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RESUMO

O tomateiro (Solanum lycopersicum) é constantemente atacado por diversos patégenos,
levando a perdas de produtividade. Dentre os principais patdgenos, destaca-se o fungo
Alternaria solani que causa a doenga “pinta-preta” (“Early blight”), capaz de reduzir a
producdo e/ou levar a formacdo de frutos de baixa qualidade. Devido a grande
susceptibilidade do tomateiro a patdégenos, as préticas agricolas incluem o uso intensivo de
agroquimicos que resultam, frequentemente, em tomates com altos niveis residuais de
pesticidas. A promocao do crescimento e da defesa vegetal utilizando microrganismos
representa uma ferramenta para o manejo do tomateiro. Dentre as diversas rizobactérias
com capacidade de modular o crescimento e a defesa vegetal, 0 género Streptomyces vem
se destacando. Estas bactérias sdo capazes de sintetizar moléculas que interferem tanto
diretamente no crescimento, como a auxina e a ACC desaminase, quanto indiretamente,
através da producao de antibioticos e sideréforos. Pretendeu-se, neste trabalho, selecionar
isolados de Streptomyces (CLV04, CLV0O5 e CLV07) com capacidade de promover a
germinacao e o crescimento de plantas de tomate, além de aumentar a resisténcia vegetal
contra A. solani. Os resultados demonstram que o CLVO7 causou retardo na germinagéao,
mas nao reduziu a taxa final de germinacdo. Apesar das rizobactérias CLV04, CLVO05 e
CLVO07 produzirem elevados niveis de auxina, elas causaram a reducdo do crescimento
tanto da raiz quanto da parte aérea de plantulas de tomate cultivadas in vitro. O CLV07 foi
eficiente na promocdo da defesa de plantas de tomate contra A. solani. Todas as
rizobactérias apresentaram antagonismo por competicdo, reduzindo o crescimento do
micélio do fungo A. solani. Considerando todos os resultados, as diferentes bactérias
Streptomyces foram prejudiciais & germinacéo e ao crescimento inicial de plantulas de
tomate. Desta forma, ndo € recomendavel a utilizacdo destas bactérias em sementes e
plantulas jovens. Contudo, o CLVO7 apresenta potencial para ser utilizado para a inducéo

de resisténcia de plantas de tomate contra o patdégeno A. solani.

Palavras-chave: PGPR, biocontrole, Alternaria solani, tomate



ABSTRACT

Tomato (Solanum lycopersicum) cultures are frequently attacked by many pathogens,
leading to yield losses. Among the pathogens, the fungus Alternaria solani (“Early blight”
disease) can cause significant yield reductions and decreases the fruit quality. Due to the
high susceptibility of tomato to fungal pathogens, the agricultural practices include the
intensive use of agrochemicals, which may result in fruits with high levels of residual
pesticides and higher production costs. The promotion of plant defense system represents
an additional tool for disease control and plant growth management. Some rhizobacteria
have been shown the ability to affect plant development and modulate plant defense
against pathogens. Among those bacteria, the genus Streptomyces is able to synthesize
molecules that directly interfere with growth, through auxin and ACC deaminase
production, and indirectly, through antibiotics and siderophores synthesis. The aim of this
work was to select Streptomyces (CLV04, CLV05 and CLVQ7) with the ability to promote
seed germination and plant growth, as well as improve tomato plant resistance against A.
solani. Results showed that CLVO7 delayed the initial seed germination, but it did not
impair the final germination process. However, CLV04, CLV05 and CLVO07 reduced the
early root and shoot growth. All these rhizobacteria produced high auxin levels. CLV07
was efficient for inducing plant resistance against A. solani. Furthermore, all CLVs showed
antagonism by competition, decreasing the A. solani growth. Taking together all results,
Streptomyces tested were deleterious for seed and initial plant growth, but CLV07 showed
a potential to be used for inducing plant resistance. However, the inoculation of these

rhizobacteria on seeds is not recommended.

Keywords: PGPR, biocontrol, Alternaria solani, tomato.



LISTA DE ABREVIATURAS

ACC: acido 1-aminociclopropano carboxilico
ACCO: ACC oxidase

AlA: Auxina

AJ: Acido Jasmonico

ANVISA: Agéncia de Vigilancia Sanitaria

AS: Acido Salicilico

CAT: Catalase

DAMPS: Damage Associated Molecular Patterns
ERF: Ethylene Responsive Factor

EROS: Espécies Reativas de Oxigénio

ET: Etileno

ETI: Effector triggered immunity

HR: Hypersensitive Response

ISR: Induced Systemic Resistance

LRR: Leucine Repeat Rich

MAMPS: Microbial Associated Molecular Patterns
NB: Nucleotide Binding

NPR1: Nonexpressor of PR Genesl

PAL: Fenilalanina Aménia Liase

PAMPS: Pathogen Associated Molecular Patterns
PGPR: Plant Growth Promoting Rhizobacteria
PR: Pathogenesis Related

PRRs: Transmembrane Pattern Recognition Receptors
PTI: PAMP-triggered immunity

SAR: Systemic Acquired Resisteance

VOCs: Compostos Organicos Volateis
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1 Introducéo

1.1 Solanum lycopersicum (L.)

Diversas espécies selvagens do género Solanum crescem espontaneamente na
regido andina, sendo atribuido aos Incas o cultivo e a domesticacdo do tomate. Contudo,
foram os povos pré-colombianos do Meéxico, integrados a cultura Asteca, que
selecionaram e cultivaram o tomate em larga escala. Somente no século XVI o tomate
chegou na Europa, difundido por espanhdis e portugueses (Haak et al., 2014).

Tomateiros sdo eudicotileddéneas, pertencem a ordem Solanales, a familia
Solanaceae, e ao género Solanum. Para o tomate cultivado, atualmente utiliza-se a
classificacdo sugerida por Linnaeus, Solanum lycopersicum (Shirahige, 2009). Estas
plantas sdo herbaceas e seu crescimento €, geralmente, ilimitado (indeterminado), ou
limitado (determinado). No habito de crescimento indeterminado, o ramo principal cresce
mais que as ramificagdes laterais (dominancia apical), podendo ultrapassar os dois metros
de altura, e seus frutos geralmente sdo comercializados para consumo in natura. Em
plantas de tomate cujo crescimento € determinado, cada galho apresenta um ramo floral
apical que limita o desenvolvimento vegetativo. Neste caso, suas hastes atingem cerca de
um metro de altura, e seus frutos destinam-se a agroindustria (Filgueira, 2008).

O caule do tomateiro é flexivel, piloso, e apresenta abundantes ramificacfes
laterais. O sistema radicular do tomateiro € composto por raiz principal (pivotante) e raizes
laterais. Grande parte delas esta a menos de vinte centimetros de profundidade, mas a
raiz pivotante pode chegar a um metro e meio de profundidade, caso ndo ocorra barreiras
ao seu crescimento. As folhas do tomateiro sdo compostas e alternadas, com margens
dentadas. Suas flores sdo pequenas e amarelas, monoicas, em formato de cachos ou
racemo, e ocorrem em inflorescéncias cimeiras simples, bifurcadas ou ramificadas (Da
Silva e De Brito Giordano, 2000). Os frutos sédo carnosos do tipo baga, e podem apresentar
variacdo de cores entre verde, amarelo e vermelho vivo (De Melo, 1989). Eles sdo
divididos em loculos onde as sementes encontram-se imersas na mucilagem placentaria.

Dependendo do cultivar, os frutos podem ser biloculares, triloculares, tetraloculares ou
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pluriloculares. O formato do fruto define as variedades do tomate de mesa no Brasil: santa
cruz, salada ou saladete, caqui, italiano, cereja e penca (Ferreira et al., 2004).

O tomate é considerado uma das principais hortalicas comercializadas no planeta.
Nestas condi¢des, o Brasil coloca-se como o oitavo maior produtor mundial de tomates,
tendo sido cultivada uma area de aproximadamente 109.657 hectares em 2015 (Faostat,
2015). Devido a suscetibilidade do tomateiro a diversas pragas e doencas, € pratica
comum utilizar agrotéxicos no manejo desta cultura. De acordo com andlises referentes a
concentracdo de agrotoxicos realizadas/encomendadas pela Agéncia Nacional de
Vigilancia Sanitaria (Anvisa) no ano de 2007, o tomate, juntamente com a alface e o
morango, foram os alimentos que apresentaram o maior niumero de inconformidades nos
resultados. Foram realizadas analises em 153 amostras de tomate, sendo que 55 delas

foram reprovadas (Anvisa, 2014).

1.2 Alternaria solani

O género Alternaria pertence ao filo Ascomycota, a ordem Pleosporales e a familia
Pleosporaceae (Sayers et al., 2009). Este género compreende um grande e importante
grupo de fungos filamentosos patogénicos que causam perdas econdmicas consideraveis
na agricultura e na industria de processamento de alimentos, causando doencas em
plantas como batateira, tomateiro, salsa, cenoura e brassicas (Zur et al., 2002).

A espécie Alternaria solani ataca principalmente solanaceas como batata e tomate.
Ela é responsavel pela doenca foliar denominada de “pinta-preta”, também conhecida
como “mancha de alternaria”. O micélio deste patégeno se torna mais pigmentado
conforme a cultura fungica envelhece, escurecendo ao longo do tempo. Seus conidios
(esporos gerados por mitose) sao formados individualmente, ou em uma cadeia dupla -
em conidioforos distintos. Eles se apresentam em forma de clava invertida e com bico, e
podem apresentar de 9 a 11 septos transversais, assim como septos verticais,
apresentando uma célula terminal longa (Figura 1). A variabilidade morfolégica e de
patogenicidade entre isolados de A. solani sugere a existéncia de ragas, mas até o

momento isto permanece sem confirmacao (Kemmitt, 2002).
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Figura 1 — Esporos (conidios) de A. solani tém coloracédo escura, formato de clava, sdo

septados e apresentam uma célula terminal longa (Zachmann, 1982).

A. solani é um patdégeno policiclico, pois muitos ciclos de infeccdo sao possiveis
durante uma temporada. Infeccbes primarias em jovens plantas de batata podem ser
causadas por inéculos (micélios ou conidios) em hibernacédo (Pscheidt, 1985). O patégeno
hiberna como micélio ou conidio em detritos vegetais, solo, tubérculos infectados ou em
outras plantas hospedeiras da mesma familia (Shuman, 1995). Estes indculos
permanecem infectantes em detritos presentes em solo ndo-cultivado entre cinco e oito
meses. A pigmentagdo escura das hifas aumenta sua resisténcia a lise. Os esporos
sobrevivem mais frequentemente em detritos e sementes infectadas (Rotem, 1994).

O inéculo primario gera conidios que séo dispersos pela agua ou pelo vento para
as folhas mais baixas da planta, nas quais eles germinam, infectando-as. Vento, chuva e
insetos sdo os principais métodos de disseminacdo de A. solani (Rotem, 1994). Em
condicdes 6timas os conidios de A. solani podem iniciar a germinacdo em 30 minutos
(Zachmann, 1982). Os tubos germinativos formam um apressorio e penetram na epiderme

12



vegetal diretamente através de estdbmatos ou feridas. As infeccdes primarias se tornam
necroéticas, com halos cloréticos. O micélio, nas lesdes necroéticas, produz conidios que
infectam folhas saudaveis, que por sua vez iniciam infecgbes secundérias (Shuman,
1995). Os tubos germinativos ressecados do patégeno podem retomar o crescimento
guando reidratados: desta maneira, a infeccédo pode ocorrer em periodos em que umidade
e seca se alternam. A esporulacao ocorre de maneira significativa depois de chuvas fortes
ou orvalho (Van Der Waals et al., 2001).

O tempo necessario para surgirem os sintomas depende das condicdes ambientais,
idade da folha, e susceptibilidade da planta. As lesbes sé@o geralmente visiveis nas folhas
mais velhas entre 5 a 7 dias ap0s a infeccdo, em condicBes de elevada umidade e
temperatura (Alvarenga, 2013). O ciclo de vida do patégeno (esquematizado na Figura 2)

€ curto, o que favorece sua dispersao.

2 Podrid3o do colo de mudas 3 Conidiéforos e
conidios produzidos
A de lesdes maduras
| o Dispersdo de
W (8 4 conidios pelo vento e
ot S AP chuva
( o " ;_r" A J

X @@JV
> P
TN
4
B
Repetindo Ciclo da
K doencga (Secundario)
Micelio e conidios ;

e AL
)
hibernam em ., ~ ?. e,
detritos de 1/ — T
?,-:?En;taazas efou : fx/é:/;//’:% / 5 Conidic germina na
i al presenga de umidade
em hospedeiros ),/ “1‘ pres

frageis. /
\_’/ﬁ -‘f’ &&= |
/& \ -
" 9 6 Lesdes nas folhas,
frutos e caule

Figura 2— Fases do ciclo de vida de A. solani em tomate. Adaptado de Kemmitt, 2002.

A doencga ocorre em praticamente todas as regides onde o tomateiro é cultivado.
De acordo com Madden e cols. (1978), dentre os sintomas mais comuns observados em

tomateiro, estdo os danos nos frutos e a reducdo da area foliar fotossintetizante. Além
13



disso, todas as partes do vegetal sdo vulneraveis ao fungo, mas as folhas manifestam os
sintomas de forma mais intensa: manchas pequenas, de coloragdo marrom a preta.
Conforme a doenga progride, as manchas escuras ganham anéis concéntricos (que
surgem devido ao crescimento irregular do fungo durantes periodos de luz e escuro)
(Figura 3a). Em ataques graves, pode ocorrer a perda das folhas, com a consequente
morte da planta. J& nos frutos, ocorre necrose na insercéo do pedunculo (entre o calice e
o fruto), manifestando-se como manchas afundadas com anéis concéntricos (Figura 3b).

A doenca, desta forma, causa a impossibilidade do consumo dos frutos (Alvarenga, 2013).

Figura 3 -Sintomas de A. solani em folhas(a) e frutos (b) de tomateiro (Kemmitt, 2002).

1.3 Rizosfera, rizoplano e rizobactérias

A rizosfera é caracterizada pelo volume de solo ao redor e sob a influéncia das
raizes, enquanto o rizoplano corresponde as superficies das raizes vegetais e aos
elementos de solo fortemente aderidos a ela (Sylvia, 2005). Na rizosfera, as bactérias sdo
0S microrganismos mais abundantes colonizando intensamente as raizes das plantas.
Elas sdo chamadas de rizobactérias e sao capazes de se multiplicar e ocupar a maior
parte dos nichos ecolégicos encontrados nas raizes, em todos 0s estagios de crescimento
vegetal, inclusive na presenca de microbiota competidora (Pinton et al., 2007).

Relagdes ecoldgicas extremamente importantes entre planta, solo, microfauna do
solo, e microrganismos ocorrem nestas zonas. As interacdes podem influenciar no

crescimento e no rendimento das culturas, em funcdo das rizobactérias apresentarem

14



efeito neutro, benéfico ou deteriorante no crescimento e desenvolvimento das plantas. As
bactérias neutras da rizosfera possivelmente ndo afetam o desenvolvimento vegetal,
enquanto as deletérias podem afetar a planta por produzir metabélitos (como fitotoxinas
ou fitormdnios), por competir pelos nutrientes do solo, ou até por inibir os efeitos benéficos
de micorrizas (Sturz e Christie, 2003). As bactérias promotoras de crescimento vegetal
(plant growth promoting rhizobacteria - PGPR) séo bactérias de vida livre que vivem na
superficie dos vegetais e/ou penetram nos tecidos, causando infec¢bes assintomaticas e
nao aparentes. Estas rizobactérias sao referidas como bactérias epifiticas e endofiticas,
respectivamente (Siddiqui, 2006).

As PGPRs podem promover o crescimento das plantas por mecanismos de acéo
diretos ou indiretos. Os mecanismos diretos incluem: producdo de compostos volateis
bacterianos estimulatérios e/ou fitorménios; reducdo dos niveis de etileno nas plantas;
estimulacdo de mecanismos de resisténcia a doencas; melhora da disponibilidade de
nutrientes para a planta, como no caso de bactérias que promovem a liberacao de fosfato
e outros micronutrientes de fontes insollveis, além da fixa¢éo de nitrogénio ndo-simbidtica
(Bhattacharyya e Jha, 2012). Ja foi demonstrado que algumas PGPRs conseguem
proteger sementes da inibicdo do desenvolvimento em solo contaminado com metais
pesados (Grobelak et al., 2015). Os mecanismos indiretos de promocédo de crescimento
incluem PGPRs com capacidade de atuar como biocontroladores de patégenos vegetais
(produzindo antibiéticos e antifingicos), ou ao estimularem outras simbioses benéficas,
ou ao degradarem agentes xenobidticos inibitdrios em solos contaminados(Bhattacharyya
e Jha, 2012).

1.4 Streptomyces

O género Streptomyces pertence a familia Streptomycetaceae, a ordem
Streptomycetales, bem como a classe Actinobacteria. Estas bactérias podem ser
distinguidas de outros Actinomicetos por sua parede celular rica em glicina e acido L-
diaminopimélico. Streptomyces séo aerobios, Gram positivos, e apresentam grande parte
do conteddo genbmico composto por guanina e citosina. Além disto, s&o

guimiorganotroficos e crescem dentro de uma faixa de pH entre 5 e 11,5 (Salamoni, 2009).
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Estas bactérias colonizam diferentes ambientes por meio de hifas que formam uma
rede micelial. Inicialmente um micélio filamentoso coloniza o substrato. Depois de um
periodo assimilativo de crescimento, hifas aéreas crescem no ar e eventualmente se
partem para formar cadeias de exosporos pigmentados (Figura 4) (Claessen et al., 2006).
Diferentes Streptomyces constituem 30% da microbiota do solo, colonizam ambientes
aquaticos, e podem ser isolados de plantas e animais. Além disso, o género inclui

espécies aciddfilas, alcalotolerantes, halofilicas e termotolerantes (Li et al., 2005).

Figura 4 - Ciclo de vida de Streptomyces em meio sélido. (a) estruturas semelhantes a
micélios filamentosos colonizando o substrato. (b) surgimento de estruturas semelhantes
a hifas aéreas. (c) estruturas septadas formando cadeias de exosporos pigmentados
(Claessen et al., 2006).

Estreptomicetes sao abundantes e importantes no solo, onde apresentam papel na
reciclagem do carbono de detritos orgéanicos insolluveis, particularmente de plantas e de
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fungos. Esta acdo € possibilitada pela producdo de diversas exoenzimas hidroliticas
(Barka et al., 2016).

Alguns representantes de Streptomyces séo considerados PGPRs, pois sao
capazes de produzir compostos promotores de crescimento vegetal, tais como AlA,
antibidticos, proteases extracelulares, sideréforos, Compostos Organicos Volateis
(VOCs), entre outros (Salla et al., 2014). O género também exibe uma disseminacéo
filogenética bastante ampla. Além disto, eles produzem uma quantidade diversa de
metabdlitos secundarios (como, por exemplo, os antibioticos): consequentemente eles séo
de grande interesse de estudo na medicina e na industria (Barka et al., 2016).

Em 2011, Dalmas e cols. avaliaram o efeito de trés isolados de Streptomyces spp.
(CLVO4/PM1, PM4 e PM9) como promotoras de crescimento e moduladoras do
metabolismo secundéario de plantulas de Araucaria angustifolia (pinheiro do Parana).
Neste estudo, foi observado que todos os isolados foram capazes de produzir auxina e
demonstraram competéncia em crescer e se desenvolver na superficie das raizes
(Dalmas et al., 2011). Baseado neste estudo, Salla e cols. (2014) utilizaram isolados de
Streptomyces spp. como indutores de crescimento e moduladores do metabolismo
secundério de plantas de Eucalyptus spp. in vitro. Os resultados indicaram haver uma
resposta sistémica na modulagdo das enzimas relacionadas a defesa vegetal, sugerindo
a utilizacdo destes microrganismos como agentes de biocontrole (Salla et al., 2014).

A acao promotora de crescimento e moduladora de metabolismo dos isolados de
Streptomyces spp. em plantas como Araucaria sp. e Eucalyptus spp. sugere que
mecanismos semelhantes possam ser detectados em plantas cultivadas, como S.
lycopersicum, bem como a possibilidade de utilizacdo de um destes isolados no controle

biolégico do patdgeno A. solani.

1.5 Mecanismos de defesa vegetal

As plantas, ao contrario dos animais, ndo possuem células moveis defensoras e
um sistema imune adaptativo somatico. Ao invés disto, estes organismos dependem de
barreiras pré-formadas, do sistema imune inato de cada célula, e de sinais sistémicos que

emanam dos pontos de infec¢do. As barreiras pré-formadas, como a cuticula cerosa e a
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parede celular, representam a primeira linha de defesa do vegetal para prevenir a entrada
de possiveis invasores. Os patégenos que conseguem suplantar estas barreiras se
deparam com as respostas imunolégicas induzidas pelo sistema imune das plantas (Dangl
e Jones, 2001).

Existem basicamente dois ramos do sistema imune inato vegetal: o primeiro usa
receptores transmembrana de reconhecimento de padrdes (PRRs — transmembrane
pattern recognition receptors), que respondem a padrbes moleculares associados a
microrganismos ndo patogénicos, a patégenos, ou a danos celulares
(MAMPs/PAMPs/DAMPs - microbial/pathogen/damage - associated molecular patterns).
Os padrdes moleculares sdo componentes tipicos de microrganismos, como
lipopolissacarideos, peptideoglicanos, flagelina, quitina, entre outros. O segundo ramo do
sistema imunologico age amplamente dentro da célula, contra moléculas efetoras
produzidas pelo patégeno e introduzidas no citoplasma vegetal. As células vegetais séo
capazes de perceber as moléculas efetoras dos patégenos através das proteinas R
(proteina de patogenicidade) codificadas por genes R. Estas sao proteinas polimorficas
gue apresentam estruturas conservadas com dominios NB-LRR ligantes de nucleotideos
(NB — nucleotide binding) e dominios com repeti¢des ricas em leucina (LRR — leucine
repeat rich).

Os efetores produzidos pelos patdgenos sdo reconhecidos pelas proteinas R, que
ativam vias de sinalizacdo que levam as respostas de defesa, como a transcri¢cao de genes
de defesa relacionados as proteinas PR (pathogenesis related). As proteinas PR
compreendem enzimas de defesa como as quinases e glucanases, bem como proteinas
antimicrobianas (Jones e Dangl, 2006).

Existem primordialmente quatro possiveis etapas da efetivacdo da resposta imune
em vegetais: na primeira fase da resposta imunoldgica, os PAMPs ou MAMPs séo
reconhecidos pelos PRRs, 0 que resulta na imunidade desencadeada por PAMP (PTI —
PAMP-triggered immunity), que é capaz de interromper a coloniza¢&o dos microrganismos
no tecido infectado. Na segunda etapa, os patégenos produzem moléculas efetoras que
agem reduzindo ou inativando as respostas PTI, contribuindo para a viruléncia do
patbgeno. Em um terceiro momento, um dado efetor pode ser especificamente

reconhecido por uma proteina R, resultando na imunidade desencadeada por efetor (ETI
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— effector triggered immunity). A ETI utiliza geralmente a via de sinalizacdo mediada por
acido salicilico (AS), levando a intensificagdo das respostas de defesa e a resisténcia a
doenca. Esta via pode resultar em uma resposta de morte celular programada,
denominada de resposta de hipersensibilidade (HR, hypersensitive response) no local da
infeccdo. Ao nivel molecular, as respostas das plantas a infeccdes podem envolver a
despolarizacdo da membrana plasmatica, modificacdo da atividade dos canais i6nicos,
producdo de espécies reativas de oxigénio (EROs), sintese de compostos
antimicrobianos, fosforilacéo reversivel de proteinas, modulacdo da transcricdo génica e
deposicao de lignina e calose na parede celular vegetal (Schwessinger e Ronald, 2012).

Por fim, durante uma quarta etapa, a selecdo natural pode dirigir os patdgenos de
forma a evitar a ETI, tanto por mudar ou por diversificar o gene do efetor reconhecido,
guanto por produzirem efetores adicionais que suprimem a ETI. Contudo, a selecéo
natural pode também resultar em novas especificidades das proteinas R para que a ETI
possa ser desencadeada novamente (Jones e Dangl, 2006). Ao contrario da imunidade
desencadeada pelo patégeno (PTI), que geralmente € restrita a um numero limitado de
PAMPs, a imunidade desencadeada por efetores (ETI) € especifica para diferentes
efetores (altamente polimérficos) entre diferentes cepas de patdgenos (Spoel e Dong,
2012).

A rdpida morte de um namero limitado de células no local da infec¢éo, ou HR, esté
associada a formacao de halos necroticos e lesGes nos locais de infec¢cdo do patégeno.
O processo ocorre em menos de 24 horas apo6s o reconhecimento dos PAMPs por PRRs,
na tentativa de limitar o crescimento do patégeno (Glazebrook, 2005). A HR esta
associada a diversas respostas celulares, como o fortalecimento da parede celular,
contribuindo para a contencéo do patdgeno. Além disto, a HR leva ao desenvolvimento de
outro tipo de resisténcia, denominada de resisténcia sistémica adquirida (SAR, systemic
acquired resistance), que promove a resisténcia de tecidos distantes do local de infeccéo
e reduz as chances de uma infec¢cao subsequente (Medeiros, 2003).

Ao menos trés moléculas de sinalizacdo de plantas regulam a defesa contra
microorganismos: acido salicilico, acido jasmonico (AJ) e etileno (ET). O AS tem um papel
importante na resisténcia contra organismos biotréficos (ou parasiticos), enquanto AJ e

ET estdo tradicionalmente envolvidos na resposta de defesa contra patdogenos
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necrotroficos (Chisholm et al., 2006). Os microrganismos necrotréficos sdo aqueles que
penetram no tecido vegetal para alimentar-se do tecido morto e, para isto, produzem
toxinas que provocam a morte de partes da planta (gerando manchas foliares). Seus
danos sédo mais severos do que os causados pelos biotréficos (Gassen, 2005).

Além de atuarem na sinalizacdo de defesa, o ET e o AJ também atuam no
crescimento vegetal e em respostas a estresses, além da maturacdo e da abscisdo de
frutos e de folhas. O AS também atua na domin&ncia apical, no alongamento do caule, na
geminacédo de sementes e na floracédo, além de proteger a planta contra o estresse hidrico
(Medeiros, 2003).

De acordo com (Dangl e Jones, 2001), a intercomunicagdo entre as vias de
sinalizacdo permite ao vegetal ajustar as respostas de defesa, dependendo do tipo de
invasor. Elas sdo capazes de estabelecer respostas imunes que sdo altamente
especificas. De acordo com (Medeiros, 2003), a resposta SAR parece ser inespecifica, e
sua eficiéncia tem sido demonstrada em um grande nimero de espécies vegetais, como
meldo, melancia, feijdo, Arabdopsis thaliana, trevo, soja, batata, tomate, milheto e alfafa.

A SAR foi descrita inicialmente por A. Frank Ross (1961), quando descobriu que
uma inoculacao local em plantas de tabaco com o virus mosaico do tabaco pode proteger
contra infec¢cdes ndo apenas deste virus, mas também contra outros patégenos (Ryals et
al., 1994). A SAR é tipicamente induzida apds a imunidade desencadeada por efetor
(apesar de a inducdo por PAMPs também ter sido descrita), e é efetiva contra um amplo
conjunto de patégenos. O inicio da SAR é acompanhado por um acumulo do hormdnio
sinalizador AS no floema, e a subsequente inducdo de proteinas PR.

O tempo que a planta leva para reconhecer o patégeno e desencadear respostas
de defesa é crucial para efetivar a resposta imunolégica. Se o reconhecimento é tardio, a
interacdo planta-patégeno resultara em susceptibilidade, mesmo que os mecanismos de
defesa tenham sido ativados. Sendo assim, se uma planta é pré-condicionada, o0 processo
infeccioso pode ser reduzido. Na resisténcia sistémica induzida (ISR, induced systemic
resistance), o indutor da resposta imunolégica ndo provoca uma resposta de defesa local,
mas induz a planta a se proteger sistemicamente. Neste caso, ndo ha acumulo de
proteinas PR e sua indugcdo néo é salicilato dependente. A via de sinalizacdo para ISR

parece estar associada a jasmonato e a etileno. A ISR pode ser promovida por indutores

20



abiodticos, contudo, é mais conhecida por envolver a participacdo de microrganismos néao
patogénicos (Cavalcanti et al., 2005).

O continuo contato do vegetal com um determinado microrganismo ndo patogénico
pode promover a ISR, levando ao aumento da resisténcia basal da planta. Isto potencializa
as defesas inatas contra varios patdgenos, herbivoros e estresses abidticos. Desta forma,
o inicio de ISR requer microrganismos benéficos que eficientemente colonizem o sistema
radicular das plantas hospedeiras. Para o estabelecimento de uma associagao mutualista
de sucesso, plantas e microrganismos precisam responder a sinais reciprocamente e,
assim, priorizar suas respostas, de modo a desenvolver um estilo de vida que proporcione
beneficios mutuos (Ku¢, 1982). Microrganismos como as PGPRs e fungos promotores de
crescimento vegetal nao-simbiontes, também atuam na ISR, porém ainda é pouco
conhecido como se estabelece a interacdo mutualista prolongada entre raizes de plantas
e microrganismos nao-simbiontes. Acredita-se que um dialogo molecular também é
essencial para estas interagdes (Cole e Hoch, 2013).

De qualquer maneira, independentemente do agente indutor, a comunicacao
cruzada entre estas rotas ja foi demonstrada. Um dos paralelos entre a ISR e a SAR é que
ambos os tipos de resisténcia sao efetivos contra um amplo espectro de patdgenos
vegetais.

Os mecanismos de defesa vegetal relacionados a ISR podem ser estruturais ou
bioquimicos. Eles envolvem o aumento da lignificacdo da parede celular, o que dificulta a
entrada do patdgeno e impede a colonizacdo do patégeno na planta e também alteracdes
metabdlicas, as quais estdo relacionadas com a atividade de enzimas chaves do
metabolismo, como as enzimas peroxidases, polifenoloxidases e fenilalanina amonialiase
(Kurabachew e Wydra, 2014).

2.Justificativa

Considerando que o tomate é uma cultura de grande importancia alimentar e
econdbmica, e que apresenta uma grande susceptibilidade a patdégenos, é importante
desenvolver ferramentas alternativas, de baixo impacto ambiental e econdmico, que

promovam tanto a fitosanidade quanto o crescimento vegetal, resultando na reducéao do
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uso de agroquimicos empregados no seu manejo. Para isto, visamos selecionar isolados
de Streptomyces com capacidade de aumentar a resisténcia vegetal contra A. solani; de
apresentar antibiose a este fungo patogénico; e/ou promover a taxa de germinagao e de

crescimento de plantas de tomate.

3. Hipoteses

Considerando a inexisténcia de produtos que utilizem bactérias Streptomyces como
promotoras do crescimento de plantas de tomate e da inducdo da imunidade inata,
apresentamos as hipéteses:

¢ A microbiolizagdo de sementes de tomate com Streptomyces promove o0 aumento da
taxa de germinacao e de crescimento vegetal.

e Rizobactérias Streptomyces sdo capazes de inibir o desenvolvimento do fungo A.
solani.

e A inoculacdo de Streptomyces em raizes de plantas de tomate promove a reducdo

dos sintomas de doenca em plantas desafiadas com o patdégeno A. solani.

4. Objetivos

4.1 Objetivo Geral

Avaliar o efeito de trés isolados de Streptomyces na germinacdo de sementes, no

crescimento de plantulas e na promocao da resisténcia de Solanum lycopersicum contra

o fitopatdgeno Alternaria solani.

4.2 Objetivos especificos

I. Avaliar o efeito dos isolados CLV04, CLV05 e CLVO7 na germinacao de sementes

de tomate;
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Il. Determinar o efeito dos isolados CLV04, CLV0O5 e CLVO7 no crescimento do
tomateiro;

lll. Determinar a ocorréncia de antibiose entre isolados de Streptomyces (CLV04,
CLVO05 e CLVO07) e o fitopatdgeno A. solani;

IV. Determinar a capacidade dos isolados CLV04, CLV0O5 e CLV0O7 em promover a

resisténcia de plantulas de tomate contra A. solani.
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Abstract
Tomato (Solanum lycopersicum) cultures are frequently attacked by many pathogens,
leading to yield losses. Among the pathogens, the fungus Alternaria solani (“Early blight”
disease) can cause significant yield reductions and decreases the fruit quality. The
promotion of plant defense system represents an additional tool for disease control and
plant growth management. Some rhizobacteria have been shown the ability to affect plant
development and modulate plant defense against pathogens. Among those bacteria, the
genus Streptomyces is able to synthesize molecules that directly and indirectly interfere
with growth. The aim of this work was to select Streptomyces (CLV04, CLV05 and CLV07)
with the ability to promote seed germination and plant growth, as well as improve tomato
plant resistance against A. solani. Results showed that CLV0O7 delayed the initial seed
germination, but it did not impair the final germination process. However, CLV04, CLV05
and CLVO07 reduced the early root and shoot growth. All these rhizobacteria produced high
auxin levels. Only CLVO7 was efficient for inducing plant resistance against A. solani.
Furthermore, all CLVs showed antagonism by competition, decreasing the A. solani
growth. Taking together all results, Streptomyces tested were deleterious for seed and
initial plant growth, but CLVO7 showed a potential to be used for inducing plant resistance.

However, the inoculation of these rhizobacteria on seeds is not recommended.

Keywords: PGPR, biocontrol, tomato.
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1. Introduction

Tomato (Solanum lycopersicum L.) is considered one of the main vegetables traded
on the planet (Faostat, 2015). This culture is highly susceptible to various pests and
diseases, leading to use large amounts of pesticides for its management. Among the
pathogens, the fungus Alternaria solani is responsible for the so-called "black-spotted” leaf
disease and causes important losses in tomato cultures. The disease occurs in practically
all regions where the tomato is grown, leading to fruit damages, reduction of leaves
photosynthesis and plant death (Alvarenga, 2013).

Biological control using autochthones rhizobacteria represents an alternative
approach to manage plant diseases. Within the rhizo-microbiome, some microorganisms
can promote plant growth and provide better plant health through mutual beneficial
interactions (Vacheron et al., 2013). Soil bacteria that colonize the roots and promote the
enhancement of plant growth are named plant growth promoting rhizobacteria (PGPR)
(Siddiqui, 2006). There are numerous reports showing the advantages of PGPRs for crop
management. Tomatoes seeds microbiolized with the rhizobacteria Pseudomonas putida
and Rothia sp. were less infested by Spodoptera litura, resulting in a 60% increase in plant
biomass and an increment of 40% in yield (Bano e Mugarab, 2017). Isolates of Bacillus
subtilis, B. atrophaeus and B. pumilos promoted the growth of Arabidopsis, corn and
tomato plants. Moreover, they upregulated plant genes related to auxin (indole-3-acetic
acid) synthesis and promoted the induced systemic resistance (ISR) against pathogens
(Huang et al., 2015).

Conversely, there are many rhizobacteria with inhibitory effects on plant
development (Sarathchandra et al., 1996). Detrimental, non-pathogenic and non-infective
rhizobacteria that inhibit root growth, suppress overall plant growth, and antagonize
beneficial rhizosphere microorganisms are known as deleterious rhizobacteria (DRB)
(Kremer e Souissi, 2001). This group of microorganisms are predominantly saprophytic
bacteria that aggressively colonize plant seeds, roots and rhizospheres, suppressing the
plant growth by producing toxic metabolites which inhibit root growth and development
(Sarathchandra et al., 1996). The harm of deleterious rhizobacteria is related to the

production of extra-cellular toxic metabolites which inhibit seed germination and root
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growth (Sarathchandra et al., 1996). Bacteria producing amounts of lethal compounds to
a pathogen on one plant, may affect negatively the growth of another plant (Defago and
Haas, 1990). Although the mechanisms for plant inhibition are not completely known, the
deleterious rhizobacteria are considered as potential weed biological control agents
(Kremer e Souissi, 2001). Despite this potential interest, competitive rhizosphere
colonization between PGPR and DRB is crucial for the regulation of plant growth.
Moreover, PGPR may decrease the inhibitory effects of DRB and soil pathogens, and
enhance the plant immune system (Lugtenberg e Kamilova, 2009).

The interaction of non-pathogenic bacteria with the plant roots may result in plants
resistant to some pathogenic bacteria, fungi, and viruses through the ISR. The ISR induces
the plant to protect itself systemically. The plant ISR leads to an increase in the plant basal
resistance (Ku¢, 1982; Cavalcanti et al., 2005). This resistance involves lignification of the
cell wall and metabolic alterations, which hinders the entry and prevents the colonization
of the pathogen (Kurabachew e Wydra, 2014). Some Streptomyces strains are able to
increase the yield and dry matter, as well as the root length and biomass in rice plants
(Gopalakrishnan et al., 2013). This bacteria genus has the property of producing
antibiotics, extracellular proteases, siderophores and plant hormones, such as auxin,
presenting the potential to be used as a biostimulating agent (Hoster et al., 2005; Fretes
et al., 2013; Cordovez et al., 2015). In addition, some Streptomyces can act against
phytopathogens, producing antifungal and antibacterial compounds (Barka et al., 2016).
Streptomyces spp. were also described as capable to promote the growth and modulate
the metabolism of Araucaria and Eucalyptus plants (Toumatia et al., 2015). Gopalakrishian
et al. (2011) showed that Streptomyces strains produced enzymes and metabolites such
as cellulases, proteases and hydrogen cyanide that inhibited the growth of pathogens such
as Fusarium oxysporum in Cicer arietinum. All these results show that the genus
Streptomyces present a great potential for promoting plant growth and defend plant against
phytopathogens (Gopalakrishnan et al., 2011). Previous studies have shown that
Streptomyces are efficient for promoting and modulating the secondary metabolism of the
Brazilian conifer Araucaria angustifolia (Dalmas et al., 2011). All rhizobacteria evaluated in
this study were able to produce auxin and showed competence for root colonizing.

Streptomyces were also efficient in Eucalyptus spp., promoting plant growth and inducing
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plant resistance against Botrytis cinerea (Salla et al. 2014). All these results highlight the
Streptomyces as promising biocontrol agents.

In this study, we hypothesized that Streptomyces strains present the ability to
promote growth and induce defense in S. lycopersicum plants against the pathogen
Alternaria solani. In this context, the germination of tomato seeds, plant growth and
resistance against A. solani were evaluated in in vitro plants treated with the Streptomyces
strains CLV04, CLV05 and CLVO07. The antibiosis of these Streptomyces strains against

A. solani was also evaluated.

2. Material and Methods

2.1 Microorganisms

Streptomyces isolates CLV04, CLV05 and CLVO7 were obtained from soil samples
(rhizosphere) collected in a native forest area (PRO-MATA/PUCRS, S&o Francisco de
Paula-RS, Brazil) that belongs to the Mata Atlantica Biome. After Streptomyces isolation
and morphological characterization of this genus, cultures were preserved in glycerol (50%
v/v) at -80°C and integrated into the Microorganisms Collection of the Laboratory of Plant
Biotechnology (CLV). Stored Streptomyces were recovered in ISP4 liquid culture medium
(Shirling e Gottlieb, 1966). The cultures were grown under agitation (100 rpm), at 26°C for
seven days. Suspensions were centrifuged (2,500 xg, 15 min, room temperature), and the
pellet resuspended in sterile distilled water. Then, bacterial suspensions were adjusted at
the optical density of 600 nm to 0.5 and used for seed microbiolization. The rhizobacteria
CLVO04, CLVO05 and CLVO07 were chosen based on previous studies, in which they were
efficient for promoting and modulating the secondary metabolism of the conifer Araucaria
angustifolia (Dalmas et al., 2011).

The plant pathogenic fungus A. solani was gently provided by Dra. Maria José
Davila Charchar (Embrapa Cerrados, DF). This culture was grown for 10 days on potato
agar (PDA) in Petri dishes at 26 °C. Agar plugs were removed using a sterile 10 mm

diameter cork borer and prepared for plant challenging. Plugs were grounded in sterile
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water (10 mL) and the final concentration was adjusted at the optical density of 400 nm to
0.4 with water. Then, the macerate was used for plant challenging. Briefly, plants were
grown in vitro for 29 days and the true leaves inoculated with the macerate, using a sterile
swab on the abaxial leaf surface.

2.2 Seed microbiolization

Tomato seeds (Solanum lycopersicum L., Santa Cruz Kada cultivar), were
disinfected with sodium hypochlorite (1% active chloride) for 10 min and soaked in
fungicide (Ridomil Gold MZ, Syngenta Crop Protection) for 20 min. Then, seeds were
rinsed with sterile distilled water and microbiolized. The microbiolization consisted in
submerse tomato seeds in Streptomyces suspension (5 mL) for 24h under agitation (100
rpm). Control consisted in seeds submersed in water. Seeds were then individually placed
in glass tubes (2.5 cm in diameter) with MS semi-solid medium (Murashige and Skoog,
1962) adjusted to contain half the concentration of the salts in order to mitigate the root
osmotic stress. Plants were maintained at 25 + 2 °C with light intensity of 31 pmol m=2 st

in a 16h photoperiod.

2.3 Seed germination and plant growth

In order to determine the effect of CLV04, CLV05 and CLV07 on seed germination
and plant growth, tomato seeds were microbiolized with Streptomyces as described above.
For germination analysis, each treatment (CLV04, CLVO5 and CLV07) consisted in 20
seeds. Germination was evaluated along 9 days. For plant growth investigation, each
treatment consisted in 50 plants germinated from microbiolized seeds. Plants were weekly
evaluated in a 25 days period. Germination rates, root and shoot lengths, and the number
of true leaves were determined. Control treatment consisted in non-microbiolized seeds

treated with sterile water, in both assays.

2.4 Determination of auxin produced by Streptomyces sp.
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Actinobacteria auxin production was analyzed in triplicate by the Salkowski reagent
(Salkowski, 1885), a common assay for auxin and indolic compounds determination in
bacteria. Briefly, the reagent consisted in 180 mL concentrated H2SO4 dissolved in 150 mL
H20, with 9 mL of 1.5 M FeCls.6H20 added. The isolates CLV04, CLV05 and CLVO07 were
maintained in semi-solid ISP4 medium, and samples (50 mg Fresh Mass, FM) were
extracted with 0.5 mL of 96% ethanol and centrifuged at 2,500 xg for 6 min at room
temperature. The supernatant (0.3 mL) was analysed with 1mL of Salkowiski’s reagent,
after incubation for 60 min at room temperature in the dark. The auxin concentration was
determined in a spectrophotometer (530 nm) with indol-3-acetic acid (IAA) used as

standard.

2.5 Antibiosis

The antibiosis between the Streptomyces strains (CLV04, CLV05 and CLV07) and
A. solani was verified by co-cultivation. The suspensions of each strain (100 yL) were
individually inoculated in Petri dishes containing semi-solid medium PDA (Potato Dextrose
Agar), establishing a linear bacterial streak at 1 cm from the edge of the plate. Cultures
were grown for five days at 26 °C. Then, a disk (1 cm diameter) containing A. solani
previously cultivated in PDA, was placed in the opposite position, 2 cm from the
Streptomyces line. In a control plate, the rhizobacteria were replaced by 100 uL of sterile
distilled water. Co-cultivation was maintained for 7 days and the size of the inhibition zone

(mm) was determined (AxioVision - Digital Image Processing Software, Sony).

2.6 Plant defense

The effect of Streptomyces in plant resistance was evaluated by inoculating CLV04,
CLVO05 and CLV07 on plants roots germinated from non-microbiolized seeds. Plants were
grown for 25 days and roots were then inoculated with Streptomyces (200 pL). Four days
after root inoculation, plant shoots were challenged with A. solani, as previously described.

Each treatment consisted in 8 - 10 tomato plants presenting true leaves. Control treatments
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consisted in: i) non-inoculated + non-challenged plants (H20); ii) inoculated + non-
challenged plants (CLVs) and iii) non-inoculated + challenged plants (A. solani).

After plant challenging, disease progression was assessed from the first sign of
yellow or dark spots, with visible hyphae observed under stereomicroscopy, on the leaves
at the site of infection. Disease incidence evaluations were performed twice a week until
100% plants death in the control treatment (non-inoculated + challenged plants). The
disease incidence and mortality rates caused by the fungi were plotted versus time in order
to generate the disease progress curve. The Area Under the Disease Progress Curve
(AUDPC) was calculated by the equation described by Campbell, 1990, where "n" is the
number of evaluations; "Y" is the incidence rate (%); "T" is the time (days) of each

evaluation (Campbell, 1990).

ri=]

AACPD =) (¥, + y,.)/ 2X (1., —1,)

2.7 Statistics

The homogeneity of variances was determined by the Levene’s test and when
necessary, data were transformed to adjust to the normal distribution. The occurrence of
outliers was determined by BoxPlot and the extreme values (more than 3 box-lengths from
the edge of the box) were removed. Means were compared using analysis of variance
(ANOVA) complemented by Duncan’s t-test, with p < 0.05. Analyzes were performed using
SPSS v17 software.

3. Results and Discussion

The activity of Streptomyces CLV04, CLV05 and CLVO07 on seed germination and
plant development was evaluated in plants cultivated in vitro. Regardless the Streptomyces
used for seed microbiolization, all treatments promoted an initial delay in seed germination
(Fig. 1). The non-microbiolized seed showed a high germination rate (35%) (p=0.001) at day

2, compared to seeds microbiolized with CLV04 (5%) and CLVO05 (5%) and CLVO7 (0%).
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However, the germination rate of seeds microbiolized with CLV05 (45%) and CLVO07 (44%)
reached the similar level (p=0.12) of the non-microbiolized seeds (75%) at day 5. In addition,
nine days after microbiolization, the germination rate of CLV05 (93.33%) and CLVO7 (70%)
was still similar (p=0.68) to the non-microbiolized plants (90%). The lowest germination rate
(p=0.04) at day 9, was observed in seeds microbiolized with CLV04 (26.67%). Many
rhizobacteria selected for beneficial effects of plant growth and suppression of plant
pathogens may detrimentally affect seed germination.

There are many reports showing rhizobacteria inhibiting seed growth (Howell, 1991;
Koch, 2001, Bataineh et al., 2008). Difficulties in the germinative process in microbiolized
seeds may be related to the production of secondary metabolites, as previously observed
in lettuce radicles (Kunova et al., 2016). Seed germination and seedling development may
also be affected by rhizobacteria that produce phytotoxic metabolites, such as hydrogen
cyanide and phenazine compounds (Kang et al., 2007). These compounds have already
been reported to affect potato (Schippers et al., 1990), lettuce and Echinochloa crus-galli
(Kremer and Souissi, 2001). Furthermore, the production of phenazine from Pseudomonas
fluorescens reduced the germination of wheat seeds (Slininger et al., 1996).

Although CLVO05 and CLVO07 delayed the initial germination, they did not impair the
final germination. However, the rhizobacterium CLV04 showed a detrimental effect for
seed germination. In order to determine whether this effect of Streptomyces persisted in
the seedlings growth, the initial plant development was evaluated along 25 days after
germination. The experiments of tomato seedlings germinated from seeds treated with
rhizobacteria showed that the CLV04, CLV05 and CLVO07 strains are not PGPRs (Figs. 2-
4). Treatments with Streptomyces did not bring any beneficial effect in relation to the
development of aerial parts, root growth and number of leaves, compared to plants derived
from non-microbiolized seeds.

Although the inhibition of shoot growth by CLV07 was only observed until day 15
(Fig. 2), this rhizobacterium reduced dramatically (p=0.159) the root growth over the time,
compared to control (Fig. 3). On the other hand, CLVO05 reduced the shoot growth at day
25. Similar results were observed for leaves, where the lowest number was attained at day
25 in seeds treated with CLV05 and CLVO7 (Fig. 4). Seedlings from the control treatment

did not present evidences of growth inhibition.
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The inhibitory effect of rhizobacteria has already been verified in many studies
(Koch, 2001; Bataineh et al., 2008; Poitout et al., 2017). Drastic growth inhibition (>80%)
was observed in Arabidopsis when plants were incubated by 14 days with Pseudomonas
fluorescens, Pseudomonas trivialis, Serratia plymuthica, Serratia
odorifera, Stenotrophomonas rhizophila, or Stenotrophomonas maltophilia (Vespermann
et al.,, 2007). Moreover, volatiles compounds produced by Serratia odorifera, an
antagonistic rhizobacterium, presented plant inhibitory effect (Kai and Piechulla, 2009).
The compound N,N-dimethyl-hexadecylamine (C16-DMA), produced by rhizobacteria
such as Arthrobacter agilis, inhibited Arabidopsis development (Raya-Gonzalez et al.,
2017). Eleven strains of rhizobacteria were screened in vitro for toxic metabolites that
inhibit plant root growth. Ten strains of these bacteria inhibited root growth of Trifolium
repens seedlings, and four strains inhibited root growth of Lolium perene seedlings
(Sarathchandra et al., 1996). The compound gougerotin, produced by Streptomyces spp.,
inhibited the rice seedlings growth (Murao e Hayashi, 1983). Interestingly, the initial
inhibitory effect of Streptomyces, observed in lettuce and tomato, did not persist in the
subsequent plant development (Kunova et al., 2016).

Our plant grow experiments were performed in a short time (25 days), since they
were conducted in vitro. This experimental period may not have been sufficient for supplant
the deleterious effects caused by rhizobacteria. We hypothesized that experiments should
be carried out in a greenhouse and for a longer time with those rhizobacteria, in order to
clarify the initial inhibitory effect produced by CLV04, CLV05 and CLVO?7.

Giving support to this hypothesis, when tomato roots of 30 days old plants were
treated with the same Streptomyces (PM1/CLV04; PM3/CLV05 and PM5/CLVO07), plants
showed an increment in chlorophyll levels, the number of leaves and root and shoot fresh
mass (Dias et al., 2017). Taking account all those data, the deleterious effect of
rhizobacteria may probably depend on the plant development stage.

Production of IAA has been reported for many bacteria that interact with plants. The
Streptomyces strains CLV04, CLV05 and CLVO07 showed the ability to produce auxin in
culture (Table 1). CLV04 produced the lowest auxin level (0.13 mg/g FM), compared to the
similar levels produced by CLVO05 (0.79 mg/g FM) and CLVO7 (0.979 mg/g FM). It is

supposed that over 80% of the bacteria isolated from the rhizosphere are capable to
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synthesize 1AA that may interfere in the plant development (Spaepen e Vanderleyden,
2011). Streptomyces, such as Streptomyces anulatus, S. cyaneus and S. albidoflavus
were reported producing IAA (Kunova et al., 2016). This auxin may promote the release of
plant nutrients to the bacteria and promote simultaneous plant growth (Lindow and Brandl,
2003). However, high amounts of IAA produced by rhizobacteria may inhibit plant growth
(Persello-Cartieaux et al., 2003).

Suppression of plant growth by high levels of auxin was observed in maize (Sarwar
e Frankenberger, 1994), Beta vulgaris (Loper, 1986), Prunus cerasis (Dubeikovsky et al.,
1993) and lettuce (Barazani and Friedman, 1999). Furthermore, plant growth was also
inhibited when deleterious rhizobacteria and tryptophan were applied together to the plant
(Sarwar and Frankenberger, 1994; Sarwar and Kremer, 1995). It is also possible that, by
producing auxin and other phytohormones the colonizing bacteria eventually modulate the
hormonal homeostasis of the plant, which may influence its initial development (Vacheron
et al., 2013). Since we verified a significant reduction on root length in young plants treated
with CLV04, CLV05 and CLVOQ7, this decreasing may be attributed to the auxin produced
by those rhizobacteria. Regarding this, plants with short roots may reduce the plant
nutrition and compromise the shoot growth. This result may suggest that there is a balance
between the auxin level produced by rhizobacteria and the stage of plant development.
This balance may represent the success for bacteria colonization and plant growth.

Antibiosis is characterized by a relationship between two or more organisms that is
detrimental to at least one of them (Frey-Klett et al., 2011). The antagonistic activity
between Streptomyces and A. solani was evaluated in vitro, and all Streptomyces strains
showed antagonism by competition and stopped A. solani growth, without any apparent
death (Fig 5). There were not differences among the inhibition rates observed for CLV04
(60.3%), CLVO5 (60.59%) and CLVO7 (59.71%), but all they promoted a significant
decrease on mycelium growth area, compared to the control (p<0,001) (Fig. 6). Control
cultures of A. solani grew rapidly and covered the entire petri dish. The Streptomyces
strains stopped A. solani without contact between both cultures, indicating a strong
antibiosis, without any visible changes in the culture medium color. This inhibition zone
represented a consolidated chemical barrier produced by Streptomyces which may be a
result of secondary metabolite excretion (Mendoza et al., 2015).
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The genus Streptomyces is able to produce more than 7,600 bioactive compounds,
many of them are able to antagonize with phytopathogenic fungi (Gunji et al., 1983; Getha
e Vikineswary, 2002; Kunova et al., 2016; Manhas e Kaur, 2016). Antibiosis was observed
in many species of Streptomyces, showing inhibition against phytopathogens, such as
Fusarium oxysporum f.sp. lycopersici, Verticillium albo-atrum (El-Abyad et al., 1993),
Curvularia eragrostides (Henn.) Meyer, and Colletotrichum gloeosporioides (Penz.)
(Soares et al., 2006). In addition, Manhas and Kaur (2016) showed that Streptomyces
hydrogen was able to completely inhibit Alternaria brassicicola growth. Several
Streptomyces strains were already screened against different phytopathogenic fungi
(Sclerotinia sclerotiorum, Rhizoctonia solani, Fusarium oxysporum f.sp. lactucae, Pythium
ultimum, Phytophthorasp and Thielaviopsis basicola) and all inhibited the development of
at least one phytopathogen (Kunova et al., 2016).

The ability of strains CLV04, CLV05 and CLVO07 to inhibit A. solani indicates their
potential to protect plant roots against soil borne pathogen or for producing compounds to
control pathogens.

The AUDPC experiments were performed in order to evaluate the ability of strains
CLV04, CLVO05 and CLVO07 in promoting the resistance of plants against A. solani. Tomato
plants challenged with the pathogen presented symptoms, such as small black spots with
hyphae on leaves. On the other hand, plants treated only with Streptomyces strains did not
present any disease symptoms (Tab. 1). Strains CLV04 and CLVO5 were not able to
promote plant resistance against A. solani, compared to the control (A. solani treatment).
However, plants treated with CLVO7 and challenged with the pathogen, showed a
reduction in the disease symptoms.

The improving of tomato resistance by the strain CLVO7 may be attributed to a
defense based on an induced systemic responses. The promotion of plant resistance by
Streptomyces has already been reported by many authors (Getha et al., 2005; Kurth et al.,
2014; Kunova et al., 2016) and is attributed to an induction of plant priming state (Gupta et
al., 2017). The time interval between the treatment with CLV07 and the plant challenging
may have pre-conditioned tomato ISR, as demonstrated in Norway spruce treated with
Streptomyces (Tarkka et al., 2008). This author showed that isolates of Streptomyces

induced plant ISR by generating characters such as cell walls thickened and increased
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lignifications of the xylem. Moreover, transcripts of ISR-related genes are also observed in
plants treated with Streptomyces, even in the absence of pathogen challenge, indicating a
possibility of priming. Tomato seeds microbiolized with Streptomyces setonii presented
ISR, leading to a severity reduction symptoms disease caused by Xanthomonas gardneri
(Conn et al., 2008a). This rhizobacterium increased the activity of plant defense enzymes,
such as peroxidases, polyphenoloxidases, 3-1,3-Chitinases and phenylalanine-ammonia-
lyases. The expression of disease resistance genes in Arabidopsis was upregulated when
plants were treated with Streptomyces, showing that these rhizobacteria were able to prime
both SAR and ISR pathways, depending on the pathogen (Conn et al., 2008b). Moreover,
ISR was also promoted by Streptomyces in Rhododendron plants, protecting them against
Pestalotiopsis sydowiana. This rhizobacterium did not show any antagonism to the
pathogen, and led to activation the plant expression of ethylene/jasmonate-associated
defense genes and the synthesis of phytoalexins (Shimizu et al., 2001; Shimizu et al.,
2006).

The CLVO07 delayed the initial germination, but it did not impair the final germination
process. However, CLV04, CLVO05 and CLVO7 reduced the root and shoot growth. These
rhizobacteria produced high auxin levels. Only CLVO07 was efficient for inducing plant
resistance against A. solani. Furthermore, CLV04, CLV05 and CLV07 showed antagonism
by competition, reducing the A. solani growth. Taking together all results, the Streptomyces
tested were deleterious for seed and initial plant growth, but CLV0O7 showed a potential to
be used for inducing plant resistance. However, the inoculation of these rhizobacteria on
seeds is not recommended. The promotion of defense and plant growth are two different
processes, but related by similar molecular mechanisms. Further studies are needed to
optimize the use of CLVO7 as biological control, considering an adequate plant
development stage.
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Table 1 — Mean area under the disease progress curve normalized and corrected (AUDPC-

nc) values for tomato plants treated previously with Streptomyces (CLV04, CLV0O5 and

CLVO07) and after four days, challenged with Alternaria solani. Control treatment consisted

in plants treated and challenged with water. Different lowercase letters in the column

indicate statistical difference between means (ANOVA, Duncan p < 0.05).

Treatments AUDPC-nc

H20 0.00 c
CLVv04 0.00 c
CLVO05 0.00 c
CLVvO7 0.00 c
A.solani 15,642.50 a
CLVO4+A.solani 15,169.35 a
CLVO5+A.solani 15,511.48 a
CLVO7+A.solani 13,306.70 b
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Figure 1 - Germination rate of microbiolized tomato seeds with Streptomyces CLVO04,

CLVO5 and CLVO7. Different letters within the sowing day, indicate statistical difference
between means (ANOVA, Duncan p < 0.05).
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Figure 2 — Shoot length of in vitro seedlings of S. lycopersicum germinated from
microbiolized seeds with CLV04, CLV05 and CLVO07. Control treatment (H20) consisted in
non-microbiolized seeds. Different letters in the bars indicate significant statistical
difference (ANOVA OneWay, Duncan p<0.05)
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Figure 3 — Root length of in vitro seedlings of S. lycopersicum germinated from
microbiolized seeds with CLV04, CLV05 and CLV07. Control treatment (H20) consisted in
non-microbiolized seeds. Different letters in the bars indicate significant statistical

difference (ANOVA OneWay, Duncan p<0.05)
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Figure 4 — Number of true leaves of in vitro S. lycopersicum seedlings germinated from
microbiolized seeds with CLV04, CLV05 and CLVQ7. Control treatment (H20) consisted in

non-microbiolized seeds. Different letters in the bars indicate significant statistical

difference (ANOVA OneWay, Duncan p<0.05)
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Figure 5 — Antibiosis between Streptomyces (SM) and Alternaria solani (AS). A) Mycelium
of A. solani (control treatment). B) Co-culture of A. solani and CLV04. C) Co-culture of A.
solani and CLVO05. D) Co-culture of A. solani and CLV07.

54



oo
(=]

3 8

L
(=]

w

=]
o
o

[
=]

Alternaria solani mycelium area (cm2)
e
=]

10
(1]
Control CLVD4 + A. CLVOS + A, CLVOT + A,
solani salani salani
Treatments

Figure 6 - Antibiosis between Streptomyces (CLV04, CLV05 and CLVO07) and Alternaria
solani. Data represent the growth area (cm?) of A. solani mycelium in the plate. Control
consisted in plates without Streptomyces. Bars with the same letter are not significantly
different (ANOVA, a < 0.05) according to Duncan’s Test.
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CAPITULO Il

Conclusdes e Perspectivas

1. Conclusdes

Nossos dados demonstraram que:

e Apesar de CLVO05 e CLVO7 atrasarem as taxas iniciais de germinacéo, eles nao

comprometeram a taxa final de germinacéo.

e Sementes microbiolizadas com CLV04 apresentaram as menores taxas de
germinacdo. As dificuldades no processo germinativo podem estar relacionadas a
producdo de metabdlitos secundarios pelas rizobactérias, como hydrogen cyanide,

phenazine e compostos organicos volateis.

e As rizobactérias avaliadas nos experimentos foram capazes de produzir
concentracOes elevadas de auxina. O CLV04 produziu a menor quantidade (0.13 mg/g
FM) quando comparada ao CLV05 e CLVO7 (0.79 e 0.979 respectivamente). A auxina
pode promover o crescimento vegetal, embora altos niveis possam reduzir o crescimento

das raizes.

¢ As plantas provenientes de sementes microbiolizadas apresentaram uma redugéo

drastica no crescimento das raizes.

¢ O crescimento da parte aérea foi menos afetado pelo CLVO07 ao final do periodo
de observacao (aos 25 dias). A reducéo na taxa de crescimento pode estar relacionada
as altas concentragdes de auxina produzidas pela rizobactéria. Além disto, também existe
a possibilidade de producédo de compostos fitotoxicos. Ainda, é admissivel que os altos
niveis de auxina auxiliem as rizobactérias na colonizacéo inicial das raizes. Sugere-se que
o efeito inibitorio inicial do desenvolvimento das plantulas seja compensado apos este

periodo inicial de colonizagéo.
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¢ O CLVOY7 foi capaz de promover uma reducao significativa dos sintomas da pinta-
preta causado por A. solani quando inoculado em plantulas de tomate. E possivel que a

presenca da rizobactéria induza o estado de priming no tomateiro, através de ISR.

¢ As rizobactérias demonstraram competéncia em reduzir o desenvolvimento do
micélio do fungo fitopatogénico. Esta habilidade talvez esteja relacionada a ja conhecida
capacidade de producdo de metabdlitos secundarios, e moléculas bioativas como

antibidticos.

2. Perspectivas
O fato das sementes de tomate microbiolizadas com os isolados CLV04, CLV05 e
CLVO7 apresentarem dificuldades de germinacdo e de crescimento inicial, pode ser

melhor compreendido através das seguintes abordagens:

e Potencial uso como herbicida — Determinar e avaliar compostos fitotoxicos produzidos

pelas bactérias visando inibir a germinacao e o crescimento inicial de plantas invasoras.

e Aumentar o periodo de observacdo do crescimento das plantulas — Observar o
crescimento das plantas por 60 dias, utilizando sementes de tomate microbiolizadas e

germinadas em vaso mantidos em casa de vegetagao.
e Interagdo das rizobactérias com a microbiota do solo - Avaliar o efeito da interagéo entre

a microbiota autdctone do solo e os CLV04, CLVO05 e CLV0O7 em sementes e plantas de

tomate cultivadas em substrato organico.
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3. Material Suplementar

O

S 01 - Plantas de tomate provenientes de sementes microbiolizadas com o CLVO07,
crescendo por 15 dias in vitro.
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S 02 — Plantas de tomate provenientes inoculadas com o CLV0O5 e desafiadas com A.

solani. A seta indica sintoma de doenca pinta-preta.
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S _03 - Plantas de tomate provenientes de
crescendo por 10 dias in vitro.

sementes microbiolizadas com o CLV07,
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