce the plant hormone IAA is espread among microorganisms that are
commonly associated with plant surfaces, and al®@%i of rhizosphere bacteria can secrete

this common natural auxin (Manulis et al. 1994; At al. 2013). Production of plant-growth
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regulators is one of the modes of action by whiPR stimulates plant growth. The
Streptomycesp. isolates tested differedin the productionAd,lranging from 0.102 to 0.991
mg g*! FM. Streptomycesp. isolates PM9 and PM5 showed the highest ptimtuof this
plant-growth regulator. Production of IAA I8treptomycespp. has been reported in isolates
recovered from soil associated with medicinal @amith concentrations ranging from 11 to
144 pg mt (Khamna et al. 2010). Mansour et al. (1994) euatia24 strains
ofStreptomycespp. for their ability to produce plant hormones] all the strains synthesized
auxin, gibberellins and cytokinins in liquid mediuf previous test oStreptomycesp. PM1
showed low production of IAA (Dalmas et al. 2011).

Streptomycesp. PM5 and PM9were efficient in inducing rootdbothEucalyptusspecies
compared to the control plants. The enhancememiobigrowth observed in téreptomyces
treated plants is likely related to the ability isblates PM5 and PM9 to produce IAA.
Rhizobacteria can release phytohormones that cabsmbed by plant roots and thus promote
plant growth (Hussain and Hasnain 2011). SinceodenesisirEucalyptuswas increased by
the rhizobacteria, thEucalyptus—Streptomycep. association might result in more vigorous
plants, affecting productivity, as previously refgorfor PGPRs (Van Loon 2007). Plant growth
promotion bystreptomycesvas reported for tomato (El-Tarabily 2008), whEadeghi et al.
2012), apple (Aslangeet al. 2007), and previously on eucalyptus (Matfial. 2009).

In addition to the beneficial effect on root growtrEucalyptusStreptomycesp. PM9 was
able to modulate the secondary metabolisnk.offrandignd E. globulusduring 15 days of
culture, suggesting that this PGPR has an indieffeict on the plants. More significant
alterations were observed in the PPO and POX #ctivan in the phenolic compounds and
flavonoids levels. PPO is a copper-containing ereyinat catalyzes the oxidation of phenols
to highly toxic quinones (Kim et al. 2001). PPOimvolved in several other important

physiological processes in plant cells, such asnpig formation, oxygen scavenging and
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pseudocyclic phosphorylation in the chloroplast] defense mechanisms against insects and
plant pathogens (Yoruk and Marshall 2003). POX keyenzymeknown to be involved with
defense responses(Lehr et al. 2007; Appu and Mugiulan 2014), which participates in the
biosynthesis of lignin by the oxidation of phena@mpounds, thus strengthening the cell wall
(Mandal and Mitra 2007). The activity of these eneg was modified following inoculation
by StreptomycesPM9 on the roots &ucalyptus plants. Roots ofE. grandiand E.
globulugsesponded to the presenceStfeptomyce®M9, initially activating POX (1 dpi) and
later PPO (3 dpi). However, at 9 dpi the activifyboth enzymes decreased significantly
compared to non-treated plants. Increase of POXP4& in roots as an early response to the
presence obtreptomycesn the roots, and the subsequent temporal vamiatight result from

the attempt to establish an interaction betweeriweorganisms. Similar results were found
in Araucaria angustifoliatreated with Streptomycessp. (Dalmas et al. 2011). Several
mechanisms are involved in the plant—rhizobactartaraction, and its success involves
colonization of the roots, including recognitiordhasion, and in some cases, cell invasion
(Berg 2009). Non-pathogenic rhizobacteria such@BR interact with roots without activating
the defense responses in the host plants, andcanige the accumulation of transcription
factors related to defense genes that reduce $pemse time to pathogen attack (Van der Ent
et al. 2009). The decrease in enzyme activity @pidn the PM9-treated roots coincided with
the accumulation of phenolics at the same timetpdis these compounds are substrates for
PPO and POX, the results suggest that the acb¥itijgese enzymes was suppressed, and this

metabolic response may favor the rhizobacteriunnduhe process of root colonization.

Similarly to the root responses, alterations inlihsal levels of the enzymes PPO and POX
were observed in the shoots, although the chamgésgrandiswere more significant than in

E. globulus Because the inoculation was carried out on tlmsrahis result indicates the

36



288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

presence of an induced systemic responseEutalyptus sp. plants inoculated with
Streptomycesp. PM9. The activities of PPO and POX differetWeen th&treptomyces
treated shoots ofthe two species tested. lgrandis Streptomycemoculation led to increased
PPO activity at 1 and 3 dpi, whereaginglobulusno alteration was observed until 15 dpi. On
the other hand, POX activity was similar in the tsycies, decreasing at 3 dpi andincreasing
at 9 dpi. Changes in peroxidases elicited by PG&#R been reported in cucumber (Chen and
Kirkbride 2000) and tomato (Ramamoorthy et al. 2J0@2roxidase activity in diseased plants
and its effects on resistance or susceptibilityany host-pathogen interactions have also been
studied. The infection of Norway spruce witleterobasidionannosunvas associated with a
plant defense-related increase in peroxidase #ctignd th&@aSpi2 peroxidase and
PaChiZhitinase gene expression levels (Fossdal et 8ll;Phetala et al. 2004; Lehr et al.
2008). Otherwise, the increase in POX activity dieté at 9 and 15 dpi, combined with the
high levels of secondary metabolites induced insti@ots of both species, might be related to
plant development, since POX is involved with ligrformation during plant growth, in
addition to defense responses (Datta and Muthukaisii999).

In conclusion, the isolates tested in this studyil@ied some features of PGPR.
Streptomycesp. PM9 directly promoted root proliferationtn grandisncE. globulushrough
IAA production, and modulated the secondary metabyl increasing the basal levels of
defense-related enzymes, which suggeststhe induztio systemic response. Although several
studies have examined the efficiency of microorgiasi as biocontrol agents, few studies have
assessed rhizobacteria from the Mixed Ombrophilbosest as plant-growth and ISR-
promoters (Vasconcellos and Cardoso 2009; Dalmasl.e?2011). Further studies on
thepotential of this isolate as an antagonist aggpathogenic fungi would strengthen the
possibility of usingStreptomycesp. PM9 as an alternative forbiocontrol, with a@amitant

reduction in pesticide use.
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Table 1 Concentration of the indol-3-acetic acid (IAA) iiffdrent isolates oStreptomycesp.
cultivated in semisolid ISAmedium.

Streptomyces sp.

IAA (mg g~* FM)”
Isolates
PM1 0.102 (0.06) d
PM3 0.539 (0.04)c
PM4 0.410 (0.01) c
PM5 0.724 (0.02) b
PM6 0.415 (0.11) c
PM9 0.991 (0.05) a

“Values are means of three replicates.Numbers ienflagses represent standard error of the
mean.

“ Different letters indicate significant differenceang isolates at <0.05 by Tukey Test.
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Table 2 Number and length of roots &. grandisandE. globulusplants inoculated with
suspensions ddtreptomyce@solates PM5 and PM9) after 30 days of co-culture.

Species Treatments Root length (crh) Number of roots?
Control 1.93 (0.69) & 85(1.5b
E. grandis Streptomycesp. PM5 1.77 (0.34) a 18.9(2.8) a
Streptomycesp. PM9 0.72 (1.55) a 17.8 (3.5) a
Control 0.61 (0.67) a 7.0(7.03) b
E. globulus Streptomycesp. PM5 0.37 (0.47) a 32.6 (14.8) a
Streptomycesp. PM9 0.55 (0.68) a 36.7 (16.6) a

"Values are means of 10 replicates.Numbers in pageas represent standard error of the
mean.

" Different letters indicate significant differencétinin the species at < 0.05 by Tukey Test.
Data were transformed by log x+1.
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Fig. 1 Cultivation of plant material. (a) Germinated seeti&. grandis (b) Plants arranged in plates containing a seabcof/, MS
semisolid culture medium as support. (C) Planteudltivation after treatments inoculation.

46



Lk 3 Control il PM9
(a)
*
8- *
/E "3
2 * * >
o >
S
£ 1 g
ey 07 3
g 5,
= -2 3
g «Q
2 4 3
< g
=) * * é
=
P~ - 1
2-
0 = '—i -0
: 0 1 3 9 15 o 0 1 3 9 15 |
Roots Shoots
15+ -8
*
12- l *
-6
_ -
E o
Bt b
= —_
d =
& 9 ~
- s
B g
- g
3 =
2 6 :
= =y
g g
34 *
0 ] j
| 0 1 3 9 15 S 0 1
Roots Shoots

Days post-inoculation (dpi)

Fig. 2 Activities of the enzymes (a) polyphenol oxidased &b) peroxidases in shoots and root&ofyrandisplants
inoculated withStreptomycesp. PM9. Distilled water was used as control. Asayywere carried out at 1, 3, 9 an
dpi. Bars represent standard error of the mean.aBterisks indicate difference between treatmestisdent T-test R
0.05).

47



104 - 15
[ Control B PM9
(a)
8..
~ g
e * L 10 =
0 &
E o g
% * g
= * =
= =
=) =
= o
g H T * o)
= g
= s
= E
2-
0 ] . 0
0 1 3 9 15 0 1 3 9 15
| ] L ]
Roots Shoots
1.501 -5
1.25- *
- 4
- e
= 100 * 5
_— =]
s -3 g
=] P~
2 5
: 0.75' ~
z =
=)
§ -2 ";'_
[
= 050 [ T 3
-1
0.251
0.00 -0
0 1 3 9 15 0 1 3 9 15
| J L ]
Roots Shoots

Days post-inoculation (dpi)

Fig. 3 (a) Phenolic compounds, and (b) flavonoids in shaoid roots oE. grandisplants inoculated wittreptomyces
sp. PM9. Distilledvater was used as control. Analyses were carriedtdy 3, 9 and 15 dpi. Bars represent standaot
of the mean. Asterisks indicate difference betwieeatments at R 0.05 by Student T-test.

48



6- 1 Control Il PM9 15

(a) .
5. 1
* 1.2
= = =
3 o
1 - —_
g ¢ >
_I.w ™ 0.9 a-
E 5
' 3- 5,
z ul
z * =
< -0.6 ~
3, :
=} Iy
> E
-0.3
1..
0 T - 0.0
. 0 1 3 9 15 . 0 1 3 9 15 |
Roots Shoots
84 -8
6 -6
r= U
c
- 2
o T T
‘_Q' * l * 5
.m * &o-
E 4 kd -4 3
8 Q
N '
= 3
x )
g S
2 -2
0 -0
0 1 3 9 15 : 0 1 3 9 15 |
L ]
Roots Shoots

Days post-inoculation (dpi)

Fig. 4 Activities of the enzymes (a) polyphenol oxidased &) peroxidases in shoots and root&ofjlobulusplants
inoculated withStreptomycesp. PM9. Distilled water was used as control. Asayywere carried out at 1, 3, 9 an
dpi. Bars represent standard error of the meareri&ks indicate difference between treatmentsad®5 by Student T-

test.
49



—
Q
—

-10

Phenolic compoununds (mg g lFM)
=
1
(WA I 8 dw) spununodurod srjouay g

0 -0

Roots Shoots

(b) x

0.8 * L 4

0.4 5

Flavonoids (mg g" FM)
(A I_ﬁ Sur) sprouoAeq

0.0

Roots Shoots
Days post-inoculation (dpi)

Fig. 5(a) Phenolic compounds, and (b) flavonoids in shaod roots oE. globulusplants inoculated witbtreptomyces
sp. PM9. Distilled water was used as contmlalyses were carried out at 1, 3, 9 and 15 dpis Bepresent standard e
of the mean. Asterisks indicate difference betweeatments at R 0.05 by Student T-test

50



CapiTuLo Il

M ANUSCRITO A SER SUBMETIDO:

Defense responses in plants &ucalyptus grandis Hill ex Maiden and

E. globulus Labill elicited by Streptomyces and challenged withBotrytis cinerea

Tamiris D. Salla, Thanise R. da Silva, Leandro ¥takita, Eliane R.Santarém

Manuscrito a ser submetido para
revista Planta (Fator de impacto
3.6).

Guia para autores: http://www.springer.com/lifeescies/plant+sciences/journal/425

51



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Defense responses in plants &ucalyptus grandis Hill ex Maiden and

E. globulus Labill elicited by Streptomyces and challenged withBotrytis cinerea

Tamiris Daros Salla, Thanise Ramos da Silva, LeaN(Gkira Astarita, Eliane Romanato Santatém

!Laboratory of Plant Biotechnology, Faculdade deciincias, Pontificia Universidade Catdlica do Rimale

do Sul

Author for correspondence: esantarem@pucrs.br

Pontificia Universidade Catdlica do Rio Grande db-3UCRS
Faculdade de Biociéncias

Avenida Ipiranga, 6681, 12 C, sala 213

Porto Alegre, RS, Brasil. 90619-900

Phone: +55 51 33534148

Abstract

Eucalyptus is an economically important woody spgcespecially as a raw material in many indusseators.
The species of this genus are very susceptibletioogens such @otrytis cinerea(gray mold) which lead to
mortality of Eucalyptusuttings in rooting phase. Biological control oipt diseases using soil microorganisms
has been considered an alternative to reduce thefysesticides and pathogen attack. Rhizobactariacause
changes in secondary metabolism, inducing systegsistance in plants, and therefore leading to medthplant
defense. This study evaluated the modulating efié&treptomycesp. PM9 in the secondary metabolism of
plants ofEucalyptus grandiand E. globulus determining the metabolic and phenotypic respordeplants
elicited with Streptomycesp. PM9 and challenged with the pathogenic furjusinerea Metabolic responses
were evaluated assessing the enzymatic activifipelgphenol oxidase and peroxidase involved ad askhe
levels of induced secondary matabolites, phenaimpounds and flavonoids. Disease incidence andgssipn

in elicited plants, as well as co-culture betw&geptomycesp. PM9 and. cinereawere evaluated. Antagonistic
potential of this isolate againBt cinereawas found. Elicitation witlstreptomycesp. PM9 and challenging with

B. cinerealed to changes in polyphenol oxidase and perogidadivities as well as in the levels of phenolic
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compounds in plants at different times of analy&lterations in enzymes of elicited plants weratedl to early
defense responses. Phenolic compounds such as gadlichlorogenic acids were, on average, moredamin
although caffeic acid, benzoic acid and catechirevrduced at specific time points. A delay ondbtablishment
of gray mold was significant i. grandisplants elicited witttreptomycesp. PM9. These results combined with
the antagonistic effect againBt cinerea,demonstrate the action &treptomycesp. PM9 on inducing plant

systemic resistance, making this organism a pa@tecdindidate for biological control Bucalyptus

Keywords: Biocontrol, Induced systemic resistance, PeroxgaBlant growth-promoting rhizobacteria.

Introduction

Eucalyptuds a perennial tree native to Australia, succelssifitroduced worldwide and widely cultivated iramy
countries, including Brazil (Bruneton 199%ucalyptusis a large genus of the Myrtaceae family, compgsi
about 900 species and subspecies (Brooker anditf2@®4) with high economic value, suchEagylobulusand

E. grandis whichare grown in different regions of the woftd timber and pulp production (Cotterill and Broli
1997; Eldridge et al. 1994 ucalyptusspecies are constant targets for a broad rangatbbgens, especially
fungi, which infect plants throughout the life cgcAmong the pathogens that att&elcalyptis stands ouBotrytis
cinerea(gray mold), considered a typical necrotrophicgius, which promotes programmed cell death in tts ho
during the course of infection, by secreting tomiolecules and lytic enzymes, subsequently consuiplizigt
tissues for its own growth (Dean et al. 2012).

One alternative for promoting plant health and dgwaent is the use of microorganisms as biologicatrol
agents (Ashraf et al. 2013; Postma et al. 2003p@gst these microorganisms are some bacteriavbatttached
to plant roots, named Plant Growth Promoting Rhemteria (PGPRS) (Kloepper et al. 1988jreptomyces
(Actinomycetes) are considered to be part of tleigrPGPR and comprises Gram positive filamentoateha
that are well known for their ability to controlgpit diseasesby inducing defense responses in zetbipilants
(Gopalakrishnan et al. 2011; Schrey and Tarkka 2088 der Ent et al. 2009). These microorganisnwvsh
mechanisms of pathogen suppression through prastucti antibiotics, competition for colonizationestand
nutrients, production of siderophores and produactibcell wall-degrading enzymes (Berg 2009).

In plants, induction of resistance is typically ested through two physiological pathways namelytesysc

acquired resistance (SAR) and induced systemisteegie (ISR), mechanisms that can be differentibjethe
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regulatory pathways and the nature of the elicighilst SAR is triggered by necrotizing pathoge@sifrath et
al. 2002), ISR is activated by non pathogenic rbémieria, such as specific PGPR (van der Ent 20419).
Furthermore, ISR is dependent on jasmonic acidetimgene signaling in colonized plants (van Looalel998),
and is generally associated with a physiologiaksin which plants can react more efficiently abhmgen attack,
a defense mechanism referred tpraming (Conrath et al. 2006). Priming plants with PGP&s provide systemic
resistance against a broad spectrum of plant patt{Compant et al. 2005). The efficiency of rhietbria
Streptomyceas biocontrol agents has been reported in numestodges.S. hygroscopicuwas efficient against
downy mildew grape caused By cinereathrough production of antimicrobial molecules (Neti al. 1994), and
S. cavourensiSY224 reduced anthracnose in pepper, result atittgbin part by the production of chitinase and
glucanase (Lee et al. 201Roots of Norway spruce inoculated wiitreptomyce&B 4-2 provided systemic
resistance t@. cinerea(Lehr et al. 2008). Furthermore, culture filtrafessm S. bikiniensidHD-087 were able to
induce ISR in cucumber agaifgisariumwilt, and treatments increased the activities obpielase, phenylalanine
ammonia lyase, angtl, 3-glucanase (Zhao et al. 2012). Moreover, teglafPseudomonasp. were efficient in
reducing rust irEucalyptussp. (Teixeira et al. 2005) and in suppressingdsadtwilt in E. urophylla(Ran et al.
2005).Streptomycesp. PM9 was proven to modulate secondary metabaf€. grandisandE. globulusplants
(Salla et al. unpublish data).Up to date, thosetta#eonly two reports demonstrating the use ofathécteria on
Eucalyptus

The development of inducible resistance in plastadsociated with various defense responses, inglud
synthesis of pathogenesis-related proteins, phgko, rapid alterations in cell walls and enharaetivities of
several enzymes (Malolepsza 2006). Generally, ergyfrom the phenylpropanoid pathway and hence, the
production of phytoalexins and phenolic compourds,associated to ISR (Alizadeh et al. 2013). Emsythat
are commonly related to defense responses inclimmyalanine ammonia lyase (PAL), chitinagel,3-
glucanase, peroxidase (POX), polyphenol oxidaseOjPRuperoxide dismutase (SOD), catalase (CAT),
lipoxygenase (LOX), ascorbate peroxidase (APX)pnodeinase inhibitors (Alizadeh et al. 2013; vamhd 997).

The aim of this work was to evaluate the abilityted isolateStreptomycesp. PM9 as elicitor of defense

responses againBt cinereain plants ofe. grandisandE. globulus in vitro Secondary metabolism and disease
progression were analyzed. The potential of awgibiwas also evaluated as a possible componatisedse

control.
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Materials and methods

Plant material and microorganisms

Seeds dE. grandignd E.globulusvere surface disinfectedin70% ethanolfor 60sfolldwey treatment with
fungicideRidomilGold®MZ(8 g tY)for 20 min, and immersion in sodium hypochlorité4) solution for 10min.
Seeds were rinsed three times with sterile didtilater and sown on MS culture medium (Murashige $koog
1962) with salt concentration reduced to one qutteMS), supplemented with 10 gllsucrose and 6 glof
agar. Seedlings were maintained at 25 + 2°C withtlintensity of 31 umol m s under a 16-h photoperiod.

Ninety day-old plants were used in the experiments.

Streptomycesp. PM9 was grown from stock cultures initiatemhirsamples collected in the Araucaria Forest
at Pr6-Mata Centre for Research and Conservatidtatdre (29°29'18.4"S, 50°12'23,5" W), Sédo Fisowide
Paula, Rio Grande do Sul, Brazil. Isolate was eatéd in ISRliquid medium (Shirling and Gottlieb 1966), shaken
at 100 rpm for seven days (stationary phase), ifeged at 2,500g for 10 min at room temperature. The pellet
was resuspended in sterile distilled water wittthfer standardization to $010 CFU mL (ODggonm= 1) (Dalmas
et al. 2011). The plant pathogenic fundgerytis cinereawas grown for 15 days on potato agar (PDA), and a
suspension consisting of hyphae was prepared tatilesdistilled water and adjusted to @B+ 0.2 and 0.5,

representing 3,050 and 9,520 hyphae'mL

Co-cultivation ofStreptomycesp. PM9 and.cinerea

The antagonism betweetreptomycesp. PM9 and. cinereawas verified by co-cultivation. In Petri dishes
containing semi-solid medium 1SP200 uL of Streptomycesp. PM9were inoculated, establishing a line 1 cm
away from the edge of the plate. In the oppositsitipm, 1 cm away from the edge, a disk (1 cm dizn)e
containingB. cinereawas positioned. In a control plate, rhizobacterés replaced by 200 pL of sterile distilled

water. Co-cultivation was maintained for 30 dayd aize of the inhibition zone (mm) was recorded.

Disease evaluation

Plants ofE. grandisof E. globuluswere cultivated in am vitro system according to Lehr et al. (2008), with

modifications. Briefly, 25 mL of ¥4 MS medium wereyred in a Petri dish (9 cm in diameter), and foiltg agar
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solidification, a semicircle of medium was discatdend one plant was placed onto the remained medium
semicircle Treatments consisted of (i) plants inoculated starile distilled water (control); (ii) plants ingated

with B. cinerea(treatment F) on the roots (@gh«=0.2 or 0.5) and (iii) plants elicited witreptomycesp. PM9
(ODsoonn=1) and challenged witB. cinereafour days after elicitation (Odgonn=0.2 and 0.5; treatments PM9+F
0.2 and PM9+F 0.5). Inoculations were performegaling 200uLof either rhizobacteria or fungus on root

surface.

Disease incidence and development ofgray mold symptwere evaluated in shoots, which were divided in
three parts, being each part accounted for 33.888¢ase incidence in a shoot completely infecteslapasidered
100%. Data were collected from observations at éaochdays from the experiment onset. The area utae
disease progress curve (AUDPC) was estimated. AUihEs were normalized and corrected (AUDPC-nc) by
dividing the values by the number of days until fimal severity reading for each treatment and iplying the
resulting values by the number of days until tmalfiseverity evaluation (Graichen et al. 2010; Zanaito et al.

2012), as shown below:

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

where yi = percentage of shoot affect by gray n{skelerity at the'l observation); ti = time (in days) after
inoculation ofB. cinereaat the 1" observation; n = number of days between the diseaset and the last disease

assessment; ¢ = longest period of epidemic duratioong the plants evaluated.

Evaluation ofsecondarymetabolismEidficalyptusspp. elicited wittStreptomycesp. PM9

Plants oft. grandisandE. globuluswere transferred to the vitro system described above. Treatments consisted
of (i) plants inoculated with sterile distilled veat(absolute control); (ii) plants inoculated w8kreptomycesp.
PM9 (ODsoi=1; treatment PM9) on the roots; (iii) plants irtet with B. cinerea(ODgoonn=0.5) on the roots
(control for disease; treatment F) and (iv) pladisited with Streptomycesp. PM9 (ORoonr=1) and challenged
with B. cinerea(ODsoonn=0.5; treatment PM9+F) four days after elicitatidnoculations were performed

disposing 20QuL of either rhizobacteria or fungus on root suefac
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Plants were evaluated for basal secondary metabdiisfore and after four days of inoculation with
StreptomycePM9, named B and BS, respectively. Defense regsonsre evaluated at 1, 3, 9 and 15 days post-
inoculation withB. cinerea The induced levels of secondary compounds (ftaholics and flavonoids) and the
activity of polyphenol oxidases (PPO) and perox@édafPOX) were the parameters analyzed. Each treatme
consisted of 20 plants per time course point, itttag 380 plants. Shoots and rootsEaicalyptusplants were
analyzed separately. Shoots or roots from eaclnterd and each time course were pooled, kept oaridecut in
small pieces. A minimal of three biological repetits was used and each repetition was analyzetiree t

replicates for the colorimetric reactions and ipléiate for chromatographic analysis.

Defense enzymes activity determination

Activities of the enzymes polyphenol oxidase (PHXQ; 1.14.18.1) and peroxidases (POX; EC 1.11.17¢wer
determined according Savio et al. (2012), withelithodification. Briefly, extracts were preparedn shoots and
roots (0.4 g) ground in 2.5 mL of 50 mM sodium ptieate buffer (pH 7) and polyvinylpyrrolidone (PVEP6
w/v). Before grinding, plant material was extengiinsed in distilled water to remove any excessmedium or
microorganisms. Extracts were filtered and cengefih at 2,50%g for 15 min at 5 °C, and the supernatant was
collected for determination of protein content amtyme assays. PPO activity was determined in cioea
containing chlorogenic acid (1 mM) as substra#0& nm. Specific enzyme activity was defined asctienge in
absorbance mihmg? protein. The activity of peroxidases was determinealreaction mixture containing 50 mm
sodium phosphate buffer (pH 6), 1% (v/v) guaiacobabstrate and 10 mM hydrogen peroxide, usingiige
extract described above. Oxidation of guaicol wasasared by the increase in absorbance at 420 n80ferat
an interval of 5 s. Specific enzyme activity wapmssed as pkatal nmgrotein. Total protein concentration was

determined according to Bradford’s method (Bradft®@6), using bovine serum albumin as standard.
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Analysis of secondary compounds

Shoots and roots samplesdicalyptusplants (0.1 g of fresh mass; FM) were taken fr@ohetreatment, blot
dried on sterile filter paper and ground in 10 nfilB@% (v/v) methanol at room temperature. Extrasge filtered

and centrifuged at 1,25 for 15 min. Total phenolic compounds were analyiredhe supernatant by the
colorimetric Folin-Ciocaulteau method as descripeglviously (Sartor et al. 2013). Gallic acid wasdiss the
standard. The contents of total phenolic compouwrei® expressed as mg M. The fraction of quercetinic-
derived flavonoids was determined by the colorimetethod using the reaction with 96% ethanol, 10%
aluminum nitrate and 1 M potassium acetate, medsate415 nm. Quercetin was used as standard for the

calibration curve. Flavonoid content was expressechg quercetin equivalent3 §M (Poiatti et al. 2009).

Identification and quantification of the main phéa@ompounds irEucalyptussp. plants were determined
by High Liquid Performance Chromatography (HPLChafyses were carried out an Agilent Technologi2801
Series operated at 45 °C, and separations wererped on a MetaSil ODS column (&n; 150 x 4.6 mm).
Detection was achieved with a UV/V detector se2&Q nm. Gradient was formed between two mobile géias
phase A consisted of 2% of formic acid in water phdse B in methanol (100%). The analysis folloadithiear
gradient programmed as 10% to 20% of eluent B fdail5 min, 20 to 40%, from 15 to 20 min, 40 to 60&6n
20 to 25 min, and 60 to 100% from 25 to 25.1 mihe Tlow rate was kept constant at 1 ml rhamd injection
volume was 20 pL. HPLC analysis was performed laygua five point calibration curve generated wititheentic
phenolic standards (gallic acid, caffeic acid, obdeenic acid, 2-hydroxybenzoic acid, benzoic acadechin, and

coumarin).

Statistical analysis

Experiments for evaluation ofsecondarymetabolismevperformed in completely randomized design, tefte
variance homogeneity by Levene’s test and subjdotede-way ANOVA. Means were separated by Tukest Te
at significance level o& < 0.05. All statistical analyzes were performed gdine software SPSS v. 17.5. Data
from enzymatic activities and secondary metabolitese expressed as mean + standard error. HPL@simalas
carried out with two replicates obtained from ttemlpof root and shoot samples prepared from tatainplic

compounds analysis. Data was expressed as meandastl deviation.
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193 Results

194 Co-cultivation ofStreptomycesp. PM9 andotrytiscinerea

195 In the co-cultivation oStreptomycesp. PM9 xB. cinereaan inhibition zone (20 mm) was observed between th
196  two microorganisms. In the control, fungus grewfammly on the plate (Fig. 1).

197

198 Disease evaluation

199 Evaluation of the area under disease progress ¢@tu®PC) in plants of. grandisand E. globulusshowed
200 difference among the treatments. Plant& ofrandisinfected withB. cinereaat ODsoonn= 0.2 resulted in greater
201 area (12,032.80 + 3,610.40) than the plants eticted challenged with pathogen (PM9+F0.2; 1,338.886.81).
202 Similar result was recorded for the @B-=0.5 (Table 1). Contrankg. globuluselicited-plants were similar in
203 response to both densities of pathogen, althoufjéreinces from control plants were recorded (TdhleThe
204 response observed with AUDPC could be confirmednmiisease incidence was recorded as percentages of
205 incidence during cultivation period. The lowestedise incidence (13.3%) was recordeH.igrandisplants from
206 PM9+F0.2 treatment, with the first diseased plargesved at 12 dpi (Fig. 2a). Highest and earliesidence
207 (66.7%; 7 dpi) was observed in F-treated plantghE$t density of fungus in elicited plants (PM9-8j0esulted
208 in higher disease incidence (33%), when compardti Wie ODRoonn=0.2, although the timing of disease
209 appearance was the same (12 dpi) (Fig. 2a anc B). ¢lobulusno differences were observed between optical
210  densities used for fungus inoculation, either inrfPM9+F treatments. However, disease was seelicited-
211 plants at 10 dpi (Fig. 2c e d). | globulusplants, percentage of mortality was higher thag.igrandis reaching
212 100% within 18 dpi.

213

214 Enzymatic activity and secondary compounds

215 In E. grandisroots, PPO activity did not differ in the firsiie points of analysis (from B, BS and 1 dpi). At 3
216  dpi, PPO activity was higher in roots inoculatethv®M9 (treatment PM9) when compared to roots tefevith
217 B. cinerea(treatment F) and the ones elicited and challengiéid the pathogen (treatment PM9+F) (Fig. 3a).
218 However, activity was significantly increased iiciééd roots at 9 dpi, showing similar responsé¢himse from
219 PM9 treatment. POX activity was earlier triggefatl 1 dpi) in elicited and challenged plants (PMpwien
220  compared to PPO, showing significant differencesdhfter when compared to the F treatment (Fig./A&t dpi,

221 suppression of POX activity in F plants was observe
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222 In E. globulusroots, the highest PPO activity was detecteddyi In PM9+F, followed by PM9. Nonetheless,
223 a reduction on the enzyme activity on PM9+F plavds observed at 3 dpi. At 15 dpi, an increase db &Rivity
224  was observed in both F and PM9+F treatments (Rig.Gn the other hand, different response was wbddor
225 POX (Fig. 5b). At 1 dpi, roots infected with thenflus (F) showed a markedly increase on POX actiwihereas
226  areduced level of enzymatic activity was observeBM9+F. Although levels of POX for the treatmenisre
227 lower than the control plants, differences weralent between PM9/PM9+F and fungus-infected plangsaand
228 15 dpi. Roots on F treatment showed steady leePOX activity from 3 dpi oB. cinereaand thereafter (Fig.
229  5bh).

230 Production and accumulation of phenolic compoundeevabserved in roots &ucalyptussp. in response to
231  the microorganisms. A decrease on the phenolieddavas detected . grandisroots four days after inoculation
232 with Streptomyce€BS) in PM9-plants and at 1 dpi in PM9+F (Fig..4agrreased levels of phenolics on PM9+F
233 were observed at 3 dpi, which was coincident withlighest POX activity at this time point. At 9,dpe lowest
234 level was found on PM9+F plants, coincident to tighest PPO activity (Fig. 3a and 4a). Similarhg towest
235 level was coincident to the highest POX activityatinited plants (Fig. 3b and 4a). Levels of quénteflavonoids
236  were reduced in plants treated with PM9 and PM3-&dpi (Fig. 4b). Infection witBotrytisresulted in increased
237 levels of flavonoids at 1dpi (Fig. 4b).

238 Phenolic compounds i&. globulusroots were affected bytreptomycesp. and reduction was observed at BS
239 on PM9-plants (Fig. 6a). However, on this spedigs|owest levels resulted from plants infectedsit cinerea
240  along the time of the experiment (Fig. 6a). At 1, the lowest level of phenolics on F treatmerihcioled with
241 highest activity of PPO (Fig. 5a and 6a). PM9-somtidenced higher levels of phenolics than comqtiarts at 3
242 and 15 dpi (Fig. 6a). Flavonoids were increasa@$ponse to inoculation with PM9 (BS and thereafay. 6b).
243 At 15 dpi PM9+F plants showed the highest concéntraf these metabolites.

244 Similar to the roots, shoots Blcalyptussp. were affected by treatments.BEngrandisPPO activity showed
245 slightly increment in F treatment at 3 dpi and tieisponse persisted until 9 dpi (Fig. 3a). No $icgmt difference
246 was observed among treatments at 15 dpi. On ther bind, although levels of POX activity were digaintly
247 reduced at 1 dpi for all treatments, an increase n@eorded on PM9+F at 3 and 9 dpi (Fig. 3b). Haxethese
248 plants showed a markedly decrease on POX activit$ api (Fig. 3b). POX activity in shoots from pta PM9+F

249 raised immediately after the initial responses takén place on the roots.
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250 In E. globulu®M9+F-shootsPPO activity showed slightly increase when compéwexbntrol plants at 3 dpi,
251 and such response was highlighted at 9 dpi (Fig. Ba15 dpi, treatments differed significantlyf the control
252 and the highest activity was recorded in F infegitzahts, followed by PM9 treatment (Fig. 5a). PQXivaty was
253 higher in PM9-treated shoots at 3 and 15 dpi, wdmehe PM9+F plants, a markedly increase was detextt® dpi
254 (Fig. 5b). When compared & grandis PPO and POX activities were overall higheEirnglobulusshoots (Fig.
255 3 and 5).

256 Phenolic compounds varied with the treatments imel of culture in shoots of both grandisandE. globulus
257 Similar results were observed in shoots of botltigseat 3 dpi, when PM9 and PM9+F plants showedhitgjigest
258  amounts (Fig. 4a and 6a). No significant differenaenong the treatments were evidenced at thewastime
259 points inE. grandis although irE. globulusall treatments differed from the control (Fig.atad 6a). Specifically
260  for E. globulus shoots from PM9 treatment showed a constantleig of phenolics from 1 dpi until the end of
261 cultivation. Increased levels of these compoundg.igrandisshoots could be related to the reduced levels of
262 POX activity at 1 dpi (Fig. 4a and 3b). Overallpsts from elicited plants showed higher levels lndémolics than
263 plants infected wittB. cineredF) at 1 and 3 dpi, which may have play a roleudssates for POX at 3 and 9 dpi
264  for both species (Fig. 3b, 4a, 5b, 6a). Quercefiaionoids were maintained elevated in PM9 plahsg the
265 culture in both species assayed (Fig.4b, 6b). Api3 however, shoots from PM9 and PM9+F showedIlaimi
266 levels of these compounds (Fig.4b, 6b). Differanoetween species were recorded at 9 and 15 tmugh all
267  treatments showed higher levels than the contimbtsh

268 Chromatographic analysis of phenolic compounds sldowide variation for each compound and species
269  tested (Tables 2 and 3). At basal level (B), beforg contact with microorganisms, only chlorogesiid was
270  detected in shoot and roots of both species, rag¢he highest levels ia. globulus Gallic acid was detected in
271 shoot and roots dE. grandisand shoot oE. globulus and in all it was present in higher levels thhlomgenic
272 acid.Coumarin was present i globulus whereas caffeic acid, 2-hydroxybenzoic acid, benacid, catechin
273 were absent in plants at this time point (Tablen@ 8). Upon contact with microorganisnitreptomycesB.
274  cinereaor both), concentrations of phenolic showed vanmgtwhich, at some extension, could reflect pathe
275 response to plant-microorganism interaction.

276 Overall, in roots oE. grandisplants from F treatment show higher concentratafrehlorogenic acid, caffeic
277  acid and gallic acid at 1 dpi (Table 2). Chlorogeatid, caffeic acid, catechin, 2-hydroxybenzoitd sand

278  coumarin were abundant at 9 dpi. Roots of elicilthts showed the highest concentration catechinaatd 3
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dpi, in addition of coumarin at 3 dpi. In shootallig acid showed higher concentrations when coegbér control
plants at 1 dpi and 3 dpi. Caffeic acid was noédtd at 3 dpi in PM9 and PM9+F shoots. In plamfescted with
Botrytis (F or PM9+F), coumarin was observed in higher eatrations than in PM9 and control plants at 1 dpi
(Table 2).

In roots ofE. globuludittle variation was observed on phenolic compaufithble 3). However, benzoic acid,
catechin and coumarin were the compounds foun@jirelst concentrations in PM9+F plants at 1 dpio@idenic
acid and coumarin were detected in PM9 and PM945 alpi. A significant decrease in caffeic acid alpi was
observed. In shoots from PM9 and PM9+F plants @affeid, coumarin and 2-hidroxibenzoic acid weréased
in PM9-treated plants at 1 dpi. In PM9+F plantffedences were observed in gallic acid and cafieid at 3 dpi
and in chlorogenic acid, 2-hidroxibenzoic acid feifacid, benzoi acid at 9 dpi. However, galliidawas not
detected in PM9 and elicited plants at 15 dpi. €ldtewas elevated in elicited plants, followed barid PM9

plants at 15 dpi (Table 3).

Discussion

The ability and performance &treptomycespecies on promoting plant development are unmunedtle, either
directly by the production of phytohormones, oriiadtly by antagonizing plant pathogens. The indtieffect is
commonly related to production of siderophoresibigtics, f-1-3-glucanase, chitinase, fluorescent pigments and
cyanide (Pal et al. 2001), as well as to promofe #8ainst a number of plant diseases (JetiyanorKaepper
2002). PGPRs, includingacillus spp. (Lin et al. 2014 %treptomycespp. Zhao et al. 2012 Pseudomonaspp.
(Ran et al. 2005), antrichodermaspp. (John et al. 2010) have been already usedntnol several antagonistic
microorganisms.

Co-cultivation betweeBtreptomyceandB. cinereashowed antibiosis activity of the isolate PM9 agathe
pathogenic fungus, since inhibition of mycelial wtb was observed. Similarly§. padanusTH-04 showed
antifungal activity againsMonilinia fructicola (Lim et al. 2007), whereas antifungal activity pfrified
compounds produced IStreptomyces anulat&37 againsB. cinereawas reported forbotim vitro andin vivo
seedlings of vines (Couillerot et al. 2014).

Beneficial rhizobacteria, as PGPR, trigger ISR bignng the plant for potentiated activation of \ars cellular
defense responses, which are further induced bpdttgogen (Conrath et al. 2006; Ramamoorthy €2G4)2).

They reduce disease severity and enhance yieldaof/rarops (Kim et al. 2014; Murphy et al. 2000crbased
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levels of defense-related enzymes during ISR aosvhkrto play a crucial role in plant host resista(tcbhen et al.
2000) and are usually linked to responses includiairwall reinforcement (Mandal and Mitra 2007)dan
production of secondary metabolites (Yedidia eR@d1).

Indirect mode of action dtreptomycesp. PM9 on plants &. grandisandE. globuluswas determined by the
analysis of secondary metabolism and disease di@uintense enzymatic alterations (PPO and P@xyoed
in both roots and shoots when plants were elionét Streptomycesp. and challenged witB. cinerea The
similarity of response between plants inoculatetth @treptomycesp. and not challenged with the pathogen and
those elicited and challenged indicates Staéptomycesp. PM9 raised the basal activity levels of dederedated
enzymes and secondary metabolites both locallysgaetémically. Combination of changes in enzymatioviy
and disease delay suggests that ISEunalyptussp. is being mediated IStreptomycesp. PM9. Studies have
reported ISR elicited by streptomycetes agaimdtetotrichumgloeosporioidggnthracnose) in pepper and cherry
tomato (Kim et al. 2014), and agail&tmusaen banana (Taechowisan et al. 2009).

Changes in secondary metabolism are often evidengadnt defense responses. Induction of defenzgnee
increases plant resistance against pathogen inv@sm Loon et al. 1998). Peroxidases are keyrapgyin the
plant defense since promote oxidation of phenadimpounds using hydrogen peroxide;@) as an electron
donor for reaction (Zamocky et al. 2001) and aw®lwved in the biosynthesis of lignin, which playslieect role
in mechanical protection against pathogens byfiation of cell wall(Mandal and Mitra 2007). PGPRere
shown to induce POX in various species such asncheu(Chen et al. 2000), tomato (Ramamoorthy €1G02)
and ragi (Radjacommare et al. 2004).

Notwithstanding the generation of reactive oxygpacges (ROS) had been related to plant defensemssp
by causing hypersensitivity response and plant delith, these molecules facilitate root colonizatiny
necrotrophic fungi, such & cinerea(Asselbergh 2002; van Kan 2006).The significantrdased POX activity
in E. grandisancE. globulusroots at 9 dpi in fungus-infected plants might lbasequence of a plant effort of
blocking the fungus infection by suppressing thedpiction of ROS, likely diminishing the B, availability for
POX. However, irE. grandislater on the process hyphae are already estallishtéhe plant tissue, setting the
disease, and thus POX activity was resumed. Ouwttier hand, when early activated, POX plays arpitamt
role in plant resistance agairit cinerea(Matolepsza 2006; Senthilraja et al. 2013). Thiponse was observed
in roots and shoots &. grandiselicited plants at 3 dpi d. cinerea However, in PM9+F plants &. globulus

significant activation of POX occurs in the shoat® dpi, demonstrating a later systemic respohisg5 dpi this
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enzyme is still activated in elicited plants oflbspecies compared to the control plants, indigatiat some level
of response triggered I8treptomycesp. PM9 is taking place. Oxidation of phenolic gaunds by POX may be
related to the production of lignin in elicited pta, which is a well-known defense response agdimsgi
(Ramamoorthy et al. 2001).

Polyphenol oxidases oxidize a broad group of pliermmpounds without ¥, and are involved in the
oxidation of polyphenols into quinones (antimicibtompounds) and lignification of plant cells dwyithe
microbial invasion (Lattanzio et al. 2006). Duethés property, this enzyme is reported to playla io disease
resistance (Li and Steffens 2002; Mohammadi anceK&2002). Involvement of PPO in ISR mediated BPR
in cucumber has been demonstrated (Chen et alD) 20(E. grandisshoots, activity of PPO was higher in plants
infected withB. cinereat 3 and 9 dpi, coincident with lowest concentradif total phenolic compounds. This
enzyme might be metabolizing phenolics to prodogetmolecules against fungus infection. Nevertbg|éater
at 9 dpi roots from elicited plants showed PPOvégtsignificantly different from those plants irtfied with the
fungus, which combined with a decrease of pherm@impounds, suggest the effectSifeptomycesp. PM9 on
modulating the metabolism agaifstcinerea In E. globulus highest activity of PPO was observed at 1 angi3 d
in roots and shoots, respectively. In contradi.tgrandis activity of this enzyme was earlier triggered.

In cases where activation of defenses enzymesrisident with highest levels of phenolic compourgls;h
as responses of POX and PPO in elicited plantE€wfalyptussp. at 3 or 9 dpi, other enzymes of the
phenylpropanoid pathway might be activated. SynsheSphenolic compounds and flavonoids is catadyiag
phenylalanine ammonia lyase (PAL), known to be imed on ISR mediated by PGPRs. Chithrashree €2@L1)
showed increased synthesis of PAL, POX and PPOneezyn two PGPRBacillus sp.) treated plants and
challenged with pathogexanthomonas oryzagv. oryzae Similarly, Carnobacteriumsp. SJ-5 was found to be
significantly eliciting ISR in soybean plant leadito accumulation of defense-related proteins PRRO and
POX in different parts of plants (Jain and Chougt214).

Plants ofE. grandisandE. globulusshowed differences on production ofphenolic conmuisu InE. globulus
non-treated roots, levels of phenolic compoundsvedtown to be higher than observedeingrandis On the
contrary, during after contact with microorganisfagher elicitation or challenging) variation ofgtolic inE.
grandiswas more significant than iB. globulus In shoots, accumulation of phenolics was diffefeom the
control in all treatment tested at least until Bidgoth species, strengthening the hypothesisdifced systemic

response in these plants. Differently from phemoliguercetinic flavonoids were increased in 4 dafyer
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inoculation with PM9 (BS) irE. globulus which may suggest a response of interaction hiwdant and
Streptomycesp. At 1 and 3 dpi, PM+F plants showed more flaigs than fungus infected plantsknglobulus
andE. grandis respectively. Certain flavonoids may influence #ssociation with PGPRs and are involved in
host defense against pathogens, exhibiting ant#funigperties and acting as phytoalexins (Jeoiad) €014). At

9 dpi, levels of flavonoids were increased in shaitlicited plants, which at this time coursd) did not show
disease symptoms. Likelihood, flavonoids are plgyia role as antagonistic compound againstBto
cinereaAlthough significant difference had been observethe levels of flavoinoids i&. globulusat the same
time point, this metabolic alteration was not eéfitt to delay the gray mold in this species.

Individually phenolic compounds showed variationoaug treatments along the time of culture. Galliclac
was the most abundant phenolic detected in bottiesp@ non-treated plants. When elicited planteeviaken in
consideration, most of the phenolics were produregiccumulated at 1 and 3 dpi for both speciestdfRofE.
grandis showed presence of chlorogenic acid, gallic acadechin, caffeic acid and coumarin, wherea&.in
globuluscatechin, benzoic acid and coumarin were the atmsbhdant phenolics. Catechin was present in rdots o
elicitedE. grandisplants during all time points assayed while ingusrtreated plants this compound appeared at
9 dpi. On the other hand, in shootstofglobuluscatechin was markedly increased at 15 dpi. Thispmund is
known to present antibacterial and antifungal @dtis and its biosynthesis and accumulation waatedl to
defense responses in leaves of wheat Uputinia triticina attack (Ghassempour et al. 2010). Likewise, gallic
acid was also reported as antifungal compound agairsarium solan{Nguyen et al. 2013). Benzoic acid seemed
to be produced in roots of both species in resptmséther fungus infection or elicitation witreptomycesp.
PM9. Similarly, 2-hydroxybenzoic acid was detectedshoots at same treatments in different timensoi
Accumulation of low molecular weight phenols, sastbenzoic acids and other phenylpropanoids, sod@med
in the initial response to infection (Niemann et¥391), ang-hydroxybenzoic acid was involved in the initial
defense reactions dthoenix dactyliferao the brittle leaf disease (Latreche and RahmagitD). Indeedp-
hydroxybenzoic, the salicylic acid analog, is knotenfunction as a phytoalexin. Its accumulatiorplant is
associated with antimicrobial activity and fungitmty (Chong et al. 2009). I&. grandis caffeic acid was evident
in roots of fungus infected-plants at 1 dpi anclicited plants at 3 dpi and might be prone to atih intoo-
quinones, which are toxic to microorganisms (Lattaret al. 2006). IrE. globulus,this compound was not

detected in roots of F-plants.
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394 Different responses againBt cinereawere seen in plants dfucalyptusand disease symptoms were
395 significantly delayed ifE. grandis This response might be related to the biochdmar@ations recorded for both
396  enzymatic activity and phenolic compounds. Basatlkof secondary metabolism kh globuluswere, overall,
397 higher than inE. grandis However, changes on defense-related enzymes mere expressive in eliciteH.
398  grandis plants. Results indicate that efficient modulatminsecondary metabolism iB. grandistook place,
399 reducing and delaying gray mold development. Altifowsome alteration had been observed on secondary
400 metabolism oE. globulus it seems that the influence $freptomycew/as less effective.

401 Notwithstanding, reduction on severity of gray mdidease irc. grandisis not only related to the induction
402 of ISR by Streptomycesp. PM9, but could also be consequence of thegantsm againsB. cinerea In
403 conclusion Streptomycesp. PM9 was able to elicit plaris grandis increasing the basal levels of two enzymes
404 (PPO and POX) directly related to induction of eysic resistance, as well as promoting synthesjzheholic
405 compounds. Our results showed tBaeptomycesp. PM9 poses as a candidate for biological cbatrent against
406 B. cinereain the cultivation ofE. grandis Further studies will be carried out to determthe period of
407  effectiveness oStreptomycesp. PM9in vivo, and to test other pathosystems, siBceinereais considered an
408  aggressive necrotrophic fungus.
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Table 1IAUDPC-nc values oEucalyptusplants elicited withStreptomycesp. PM9 and challenged witB.
cinerea 20 days post-inoculation with the pathogen.

Treatments* E. grandis E. globulus
AUDPC AUDPC

Control 0£0.0 (b)** 0+£0.0 (b)

FO0.2 12032.80+3610.40 (a) 13828.61+2227.26 (a)

PM9+F 0.2 1338.76+886.81 (b) 4652.56+6922.89 (a)

Control 0+£0.0 (b) 0£0.0 (b)

FO0.5 5818.46+£1552.19 (a) 18426.72+ 9555.13(a)

PM9+F 0.5 3755.18+1676.89 (b) 13845.28+ 4314.18(a)

*C= control (distilled water), F= plants infectedtlwB. cinerea(ODegoonm=0.2 and 0.5), and PM9+F= elicited
plants with Streptomycesp. PM9 and challenged wi. cinerea(ODsoonm=0.2 and 0.5). Data expressed as
meanzstandard error.

**Different letters indicate significantly differees among treatments within the species (Tukeydes0.05).

12



Table 2Quantification of phenolic compounds (mgEM) in plants by HPLC ifE. grandisrootsand shoots

Phenolic N Roots Shoots
Compounds  |rcaiments B BS 1dpi  3dpi  9dpi 15 dpi B BS 1dpi  3dpi 9dp 15 dpi
C 1.1+0,01 23102 21203 48+1.1 4.0t01 7.4x012+D2 1.09+02 24+0.01 15:001 134422  13.443.0
Chlorogenic  PM9 - 231001 25+02 2.440.2 ND ND - 55+1.2 4.140465+1.9  12+0.1  15.4+0.1
acid F ; ; 32.8+1.0 35+0.6 11.3+1.0 7.8+0.1 ; - 32404 2409 102406  9.0+7.0
PMO+F ; ; 1.9+0.01 214001 5.3+0.001 5.2+1.0 - ; 3.04094.6+1.1  11.645.6  11.943.9
C 113001 98%25  ND 332449 18.4+11.7 506154 #3.2 8623 12619 8202 129.3t27.4 116.7x98.0
calicagid | PMO - 95+¢1.0 3.2+0.9 12409 27.2+24  ND - 57423 2D@ 5354107 12.3+47 171.2+155
- . 21.241.1 122432 79.2+6.1 54.0425 - ; 20.2+1.27.3+8.9 100.945.2 208.9+17.6
PMO+F - . 10.5+0.0 29.5¢5.3 212422 209455 - ; 23845 256459 144+39.2  101.6+56.0
N C ND  46£01 4424 7.4%35 ND _ 15.4%05 ND ND _ 5.0al 33t05 341196 32.0:114
doobenoe PMO ; 34403 35+1.9 414001 7.9+0.4 ND ; ND ND ND  .2%0.9 350456
Hy roxy.d F . . 6.6:1.4 7.7+3.1 21.8+6.7 13.6204 - - ND ND @211 48.645.7
acl PMO+F ] ; 26+0.1 92402 7.0404 5.7+0.7 ; - 6.9¢0.01 1428  26.1+6.6  25.4+8.3
C ND  4.3t001 ND  55t16 48t03 13.9t1.9 ND 10.745.55:2.1 8.2+0.2  39.749.9 32.1+108
catioic acigPMO - ND ND ND  5.1+0.8 ND . 143+45 13.8408  ND 26.199  35.8+8.6
F ; ; 77414 ND 184475 102407 - - ND  17.6+4.7 .2.01  46.9+4.1
PMO+F ; ; ND  10.4+1.4 6.9+1.7 7.2425 - ; 16.141.9  ND ®N1  23.6+2.6
C ND ND ND ND ND ND ND ND ND ND 35120  3.2t14
. PM9 ; ND ND ND ND ND ] 1.0:03 1.2+0.1 1602  2.3+12 2.840.6
Benzoic acid
F - . ND  09+0.2 2.9+1.4 ND ] ; ND 1.0+0.3  2.3%0.2 7805
PMO+F - . ND  09+0.1 3.844.9 ND ] ; 1.0+0.2 ND 3.3#2.0 7405
C ND _ 10.2:08  ND ND ND  24.0:33 ND ND  17.5%3.1 21.330 79.4+9.8 785176
" PMO ; ND ND ND  10.0+1.6  ND . 289+44 ND  27.7420 41B%  67.2+135
Catechin F - - ND ND 454426 20.9+02 - - ND 262453 759441 90.3+4.2
PMO+F ; ; 12.3#0.2 16.9+3.0 12.9+1.4 14.0+18 - ; 32.042.17.845.7 51.7+16.4 56.1+12.7
C ND  1.2t02 09x03 2005 26+01 10807 ND  @Z 08:04 13:01  13.8t43  115%51
coumarn  PM9 - 0.740.0 1.5#0.3 1.6#0.01 1.4+0.6 1.842.3 - 2.@¢1. 0.940.2 4.7+0.7  6.3+05  23.6+0.5
F - . 13+06 ND  135+24  ND - ] 1.6+0.4 4.0+2.0 H0H  26.7+3.9
PMO+F - . 1.3+0.1 7.9+1.4 32+1.8 3.2408 ] ; 23409 QA3 272421  15.9+3.2

*C= control, PM9=Streptomycesp. PM9, F= pathogenic fungus &nereaand PM9+F= elicited plants with PM9 and challengéith B. cinerea Quantifications were performed at 1, 3, 9
and 15 days post-inoculation withcinerea ND: not detected.Responses were evaluated aQlard 15 days post-inoculation wighcinerea B and BS: basal secondary metabolism before
and after four days of inoculation witreptomycePM9, respectively.
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Table 3Quantification of phenolic compounds (mgEM) in plants by HPLC irE. globulusgootsand shoots

Phenolic Treatments* Roots Shoots
Compounds B BS 1 dpi 3 dpi 9 dpi 15 dpi B BS 1dpi 3 dpi 9dp 15 dpi
C 3.0+£1.1 3.7+1.0 4.7+0.001 2.0#4.6 1.2+0.1 1.6+0.2 .7+3.0 7.8+0.9 7.0+0.4 30.0+21.3 6.1+3.1 1.740.1
Chlorogenic PM9 - 3.5+1.2 3.6+0.1 2.1+0.6 2.5+1.9 6.2+0.3 - 4.4+0.36.1+1.8 10.1+0.1 14.6%3.1 147.548.5
acid F - - 2.7+1.3 2.8+1.1 24+1.1 1.840.1 - - 5.5+0.6 08! 12.540.1 17.7+1.3
PMO+F - - 4.6+0.5 27405 4.1+0.8 5.7#1.0 - - 7.2+0.4 9A6 14.5+1.0 15.6%2.2
C ND ND 38.3+0.3 17.8+0.4 2.2+1.6 21.3+5.6 8.3+0.1 .%49.9 16.9+6.3 32.3%6.4 9.846.9 27.618.1
Gallic acid PM9 19.2+8.8 27.0+0.9 ND 2.4+0.6 ND - ND 79.5+36.1 ®R2.0 26.5+5.9 ND
F 18.6+14.9 11.7+4.0 ND 3.5+0.6 - - 48.6+7.8 5932 8.2+0.4 53.4+14.7
PMO+F 25.6£3.1 17.3+6.3 ND ND - - 65.8+4.6 76.2+22.6 .5H®.0 ND
5. C ND ND 15.5+0.8 3.1%1.1 ND 7.8+£3.1 ND ND 345+6.6 .441.7 ND 12.1+4.9
Hydroxybenzoic PM9 - 25.319.9 22.5+9.4 ND 2.5+0.7 ND - ND 92.5+3.7 8.8 ND 67.3+11.1
acid F - - ND ND ND ND - - 37.914.6 24.1+109 14.2+0.8 171340.6
PMO+F - - 21.5+2.7 ND ND 4.8+2.4 - - 45.0£3.0 22.165 .2B.9 43.1+14.6
C ND ND 11.4+1.6 ND ND ND ND ND 10.6+0.2 15.2+4.4 220.1 ND
Caffeic acid PM9 - 5.3x1.4 6.9+1.4 ND ND 6.2+0.001 - ND 429435 @5 16.2+44.0 28.4+1.2
F - - ND ND ND ND - - 10.9+0.6 20.7+4.3 27.848.2 5818.1
PMO+F - - 10.6+1.3 ND ND ND - - 14.3+0.7 30.0+4.9 32.168. ND
C ND 0.6+0.3 1.3+0.0 ND ND ND ND 1.7+0.7 1.5+0.2 0Bt 1.0+0.2 0.6+0.09
Benzoic acid PM9 - 0.5+0.08 1.2+0.3 ND ND ND - 0.8+0.2 2.3+1.2 1.320 1.3+0.3 1.1+0,02
F - - ND ND ND ND - - 1.9+0.05 1.5+0.5 0.9+0.1 0.920.
PMO+F - - 2.4+0.5 ND ND ND - - 1.9+0.2 1.7£0.2 1.6%0.2 120.5
C ND ND 17.7+0.8 ND ND 11.7+2.9 ND ND 149+1.0 22634 ND ND
Catechin PM9 - ND ND ND ND ND - ND 28.1+10.4 46.0+3.0 21.5+#10.785.7+3.1
F - - ND ND ND ND - - 14.0+0.7 41.4+0.1 28.1+0.2 92068
PMO+F - - 20.5+0.0 ND ND ND - - 22.6x1.3 44.1+11.1 39.528 118.2+1.8
C ND 2.2+0.4 2.5+0.1 4.4+40.4 0.5%0.2 ND 1.1+0.006 #4.A4 0.9+0.02 3.1+0.4 1.2+0.5 3.0+0.9
Coumarin PM9 - 2.7+0.2 2.6x0.4 3.6+0.9 ND 2.7+1.0 - 4.0+1.1 ¥B 5.840.5 1.9+0.3 13.740.2
F - - 1.0+0.01 2.3+0.6 ND ND - - 4.240.1 4.8+2.7 1063 6.2+1.0
PMO+F - - 3.4+0.7 2.5+0.5 ND 3.4+0.5 - - 4.8+0.7 6.2+0.7 3.0£2.0 4,5+1.3

*C= control, PM9=Streptomycesp. PM9, F= pathogenic fungus &nereaand PM9+F= elicited plants with PM9 and challengéith B. cinerea Quantifications were performed at 1, 3, 9
and 15 days post-inoculation withcinerea ND: not detected.Responses were evaluated aQlarkd 15 days post-inoculation wighcinerea B and BS: basal secondary metabolism before
and after four days of inoculation witreptomycePM9, respectively.
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Fig. 1 Experiment of co-cultivation of (a)
Streptomycesp. PM9 xB. cinereaand (b)B. cinerea
(control plate).
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Fig. 2 Percentage of disease incidence during 20 dags iaficulation withB. cinerea (a, b)E. grandis (c, d)E.
globulus Treatments consisted of Control, F= plants irddctvith B. cinereaandPM9+F= elicited plants with
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CONSIDERACOES FINAIS
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CONSIDERACOES FINAIS

Este estudo demonstrou a capacidade de atuac&otiaks de rizobactérias do género
Streptomycesomo PGPRsStreptomycesp. PM9 induziu a proliferacéo de raizes adveasici
atraves da producéao de auxina (AlA), bem como nmgumetabolismo secundario de plantas
de E. grandise E. globulusin vitro Esta modulacéo foi evidenciadaatravés de altesagés
atividades das enzimas PPO e POX, além de mudangsasompostos secundarios induzidos
ao longo do tempo de cultivo das plantas eliciaBatas respostasforam observadas tanto nas
raizes (local de inoculacdo) quanto nas parteagélas plantas deucalyptugndicando uma

resposta sistémica decorrente da interacao plactanganismo.

Streptomycesp. PM9 também demonstrou efeito antagbnico cdt@nerea Além
disso, plantas deEucalyptusp. eliciadas com este isolado e desafiadas d&m
cinereapresentaram alteracdes metabdlicas logo apdéseac&d com o fungo, tanto na
atividade enzimética quanto na concentracdo edégpcompostos fendlicos induzidos, alguns
destes com reconhecida acgéo fungicida. Foi obsemwadraso no estabelecimento da doenga
mofo cinzento enk. grandis sugerindo que as plantas eliciadas &ineptomycesp. foram

sensibilizadas ao possivel ataque por fitopatégenos

O efeito sinérgico da associacadsttepyomycesp. PM9 com plantas deucalyptus
sp.e seu antagonismo conta cinerea colocam este isolado como potencial agente de

biocontrole, podendo reduzir as quantidades décpkest utilizadas na silvicultura.
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ANEXO

----- Mensagem original-----

De: em.amab.0.3ca640.03c61580@editorialmanager.com [mailto:em.amab.0.3ca640.03c61580
@editorialmanager.com] Em nome de AMB Editorial Office

Enviada em: quarta-feira, 23 de julho de 2014 15:50

Para: Eliane Romanato Santarem

Assunto: AMAB: Submission Confirmation for Streptomyces rhizobacteria modulate the
secondary metabolism of Eucalyptus plants

CC: tamiris_salla@acad.pucrs.br, thanise.silva@acad.pucrs.br, astarita@pucrs.br

Dear Dr Santarem,
Dear Co-Author(s),

Your submission entitled "Streptomyces rhizobacteria modulate the secondary metabolism of
Eucalyptus plants" has been received by Applied Microbiology and Biotechnology

You will be able to check on the progress of your paper by logging on to Editorial Manager as
an author. The URL ishttp://amab.edmgr.com/. (This applies to the corresponding author only.)

Your manuscript will be given a reference number once an Editor has been assigned.
Thank you for submitting your work to our journal.
Kind regards,

Editorial Office
Applied Microbiology and Biotechnology

PS: If there would be any concern regarding authorship, please contact the Managing Editor
(Dr. Dorothea Kessler) atAMBoffice@gmx.de

Now that your article will undergo the editorial and peer review process, it is the right time to
think about publishing your article as open access. With open access your article will become
freely available to anyone worldwide and you will easily comply with open access mandates.
Springer's open access offering for this journal is called Open Choice (find more information
onwww.springer.com/openchoice). Once your article is accepted, you will be offered the option
to publish through open access. So you might want to talk to your institution and funder now to
see how payment could be organized; for an overview of available open access funding please
go to www.springer.com/oafunding.

Although for now you don't have to do anything, we would like to let you know about your
upcoming options.
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